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ABSTRACT

Objective: Homo- or heterodimerization of G protein—coupled receptors (GPCRs) generally alters the normal functioning of these receptors and
mediates their responses to a variety of physiological stimuli in vivo. It is well known that melanocortin-3 receptor (MC3R) and melanocortin-4
receptor (MC4R) are key regulators of appetite and energy homeostasis in the central nervous system (CNS). However, the GPCR partners of
MC3R and MC4R are not well understood. Our objective is to analyze single cell RNA-seq datasets of the hypothalamus to explore and identify
novel GPCR partners of MC3R and MC4R and examine the pharmacological effect on the downstream signal transduction and membrane
translocation of melanocortin receptors.

Methods: We conducted an integrative analysis of multiple single cell RNA-seq datasets to reveal the expression pattern and correlation of GPCR
families in the mouse hypothalamus. The emerging GPCRs with important metabolic functions were selected for cloning and co-
immunoprecipitation validation. The positive GPCR partners were then tested for the pharmacological activation, competitive binding assay
and surface translocation ELISA experiments.

Results: Based on the expression pattern of GPCRs and their function enrichment results, we narrowed down the range of potential GPCR
interaction with MC3R and MC4R for further confirmation. Co-immunoprecipitation assay verified 23 and 32 novel GPCR partners that interacted
with MC3R and MC4R in vitro. The presence of these GPCR partners exhibited different effects in the physiological regulation and signal
transduction of MC3R and MC4R.

Conclusions: This work represented the first large-scale screen for the functional GPCR complex of central melanocortin receptors and defined a

composite metabolic regulatory GPCR network of the hypothalamic nucleuses.
© 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION system is known as a key neuronal pathway involved in appetite

control and energy homeostasis [10—13]. Pro-opiomelanocortin

G protein—coupled receptors (GPCRs) are the largest family of cell
membrane receptors, and nearly half of the molecular drugs in clinical
medicine target GPCR signaling to treat various diseases of CNS,
cardiovascular, metabolic systems, etc. [1,2]. Classical models hy-
pothesize that GPCRs function as monomers. However, some recent
studies acknowledge that GPCRs exist as homo- and heterodimers as
well [3—5]. Heterodimerization could alter the ligand binding, second
messenger activation and cell surface trafficking of multiple GPCR
members [6—9]. The melanocortin system within the central nervous

(POMC) and agouti-related protein (AgRP) neurons serve the up-
stream endogenous ligands by projecting and modulating
melanocortin-3 receptor (MC3R) and melanocortin-4 receptor (MC4R)
signaling in multiple nucleuses of the hypothalamus [14,15]. GABA or
glutamate could be released by POMC neurons as neurotransmitters
[16]. In addition, the co-release of neuropeptide Y (NPY) and AgRP
peptide to postsynaptic targets stimulated by ghrelin increases
feeding, whereas leptin and insulin signaling decrease the appetite
[17,18]. POMC and AgRP neurons exhibit similar activity profiles in
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some aspects [19] and possess distinct physiological functions in the
regulation of the central melanocortin system [20].

MC3R and MC4R are melanocortin receptors, members of a subfamily
of the o group of class A Gag protein—coupled receptors [21]. MC3R
mRNAs are mainly expressed in the arcuate nucleus (ARH) and
ventromedial hypothalamus (VMH), while MC4Rs are mainly expressed
in the paraventricular hypothalamic nucleus (PVN), which is the crucial
nucleus regulating energy homeostasis [22,23]. Both MC3R and MC4R
are regulated by the antagonist/inverse agonist AgRP [24] and
agonistic melanocortins, which include POMC-derived peptides ACTH
and a-, B- and y-melanocyte—stimulating hormone (MSH) [25—27].
MC3R-deficiency in mice altered the nutrient partitioning and led to an
increase of the fat mass without a significant weight change [28]. In
contrast, MC4R-deficient mice were reported to develop hyperphagia
and early-onset severe obesity phenotype [29].

As a key component of metabolic regulation, non-ligand pharmaco-
logical modulation of MC3R and MC4R signaling has not been fully
elucidated yet. Previous studies found that MC4R could form homo-
dimer [30] and interacted with attractin-like protein (ALP) in mice [31].
In addition, MC4R signaling could be regulated in various species by
interactions with MRAP and MRAP2, including alterations of ligand
affinity and surface expression [32—37]. MC3R was able to interact
with ghrelin receptor (GHSR) and the enhanced melanocortin-induced
intracellular cAMP accumulation [38]. Based on these results, we
hypothesized that some other unknown GPCRs could form functional
heterodimers with MC3R or MC4R in the same neuron.

In addition to melanocortin receptors, a variety of other GPCRs were
reported to regulate energy metabolism, and knockout of the corre-
sponding GPCRs showed different degrees of obesity phenotype in
mice [39]. For instance, HTR2C-deficient mice were hyperphagic and
obese [40]. SSTR1 played a key role in the regulation of insulin
secretion [41]. NPY1R and NPY5R served essential functions in con-
trolling food intake [42].

Energy regulation is a complex and delicate physiological process
involving the synergy of multiple genes and endocrine pathways
[21,43,44]. However, understanding the remote interaction of genes
from the distinct expression regions was not enough. In this study,
MC3R and MC4R, the two key players that regulated energy meta-
bolism, were examined to explore their novel endogenous GPCR
partners, aiming to illustrate the complex regulatory network within the
hypothalamic neurons. We first assessed the expression patterns of all
mouse GPCRs in the integrative mouse hypothalamic single cell RNA-
seq datasets and analyzed the function enrichment of selected GPCRs.
The GPCRs with important functions in metabolism were further
evaluated for expression correlation between various neuronal sub-
types of the mouse hypothalamus. To further confirm the physical
interaction of the selected GPCRs with MC3R and MC4R, we conducted
co-immunoprecipitation screening and performed heterodimeric vali-
dation with multiple pharmacological assays in vitro. Finally, 23 and 32
novel GPCR were identified as novel physiological partners of MC3R
and MC4R, respectively.

2. METHODS AND MATERIALS

2.1. Integrative analysis of GPCR network with melanocortin
receptors of multiple hypothalamic single cell RNA-seq datasets
Four single cell RNA-seq (scRNA-Seq) datasets of the mouse hypo-
thalamus were obtained from the NCBI Gene Expression Omnibus
(GEO) at GSE87544 [45], GSE130597 [46], GSE74672 [47] and
GSE125065 [48]. The analysis of these scCRNA-Seq datasets was
conducted using the R package Seurat [49]. In brief, the raw data

were filtered based on the detected gene number, counts and the
percentage of mitochondrial/ribosomal genes. A total of 19,950
filtered cells were used in the subsequent analysis. To remove the
batch effect of these datasets from different sources, we performed
CCA integrative analysis using IntegrateData in Seurat. The PCA
analysis, cell clustering and visualization steps were then conducted
using Seurat with the default settings. The cell types of the identified
cell clusters were annotated based on the known marker genes. For
example, the neuron cells were identified based on some neuronal
markers (Snap25, Syp, Tubb3 and Elavl2). We repeated the PCA
analysis, cell clustering, visualization and cell type annotation steps
only with the neuron cells, and six neuronal subtypes were identified
in the mouse hypothalamus.

To visualize the expression pattern of GPCR members in our integrated
mouse hypothalamus datasets, we generated a heatmap according to
the expression level of each GPCR in each of the identified cell types
(only the detected GPCRs were included). The GPCRs detected in the
integrated hypothalamus scRNA-Seq datasets underwent Gene
Ontology (GO) and Biological Process (BP) enrichment analysis with the
R package clusterProfiler [50]. Functional annotations with a p-value
<0.05 (FDR corrected) were considered statistically significant. To
evaluate the expression correlation of the functionally important GPCRs
and melanocortin receptors, we further performed the pairwise
Pearson Correlation Coefficient Analysis in all six neuronal subtypes
using the R package corrr [51].

2.2. Reagents, plasmids and antibodies

Mouse MC3R, MC4R and GPCRs were cloned from the mouse brain
cDNA library, and all the fragments were constructed into vector
pcDNA3.1 (+) with an HA or FLAG protein tag. Agonist «-melanocyte
stimulating hormone (2-MSH) and antagonist SHU9119 were pur-
chased from Genescript (Nanjing, China). Mouse monoclonal anti-HA
(Sigma—Aldrich, MO, USA), anti-Flag (ABclonal Biotech, China) and
horseradish peroxidase (HRP)—conjugated antibodies against mouse
and rabbit (ABclonal Biotech, China) were used for the subsequent
experiments.

2.3. Cell culture and transfection

HEK293 cells were maintained in Dulbecco’s Modified Eagle Medium
(DMEM) with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) peni-
cillin—streptomycin. CHO cells were maintained in Dulbecco’s Modi-
fied Eagle Medium/F-12 medium supplemented with 5% (v/v) FBS and
1% (v/v) penicillin—streptomycin. Cells were then incubated at 37 °C
in humidified air containing 5% CO,. Transfection was carried out with
Viafect Transfection Reagent (Promega, WI, USA) following the man-
ufacturer’s protocols. The total plasmid concentrations were kept
identical across all transfections by adding empty pcDNA3.1 (+)
vector.

2.4. Western blotting and immunoprecipitation

HEK293 cells (1 x 106) were plated in 60 mm dishes and transfected
with 2 ug of the indicated plasmid the following day. After 48 h of
transfection, followed by washing with PBS, cells were then lysed
with lysis buffer (0.75% Triton-X, 50 mM Tris—HCI pH 7.9, 150 mM
NaCl and proteinase inhibitor cocktail, Roche) for 1 h at 4 °C. The
insoluble fragments were removed from the cell lysate by centrifu-
gation. Denatured proteins were separated by 12% SDS-PAGE gels
and transferred to nitrocellulose membranes. Immunoblotting was
conducted with mouse anti-HA or rabbit anti-Flag antibody as the
primary antibody and then with goat anti-mouse or goat anti-rabbit
antibody linked with horseradish peroxidase (HRP) as the second
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antibody. Proteins were visualized with enhanced chemiluminescence
reagents following the manufacturer’s protocol. ImageQuant LAS
4000 system (General Electric Company, CT, USA) was used to
capture images.

MC3R and MC4R (1.0 g of DNA/60 mm dishes) with or without GPCRs
(1.0 pg of DNA/60 mm dishes) were co-transfected into HEK293 cells.
After 48 h of transfection, cells were lysed and centrifuged, and su-
pernatants were then incubated overnight at 4 °C with the mouse anti-
HA or rabbit anti-Flag antibody at 1/5000 dilution. Protein A/G agarose
beads bound to immune complexes were washed three times and re-
suspended in loading buffer with 5% [B-mercaptoethanol. The protein
complexes were denatured in 85 °C for 10 min in metal bath. Samples
were analyzed on western blots as described above.

2.5. Intracellular CRE-luc cAMP measurement

The accumulation of intracellular cAMP was measured using HEK293
cells cultured in 24-well plates and transfected with indicated plasmids
at a cell density of 50—60%. CRE-luc assays were performed using the
Dual-Luciferase Reporter Assay System (Promega). A total of 300 ng
DNA was added to each group, with 60 ng pCRE-luc and 30 ng pRL-TK
constant and empty pcDNA3.1 (+) vector. After 24 h of transfection,
cells continued incubation for 4 h at 37 °C in medium with o-MSH in
serum-free DMEM supplemented with 0.1% bovine serum albumin
(concentration from 10~'" M to 107® M). For competitive binding
assay, cells were treated with a fixed concentration of a-MSH
(10‘8 M) and different concentrations of SHU9119 in serum-free
DMEM. Firefly and Renilla luciferase activities were measured using
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a Spectramax M5 multimode plate reader. Firefly luciferase activities
were normalized to Renilla luciferase activities.

2.6. Cell surface ELISA

Twelve-well plates were pretreated with polylysine solution before
culturing HEK293 cells were transfected with indicated plasmids the
next day. After 36 h of transfection, cells were first washed with D-PBS
three times for 5 min each time, then fixed for 15 min with 4% pol-
yformaldehyde at room temperature and blocked for 30 min with 5%
milk in PBS (Surface-expression measurement) or 5% milk in RIPA
buffer (150 mM NaCl, 50 mM Tris, 1 mM EDTA, 1% Triton X-100, 0.1%
SDS, 0.5% sodium deoxycholate, pH 8.0) (total-expression measure-
ment) at room temperature. After being incubated for 90 min, 1:4000
mouse anti-HA or anti-FLAG monoclonal antibodies were washed three
times with PBS and incubated with 1:6000 HRP-conjugated anti-
mouse antibodies for 1 h. The reaction was terminated with 5% sul-
furic acid after being washed three times with PBS and incubated with
TMB for 40 min. The absorbance was recorded at 450 nm on Spec-
tramax M5 multimode plate reader.

2.7. Immunofluorescence assay

YFP-F1 and YFP-F2 of whole YFP fragments were utilized to construct
plasmids at the C-terminus of GPCRs. CHO cells were cultivated in a
12-well plate with slides pretreated with poly-p-lysine. After 24 h of
transfection, slides were washed twice with D-PBS and fixed with 4%
paraformaldehyde for 15 min, incubated in PBS solution containing
0.1% Triton and 5% goat serum for 1 h, washed three times with PBS
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Figure 1: Co-expression and functional enrichment analysis of GPCR families in the mouse hypothalamus. (A) tSNE plot identification of 10 cell types in the integrative
single cell RNA-seq datasets of the mouse hypothalamus; (B) Expression level of the well-known genetic markers for each cell type in the mouse hypothalamus; (C) Expression
profiles of the emerging mouse GPCRs, which reveal an enriched pattern in the mouse hypothalamic neurons; (D) GO biological process (BP) functional enrichment analysis of the
GPCRs detected in the mouse hypothalamus; (E) Signal pathway enrichment of the functionally important GPCRs.
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and incubated in PBS solution containing anti-FLAG antibody at
1:2000, 0.1% Tween and 5% goat serum overnight. Slides were then
washed 3 times and incubated in PBS solution containing 0.1% Tween,
5% goat serum and 1:1000 secondary antibody Alexa Fluor594
(Abcam) for 2 h at 37 °C. DAPI was added to the glass slice and
analyzed by a Nikon laser confocal microscope.

3. RESULTS

3.1. Expression pattern of the GPCR network in the mouse
hypothalamus at single cell resolution

As one of the most complex brain regions, the hypothalamus is well
studied for its regulation of energy homeostasis. With the advance of
scRNA-Seq technology, we now can identify the expression pattern of
any genetic network within the hypothalamus at single cell resolution. In
this study, we integrated four publicly available ScCRNA-Seq datasets of
the mouse hypothalamus to reveal the expression patterns of Mc3r/Mc4r
and all mouse GPCRs. We identified a total of 10 cell types in the in-
tegrated mouse hypothalamic transcriptome data, including 9,427
neurons, 738 astrocytes, 348 tanycytes, 5,931 oligodendrocytes, 1,221
oligodendrocyte precursor cells (OPCs), 437 microglia, 95 macrophages,
362 ependymocytes, 1,254 endothelial cells, and 137 fibroblasts
(Figure 1A). Cell type annotations were based on the well-known genetic
markers, and their expression levels in each cell type were illustrated in
Figure 1B. To screen the expression levels of all GPCRs in different cell
types of the mouse hypothalamus, we generated an expression heatmap
of all expressed mouse GPCRs, indicating that a total of 294 GPCRs
(including Mc3r and Mc4r) were detected in different hypothalamic cells,
and most of them enriched in neurons (Figure 1C).

To identify the function of these detected GPCRs in the mouse hypothal-
amus, we further performed functional enrichment analysis according to
the GO biological process database using the R package clusterProfiler
[50] (Figure 1D, E), and revealed many important signal pathways involved
in metabolic regulation of MC3R and MC4R, such as adenylate cyclase—
modulating G protein—coupled receptor signaling and G protein—coupled
peptide receptor activity. Therefore, we selected 43 GPCRs enriched in
those metabolism-related pathways to further validate their hetero-
dimerization with MC3R/MC4R in vitro (Tables 1 and 2).

As most emerging GPCRs were enriched in neurons of the mouse
hypothalamus, we further identified 6 neuronal subtypes (GABA
neuron, Glu neuron, Npy neuron, Hcrt neuron, Pmch neuron and Avp
neuron) based on the significant markers identified using the Wilcox
method in Seurat (Figure 2A, B). We found that Pomc, Agrp, Mc3r and
Mc4r were expressed in all of these neuronal subtypes (Figure 2C). To
evaluate the expression correlation of these 43 selected GPCRs and
Mc3r/Mc4r, we conducted pairwise Pearson Correlation Coefficient
Analysis in each neuronal subtype. The expression correlation network
of these GPCRs indicated that they were more correlated with Mc3r
and Mc4r in Npy, Hert, Pmch and Avp neurons than that in GABA and
Glu neurons (Figure 2D).

3.2. Assessment of heterodimerization of GPCRs with MC3R or
MC4R

GPCR heterodimerization has been proved to regulate the molecular
function of GPCR protomers. Based on the results of mouse hypothal-
amus single cell RNA-seq integrative and functional enrichment anal-
ysis, 43 GPCRs were selected for the subsequent immunoprecipitation
assay to verify heterodimerization with MC3R and MC4R in vitro. Our

Table 1 — Summary of pharmacological regulation of MC3R signaling by selective GPCRs.

NO Gene Maximal Antagonism  Surface NO Gene Maximal Antagonism  Surface NO Gene Maximal Antagonism  Surface
Name response translocation Name response translocation Name response translocation

1 ADRAIB NT NT T 16 NTSR1 T NS T 31 HTR2C _ _ _
2 ADRB2 NT NT NS 17 NTSR2 T NS T 32 NPFFR1 . . _

3 ADRB3 NT NT l 18 OXTR l T T 33 NPFFR2 _ _ _

4  CRHR1 NT NT NS 19 PRLH T T T 34 NPY2R _ _ _
5 CXCR4 T NS T 20 PTGER2 NT NT T 35 NPY5R . . .
6  C3AR1 l T l 21 PTGER3 T T NS 36 OPRLR _ _ _

7  GPRC5B NT NT T 22 SSTR1 l T NS 37 PROKR1 _ _ _
8 GPR19 T NS l 23 SSTR2 NS NS T 38 PTGER1 _ _ _

9 GPR88 l T l 24 FFAR1 . . _ 39 PTGER4 . _ .
10 GPR146 NT NT T 25 GHR B B B 40 QRFPR B B B
11 GPR150 NT NT l 26 GLP1R _ _ _ 41 SSTR3 _ _ _

12 LPAR1 T T T 27 GPR26 _ _ _ 42 SSTR5 _ _ _

13 MCHR1 T l T 28 GPR63 B B B 43 TRHR B B B
14 NMUR2 l T T 29 GPR75 B B B 44

15 NPY1R l T l 30 GPR83 _ _ _ 45

NT: not tested in this experiment; NS: no significant difference; 1: up-regulation; | : down-regulation; —: negative results.
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Table 2 — Summary of pharmacological regulation of MC4R signaling by selective GPCRs.

NO Gene Maximal Antagonism  Surface NO Gene Maximal Antagonism  Surface NO Gene Maximal Antagonism  Surface
Name response translocation Name response translocation Name response translocation

1 ADRB2 NT NT l 16  NPFFR1 l T T 31 SSTR3 l T l

2 ADRB3 NT NT l 17 NPY1R l NS l 32 TRHR l NS NS

3 CRHR1 NT NT NS 18 NPY2R NS NS l 33 ADRA1B . . .

4  CXCR4 l T l 19 NPY5R l T T 34 FFAR1 B B B

5 C3AR1T NT NT l 20 NTSR1 l NS l 35 GHR _ _ _

6  GPRC5B l NS l 21 NTSR2 NS NS NS 36 GLP1R _ _ _

7 GPR26 NT NT l 22 OXTR l NS l 37 GPR19 _ _ _

8 GPR63 l NS l 23 PROKR1 l NS l 38 GPR75 _ _ _

9 GPR88 l NS l 24 PTGER1 NS T T 39 GPR83 _ _ _

10 GPR146 T NS l 25 PTGER2 NT NT l 40 NPFFR2 _ _ _

11 GPR150 NT NT NS 26 PTGER3 l T l 41 OPRLR . _ .

12 HTR2C T l 27 PTGER4 NT NT l 42 PRLH B B B

13 LPAR1 NT NT NS 28 QRFPR NT NT l 43 SSTR5 _ _ _

14 MCHR1 l NS NS 29 SSTR1 l T T 44

15 NMUR2 l T NS 30 SSTR2 l T l 45

NT: not tested in this experiment; NS: no significant difference; 1: up-regulation; | : down-regulation; —: negative results.

results identified that 23 and 32 GPCRs positively interacted with MC3R
and MC4R, respectively. Notably, different members of the single GPCR
family exhibited distinct interactive profiles with MC3R and MC4R. For
instance, our bioinformatic analysis found that the Neuropeptide Y re-
ceptors (NPYRs) were expressed in the mouse hypothalamus and
responsible for regulating feeding behavior. However, the immunopre-
cipitation assay indicated that MC3R only interacted with NPY1R
(Figure 3E), whereas MC4R interacted with NPY1R, NPY2R and NPY5R
(Figure 3P—R). Both MC3R and MC4R could interact with the Somato-
statin receptor (SSTR) (Figure 3A—B, M—0) and Prostaglandin E2 re-
ceptor (PTGER) families (Figure 3C—D, S-U). Other co-
immunoprecipitation results are shown in Supplementary Figure 1.

To further confirm the functional heterodimer complex of identified
GPCRs with MC3R or MC4R on the cell surface, we performed a
complementary YFP luminescent assay in the live cells. A schematic
representation of configurations in which MC4R and GPCR fused with
YFP fragments on the plasma membrane is shown in Figure 4A. We
applied fluorescence complementation assay for MC3R, MC4R and 23
identified positive GPCRs, and a clear YFP fluorescence distribution
was observed on the cell membrane (Figure 4B-L, Supplementary
Figure 2). These results further confirmed that the identified GPCR
partners from immunoprecipitation assay could form functional het-
erodimers with MC3R and MC4R on the cell membrane in vitro.

3.3. Pharmacological effect of GPCR partners on Gog signaling of
MC3R and MC4R

To examine the effect of identified GPCR partners on MC3R and
MC4R signaling pathways, we performed CRE-luciferase reporter
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assay to detect the intracellular cAMP accumulation stimulated by
its natural agonist. In the co-transfection system, we transfected a
fixed amount of MC3R or MC4R with different amount of GPCRs.
Based on previous studies of GPCR signaling, we chose Gos-
coupled receptors to verify the pharmacological effect of MC3R and
MC4R on the cAMP accumulation. The results of CRE-luciferase
reporter assay suggested that these GPCRs exhibited distinct ef-
fects on MC3R signaling. For instance, C3AR1, OXTR, GPR88,
NMUR2 and SSTR1 exhibited dose-dependent inhibitory effects on
MC3R signaling (Figure 5A, B, D, G, H). In particular, the cAMP
accumulation of MC3R activation was nearly blocked in the pres-
ence of OXTR (Figure 5B). In contrast, NTSR1, NTSR2 and MCHR1
significantly increased the maximal stimulated efficacy of MC3R
(Figure 5l, C, E). Beyond that, GPR19, CXCR4, PRLH and PTEGR3
slightly enhanced cAMP accumulation, and SSTR2 had no signifi-
cant effect (Supplementary Figure 3A, B, C, D, F).

Unlike MC3R, only GPR146 and HTR2C could increase the cAMP
accumulation of MC4R stimulated by o«-MSH (Figure 5M, 0), and
HTR2C altered constitutive activity of MC4R. Other GPCRs could reduce
the o-MSH response of MC4R, such as GPR63, NPFFR1 and SSTR1
(Figure 5K, R, Supplementary Figure 3J). Similar to the effect of OXTR
on MC3R signaling, it also significantly blocked the Gotg pathway of
MC4R signaling (Figure 5T). Intriguingly, CXCR4 and PTGER3 showed
opposite effects on MC4R versus MC3R signaling (Figure 5J and
Supplementary Figure 3L). The underlying mechanisms of the opposite
regulatory effects of these GPCRs on MC3R and MC4R need further
exploration. Taken together, our results demonstrate that some GPCRs
present significant pharmacological effects on the signaling pathways
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Figure 2: Correlation analysis of the functionally important GPCRs in neuronal subtypes of the mouse hypothalamus. (A) UMAP plot identification of 6 neuronal subtypes of
the mouse hypothalamus; (B) Expression level of the well-known genetic markers for each of the neuronal subtypes; (C) Expression levels of Pomc, Agrp, Mc3r and Mc4r among
different neuronal subtypes; (D) Correlation network of the functional important GPCRs in 6 neuronal subtypes.

of MC3R and MC4R, suggesting that these GPCRs might cause the
alteration of the binding affinity of natural ligands or G proteins to
MC3R and MC4R.

3.4. Alteration of antagonism of MC3R or MC4R in presence of
GPCR partners

To examine the alteration of antagonism of MC3R or MC4R in the
presence of the identified GPCR partners, we performed competitive
binding assay of antagonist SHU9119 (10-6—10~"" M) in the pres-
ence of a fixed concentration of o.-MSH (1 0~ M). We found that some
GPCRs could increase the inhibition of MC3R signaling by SHU9119,
such as SSTR1, GPR88 and LPAR1 (Figure 6B, D, E), while other GPCRs
(NTSR1, NTSR2 and CXCR4) did not change the response to SHU9119
(Supplementary Figure 4A, B, E). Intriguingly, only MCHR1 slightly
reduced the response of MC3R (Figure 6F). As with the results of
MC3R, some GPCRs increased MC4R signaling to SHU9119, including
CXCR4, NMUR2 and NPFFR1 (Figure 6J, N, 0). However, HTR2C
reduced the MC4R response to SHU9119 (Figure 6L). The IC50 sta-
tistical analysis of other GPCRs was shown in Table 3 and Table 4.
These results suggest that these GPCRs in heterodimer could affect the
antagonism of MC3R and MC4R in vitro.

3.5. Influence of the surface translocation of MC3R and MC4R by
GPCR partners

Previous studies demonstrated that the heterodimers of GPCRs may
affect receptor trafficking and expression level on the cell surface.
Based on the cAMP accumulation results of MC3R and MC4R, we

hypothesized that the formation of heterodimers might alter MC3R
and MC4R trafficking. We first constructed MC3R, MC4R and GPCRs
with different protein tags at the N-terminal, co-transfected them
with GPCRs at different ratios, then quantified the cell surface
expression level by non-permeabilized ELISA assay. Strong inhibitory
effects of C3AR1, GPR88, GPR150, GPR19 and NPY1R were identified
on the cell surface expression of MC3R (Figure 7A,B and
Supplementary Figure 5D, H, J). NMUR2, CXCR4, OXTR, SSTR2 and
GPRC5B revealed a dose-dependent stimulatory effect on MC3R
membrane translocation, while MC3R presented the opposite effect
on these GPCRs (Figure 7D,H, | and Supplementary Figure 5C and F).
The effects of NTSR1, NTSR2, CXCR4 and PRLH (Figure 7E,F, H and
Supplementary Figure 5B) on the surface expression of MC3R
membranes may be the key reason for changing the maximum po-
tency of MC3R activation.

Similarly, we also found inhibitory effects of many GPCRs, including
PTGER4, NPY2R and GPRC5B, on MC4R membrane translocation
(Figure 7M, P and Supplementary Figure 6R). The obvious inhibition of
OXTR, NPY1R, CXCR4, GPR63 and GPR88 on cAMP accumulation of
MC4R may result from the reduction of membrane expression of MC4R
proteins (Figure 7J, L, R and Supplementary Figure 6D and J).

4. DISCUSSION
The central melanocortin system plays an important role in appetite

control and energy homeostasis. Lack of MC3R was reported to in-
crease fat mass and improve feed efficiency, suggesting an impact on
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Figure 3: Co-immunoprecipitation analysis of selective GPCRs with MC3R or MC4R. MC3R, MC4R and GPCRs are labeled with HA and FLAG tags, respectively. (A—L)
Selective GPCRs are pulled down by MC3R and co-immunoprecipitation analysis of MC3R and GPCRs are performed; (M—X) Selective GPCRs are pulled down by MC4R and co-
immunoprecipitation analysis of MC4R and GPCRs are performed. Co-IP results of other GPCRs are shown in Supplementary Figure 1.

nutrient partitioning and feeding behavior [52—54]. MC4R deficiency
increased food intake and decreased energy expenditure, which ulti-
mately led to severe early-onset obesity syndrome [55,56]. Although
MC3R and MC4R served the key determinants for physiological
metabolic homeostasis, the broad regulatory network that interacted
with other GPCRs was poorly understood. In some reported cases,
heterodimerization was required for efficient agonist binding and
downstream signaling of GPCR activation. Therefore, screening for
new GPCR partners interacting with MC3R or MC4R has become more
important.

Large-scale blind screening of proteins that interact with MC3R and
MC4R was time consuming and economically costly. In this study, we
employed four published mouse hypothalamus single cell RNA-seq
datasets to narrow down the range of candidate GPCRs by perform-
ing integrative bioinformatic analysis. The expression heatmap

revealed an enriched expression pattern of many GPCRs (including
Mc3r and Mc4r) in mouse hypothalamic neurons, suggesting that they
may interact with each other within the same cell. The functional
enrichment analysis of these detected GPCRs (including Mc3r and
Mc4r) indicated their involvement in many important metabolic path-
ways, such as adenylate cyclase—modulating GPCR signaling
pathway, second messenger mediated signaling, cAMP-mediated
signaling, and feeding behavior. The functionally important GPCRs
involved in metabolic signaling pathways were selected for further
evaluation.

We further analyzed and identified 6 neuronal subtypes in the inte-
grative mouse hypothalamic single cell transcriptome. Pomc, Agrp,
Mc3r and Mc4r were widely expressed with no subtype-specific
enrichment pattern in mouse hypothalamic neurons. Previous
studies had already elucidated the opposite effects of AQRP and POMC
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Figure 4: Complementary YFP luminescent assay of selective GPCRs with MC3R or MC4R. (A) Schematic diagram of MC4R and GPCRs on the plasma membrane. N-terminal
of MC3R or MC4R is labeled with FLAG tag and C-terminal is fused to YFP-F1; C-terminal of GPCRs is fused to YFP-F2. YFP fluorescence (green) and Flag fluorescence (red)
represent the formation of heterodimer on the cell surface; (B—F) The complementary YFP luminescent illustration of MC3R with selective GPCRs; (G—L) The complementary YFP

luminescent illustration of MC4R with selective GPCRs.

neurons toward feeding and metabolism regulation [57]. POMC neu-
rons could receive inhibitory inputs from GABAergic AgRP neurons
[58], while AgRP neurons could send their axonal projections to PVH
[59]. These studies demonstrated the important role of POMC and

AgRP neurons in appetite control and energy homeostasis. The
expression correlation analysis of those functionally important GPCRs
with Mc3r/Mc4r suggested that they may interact with each other in
the same cell, especially in the Npy, Hert, Pmch and Avp neurons.
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Figure 5: Pharmacological effect of the presence of selective GPCRs on the Go,s cAMP signaling of MC3R or MC4R. (A—I) cAMP accumulation of MC3R stimulated by o-
MSH in presence of two dosages of selective GPCRs; (J—U) cAMP accumulation of MC4R stimulated by o-MSH in presence of two dosages of selective GPCRs.

Based on the bioinformatic analysis, we finally selected 43 mouse
GPCRs as putative candidates that may interact with MC3R and MC4R.
To verify the actual interaction, co-immunoprecipitation assay, CRE-
luciferase reporter assay, competitive binding assay and cell surface
translocation experiments were performed. Co-immunoprecipitation
had been widely used as an important method of GPCR hetero-
dimerization, and our results showed that 23 and 32 GPCRs positively
interacted with MC3R and MC4R, respectively. However, false-positive
results of GPCR heterodimers in vitro may still be inevitable, although
we reduced the transfection quantity and washed Protein A-+G agarose
thoroughly to minimize false-positive results. In addition, we used

complementary YFP Iluminescent assay to validate the co-
immunoprecipitation results, which further confirmed the identified
GPCR heterodimerization with MC3R and MC4R in live cells.

These GPCRs forming heterodimers with MC3R or MC4R were previ-
ously reported to participate in the energy metabolism and hemostasis.
For instance, SSTR1 knockout mouse exhibited reduced body weight
and decreased levels of insulin secretion [41], which was contrary to
the phenotype of MC3R or MC4R knockout mice. The PTGER family
was barely found in the brain region, but highly expressed in the
kidneys, lungs and ileum, implying physiological regulation in other
organs [60,61]. OXTR and MCHR1 were mostly expressed in the brain,
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Figure 6: Competitive binding assay of selective GPCRs with MC3R and MC4R. (A—I) Competitive binding of the antagonist SHU9119 with EC80 o-MSH of MC3R in the
presence of two dosages of selective GPCRs; (J—U) Competitive binding of the antagonist SHU9119 with EC80 o.-MSH of MC4R in the presence of two dosages of selective GPCRs.

and knockout models generated different types of obese phenotypes
[62,63]. Here we discovered that HTR2C could form heterodimers with
MC4R, but not MC3R, in vitro (Supplementary Figure 1). This finding
was supported by several studies in which HTR2C and MC4R exhibited
similar roles in regulating energy homeostasis [64]. Moreover, both
HTR2C and MC4R were highly expressed in the hypothalamic nucleus,
and the HTR2C expressed in the POMC neurons mediated the effect of
serotoninergic compounds on food intake. In addition, MC3R and
MC4R could also bind to orphan receptors, among which GPR88
regulated energy homeostasis and body composition [65], GPR146
regulated blood cholesterol levels and GPRC5B acted as a negative

regulator of insulin secretion [66,67]. Taken together, our findings
provide new implications for the physiological relevance of these
identified GPCRs and MC3R/MC4R in the central regulation of energy
balance.

Furthermore, we found that the heterodimers of GPCRs with melanocortin
receptors influenced the Gog signaling, antagonism and membrane
expression of MC3R and MC4R to different degrees, indicating that in
some cases the actual physical interaction with GPCRs could lead to
functional activation or inactivation of melanocortin cascades in vitro.
Numerous studies have reported that heterodimers of GPCR members
resulted in the alteration of downstream signaling, competitive binding of
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Figure 7: The surface expression measurement of MC3R or MC4R in presence of the selective GPCRs. (A—I) Non-permeabilized ELISA is performed to measure the surface
expression of MC3R in the presence of two dosages of selective GPCRs that form heterodimers with MC3R; (J—R) Non-permeabilized ELISA is performed to measure the surface
expression of MC4R in the presence of two dosages of selective GPCRs that form heterodimers with MC4R. *P < 0.05; **P < 0.01; ***P < 0.001.

multiple ligands and membrane translocation efficacy. For instance, the
heterodimer of MC3R and GHSR generated a mutual opposite effect on
their signal modulation, whereas GHSR increased cCAMP accumulation of
MC3R stimulated by «-MSH [38]. In our study, we found that MCHRT1,
LPAR1 and NTSR1 could significantly improve the MC3R signaling

transduction, but the underlying molecular mechanisms remained un-
known. The cause might involve changes in the helical structure of the
protein caused by special binding sites [68] or alterations in G protein—
coupling mediated by agonists [69]. Additionally, NTSR2 could not only
increase the maximum activation potency of MC3R, but also increase the
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Table 3 — Statistical analysis of competitive binding curve of MC3R.

LogIC50 P value
1:0 1:3 1:6 1:0 vs 1:0 vs
1:3 1:6
MC3R:C3AR1 <0. <0.
C3R:C3 —8.19 + 0.06 —8.69 + 0.06 —8.69 + 0.07 005 005
MC3R:GPR88 NS <0.05
—8.84 + 0.01 —9.14 4+ 0.13 —9.48 + 0.16
MC3R:LPAR1 <0.01 <0.01
—8.79 + 0.01 —9.04 + 0.02 —8.94 + 0.02
MC3R:MCHR1 <0.05 <0.05
—9.10 &+ 0.02 —9.03 + 0.01 —9.01 + 0.01
MC3R:NMUR2 <0.05 <0.05
—9.00 + 0.02 —9.33 + 0.07 —9.28 + 0.02
MC3R:NPY1R 0.01 0.001
—8.37 + 0.01 —8.71 + 0.02 —8.76 + 0.03 < =
MC3R:0XTR <0.05 < 0.01
—9.09 + 0.07 —9.39 + 0.03 —9.76 + 0.02
MC3R:PRLH <0. <0.
c3 —8.89 + 0.01 —9.14 + 0.07 —9.31 + 0.03 005 005
MC3R:PTGER3 <0.05 NS
—9.22 + 0.03 —9.59 + 0.04 —9.16 + 0.09
MC3R:SSTR1 <0.05 <0.05
—8.89 + 0.01 —9.49 + 0.15 —9.43 + 0.07

One-way ANOVA was applied in the statistical analysis.

Table 4 — Statistical analysis of competitive binding curve of MC4R.

LogIC50 P value
1:0 1:3 1:6 1:0 vs 1:0 vs
1:3 1:6
MC4R:CXCR4 <0. <0.
CAR:CXC —9.79 + 0.01 —10.40 + 0.10 —10.65 + 0.15 005 005
MC4R:HTR2C NS <0.05
—9.65 + 0.02 —9.59 + 0.06 —9.48 + 0.12
MC4R:NMUR2 < 0.0001 <0.001
—9.79 + 0.02 —10.48 + 0.07 —10.20 + 0.03 0.000 000
MC4R:NPFFR1 < 0.0001 < 0.0001
—9.71 + 0.04 —10.07 + 0.05 —10.48 + 0.01
MC4R:NPY5R <0.01 < 0.001
—9.60 + 0.28 —10.79 + 0.23 —10.55 + 0.17
MC4R:PROKR1 NS <0.01
—9.69 + 0.12 —10.21 4+ 0.01 —10.51 +0.37
MC4R:PTGER1 NS <0.01
—9.93 + 0.07 —10.29 + 0.06 —10.39 + 0.19
MC4R:PTGER: N <0.
¢ GERS —10.37 + 0.03 —10.94 + 0.09 —12.29 + 1.06 S 0.05
MC4R:SSTR1 <0.05 <0.05
—9.85 + 0.36 —12.46 + 1.67 —13.41 4+ 0.67
MC4R:SSTR2 <0.05 NS
—9.79 + 0.02 —10.33 £ 0.10 —10.03 + 0.20
MC4R:SSTR3 NS <0.05
—10.30 + 0.12 —10.86 + 0.11 —10.89 + 0.08

One-way ANOVA was applied in the statistical analysis.

constitutive activity. Similar results from another study indicate that MC3R
could change the basal activity of GHSR [38]. Unlike with MC3R, we find
that only GPR146 and HTR2C increase the accumulation of cAMP in
MC4R, and HTR2C changes the constitutive activity of the Gots pathway.
We speculated that these phenomena might be caused by the distinct
neuronal nucleuses of MC3R and MC4R in the regulation of energy
metabolism within the hypothalamus [55,70]. Constitutive activity of
MC4R maintained by the N-terminal domain showed unique properties
[71]; here, HTR2C increased the basal activity of MC4R, possibly by
involvement of the N-terminal domain of MC4R in the heterodimers.

Next, we assessed the pharmacological impact of heterodimerization
of GPCRs on signal transduction by competitive binding and surface

ELISA assay, as heterodimerization may change the ligand affinity of
GPCR and the expression level on the membrane surface. Previous
studies on GPCR dimers reported that interaction with muscarinic/
adrenergic receptors alpha 2/m3 and m3/alpha 2 restored the high-
affinity agonist binding [72]. Similarly, GABAg receptors increased
their agonist affinity when both receptor subtypes were co-expressed
[73,74]. As a cyclic peptide antagonist of MC4R, SHU9119 was
chosen as the competitive ligand for a-MSH. The administration of
SHU9119 could block the inhibitory effect of a-MSH on food intake
[75]. Our results indicated that multiple GPCRs changed the antag-
onism of MC3R and MC4R, which might be caused by changes in
ligand affinity. In terms of membrane surface expression, we found
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that it was common for GPCRs to affect the membrane surface
expression levels of MC3R and MC4R, suggesting that the formation
of heterodimers occur before cell surface delivery. Other research
also demonstrated that GPCR dimerization is required for receptor
maturation and cell surface delivery in endoplasmic reticulum and the
Golgi apparatus [76,77].

It is well known that co-expression of GPCR partners in the same cell
within native tissue is an important prerequisite for the formation of the
GPCR heterodimer in vivo. To check whether Mc3r, Mc4r and the 43
selected GPCRs co-express in the same cell, we evaluated the
expression levels of these GPCRs with Mc3r (Supplementary Figure 7)
and Mc4r (Supplementary Figure 8) in the same cell using the inte-
grative mouse hypothalamic single cell transcriptome data. The results
suggested that 40 out of 43 selected GPCRs were found to co-express
with Mc3r and Mc4r. However, 3 selected GPCRs (Ffar1, Gpr63 and
Prokr1) were not detected in the Mc3r-positive cell, and 4 selected
GPCRs (Ffar1, Gpr63, Prokr1 and Glp1r) were not co-expressed with
Mc4r. No gene expression detected for a few GPCRs in Mc3r/Mc4r
positive cells has two possible explanations: (1) they are actually not
co-expressed with Mc3r/Mc4r in the mouse hypothalamus, suggesting
that the heterodimerizations of these GPCRs with Mc3r/Mc4r are un-
likely in vivo; and (2) the failure to detect co-expression of these GPCRs
with Mc3r/Mc4r may be caused by the limitations of sequencing depth
and gene detection in single cell RNA-seq technology. Altogether, as all
of these GPCR partners of Mc3r and Mc4r were based on bioinformatic
analysis and in vitro experiment validation in non-neuronal cell lines,
the application of these findings in vivo, especially in the hypothala-
mus, still needs further examination in our future studies.

In conclusion, we reported the key interacting GPCR candidates of
melanocortin signaling in the central nervous system by performing
integrative analysis of mouse hypothalamic scRNA-Seq datasets,
functional enrichment analysis and in vitro experimental screenings.
Our findings could establish a composite fine physiologically regulatory
network of GPCR-associated endocrine circuits in the central nervous
system.
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