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Abstract: The melanocortin-4 receptor (MC4R) is a key player in the hypothalamic leptin–melanocortin
pathway that regulates satiety and hunger. MC4R belongs to the G protein-coupled receptors (GPCRs),
which are known to form heterodimers with other membrane proteins, potentially modulating re-
ceptor function or characteristics. Like MC4R, thyroid hormones (TH) are also essential for energy
homeostasis control. TH transport across membranes is facilitated by the monocarboxylate trans-
porter 8 (MCT8), which is also known to form heterodimers with GPCRs. Based on the finding in
single-cell RNA-sequencing data that both proteins are simultaneously expressed in hypothalamic
neurons, we investigated a putative interplay between MC4R and MCT8. We developed a novel
staining protocol utilizing a fluorophore-labeled MC4R ligand and demonstrated a co-localization
of MC4R and MCT8 in human brain tissue. Using in vitro assays such as BRET, IP1, and cAMP
determination, we found that MCT8 modulates MC4R-mediated phospholipase C activation but not
cAMP formation via a direct interaction, an effect that does not require a functional MCT8 as it was
not altered by a specific MCT8 inhibitor. This suggests an extended functional spectrum of MCT8 as
a GPCR signaling modulator and argues for the investigation of further GPCR-protein interactions
with hitherto underrepresented physiological functions.

Keywords: protein–protein interaction; heterodimerization; MC4R; MCT8; fluorophore-labeled
ligand; BRET

1. Introduction

The melanocortin-4 receptor (MC4R) is a key component of the leptin–melanocortin
pathway, which regulates energy homeostasis in the hypothalamus [1]. Mainly expressed
in the paraventricular nucleus (PVN) of the hypothalamus, this receptor plays an important
role in the regulation of hunger and satiety [2].

Endogenous ligands of MC4R are proopiomelanocortin (POMC)-derived peptides,
such as the α-, β- or γ-Melanocyte-stimulating hormone (MSH) [3]. After the extracellular
binding of an agonistic ligand, MC4R activates the Gs/adenylyl cyclase pathway [3],
the Gq/11/phospholipase C (PLC) pathway [4–6], and Gi/0 [7]. While Gs-deficient mice
become obese without hyperphagia and decreased energy expenditure, Gq/11-deficient
mice display increased food intake, resulting in obesity [5,8]. In contrast, activation of Gi/0
mediates orexigenic effects [7].
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MC4R has been shown to form homodimers [9–11] as well as heterodimers with
other GPCRs such as the G protein-coupled receptor 7 and the serotonin 1B receptor [12].
Furthermore, MC4R interacts with the melanocortin-2 receptor accessory protein 1 (MRAP1)
and MRAP2 [13], which are factors modulating the ligand sensitivity and cAMP signaling
capacity of MC4R [14]. Generally, oligomerization can have a significant impact on GPCR
properties such as its trafficking to the cell surface, ligand binding, G-protein coupling, and
agonist-induced internalization [15].

A further membrane-spanning protein metabolically connected with the leptin–
melanocortin pathway is the monocarboxylate transporter 8 (MCT8). Encoded by the
SLC16A2 gene on the human Xq13.2 locus [16], MCT8 is the most specific transporter of
thyroid hormones (TH) [17]. The main substrate of MCT8, triiodothyronine (T3), has an im-
mense variety of functions and affects almost every physiological process in the body [18].
It probably also stimulates food intake in humans by, including but not limited to, reduc-
ing POMC expression [19], and is therefore directly involved in the leptin–melanocortin
pathway and central actions in the hypothalamus [20].

MCT8 is a member of the Major Facilitator Superfamily (MFS), the largest family of
membrane transport proteins which facilitate the transport of solutes across cell mem-
branes [21]. Structurally, MCT8 is characterized by 12 transmembrane helices which are
connected by extra- and intracellular loops [22]. This transporter is highly abundant in
endothelial cells of brain barriers but can also be found in neurons and astrocytes of the
paraventricular and arcuate nuclei of the human hypothalamus [23,24].

It has been demonstrated that MCT8 is able to form homodimers [25,26], which is
crucial for its function as a substrate transporter [27]. In addition, heterodimerization
with the thyroid-stimulating hormone receptor (TSHR), a class A GPCR, leads to a bias in
the TSHR signaling profile, namely a reduction specifically in Gq/11-signaling, but not in
Gs-mediated cAMP accumulation [21]. Of note, equivalent to MCT8 and TSHR, several
members of the MFS have been shown to interact with GPCRs, e.g., Glucose Transporter 4
and the dopamine transporter [28,29].

Based on the observations of GPCR–transporter interactions, including the known
MCT8–TSHR interaction [21], the capacity of MC4R to oligomerize [9–11], and the fact
that T3 as a substrate of MCT8 is also metabolically connected to the leptin–melanocortin
pathway [30,31], we hypothesized a potential direct interaction between both proteins
in heteromeric complexes. Therefore, we analyzed MC4R and MCT8 co-expression and
investigated whether MCT8 modulates the signaling capacity of MC4R.

We found a co-localization of both proteins in primary human hypothalamic brain
tissue, demonstrated a specific interaction of MC4R and MCT8 in vitro, and discovered
that MCT8 does not modify MC4R-Gs-dependent cAMP formation but modulates MC4R-
dependent PLC activation in a concentration-dependent manner. This points to a potential
allosteric impact of MCT8 on MC4R, leading to more specific instead of promiscuous
intracellular signaling induction.

2. Results
2.1. Evidence of Co-Expression and Co-Localization of MC4R and MCT8 in Neurons of the
Hypothalamic Paraventricular Nucleus

Using a publicly available data set of single-cell RNA-sequencing (scRNAseq), we
found co-expression of the two genes, MC4R and SLC16A2, the MCT8-encoding gene, in
neurons of dissected human hypothalamus (dataset from [32], Supplementary Figure S1).
Nuclei of several hypothalamic regions were dissected and sequenced, including the PVN.
While most sequenced cells had neuronal identity, sorting for SLC16A2-expressing cells
revealed MCT8 expression in various cell types, including neurons, epithelial cells, and
oligodendrocytes. Additional sorting for MC4R-expressing cells, which were of neuronal
identity only, showed expression in fewer cells. Within this MC4R-expressing subpopu-
lation of neurons, we sorted for SLC16A2 expression to single out MC4R and SLC16A2
co-expressing neurons. We found that around 40% of the MC4R-expressing cells co-express
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SLC16A2. As the dataset includes not only the PVN but also part of the preoptic and
supraoptic regions, we aimed to investigate the co-expression of MC4R and MCT8 specifi-
cally in human PVN tissue.

We thus set out to assess for a co-localization of both proteins using human brain
tissue, namely of the PVN, obtained from deceased body donors (Institute for Anatomy,
University of Leipzig) and applied a novel staining technique to visualize MC4R and MCT8
localization. Due to the lack of validated antibodies for MC4R, we employed an innovative
staining technique based on a fluorophore-labeled ligand of MC4R, Carboxytetramethyl-
rhodamine (TAMRA)-[Nle4, DPhe7]-(NDP)-α-MSH, in addition to an antibody-staining
of MCT8 (for the specificities of the fluorophore-labeled MC4R-ligand and the anti-MCT8
antibody, see our previously published data [33,34]).

Generally, there was less MC4R staining than MCT8, with MCT8 staining, as ex-
pected [25], abundantly found in endothelial cells of the blood vessels (Figure 1b, green),
while MC4R staining was absent in these structures. In neurons, a co-localization of MCT8
and MC4R was present (Figure 1c, red), mainly in the soma and axons as identified by
the long structure of axons and conic-shaped soma (Figure 1d, co-localization in pur-
ple, indicated by white arrow). In line with other reports that demonstrate no evidence
for MC4R expression within the PVN outside of neurons [35], we did not observe a co-
localization of both proteins in cells of obvious non-neuronal identity, e.g., endothelial cells
of blood vessels.
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Figure 1. Staining of MCT8 and MC4R in tissue of the human paraventricular hypothalamus.
Tissue was stained with anti-MCT8 ((b), green) and TAMRA-NDP-α-MSH ((c), red) to enable MC4R
staining. Nuclei were counterstained with DAPI ((a), blue). In addition to extensive MCT8 staining
in endothelial cells ((b), top left, indicated by green arrow), MCT8 and MC4R co-staining was found
in neurons ((d), purple soma indicated by white arrow).
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2.2. MCT8 Interacts with MC4R In Vitro

To investigate an interaction between MC4R and MCT8 in vitro, we determined
heterodimerization of MCT8 and MC4R with the NanoBRET™ assay in HEK293 cells
(Figure 2a). The small G-protein Ras-related protein Rab6b was selected as a suitable
negative control since it is, among other tissues, ubiquitously expressed in the human
brain, where its expression is also found in neurons [36]. It interacts with a variety of
effectors related to the G-protein signaling pathway [37]. As a positive control, TSHR, a
thyroid-located GPCR that has been demonstrated to interact with MCT8, was used.
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Figure 2. Investigation of MC4R–MCT8 heterodimer formation. An interaction between MC4R and
MCT8 was analyzed with the NanoBRET™ assay using C-terminally tagged constructs. (a) HEK293
cells were co-transfected with the BRET partners MCT8-HaloTag (HT) and NanoLuciferase (NL)-
tagged MC4R/TSHR/Rab6b. The close proximity of the BRET partners results in energy transfer
manifesting in a high BRET ratio. While the negative control pair Rab6b–MCT8 demonstrated a low
BRET ratio, the pair under investigation (MC4R–MCT8) showed a higher BRET ratio than the positive
control TSHR-MCT8. Values represent mean ± SEM from four independent experiments with three
technical replicates. Individual values from technical replicates were pooled and the mean was used
for analysis. A one-way ANOVA was performed for statistical analysis and the mean of the positive
control TSHR–MCT8 was compared to the mean of all other BRET pairs. Statistical significance
was defined as *** p < 0.001 and **** p < 0.0001. (b) A Donor Saturation Assay was performed
to investigate the specificity of the MC4R–MCT8 interaction. HEK293 cells were transfected with
an increasing amount of donor (MC4R-NL, Rab6b-NL, TSHR-NL) while keeping the amount of
acceptor (MCT8-HT) constant. The positive control (TSHR–MCT8) and MC4R–MCT8 demonstrated
a specific interaction, while the negative control (Rab6b–MCT8) resulted in a linear increase in the
BRET ratio, demonstrating a non-specific interaction. Values represent mean ± SEM from two
independent experiments.

A strong BRET signal was observed for the combination of NanoLuc® (NL)-tagged
MC4R and HaloTag® (HT)-tagged MCT8, resulting in a six-fold increase in BRET ratio in
comparison to the negative control pair Rab6b-NL and MCT8-HT. The positive control with
donor-TSHR and acceptor-MCT8 demonstrated a BRET ratio close to the ratio of MC4R–
MCT8 complexes. A Donor Saturation Assay was performed for all three combinations,
which verified the specificity of the interaction between MC4R–MCT8 and TSHR–MCT8
(Figure 2b).

2.3. MCT8 Co-Expression and Interaction with MC4R Does Not Influence Gs-Signaling

After obtaining evidence for a MC4R–MCT8 dimer formation, we set out to determine
whether this dimerization has a functional influence on the signaling capacity of MC4R.
As the most significant pathway, we first tested the Gs-dependent cAMP formation of
MC4R in the presence or absence of MCT8 in transfected HEK293 cells (Figure 3). The
signaling properties were evaluated using the GloSensor™ assay to determine acute cAMP
production resulting from receptor stimulation with α-MSH (Figure 3a). After measurement
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of the basal activity level, addition of α-MSH resulted in concentration-dependent cAMP
accumulation. The area under the curve (AUC) for cells transfected with MC4R and
MCT8 compared to cells transfected with MC4R and mock was determined. No significant
differences in the AUC were detected in the presence of MCT8 compared to its absence
(Figure 3b). To exclude that the presence of MCT8 leads to a partial loss of function of MC4R,
we performed a concentration–response curve for MC4R-dependent cAMP accumulation in
the presence and absence of MCT8. Here, we detected no significant differences, neither in
potency (EC50(MC4R + mock) = 5.29 ± 1.33 nM vs. EC50(MC4R + MCT8) = 6.11 ± 0.25 nM)
nor in efficacy (Emax(MC4R + mock) = 7.73 ± 0.07 vs. Emax(MC4R + MCT8) = 7.29 ± 0.43-
fold over MC4R + mock) (Figure 3c). We found no differences in MC4R basal activity in the
presence of MCT8 compared to its absence (Figure 3d). Therefore, we conclude that the
presence of MCT8 has no effect on the Gs-signaling properties of MC4R.
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Figure 3. MC4R-mediated cAMP formation in the presence and absence of MCT8. (a) Time-
dependent changes in GloSensor™ cAMP luminescence after stimulation with α-MSH were de-
termined. HEK293 cells were co-transfected with MC4R + mock or MC4R + MCT8 in addition
to luciferase-containing F22 reporter plasmid, stimulated with α-MSH in concentrations ranging
from 10−6 M to 10−8 M (time point of stimulation indicated by black arrow), and cAMP formation
was measured. No significant differences in cAMP concentrations were observed in the absence or
presence of MCT8, shown by the calculated area under the curve (b). Values represent mean ± SEM
from four independent experiments. Each experiment contained six biological replicates, whose
individual values were pooled for analysis. Statistical analysis was performed using an ordinary
two-way ANOVA with Sidak’s multiple comparison test with statistical significance set at p < 0.05,
nonsignificant marked as ns. (c) Concentration–response curve of MC4R-mediated cAMP accumula-
tion after stimulation with α-MSH in concentrations ranging from 10−12 M to 10−6 M. HEK293 cells
were co-transfected with MC4R + mock or MC4R + MCT8 and cAMP accumulation was measured
using the AlphaScreen® assay. No differences were detected in MC4R-dependent cAMP formation in
the presence of MCT8 compared to its absence, neither when stimulated nor in basal conditions (d).
Concentration–response curves were analyzed by fitting a non-linear regression model for sigmoidal
response. Values represent individual measurement values ± SD from four independent experiments
with three biological replicates.
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2.4. MCT8 Modulates MC4R-Mediated PLC Activation in a Concentration-Dependent Manner

Since we and others described a relevant Gq/11-signaling function of the MC4R [4–6,8],
we further investigated the PLC activation capacity of MC4R in the presence or absence
of MCT8. HEK293 cells were transfected with either an empty mock plasmid, MC4R and
mock, or combinations of MC4R and MCT8. IP-One assays were conducted to measure
inositol monophosphate (IP1) accumulation in basal conditions and after stimulation with
1 µM α-MSH (Figure 4). IP1 concentrations were calculated using the homogenous time-
resolved fluorescence (HTRF®) ratio obtained from acceptor emission measurement using
a standard curve.

Without stimulation (basal condition), IP1 formation remained constant and inde-
pendent of the presence of MCT8 (Figure 4a). We therefore concluded that MCT8 has no
influence on the basal level of MC4R-mediated PLC activation.

Interestingly, when stimulated with 1 µM α-MSH, MC4R-mediated IP1 formation was
significantly reduced by 27% when MCT8 was present compared to the absence of MCT8
(Figure 4a). This effect was shown to be dependent on the concentration of MCT8, as IP1
formation increased again once MCT8 was present in decreasing amounts (Figure 4b).
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concentrations were calculated analogously to above. The presence of MCT8 resulted in a significant
decrease in the efficacy of MC4R-mediated PLC activation. Values represent individual measurement
values ± SD from four independent experiments with three technical replicates. Statistical analysis
was performed using an unpaired one-way ANOVA with the Kruskal–Wallis test to compare the Emax

of MC4R + mock and MC4R + MCT8. Statistical significance was defined as * p < 0.05, nonsignificant
marked as ns.

Concentration–response experiments with α-MSH in the presence and absence of
MCT8 confirmed a reduced PLC activation in the presence of MCT8 (Figure 4c). While
the EC50 remained similar (EC50(MC4R + mock) = 145.19 ± 33.4 nM vs. EC50(MC4R +
MCT8) = 192.79 ± 89.96 nM), the Emax was significantly reduced by 26% (100% ± 3.90% in
the absence of MCT8 vs. 74.19% ± 5.55% in the presence of MCT8, p = 0.0158).

To investigate whether this effect is dependent on a functional MCT8, we determined
MC4R-elicited IP1 formation in the presence of MCT8 and 10 µM of the MCT8-specific in-
hibitor silychristin (SC, [38]) (Figure S2a). The reducing effect on PLC activation seen in the
other assays persisted even in the presence of SC, with no differences in IP1 accumulation
detected in basal or stimulated conditions.

As a control, IP1 formation was also assessed after transfection with MC4R in the
presence or absence of the cannabinoid receptor 1 (CB1R), a GPCR that is suspected
not to interact with MC4R [39]. HTRF® ratios and IP1 formation remained constant
in all stimulated and basal conditions and were independent of the presence of CB1R
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(Figure S2b). Hence, the decrease in PLC activation by the presence of MCT8 seems specific
to the interaction of MC4R and this transporter.

2.5. Interaction between MC4R and MCT8 Does Not Modulate Their Cell Surface Expression

To understand the mechanism behind the observed reduction in PLC activation, we
investigated whether this modulated signaling is due to the altered expression of either
protein on the cell surface. HEK293 cells were transfected with SNAP-tagged MC4R
(SNAP–MC4R) and mock, Hemagglutinin (HA)-tagged MCT8 (HA-MCT8) and mock, or
SNAP–MC4R and HA–MCT8. Biotinylated cell surface proteins were isolated and subjected
to Western blot analysis. Compared to the individual expressions of MC4R and MCT8,
the co-expression of MC4R and MCT8 did not alter the protein levels of one another on
the cell surface (Figure 5a). Western blot analysis of total lysates of the transfected cells
revealed that the total protein levels of MC4R and MCT8 were also similar in the presence
or absence of one another (Figure S3).
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Figure 5. Analysis of MC4R and MCT8 cell surface expression with biotinylation and HiBiT assays.
(a) HEK293 cells were transfected with SNAP–MC4R + mock, HA–MCT8 + mock, or co-transfected
with SNAP–MC4R + HA–MCT8. Western blotting of biotinylated cell surface proteins demonstrated
no change in the cell surface expression of MC4R or MCT8 in the presence or absence of one another.
Pan-Cadherin, a plasma membrane marker protein, was used as a loading control. (b) HEK293
cells were co-transfected with HiBiT–MC4R + mock or HiBiT–MC4R + MCT8. The cell surface
and total expression levels of HiBiT-MC4R did not show a significant change in the presence of
MCT8 compared to its absence. Values represent mean ± SEM from three independent experiments.
A two-way ANOVA was performed for statistical analysis with Dunn’s multiple comparison test.
Nonsignificant marked as ns.

These findings were supported by the High Binary Technology (HiBiT) assay (Figure 5b),
a technique used to investigate total and cell surface expression via a split luciferase. Com-
pared to the absence of MCT8, there were no significant differences detected for HiBiT–MC4R
expression in the presence of MCT8, neither in total cell lysates nor on the cell surface.

3. Discussion

The interaction between GPCRs and other proteins can modulate the trafficking, sig-
naling, or ligand-binding properties of the receptor, therefore adding another level of
functional control [40]. While some examples of interactions between GPCRs and proteins
of other families, e.g., ligand- or voltage-gated channels, receptor activity modulating
proteins (RAMPs), or accessory proteins are known [15,41], there are fewer examples of
GPCRs interacting with substrate transporters. Such interactions have been demonstrated
for instance for the β2-adrenergic receptor (ADRB2) and the glucose transporter 4 [28], or
for the trace-amine-associated receptor 1 and dopamine transporter [29]. Our working
group has also shown an interaction of the TSHR, a class A GPCR, and the TH transporter
MCT8 at a single-molecule level [21]. An interaction of GPCRs such as MC4R and sub-
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strate transporters such as MCT8 could enable cross-talk between different physiological
pathways in the human body [42], in this case the leptin–melanocortin pathway and the
hypothalamus–pituitary–thyroid axis, thus opening the possibility for fine-tuning of two
pathways at once.

In this current study, we described the interaction of the GPCR MC4R and the TH
transporter MCT8. We showed a co-staining of MC4R and MCT8 in human brain tissue
(Figure 1), demonstrating a concurrent protein expression in human PVN neurons using a
combination of fluorophore-labeled ligands and antibodies. To the best of our knowledge,
the co-staining of human brain tissue by employing a fluorophore-labeled ligand and
antibodies has never been demonstrated before. Hence, this approach provides a solid
foundation for novel advanced staining procedures. In combination with our analysis
of scRNAseq data of the human hypothalamus (Figure S1), we can conclude that co-
expression of MC4R and MCT8 exists in neurons of the PVN, however, they are not
exclusively expressed together. In an in vitro system with overexpressing HEK293 cells,
NanoBRET™ assays show that MC4R and MCT8 are indeed interacting (Figure 2). Since
BRET methods count as a superior method for the investigation of protein interactions due
to the necessity of spatial proximity of the proteins for BRET to occur and the possibility to
be performed in live cells [41], the results of our assays demonstrate a specific interaction
between MC4R and MCT8.

Further investigation of a functional influence of the MCT8 interaction with MC4R
revealed a significantly decreased α-MSH-induced PLC activation for MC4R manifesting
as reduced IP1 accumulation in co-transfected HEK cells, while the basal IP1 level was not
affected (Figure 4). This effect is a sole efficacy-reducing effect, which does not involve a
shift in potency. Noteworthy, PLC activation levels increased again when MCT8 was di-
luted, showing that this effect on MC4R signaling is specific to the presence and decreasing
concentration of MCT8.

Modulation of GPCR signaling capacity after heteromerization has been observed
numerous times, although it can lead to either a rise or a reduction in G-protein signal-
ing [15]. For instance, heterodimerization of another melanocortin receptor, MC3R, with
the growth hormone secretagogue receptor (GHSR) results in enhanced Gs-signaling of
MC3R while simultaneously reducing the Gq/11-signaling of GHSR [43]. Heterodimeriza-
tion of type I angiotensin II receptor with the bradykinin receptor increases angiotensin
receptor-mediated Gq/11- and Gi/0-signaling [44]. Notably, our group already reported an
interaction of MCT8 with the TSHR that resulted in a specific reduction of TSHR-mediated
Gq/11 signaling when co-expressed [21]. TSHR, like MC4R, is a promiscuous GPCR that
shows responsiveness for several G-protein subtypes [45,46].

However, apart from excluding effects on cell surface or total expression, the un-
derlying mechanism behind the influence on GPCR signaling capacity by the interaction
with the transporter protein has not been determined so far. Putative mechanisms for the
functional impact of the MCT8 on the MC4R which can be concluded from our data are
discussed below.

Homodimer formation: MC4R and MCT8 are both known to form homodimers [9,25,26,47]
or even oligomers in the case of MCT8 [25,26], that shape the functionality of the proteins.
For the TSHR, homodimers are specifically crucial for Gq/11 signaling [48], which is modu-
lated by the interaction with MCT8 [21]. Conversely, for MC4R, potential dimer separation
by interaction partners such as MRAP2 enhances the Gs-signaling capacity, presumably by
stoichiometrically increasing the availability of MC4R for G-protein binding [49]. Recently,
we showed that dimer separation has a comparable effect on Gq/11-signaling [39]. Although
our BRET assays (Figure 2) do not provide any information about the number of proteins
involved in the interaction, the fact that PLC activation is inhibited rather than enhanced
in this current study suggests that the interaction with MCT8 favors MC4R homodimers
rather than monomers.

Internalization and trafficking: As seen in numerous GPCRs, interactions with other
proteins can influence receptor internalization or membrane trafficking, mostly triggered by
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β-arrestins [50]. For instance, dimerization of the ADRB2 with the δ opioid receptor leads
to its ligand-mediated endocytosis, while dimerization of the ADRB2 with the κ opioid
receptors does not promote receptor internalization [51]. Additionally, heterodimerization
between ADRB1 and ADRB2 inhibits the ligand-induced internalization of ADRB2 [46]. To
potentially uncover the underlying mechanism of the observed reduction in PLC activation,
we analyzed MC4R cell surface and total expression in HEK293 cells co-expressing MCT8
(Figure 5). Even though cellular expression and receptor trafficking are distinct processes,
receptors with altered trafficking properties would disappear in the surface fraction, thus in-
dicating receptor internalization. As we found no influence of MCT8 on MC4R total or cell
surface expression, we conclude that MCT8 does not modulate unstimulated MC4R expres-
sion or membrane trafficking. This is supported by the observed unaffected Gs-signaling
(Figure 3), as reduced expression would most likely influence all signaling pathways.

Structural impact: A further option could be that the reduction of IP1 formation by
decreased Gq/11 activation due to co-expressed MCT8, as observed here, results from con-
formational changes of the receptor caused by the interplay with MCT8. Such suspected, yet
unknown interactions could inhibit specific receptor regions important in Gq/11-coupling
or alter dynamic and kinetic properties that enable decreased association of Gq/11 pro-
teins but are not essential for Gs-binding and -activation. Unfortunately, from a structural
perspective, information regarding putative MCT8 homodimers, MC4R homodimers, or
even putative MCT8–MC4R heteromers is completely absent so far [15,27,52]. Moreover,
while the arrangement and binding mode of Gs at MC4R have been elucidated by the
determination of MC4R-ligand-Gs complexes via cryo-electron microscopy, the binding
mode of Gq/11 is not solved in molecular detail yet [53].

However, the observed reduction of PLC activation at MC4R by MCT8 co-expression
could be of physiological relevance for the specific modulation of MC4R function in the
PVN [54]. Our data suggest that the amount of MCT8 expressed in the PVN could have
an impact on weight regulation if the interaction with MC4R observed in vitro also occurs
in vivo, e.g., with an increase in appetite due to higher MCT8 expression, resulting in
increased T3 transport and therefore enhanced energy metabolism. As the two proteins
are not exclusively expressed together in the PVN (Figure S1), we suspect MCT8 to be an
additional co-regulator of MC4R signaling, adding another level of energy metabolism
control in the hypothalamus.

So far, MCT8 is known to function solely as a transporter, as MCT8 is one of the
best-characterized, major transporters for T3 throughout different species [17,55]. The
diminishing effect of MCT8 on MC4R-mediated PLC activation persisted even in the
presence of the specific MCT8 inhibitor SC (Figure S2a), indicating that active TH transport
by MCT8 is not a prerequisite for the reducing effect on PLC activation and that the
protein–protein interaction itself is sufficient to reduce Gq/11-coupling to MC4R. Whether
the heteromer formation affects MCT8 function remains to be elucidated and needs to be
the subject of a follow-up study. For now, our finding of an interaction between MC4R
and MCT8 and the subsequent impact on PLC activation thus suggests an additional
physiological role of MCT8 by interacting with GPCRs, which might be independent of
TH transport. Moreover, the view of further MCT8 functions besides T3 transport would
be compatible with observations made in patients with MCT8 loss-of-function mutations
who are affected by Allan–Herndon–Dudley Syndrome (AHDS), a severe developmental
disease that is argued to be caused by the lack of T3 transport due to the disturbed transport
function of MCT8 itself [56]. However, AHDS patients develop severe cachexia during their
childhood [57], which, besides other mechanisms such as impaired T3 transport, could be
the result of a disturbed interaction of the mutant MCT8 protein with MC4R.

Very recently, several studies investigated the effects of fasting on thyrotropin-releasing
hormone (TRH)-expressing neurons in the PVN [30,31], which overlap with MC4R-expressing
cells [58]. Interestingly, fasting increases TH concentrations by central and peripheral
mechanisms [30], including the activation of Agouti-related peptide/Neuropeptide Y
(AgRP/NPY) neurons, which counteract MC4R signaling [59]. Although there was a
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clear connection between the regulation of metabolism by TH in the PVN and the leptin–
melanocortin pathway, details such as the identity of the mediating TH receptor remain
elusive [31]. Combining these studies with our findings, it would be of interest to investigate
the role of MCT8 during fasting or obesity. Here, future studies could incorporate, e.g.,
mouse models with an MC4R-dependent MCT8-knock out.

Taken together, we demonstrated a specific interaction between MCT8 and MC4R
through advanced staining and BRET methods in vitro and in human brain tissues. The
presence of MCT8 selectively reduces MC4R-dependent PLC activation, thereby acting
as a modulator of MC4R action. Although the underlying mechanism of this interaction
requires further elucidation, the findings could have a physiological impact and point to an
additional function of MCT8 as a GPCR modulator.

4. Materials and Methods
4.1. Analysis of Single-Cell RNA-Sequencing Data

We analyzed publicly available scRNAseq data using the CELLxGENE Discover
tool [60] (accessed on 30 March 2023). The analyzed dataset was part of the Human Brain
Cell Atlas v1.0 [32]. We chose a dissection that included the paraventricular nucleus,
as well as other nuclei such as the preoptic region, the medial preoptic nucleus, and the
supraoptic region. To mark SLC16A2- or MC4R-expressing cells, we selected the appropriate
cells within this dataset with a lower mean expression cut-off set to 1 and displayed this
subset. Co-expressing neurons were identified by selecting MC4R-expressing cells first,
then marking SLC16A2-expressing cells within this selected subset (again with a lower
mean expression cut-off at 1). As the tool allows for cell counting within the subset, we
were able to calculate the amount of co-expressing cells.

4.2. Immunofluorescence and Fluorophore-Labeled Ligand Staining

For the detection of MC4R, we employed TAMRA-NDP-α-MSH in addition to an
antibody-based staining of MCT8. Staining with fluorophore-labeled ligands provides some
advantages, as the staining procedure is more rapid compared to conventional staining
with antibodies (20 min with fluorophore-labeled ligands compared to several hours using
primary and secondary antibodies).

NDP-α-MSH was synthesized by solid phase peptide synthesis as described previ-
ously [61,62]. TAMRA was coupled to the N-terminus of the peptide on the resin. The
fluorescent peptide was cleaved from the resin with trifluoroacetic acid and purified by
high-pressure liquid chromatography. Identity was confirmed by electrospray ionization
mass spectrometry.

All body donors or their relatives provided a written declaration of consent to explore
the cadavers for research purposes. The utilization of human tissues for scientific purposes
is authorized by the Ethics Committee of the University of Leipzig (129-21 ek). Human
brain tissue of the paraventricular nucleus was obtained from a deceased body donor (male
individual of 77 years, post-mortem interval: <24 h) and embedded in paraffin. Serial
sections with 9 µM thickness were cut on a microtome (Leica, Wetzlar, Germany) and
mounted on microscope slides (ThermoFisher, Waltham, MA, USA). Deparaffinization was
performed with xylene (Carl Roth, Karlsruhe, Germany), ethanol (Carl Roth), and distilled
water. Following two PBS (Gibco, Carlsbad, CA, USA) washes, sections were covered with
1 µM fluorophore-labeled ligand TAMRA-NDP-α-MSH in HBSS (Gibco) containing 0.1%
BSA (Miltenyi Biotech, Bergisch Gladbach, Germany) for 20 min. Sections were washed
twice with PBS and subsequent blocking of unspecific binding and permeabilization was
performed for two hours using 3% BSA and 0.2% Tween20 (Sigma, Darmstadt, Germany)
diluted in PBS. We found that permeabilization with Triton X-100 prevents ligand-binding,
while permeabilization with saponin hampers with MCT8 staining. Therefore, employing
Tween20 for permeabilization is crucial for successful staining of human tissue using
fluorophore-labeled ligands. Rabbit anti-MCT8 (1:300, Atlas Antibodies, Bromma, Sweden,
#HPA003353) was diluted in PBS supplemented with 1% BSA and incubated with the
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samples overnight at 4 ◦C. After three washing steps with PBS, samples were incubated for
two hours at room temperature with donkey anti-rabbit-488 (Jackson ImmunoResearch,
West Grove, PA, USA, #711-545-152) diluted 1:250 in PBS supplemented with 1% BSA.
Samples were washed twice with PBS and Sudan Black autofluorescence quenching was
performed for 30 min with 0.1% Sudan Black (Sigma) in 70% ethanol. After three PBS
washes, nuclei were counterstained for 10 min with 4,6-diamidino-2-phenylindole (DAPI,
Sigma) diluted 1:7500 in PBS. After two final washing steps with PBS, microscope slides
were covered with cover slips (ThermoFisher) in RotiMount mounting medium (Carl Roth)
and analyzed on a Leica SP8 laser scanning confocal microscope (scan rate: 10 Hz, laser
intensity: 2%) using the Leica LAS X software Version 3.7.6.

4.3. Cell Culture

The human embryonic kidney 293 (HEK293) cell line was purchased from ATCC
(Manassas, VA, USA), authenticated by single nucleotide polymorphism analysis, and
regularly tested for mycoplasma contamination. Cells were cultivated in GlutaMAX-
containing minimal essential medium (MEM, Gibco) supplemented with 5% fetal bovine
serum (FBS, Gibco) and 1% non-essential amino acids (Gibco) at 37 ◦C and humidified air
containing 5% CO2.

For BRET assays, HEK293 cells were seeded in 12-well plates (ThermoFisher) for
transfection (40,000 cells/well) and later re-seeded in white opaque 96-well plates for
measurement (22,000 cells/well). For cAMP measurements via GloSensor™ (Promega,
Mannheim, Germany) or AlphaScreen® (PerkinElmer, Waltham, MA, USA), and total
and cell surface expression (HiBiT assay, Promega), 15,000 cells per well were seeded in
poly-L-lysine-coated (Sigma) 96-well plates and incubated for 24 h before transfection.
GloSensor™ and HiBiT assays were performed in white opaque, poly-L-lysine-coated 96-
well plates (Corning, NY, USA, #3917); for other assays, translucent 96-well plates (Sarstedt,
Nümbrecht, Germany) were used. For IP1 assays, 1.25 × 106 cells were seeded in 3.5 cm
dishes (ThermoFisher) and transfected 24 h later. For cell surface biotinylation assays,
2.0 × 105 cells per well were seeded in 6-well plates (ThermoFisher) and incubated for 48 h
before transfection.

4.4. Plasmid Construction

For signaling assays, the eukaryotic expression vector high copy (hc)pcDps was
used containing the human MCT8 (NM_006517) or MC4R (NM_005912) sequences. The
MC4R plasmid additionally contained an N-terminal HA-tag (YPYDVPDYA). For mock
transfections, empty hcpcDps without an insert was used. For cell surface and total
expression analysis, the HiBiT vector pBiT3.1-N cloning vector (Promega) was used to
tag MC4R. For interaction studies, NanoLuciferase®/HaloTag® fusion vectors pFC14A
and pFC32K (Promega) and inserts were cloned for C-terminal tagging according to the
manufacturer’s protocol. For cell surface biotinylation assays, hcpcDps containing SNAP-
tagged MC4R or N-terminally HA-tagged MCT8 was used. Briefly, the N-terminal HA-tag
of MC4R in hcpcDps was changed to an N-terminal SNAP-tag bearing the IgK signal
peptide (ETDTLLLWVLLLWVPGSTGD), and the long isoform of human MCT8 with an
N-terminal HA-tag was cloned into hcpcDps. All constructs were verified by Sanger
sequencing (Microsynth, Göttingen, Germany).

4.5. Determination of Protein–Protein Interaction via NanoBRET™

For BRET-based determination of an interaction between MC4R and MCT8, the
NanoBRET™ assay (Promega) was performed. MCT8 was fused C-terminally with HaloTag®

(HT), acting as an acceptor, while MC4R, the positive control TSHR, and the non-interacting
control protein Rab6b were coupled C-terminally with NanoLuc® (NL) as a donor (see “Plas-
mid Construction”). Cells were transfected 4–6 h after seeding using 3 µL FuGene (Promega)
per well. Donor and acceptor DNA were transfected in a ratio of 1:8 (100 ng:800 ng) in
addition to 100 ng pGEM-3Zf(+) (purchased from Promega) as a carrier. 20 h after trans-
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fection, cells were harvested with trypsin/EDTA (Gibco), centrifuged at 130× g for 5 min,
and re-suspended in Opti-MEM without phenol red (Gibco) supplemented with 4% FBS.
Cells were adjusted to 2 × 105 cells/mL, divided into two pools, and either DMSO (Sigma)
or HT-Ligand 618 were added in a 1:100 dilution. 20,000 cells per well of each pool were
re-seeded in triplicates in white 96-well plates (Corning, #3917) and incubated for 4–6 h at
37 ◦C and 5% CO2. Victor Nivo plate reader (PerkinElmer) was used to inject 25 µL/well
of NanoGlo® Substrate (previously diluted 1:100 in Opti-MEM without phenol red) and
donor and acceptor emission was measured at 460 nm and 618 nm, respectively. Dividing
acceptor emission by donor emission resulted in the calculated BRET ratio. Background
bleed-through correction was performed by subtracting the background ratio calculated
from the respective DMSO control. Finally, the unit was converted to milliBRET units
(mBU) by multiplying the corrected BRET ratio by 1000.

4.6. Determination of cAMP Accumulation via GloSensor™ and AlphaScreen® Assays

To measure cAMP accumulation via GloSensor™, cells were seeded in white 96-well
plates (see Section 4.3) and transfected at ca. 70% confluence using Metafectene (Biontex,
Munich, Germany). In each well, the culture medium was replaced with 120 ng of either
MC4R plasmid and empty mock plasmid hcpcDps or MC4R plasmid and MCT8 plasmid
in a 1:1 ratio in addition to 60 ng pGloSensor-F22 cAMP plasmid (GenBank accession
number GU174434, purchased from Promega) using 0.6 µL Metafectene diluted in MEM
without supplements. Cells were equilibrated 48 h after transfection with CO2-independent
MEM (Gibco) containing 10% FBS and 2% GloSensor™ reagent (Promega) for two hours in
the dark. α-MSH (Sigma) was diluted in PBS containing 0.1% BSA and 1.7 mM calcium
chloride (Carl Roth) and added to the cells for final concentrations ranging from 10−6 to
10−12 M immediately before measurement of luciferase light emission on a plate reader
(Mithras LB 940, Berthold Technologies, Bad Wildbad, Germany). GraphPad Prism 8.4.3
(GraphPad Software, LLC, La Jolla, CA, USA) was used for calculation of the AUC.

For cAMP accumulation measurement via AlphaScreen®, cells were transfected in
MEM with 45 ng of either MC4R + mock or MC4R+MCT8 and stimulated with α-MSH in a
concentration range from 10−6 M to 10−12 M. The detailed protocol has been previously
described [63].

4.7. IP-One Assays

For IP1 accumulation measurement (PerkinElmer), HEK293 cells were transfected
in supplement-free medium 24 h after seeding with 15 µg of DNA (MC4R, MCT8, CB1R,
or mock vector in appropriate ratios) using metafectene according to the manufacturer’s
protocol. The next day, cells were re-seeded in triplicates at 40,000 cells per well in white 384-
well culture plates (PerkinElmer). The medium was discarded 24 hours later by inverting
the plate and cells were stimulated with the indicated concentrations of α-MSH (Sigma)
in 1X Stimulation Buffer containing 20 mM Lithium chloride (Carl Roth) and 0.1% BSA or
Stimulation Buffer alone. For IP-One assays in the presence of an MCT8 inhibitor, 10 µM
SC (MedChem Express, South Brunswick, NJ, USA) was added to 1X Stimulation Buffer.
Cells were incubated at 37 ◦C, 5% CO2 for two hours and acceptor IP1-d2 and donor
anti-IP1-Terbium-Cryptate were added according to the manufacturer’s protocol, including
three wells without donor as Cryptate blank. The plate was incubated at room temperature
for 1 h while shaking at 300 rpm. Subsequent measurement was performed on a Victor
Nivo plate reader (Excitation: 320 nm, emission: 620 nm and 665 nm). The HTRF® ratio
was calculated by dividing the value of the biological response (measured at 665 nm) by the
value of the internal reference (measured at 620 nm), multiplying by 10,000, and subtracting
the average Cryptate blank. IP1 accumulation was interpolated using a standard curve
with non-linear regression and subsequently transformed for final IP1 concentrations using
Y = 10Y, followed by normalization to MC4R + mock. To test for normal distribution of
the measurement data, the Anderson–Darling, D’Agostino–Pearson, Shapiro–Wilk, and
Kolmogorov–Smirnov tests were performed using GraphPad Prism 8.4.3. All four tests
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validated the Gaussian distribution of the measured values. To visually test for normal
distribution, a quantile–quantile plot (Q–Q plot) was graphed, comparing theoretical
residuals with actual sample residuals. The data points on the Q–Q plot aligned with
the identity line, therefore supporting the previously performed mathematical analyses
of normal distribution. Based on these analyses, a one-way ANOVA was performed
for comparison of α-MSH-induced IP1 formation in MC4R + mock-transfected cells and
MC4R + MCT8/CB1R-transfected cells.

4.8. Cell Surface Biotinylation Assays and Western Blot Analysis

HEK293 cells were transfected with 1 µg of each plasmid, either SNAP-MC4R + mock,
HA-MCT8 + mock, or SNAP-MC4R + HA-MCT8 using Metafectene in accordance with the
manufacturer’s protocol. Two wells of a 6-well plate were transfected for each condition.
The transfection medium was replaced with complete MEM after 24 h. At 48 h post-
transfection, cells were rinsed once with ice-cold PBS and then incubated with 1 mM
EZ-Link™ Sulfo-NHS-SS-Biotin (ThermoFisher) in PBS at 4 ◦C for 30 min. The biotinylation
reagent was quenched with a 50 mM Tris (pH 8.0) buffer. Cells (two wells per condition)
were collected by scraping and pelleted at 6000× g, 4 ◦C for 5 min. The pellets were washed
once with PBS and subjected to streptavidin pulldown.

Cells were lysed in 100 µL of PBS containing 1% Triton X-100 (Sigma) and protease
inhibitor (ThermoFisher). The lysates were clarified by centrifugation at 7000× g, 4 ◦C
for 15 min, and the protein concentrations were determined using the BCA assay (Ther-
moFisher). Then, 6 µg of each lysate was stored as a total lysate sample, and the re-
maining lysates were incubated with equilibrated Streptavidin Plus UltraLink™ beads
(ThermoFisher) overnight at 4 ◦C with gentle rotation. Unbound samples were removed
by centrifugation at 7000× g for 2 min. The beads were washed three times with PBS
containing 0.5% SDS and protease inhibitor (ThermoFischer). Biotinylated cell surface
proteins were eluted from the beads with 2X Laemmli buffer containing 100 mM DTT at
70 ◦C for 20 min with gentle agitation.

For Western blot analysis, the total lysate and cell surface proteins were separated
on an 8% SDS–PAGE gel and transferred onto a nitrocellulose membrane (BioRad, Her-
cules, CA, USA). After a 1-h incubation with BSA blocking solution, the membranes were
incubated with primary antibodies overnight at 4 ◦C and with secondary antibodies at
room temperature for 1.5 h. TBST buffer was used to rinse the membranes after antibody
incubations. Proteins were visualized using Lumi-Light Western blotting substrate (Roche)
on a ChemiDoc imaging system (BioRad). Anti-SNAP (New England BioLabs, P9310), anti-
HA (Roche, 12CA5), anti-pan-Cadherin (Cell Signaling Technologies, Danvers, MA, USA,
#4068), HRP-conjugated anti-mouse (Agilent Technologies, Santa Clara, CA, USA, P0447)
and anti-rabbit (Agilent Technologies, P0448) antibodies were used at a 1:1000 dilution.

4.9. Analysis of Cell Surface and Total Expression via HiBiT Assay

For cell surface and total expression of MC4R, split-luciferase-based assays using the
NanoGlo® HiBiT detection system (Promega) were performed in HEK293 cells expressing
low amounts of the HiBiT-tagged receptor in the absence or presence of MCT8. This split
luciferase-based assay employs a short peptide tag (HiBiT), which emits luminescence
when interacting with its complement (LargeBiT) and can be used for the quantification of
a HiBiT-tagged protein in whole cell lysates as well as on the cell surface. Measurement
was performed according to the manufacturer’s protocol (rapid measurements protocol).
The detailed protocol has been previously described [33].

5. Conclusions

Heterodimerization of GPCRs can have significant influences on their trafficking to
the cell surface, ligand binding, G-protein coupling, and internalization. In this study, we
demonstrated that the thyroid hormone transporter MCT8 interacts with the neural MC4R
in the human hypothalamus and modulates MC4R-induced PLC activation. We showed
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this interaction not only by using in vitro assays but also by developing a novel fluorophore-
labeled ligand staining procedure, demonstrating that the receptor and transporter also
co-localize in a physiological setting in neurons of the human PVN. With MC4R as a
promising target for anti-obesity treatments, this investigation of MC4R interaction partners
can be of relevance for the development of clinical therapies. The mechanism by which
MCT8 influences PLC activation of the MC4R and its functional relevance in physiology
remains subject to further investigation, yet this study demonstrates the importance of
understanding GPCR heterodimerization to obtain a comprehensive understanding of
GPCR action in health and disease.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms25147565/s1.

Author Contributions: Conceptualization, H.B. and S.P.; methodology, S.P.; provision of patient mate-
rials, I.B. and J.R.; provision of fluorophore-labeled ligands, A.G.B.-S., P.W. and P.S.; establishment of
IP1 assay, P.G.; validation, S.P. and Z.C.U.K.; formal analysis, L.A.; investigation, L.A.; resources, H.K.
and P.K.; data curation, S.P., P.G. and R.O.; writing—original draft preparation, L.A.; writing—review
and editing, S.P., G.K., P.S. and H.B.; visualization, L.A.; supervision, S.P.; project administration,
S.P.; funding acquisition, I.B., H.B., H.K. and P.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by Deutsche Forschungsgemeinschaft (German Research Foun-
dation) TR-CRC 296 LocoTact P03 to I.B. and H.B., P04 to P.K., and P06 to H.K., and by the Deutsche
Forschungsgemeinschaft through SFB1423, Project-ID 421152132, subprojects B02 (to H.B., P.K.),
A01 (to P.S.) and Z03 (to A.G.B.-S. and P.S.); through Germany’s Excellence Strategy—EXC 2008—
390540038—UniSysCat (Research Unit E) (to G.K. and P.S.).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki. The data acquisition took place without knowledge of the names of body donors by the
scientists. Both the body donation program and the brain bank received a favorable ethical vote from
the local ethics committee (129-21 ek).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data are contained within the article or Supplementary Materials. A
source data file is available for download.

Acknowledgments: We thank Sabine Jyrch for the excellent technical assistance. We gratefully
acknowledge the body donors of the donation program of the Institute for Anatomy in Leipzig.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Kühnen, P.; Krude, H.; Biebermann, H. Melanocortin-4 Receptor Signalling: Importance for Weight Regulation and Obesity

Treatment. Trends Mol. Med. 2019, 25, 136–148. [CrossRef] [PubMed]
2. Ju, S.H.; Cho, G.-B.; Sohn, J.-W. Understanding melanocortin-4 receptor control of neuronal circuits: Toward novel therapeutics

for obesity syndrome. Pharmacol. Res. 2018, 129, 10–19. [CrossRef] [PubMed]
3. Gantz, I.; Konda, Y.; Tashiro, T.; Shimoto, Y.; Miwa, H.; Munzert, G.; Watson, S.J.; DelValle, J.; Yamada, T. Molecular cloning of a

novel melanocortin receptor. J. Biol. Chem. 1993, 268, 8246–8250. [CrossRef] [PubMed]
4. Clément, K.; Biebermann, H.; Farooqi, I.S.; van der Ploeg, L.; Wolters, B.; Poitou, C.; Puder, L.; Fiedorek, F.; Gottesdiener, K.;

Kleinau, G.; et al. MC4R agonism promotes durable weight loss in patients with leptin receptor deficiency. Nat. Med. 2018, 24,
551–555. [CrossRef] [PubMed]

5. Newman, E.A.; Chai, B.-X.; Zhang, W.; Li, J.-Y.; Ammori, J.B.; Mulholland, M.W. Activation of the melanocortin-4 receptor
mobilizes intracellular free calcium in immortalized hypothalamic neurons. J. Surg. Res. 2006, 132, 201–207. [CrossRef] [PubMed]

6. Li, Y.-Q.; Shrestha, Y.; Pandey, M.; Chen, M.; Kablan, A.; Gavrilova, O.; Offermanns, S.; Weinstein, L.S. G(q/11)α and G(s)α
mediate distinct physiological responses to central melanocortins. J. Clin. Investig. 2016, 126, 40–49. [CrossRef] [PubMed]

7. Büch, T.R.H.; Heling, D.; Damm, E.; Gudermann, T.; Breit, A. Pertussis toxin-sensitive signaling of melanocortin-4 receptors in
hypothalamic GT1-7 cells defines agouti-related protein as a biased agonist. J. Biol. Chem. 2009, 284, 26411–26420. [CrossRef]
[PubMed]

https://www.mdpi.com/article/10.3390/ijms25147565/s1
https://www.mdpi.com/article/10.3390/ijms25147565/s1
https://doi.org/10.1016/j.molmed.2018.12.002
https://www.ncbi.nlm.nih.gov/pubmed/30642682
https://doi.org/10.1016/j.phrs.2018.01.004
https://www.ncbi.nlm.nih.gov/pubmed/29329999
https://doi.org/10.1016/S0021-9258(18)53088-X
https://www.ncbi.nlm.nih.gov/pubmed/8463333
https://doi.org/10.1038/s41591-018-0015-9
https://www.ncbi.nlm.nih.gov/pubmed/29736023
https://doi.org/10.1016/j.jss.2006.02.003
https://www.ncbi.nlm.nih.gov/pubmed/16580690
https://doi.org/10.1172/JCI76348
https://www.ncbi.nlm.nih.gov/pubmed/26595811
https://doi.org/10.1074/jbc.M109.039339
https://www.ncbi.nlm.nih.gov/pubmed/19648111


Int. J. Mol. Sci. 2024, 25, 7565 16 of 18

8. Metzger, P.J.; Zhang, A.; Carlson, B.A.; Sun, H.; Cui, Z.; Li, Y.; Jahnke, M.T.; Layton, D.R.; Gupta, M.B.; Liu, N.; et al. A human
obesity-associated MC4R mutation with defective Gq/11α signaling leads to hyperphagia in mice. J. Clin. Investig. 2024, 134,
e165418. [CrossRef]

9. Biebermann, H.; Krude, H.; Elsner, A.; Chubanov, V.; Gudermann, T.; Grüters, A. Autosomal-dominant mode of inheritance of a
melanocortin-4 receptor mutation in a patient with severe early-onset obesity is due to a dominant-negative effect caused by
receptor dimerization. Diabetes 2003, 52, 2984–2988. [CrossRef]

10. Mandrika, I.; Petrovska, R.; Wikberg, J. Melanocortin receptors form constitutive homo- and heterodimers. Biochem. Biophys. Res.
Commun. 2005, 326, 349–354. [CrossRef]

11. Nickolls, S.A.; Maki, R.A. Dimerization of the melanocortin 4 receptor: A study using bioluminescence resonance energy transfer.
Peptides 2006, 27, 380–387. [CrossRef]

12. Rediger, A.; Tarnow, P.; Bickenbach, A.; Schaefer, M.; Krude, H.; Gruters, A.; Biebermann, H. Heterodimerization of hypothalamic
G-protein-coupled receptors involved in weight regulation. Obes. Facts 2009, 2, 80–86. [CrossRef]

13. Chan, S.Y.; Hancox, L.A.; Martín-Santos, A.; Loubière, L.S.; Walter, M.N.M.; González, A.-M.; Cox, P.M.; Logan, A.; McCabe,
C.J.; Franklyn, J.A.; et al. MCT8 expression in human fetal cerebral cortex is reduced in severe intrauterine growth restriction.
J. Endocrinol. 2014, 220, 85–95. [CrossRef]

14. Müller, A.; Niederstadt, L.; Jonas, W.; Yi, C.-X.; Meyer, F.; Wiedmer, P.; Fischer, J.; Grötzinger, C.; Schürmann, A.; Tschöp, M.; et al.
Ring Finger Protein 11 Inhibits Melanocortin 3 and 4 Receptor Signaling. Front. Endocrinol. 2016, 7, 109. [CrossRef]

15. Kleinau, G.; Müller, A.; Biebermann, H. Oligomerization of GPCRs involved in endocrine regulation. J. Mol. Endocrinol. 2016, 57,
R59–R80. [CrossRef]

16. Lafrenière, R.G.; Carrel, L.; Willard, H.F. A novel transmembrane transporter encoded by the XPCT gene in Xq13.2. Hum. Mol.
Genet. 1994, 3, 1133–1139. [CrossRef]

17. Friesema, E.C.H.; Ganguly, S.; Abdalla, A.; Manning Fox, J.E.; Halestrap, A.P.; Visser, T.J. Identification of monocarboxylate
transporter 8 as a specific thyroid hormone transporter. J. Biol. Chem. 2003, 278, 40128–40135. [CrossRef]

18. Tedeschi, L.; Vassalle, C.; Iervasi, G.; Sabatino, L. Main Factors Involved in Thyroid Hormone Action. Molecules 2021, 26, 7337.
[CrossRef]

19. Ishii, S.; Kamegai, J.; Tamura, H.; Shimizu, T.; Sugihara, H.; Oikawa, S. Hypothalamic neuropeptide Y/Y1 receptor pathway
activated by a reduction in circulating leptin, but not by an increase in circulating ghrelin, contributes to hyperphagia associated
with triiodothyronine-induced thyrotoxicosis. Neuroendocrinology 2003, 78, 321–330. [CrossRef]

20. Yoo, E.-S.; Yu, J.; Sohn, J.-W. Neuroendocrine control of appetite and metabolism. Exp. Mol. Med. 2021, 53, 505–516. [CrossRef]
21. Fischer, J.; Kleinau, G.; Rutz, C.; Zwanziger, D.; Khajavi, N.; Müller, A.; Rehders, M.; Brix, K.; Worth, C.L.; Führer, D.; et al.

Evidence of G-protein-coupled receptor and substrate transporter heteromerization at a single molecule level. Cell. Mol. Life Sci.
2018, 75, 2227–2239. [CrossRef]

22. Groeneweg, S.; Lima de Souza, E.C.; Meima, M.E.; Peeters, R.P.; Visser, W.E.; Visser, T.J. Outward-Open Model of Thyroid
Hormone Transporter Monocarboxylate Transporter 8 Provides Novel Structural and Functional Insights. Endocrinology 2017, 158,
3292–3306. [CrossRef]

23. Alkemade, A.; Friesema, E.C.; Unmehopa, U.A.; Fabriek, B.O.; Kuiper, G.G.; Leonard, J.L.; Wiersinga, W.M.; Swaab, D.F.; Visser,
T.J.; Fliers, E. Neuroanatomical pathways for thyroid hormone feedback in the human hypothalamus. J. Clin. Endocrinol. Metab.
2005, 90, 4322–4334. [CrossRef]

24. Groeneweg, S.; van Geest, F.S.; Peeters, R.P.; Heuer, H.; Visser, W.E. Thyroid Hormone Transporters. Endocr. Rev. 2020, 41, 146–201.
[CrossRef]

25. Biebermann, H.; Ambrugger, P.; Tarnow, P.; Moers, A.v.; Schweizer, U.; Grueters, A. Extended clinical phenotype, endocrine
investigations and functional studies of a loss-of-function mutation A150V in the thyroid hormone specific transporter MCT8.
Eur. J. Endocrinol. 2005, 153, 359–366. [CrossRef]

26. Visser, W.E.; Philp, N.J.; van Dijk, T.B.; Klootwijk, W.; Friesema, E.C.H.; Jansen, J.; Beesley, P.W.; Ianculescu, A.G.; Visser, T.J.
Evidence for a homodimeric structure of human monocarboxylate transporter 8. Endocrinology 2009, 150, 5163–5170. [CrossRef]

27. Fischer, J.; Kleinau, G.; Müller, A.; Kühnen, P.; Zwanziger, D.; Kinne, A.; Rehders, M.; Moeller, L.C.; Führer, D.; Grüters, A.; et al.
Modulation of monocarboxylate transporter 8 oligomerization by specific pathogenic mutations. J. Mol. Endocrinol. 2015, 54,
39–50. [CrossRef]

28. Dehvari, N.; Hutchinson, D.S.; Nevzorova, J.; Dallner, O.S.; Sato, M.; Kocan, M.; Merlin, J.; Evans, B.A.; Summers, R.J.; Bengtsson,
T. β2-Adrenoceptors increase translocation of GLUT4 via GPCR kinase sites in the receptor C-terminal tail. Br. J. Pharmacol. 2012,
165, 1442–1456. [CrossRef]

29. Xie, Z.; Westmoreland, S.V.; Miller, G.M. Modulation of monoamine transporters by common biogenic amines via trace amine-
associated receptor 1 and monoamine autoreceptors in human embryonic kidney 293 cells and brain synaptosomes. J. Pharmacol.
Exp. Ther. 2008, 325, 629–640. [CrossRef]

30. Vella, K.R.; Ramadoss, P.; Lam, F.S.; Harris, J.C.; Ye, F.D.; Same, P.D.; O'Neill, N.F.; Maratos-Flier, E.; Hollenberg, A.N. NPY and
MC4R signaling regulate thyroid hormone levels during fasting through both central and peripheral pathways. Cell Metab. 2011,
14, 780–790. [CrossRef]

31. Costa-E-Sousa, R.H.; Rorato, R.; Hollenberg, A.N.; Vella, K.R. Regulation of Thyroid Hormone Levels by Hypothalamic
Thyrotropin-Releasing Hormone Neurons. Thyroid 2023, 33, 867–876. [CrossRef]

https://doi.org/10.1172/JCI165418
https://doi.org/10.2337/diabetes.52.12.2984
https://doi.org/10.1016/j.bbrc.2004.11.036
https://doi.org/10.1016/j.peptides.2004.12.037
https://doi.org/10.1159/000209862
https://doi.org/10.1530/JOE-13-0400
https://doi.org/10.3389/fendo.2016.00109
https://doi.org/10.1530/JME-16-0049
https://doi.org/10.1093/hmg/3.7.1133
https://doi.org/10.1074/jbc.M300909200
https://doi.org/10.3390/molecules26237337
https://doi.org/10.1159/000074885
https://doi.org/10.1038/s12276-021-00597-9
https://doi.org/10.1007/s00018-017-2728-1
https://doi.org/10.1210/en.2017-00082
https://doi.org/10.1210/jc.2004-2567
https://doi.org/10.1210/endrev/bnz008
https://doi.org/10.1530/eje.1.01980
https://doi.org/10.1210/en.2009-0699
https://doi.org/10.1530/JME-14-0272
https://doi.org/10.1111/j.1476-5381.2011.01647.x
https://doi.org/10.1124/jpet.107.135079
https://doi.org/10.1016/j.cmet.2011.10.009
https://doi.org/10.1089/thy.2023.0173


Int. J. Mol. Sci. 2024, 25, 7565 17 of 18

32. Siletti, K.; Hodge, R.; Mossi Albiach, A.; Lee, K.W.; Ding, S.-L.; Hu, L.; Lönnerberg, P.; Bakken, T.; Casper, T.; Clark, M.; et al.
Transcriptomic diversity of cell types across the adult human brain. Science 2023, 382, eadd7046. [CrossRef]

33. Paisdzior, S.; Dimitriou, I.M.; Schöpe, P.C.; Annibale, P.; Scheerer, P.; Krude, H.; Lohse, M.J.; Biebermann, H.; Kühnen, P.
Differential Signaling Profiles of MC4R Mutations with Three Different Ligands. Int. J. Mol. Sci. 2020, 21, 1224. [CrossRef]

34. Wilpert, N.-M.; Krueger, M.; Opitz, R.; Sebinger, D.; Paisdzior, S.; Mages, B.; Schulz, A.; Spranger, J.; Wirth, E.K.; Stachelscheid, H.;
et al. Spatiotemporal Changes of Cerebral Monocarboxylate Transporter 8 Expression. Thyroid 2020, 30, 1366–1383. [CrossRef]

35. Tao, Y.-X. The melanocortin-4 receptor: Physiology, pharmacology, and pathophysiology. Endocr. Rev. 2010, 31, 506–543.
[CrossRef]

36. Wanschers, B.F.J.; van de Vorstenbosch, R.; Schlager, M.A.; Splinter, D.; Akhmanova, A.; Hoogenraad, C.C.; Wieringa, B.; Fransen,
J.A.M. A role for the Rab6B Bicaudal-D1 interaction in retrograde transport in neuronal cells. Exp. Cell Res. 2007, 313, 3408–3420.
[CrossRef]

37. Heffernan, L.F.; Simpson, J.C. The trials and tubule-ations of Rab6 involvement in Golgi-to-ER retrograde transport. Biochem. Soc.
Trans. 2014, 42, 1453–1459. [CrossRef]

38. Johannes, J.; Jayarama-Naidu, R.; Meyer, F.; Wirth, E.K.; Schweizer, U.; Schomburg, L.; Köhrle, J.; Renko, K. Silychristin, a
Flavonolignan Derived From the Milk Thistle, Is a Potent Inhibitor of the Thyroid Hormone Transporter MCT8. Endocrinology
2016, 157, 1694–1701. [CrossRef]

39. Reininghaus, N.; Paisdzior, S.; Höpfner, F.; Jyrch, S.; Cetindag, C.; Scheerer, P.; Kühnen, P.; Biebermann, H. A Setmelanotide-like
Effect at MC4R Is Achieved by MC4R Dimer Separation. Biomolecules 2022, 12, 1119. [CrossRef]

40. Ali, M.H.; Imperiali, B. Protein oligomerization: How and why. Bioorg. Med. Chem. 2005, 13, 5013–5020. [CrossRef]
41. Bouvier, M. Oligomerization of G-protein-coupled transmitter receptors. Nat. Rev. Neurosci. 2001, 2, 274–286. [CrossRef]

[PubMed]
42. Bai, M. Dimerization of G-protein-coupled receptors: Roles in signal transduction. Cell. Signal. 2004, 16, 175–186. [CrossRef]

[PubMed]
43. Rediger, A.; Piechowski, C.L.; Yi, C.-X.; Tarnow, P.; Strotmann, R.; Grüters, A.; Krude, H.; Schöneberg, T.; Tschöp, M.H.; Kleinau,

G.; et al. Mutually opposite signal modulation by hypothalamic heterodimerization of ghrelin and melanocortin-3 receptors.
J. Biol. Chem. 2011, 286, 39623–39631. [CrossRef] [PubMed]

44. AbdAlla, S.; Lother, H.; Quitterer, U. AT1-receptor heterodimers show enhanced G-protein activation and altered receptor
sequestration. Nature 2000, 407, 94–98. [CrossRef]

45. Laugwitz, K.L.; Allgeier, A.; Offermanns, S.; Spicher, K.; van Sande, J.; Dumont, J.E.; Schultz, G. The human thyrotropin receptor:
A heptahelical receptor capable of stimulating members of all four G protein families. Proc. Natl. Acad. Sci. USA 1996, 93, 116–120.
[CrossRef] [PubMed]

46. van Sande, J.; Dequanter, D.; Lothaire, P.; Massart, C.; Dumont, J.E.; Erneux, C. Thyrotropin stimulates the generation of inositol
1,4,5-trisphosphate in human thyroid cells. J. Clin. Endocrinol. Metab. 2006, 91, 1099–1107. [CrossRef]

47. Elsner, A.; Tarnow, P.; Schaefer, M.; Ambrugger, P.; Krude, H.; Grüters, A.; Biebermann, H. MC4R oligomerizes independently of
extracellular cysteine residues. Peptides 2006, 27, 372–379. [CrossRef] [PubMed]

48. Allen, M.D.; Neumann, S.; Gershengorn, M.C. Occupancy of both sites on the thyrotropin (TSH) receptor dimer is necessary for
phosphoinositide signaling. FASEB J. 2011, 25, 3687–3694. [CrossRef] [PubMed]

49. Schonnop, L.; Kleinau, G.; Herrfurth, N.; Volckmar, A.-L.; Cetindag, C.; Müller, A.; Peters, T.; Herpertz, S.; Antel, J.; Hebebrand,
J.; et al. Decreased melanocortin-4 receptor function conferred by an infrequent variant at the human melanocortin receptor
accessory protein 2 gene. Obesity 2016, 24, 1976–1982. [CrossRef]

50. Terrillon, S.; Barberis, C.; Bouvier, M. Heterodimerization of V1a and V2 vasopressin receptors determines the interaction with
beta-arrestin and their trafficking patterns. Proc. Natl. Acad. Sci. USA 2004, 101, 1548–1553. [CrossRef]

51. Jordan, B.A.; Trapaidze, N.; Gomes, I.; Nivarthi, R.; Devi, L.A. Oligomerization of opioid receptors with beta 2-adrenergic
receptors: A role in trafficking and mitogen-activated protein kinase activation. Proc. Natl. Acad. Sci. USA 2001, 98, 343–348.
[CrossRef]

52. Heyder, N.; Kleinau, G.; Szczepek, M.; Kwiatkowski, D.; Speck, D.; Soletto, L.; Cerdá-Reverter, J.M.; Krude, H.; Kühnen, P.;
Biebermann, H.; et al. Signal Transduction and Pathogenic Modifications at the Melanocortin-4 Receptor: A Structural Perspective.
Front. Endocrinol. 2019, 10, 515. [CrossRef] [PubMed]

53. Heyder, N.A.; Kleinau, G.; Speck, D.; Schmidt, A.; Paisdzior, S.; Szczepek, M.; Bauer, B.; Koch, A.; Gallandi, M.; Kwiatkowski, D.;
et al. Structures of active melanocortin-4 receptor-Gs-protein complexes with NDP-α-MSH and setmelanotide. Cell Res. 2021, 31,
1176–1189. [CrossRef] [PubMed]

54. Rediger, A.; Piechowski, C.L.; Habegger, K.; Grüters, A.; Krude, H.; Tschöp, M.H.; Kleinau, G.; Biebermann, H. MC4R dimerization
in the paraventricular nucleus and GHSR/MC3R heterodimerization in the arcuate nucleus: Is there relevance for body weight
regulation? Neuroendocrinology 2012, 95, 277–288. [CrossRef]

55. Groeneweg, S.; Kersseboom, S.; van den Berge, A.; Dolcetta-Capuzzo, A.; van Geest, F.S.; van Heerebeek, R.E.A.; Arjona, F.J.;
Meima, M.E.; Peeters, R.P.; Visser, W.E.; et al. In Vitro Characterization of Human, Mouse, and Zebrafish MCT8 Orthologues.
Thyroid 2019, 29, 1499–1510. [CrossRef] [PubMed]

https://doi.org/10.1126/science.add7046
https://doi.org/10.3390/ijms21041224
https://doi.org/10.1089/thy.2019.0544
https://doi.org/10.1210/er.2009-0037
https://doi.org/10.1016/j.yexcr.2007.05.032
https://doi.org/10.1042/BST20140178
https://doi.org/10.1210/en.2015-1933
https://doi.org/10.3390/biom12081119
https://doi.org/10.1016/j.bmc.2005.05.037
https://doi.org/10.1038/35067575
https://www.ncbi.nlm.nih.gov/pubmed/11283750
https://doi.org/10.1016/S0898-6568(03)00128-1
https://www.ncbi.nlm.nih.gov/pubmed/14636888
https://doi.org/10.1074/jbc.M111.287607
https://www.ncbi.nlm.nih.gov/pubmed/21940628
https://doi.org/10.1038/35024095
https://doi.org/10.1073/pnas.93.1.116
https://www.ncbi.nlm.nih.gov/pubmed/8552586
https://doi.org/10.1210/jc.2005-1324
https://doi.org/10.1016/j.peptides.2005.02.027
https://www.ncbi.nlm.nih.gov/pubmed/16289450
https://doi.org/10.1096/fj.11-188961
https://www.ncbi.nlm.nih.gov/pubmed/21705666
https://doi.org/10.1002/oby.21576
https://doi.org/10.1073/pnas.0305322101
https://doi.org/10.1073/pnas.98.1.343
https://doi.org/10.3389/fendo.2019.00515
https://www.ncbi.nlm.nih.gov/pubmed/31417496
https://doi.org/10.1038/s41422-021-00569-8
https://www.ncbi.nlm.nih.gov/pubmed/34561620
https://doi.org/10.1159/000334903
https://doi.org/10.1089/thy.2019.0009
https://www.ncbi.nlm.nih.gov/pubmed/31436139


Int. J. Mol. Sci. 2024, 25, 7565 18 of 18

56. Friesema, E.C.H.; Grueters, A.; Biebermann, H.; Krude, H.; Moers, A.v.; Reeser, M.; Barrett, T.G.; Mancilla, E.E.; Svensson,
J.; Kester, M.H.A.; et al. Association between mutations in a thyroid hormone transporter and severe X-linked psychomotor
retardation. Lancet 2004, 364, 1435–1437. [CrossRef]

57. Groeneweg, S.; van Geest, F.S.; Abacı, A.; Alcantud, A.; Ambegaonkar, G.P.; Armour, C.M.; Bakhtiani, P.; Barca, D.; Bertini, E.S.;
van Beynum, I.M.; et al. Disease characteristics of MCT8 deficiency: An international, retrospective, multicentre cohort study.
Lancet Diabetes Endocrinol. 2020, 8, 594–605. [CrossRef]

58. Harris, M.; Aschkenasi, C.; Elias, C.F.; Chandrankunnel, A.; Nillni, E.A.; Bjøorbaek, C.; Elmquist, J.K.; Flier, J.S.; Hollenberg, A.N.
Transcriptional regulation of the thyrotropin-releasing hormone gene by leptin and melanocortin signaling. J. Clin. Investig. 2001,
107, 111–120. [CrossRef]

59. Morton, G.J.; Schwartz, M.W. The NPY/AgRP neuron and energy homeostasis. Int. J. Obes. Relat. Metab. Disord. 2001, 25
(Suppl. 5), S56–S62. [CrossRef]

60. Abdulla, S.; Aevermann, B.; Assis, P.; Badajoz, S.; Bell, S.M.; Bezzi, E.; Cakir, B.; Chaffer, J.; Chambers, S.; Michael Cherry, J.;
et al. CZ CELL×GENE Discover: A single-cell data platform for scalable exploration, analysis and modeling of aggregated data.
bioRxiv 2023. [CrossRef]

61. Schönauer, R.; Kaiser, A.; Holze, C.; Babilon, S.; Köbberling, J.; Riedl, B.; Beck-Sickinger, A.G. Fluorescently labeled adrenomedullin
allows real-time monitoring of adrenomedullin receptor trafficking in living cells. J. Pept. Sci. 2015, 21, 905–912. [CrossRef]
[PubMed]

62. Wolf, P.; Beck-Sickinger, A.G. The ring size of monocyclic ET-1 controls selectivity and signaling efficiency at both endothelin
receptor subtypes. J. Pept. Sci. 2021, 27, e3325. [CrossRef] [PubMed]

63. Piechowski, C.L.; Rediger, A.; Lagemann, C.; Mühlhaus, J.; Müller, A.; Pratzka, J.; Tarnow, P.; Grüters, A.; Krude, H.; Kleinau,
G.; et al. Inhibition of melanocortin-4 receptor dimerization by substitutions in intracellular loop 2. J. Mol. Endocrinol. 2013, 51,
109–118. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S0140-6736(04)17226-7
https://doi.org/10.1016/S2213-8587(20)30153-4
https://doi.org/10.1172/JCI10741
https://doi.org/10.1038/sj.ijo.0801915
https://doi.org/10.1101/2023.10.30.563174
https://doi.org/10.1002/psc.2833
https://www.ncbi.nlm.nih.gov/pubmed/26767744
https://doi.org/10.1002/psc.3325
https://www.ncbi.nlm.nih.gov/pubmed/33939217
https://doi.org/10.1530/JME-13-0061
https://www.ncbi.nlm.nih.gov/pubmed/23674133

	Introduction 
	Results 
	Evidence of Co-Expression and Co-Localization of MC4R and MCT8 in Neurons of the Hypothalamic Paraventricular Nucleus 
	MCT8 Interacts with MC4R In Vitro 
	MCT8 Co-Expression and Interaction with MC4R Does Not Influence Gs-Signaling 
	MCT8 Modulates MC4R-Mediated PLC Activation in a Concentration-Dependent Manner 
	Interaction between MC4R and MCT8 Does Not Modulate Their Cell Surface Expression 

	Discussion 
	Materials and Methods 
	Analysis of Single-Cell RNA-Sequencing Data 
	Immunofluorescence and Fluorophore-Labeled Ligand Staining 
	Cell Culture 
	Plasmid Construction 
	Determination of Protein–Protein Interaction via NanoBRET™ 
	Determination of cAMP Accumulation via GloSensor™ and AlphaScreen® Assays 
	IP-One Assays 
	Cell Surface Biotinylation Assays and Western Blot Analysis 
	Analysis of Cell Surface and Total Expression via HiBiT Assay 

	Conclusions 
	References

