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Abstract

Melanocortin-4-receptor (Mc4r) is a G protein-coupled receptor (GPCR) that controls systemic
energy balance by regulating food intake and energy expenditure. Although the detailed molecular
mechanism remains unclear, the activation of cAMP signaling in Mc4r-expressing cells reportedly
suppresses food intake and increases energy expenditure. cAMP-responsive element-binding
protein-regulated transcriptional co-activator-1 (CRTC1) is selectively expressed in neuronal cells
and participates in transcriptional control, thereby contributing to neuronal plasticity and energy
homeostasis. Considering the cAMP-dependent regulation of CRTC1 activity, CRTC1 in Mc4r-
expressing cells may contribute to energy balance regulation through the melanocortin pathway.
In this context, we examined the physiological contribution of CRTC1 in Mc4r-expressing cells
to energy metabolism. In this study, mice with CRTCI1 deficiency in Mc4r-expressing cells
exhibited 1) modest obesity, glucose intolerance, insulin resistance, hyperinsulinemia, and
hyperlipidemia; 2) decreased systemic energy expenditure and thermogenesis; 3) suppression of
melanocortin agonist-induced adaptation of energy expenditure and food intake; 4) impaired
thermogenic programs and oxidative pathway in brown adipose tissue and skeletal muscle; and 5)
enhanced lipogenic programs in the liver and white adipose tissue. These results provide novel
insights into the molecular mechanisms underlying the regulation of energy balance by the

melanocortin system.

Article Highlights
® The detailed molecular mechanisms by which Mc4r and CRTCI1 regulate energy homeostasis
remain unclear.

® (CRTCI deficiency in Mc4r-expressing cells elicits obesity and decreases energy expenditure.



® CRTCI deficiency in Mc4r-expressing cells perturbs peripheral metabolism.

® (CRTCI in Mc4r-expressing cells contributes to systemic energy homeostasis.



Melanocortin-4 receptor (Mc4r), a G protein-coupled receptor (GPCR) expressed widely in
the central nervous system such as the paraventricular nucleus of the hypothalamus and dorsal
motor nucleus of the vagus (1,2), is a critical coordinator of whole-body energy homeostasis by
the melanocortin system. Conventional Mc4r knockout mice exhibit hyperphagia, decreased
energy expenditure, and obesity (3,4). Pharmacological activation of the melanocortin system
suppresses food intake and increases energy expenditure in a Mc4r-dependent manner (5,6). In
humans, MC4R mutations are associated with obesity (7). However, the detailed molecular
mechanisms by which Mc4r regulates food intake and energy expenditure remain unclear. As
Mcdr is a Gs-linked GPCR, its activation promotes cAMP synthesis (1). Mice with Gsa deficiency
in Mc4r-expressing cells demonstrated obesity with hyperphagia, decreased energy expenditure,
insulin resistance, and impaired thermogenesis (8). We recently demonstrated that chemogenetic
Gs signal activation in Mc4r-expressing cells increased energy expenditure and suppressed food
intake (9). Therefore, a downstream target of the Mc4r/cAMP axis may participate in metabolic
regulation by the melanocortin system.

cAMP-responsive element-binding protein (CREB)-regulated transcriptional co-activators
(CRTCs), also known as a transducer of regulated CREB activity (TORCs), are involved in
synaptic plasticity, energy homeostasis, and obesity [reviewed in (10)]. CRTCs, which have been
identified as transcriptional regulators of CREB (11), shuttle from the cytoplasm to the nucleus in
response to cAMP and calcium signaling, and subsequently regulate the activity of transcription
factors (12,13). CRTCs comprise three members, CRTC1-3, which are expressed in various
tissues (11). CRTC2 and 3 are ubiquitously expressed in the brain and peripheral tissues, whereas
CRTCl is specifically detected in the brain (14). In Caenorhabditis elegans, crtc-1 is involved in

metabolism and lifespan (15,16). Systemic CRTC1 knockout mice exhibit increased food intake,



reduced energy expenditure, and obesity under a regular diet (17). Furthermore, CRTCI
polymorphisms are associated with body mass index and fat mass in humans (18). These results
suggest that CRTCI1 regulates systemic energy homeostasis; however, the underlying molecular
mechanisms remains unclear.

Given the aforementioned evidence, CRTC1 in Mc4r-expressing cells is probably a
downstream target of the Mc4r/cAMP axis and to modulate melanocortin system-dependent
metabolic regulation. We hypothesized that CRTCI1 in Mc4r-expressing cells is essential for the
integrity of energy metabolism. Recently, we showed that deletion of CRTC1 in Mc4r-expressing
cells elicits hyperphagia and, subsequently, obesity and systemic insulin resistance under high-fat
or high-sucrose diet conditions (19). In contrast, the present study shows that under normal diet
conditions, deletion of CRTC1 in Mc4r-expressing cells induces modest obesity before the onset
of hyperphagia. Furthermore, we demonstrate that CRTC1 in Mc4r-expressing cells regulates
systemic energy expenditure, thermogenesis and peripheral energy metabolism. These results
provide novel insights into the molecular mechanisms underlying the regulation of energy balance

by the melanocortin system.

Research Design and Methods
Animals
All animal care procedures were approved by the Animal Research Committee of Kyoto
University. Mice were housed at 23 + 2 °C under a 12-hour light-dark cycle and provided standard
laboratory chow (MF; Oriental Yeast, Tokyo, Japan) and water ad /ibitum, unless otherwise noted.
As previously described (19), to generate mice selectively lacking CRTC1 in Mc4r-

expressing cells, we crossed Crtcl-flox mice (20) with Mc4r-2a-Cre mice (Stock No. 030759;



Jackson Laboratory, Bar, Harbor, ME, USA) (21). Crtcl-flox mice lacking the Cre transgene
served as controls (Con). Although the female Mc4r-CRTC1 KO mice were fertile, all mice used
in the experiments were bred by crossing male Crtcl-flox/flox; Mc4r-Cre and female Crtcl-
flox/flox mice. All experiments were performed with littermates. Mice were group-housed unless

otherwise noted and were euthanized by decapitation or cervical dislocation.

Cold exposure experiment

For biochemical analyses, 6-week-old male mice were exposed to 5 °C for 3 h and then
sacrificed. Interscapular BAT (iBAT), inguinal WAT (iWAT), and perigonadal WAT (pgWAT)
were rapidly excised, frozen in liquid nitrogen, and stored at —80 °C until analysis.

To measure the rectal temperature, 7-8-week-old male mice were individually housed and
exposed to 5 °C for 3 h. The rectal temperature was measured using a PTM1 portable temperature

monitor and RET-3 probe (Physitemp, Clifton, NJ).

Melanotan-1I experiment

To measure the food intake response to a melanocortin agonist, single-caged 10—12-week-
old male mice were intraperitoneally injected with melanotan-II (MTII; 5 mg/kg body weight;
Toronto Research Chemicals, Toronto, ON, Canada) or saline 30 min before lights out. The
accumulated food intake was measured for 2 and 4 h. One week after the first experiment, a
crossover experiment was performed. To evaluate MTII-induced adaptation of oxygen
consumption and respiratory exchange ratio (RER), 7-9-week-old male mice were

intraperitoneally injected with MTII (10 mg/kg body weight) or saline using a crossover design.



Metabolic measurement using indirect calorimetry was performed at 28 °C, after which average

oxygen consumption and RER were calculated 1-5 h after the injection.

Metabolic analyses
Oral glucose tolerance test, insulin tolerance test, blood analyses, and indirect calorimetry

were performed as previous described (19) (Supplemental materials).

Biochemical analyses
Gene and protein expression levels were analyzed using real-time PCR and western blotting,

as previous described (22,23) (Supplemental materials).

Statistical analysis

All statistical analyses were performed using GraphPad Prism 10 software (GraphPad
Software, San Diego, CA, USA). Comparisons between two groups were performed using two-
tailed Welch’s #-tests or the Mann—Whitney test, as appropriate. Comparisons between two factors
were performed using two-way ANOVA followed by Sidék’s multiple comparison test or Fisher’s

least significant difference test. The statistical significance was set at P < 0.05.
Data and Resource Availability
The data and resources generated and/or analyzed during the current study are available from

the corresponding author upon reasonable request.

Results



Mc4r-CRTC1 KO mice exhibit modest obesity, glucose intolerance, insulin resistance, and
hyperlipidemia under normal chow conditions

To understand the role of CRTC1 in Mc4r-expressing cells in energy homeostasis, we
generated Mc4r-expressing cell-specific CRTC1 knockout (Mc4r-CRTC1 KO) mice by crossing
Mc4r-Cre knock-in mice (21) to Crtc1-flox mice as per our previous study (19). When fed standard
chow, male and female Mc4r-CRTC1 KO mice showed a significant increase in body weight after
12 and 15 weeks of age, respectively (Fig. 1 A and B). At 26 weeks of age, male and female mutant
mice were 25% and 37% heavier than their sex-matched control littermates, respectively. These
male and female mutant mice displayed increases in BAT, liver, iWAT, and pgWAT weight
compared with those of control littermates (Fig. 1C and D). The mutant mice showed significant
or marginal increases in skeletal muscle weight (Fig. 1E and F). Systemic glucose intolerance and
insulin resistance were also observed in both male and female mutant mice at 24 weeks of age (Fig.
1G and H). These mutant mice exhibited higher levels of serum insulin, total cholesterol, and TG
but not NEFA (Fig. 11I). These results suggest that CRTC1 in Mc4r-expressing cells contributes to
energy homeostasis as well as glycemic and lipid control.

Melanocortin signaling directly regulates insulin secretion (24), glucose tolerance (25), and
circulating cholesterol (26). To investigate whether CRTC1 in Mc4r-expressing cells is associated
with glycemic control and blood lipid profiles independently of obesity, we assessed glucose
tolerance, insulin sensitivity, and blood lipid levels before the obesity onset. Predictably, 6-week-
old Mc4r-CRTC1 KO mice did not show a significant change in body weight and wet weights of
pgWAT, iWAT, BAT, liver, and skeletal muscles compared with that in control mice (Fig. 2A—
C). These mutant mice did not exhibit any significant changes in glucose tolerance or insulin

sensitivity (Fig. 2D and E). Furthermore, serum insulin, triglyceride, NEFA, and cholesterol levels



did not significantly change between the mutant and control mice at 6 weeks of age under fed and
fasting state (Fig. 2F and G). These results suggest that glucose intolerance, insulin resistance, and

hyperlipidemia observed in mutant mice are epiphenomena of obesity.

Mc4r-CRTC1 KO mice show decreased melanocortin agonist-induced food intake suppression
and late-onset hyperphagia

We investigated whether increased energy intake caused obesity in Mc4r-CRTC1 KO mice.
Mc4r-CRTC1 KO mice ingested a similar amount of food as control mice at 6 weeks of age (Fig.
3A). In contrast, compared with control mice, Mc4r-CRTC1 KO mice demonstrated increased
daily food intake at 19 weeks of age (Fig. 3B). To detect slight differences, we further measured
food intake in Con and Mc4r-CRTC1 KO mice after melanocortin agonist (MTII) or saline
injection and found that the mutant mice showed decreased MTII-induced suppression of
accumulated food intake 4 h after injection (Fig. 3C). To evaluate causal relationships between
obesity and hyperphagia, we measured food intake and body weight over a period of 8—12 weeks
of age. In male KO mice, a significant increase in body weight preceded that in food intake (Fig.
3D and E). In another cohort, 8-week-old male KO mice demonstrated a significant increase in
pgWAT weight without significant body weight gain (Fig. 3F). Female KO mice did not exhibit
any increase in food intake and body weight by 12 weeks of age, a time when adipose tissue weight
was significantly increased (Fig. 3G and H). These results suggest that the onset of obesity
precedes hyperphagia in KO mice. Taken together, deletion of CRTC1 in Mc4r-expressing cells

decreases food intake suppression through melanocortin system activation and causes late-onset

hyperphagia.



Basal and melanocortin agonist-induced energy expenditure is reduced before the onset of
obesity in Mc4r-CRTC1 KO mice

To investigate whether CRTC1 in Mc4r-expressing cells is involved in energy expenditure,
we measured whole-body basal metabolism using indirect calorimetry. At 7-8 weeks of age, basal
oxygen consumption in Mc4r-CRTC1 KO mice significantly decreased, with no significant
changes in RER and motor activity (Fig. 31). To determine whether CRTC1 in Mc4r-expressing
cells participates in melanocortin system-mediated regulation of energy expenditure, we measured
oxygen consumption and RER in Con and Mc4r-CRTC1 KO mice after MTII or saline injection.
Two-way ANOVA showed that CRTC1 deficiency in Mc4r-expressing cells decreased oxygen
consumption (Fig. 3J), which was consistent with the baseline analysis (Fig. 31). Both genotypes
demonstrated MTII-induced enhancement of oxygen consumption and a decline in RER 1-3 h
after injection, whereas Mc4r-CRTC1 KO mice displayed significant suppression of MTII-
induced adaptation of oxygen consumption and RER 3-5 h after injection (Fig. 3J). These results
suggest that CRTC1 in Mc4r-expressing cells contributes to MTII-induced late-phase adaptations
of energy expenditure, especially lipid oxidation. To clarify the physiological machinery
underlying the decreased energy expenditure in the mutant mice, we assessed thermogenic
capacity by measuring rectal temperature before and after 3 h of cold exposure. The basal rectal
temperature of mutant mice was marginally lower than that of Con mice (Fig. 3K). After 3-hour
cold exposure, mutant mice exhibited significantly lower rectal temperature than that in Con mice
(Fig. 3K), suggesting the importance of CRTCI in Mc4r-expressing cells in the thermogenic
pathway. Taken together, before the onset of obesity and hyperphagia, CRTC1 deletion in Mc4r-
expressing cells elicits a decline in energy expenditure and thermogenesis, both of which are likely

to contribute to the onset and development of obesity.
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Mc4r-CRTC1 KO mice demonstrate an altered thermogenic program in BAT

To explore the molecular mechanism by which CRTC1 in Mc4r-expressing cells regulates
energy expenditure, we conducted biochemical analyses of peripheral tissues at 6 weeks of age.
First, we investigated whether Mc4r-CRTC1 KO mice showed an impaired thermogenic pathway
in BAT. Six-week-old Mc4r-CRTC1 KO mice exhibited a decreasing trend in Ucpl and Irf4
expression compared with that in Con mice in the fed state (Fig. 4A). After 17 h of fasting, the
mutant mice showed a significant decrease in Prdm 16 and a marginal decrease in Cidea expression
(Fig. 4E). Furthermore, mutant mice showed marginal and significant decreases in the expression
of Cs, a mitochondrial marker, in BAT under fed (Fig. 4B) and fasting conditions (Fig. 4F),
respectively. We also found that mutant mice exhibited significant decreases in the protein levels
of UCP1 and CS (Fig. 4D). Since deletion of Prdmi6 elicits whitening of BAT (27), we next
assessed WAT-selective marker expression. We found no significant changes in the gene
expression of WAT-selective markers (4gt and Retn) under the fed (Fig. 4C) and fasting (Fig. 4G)
conditions. These results suggest that CRTC1 in Mc4r-expressing cells partially contributes to the
thermogenic program in BAT.

To investigate the role of CRTC1 in Mc4r-expressing cells in the acute thermogenic response,
we measured the thermogenic gene and protein expression in the BAT of both genotypes after 3 h
of cold exposure. Two-way ANOVA analysis showed that cold exposure increased cold-
responsive gene expression (Ucpl, Ppargcla, and Dio2) and UCP1 protein levels, whereas Mc4r-
CRTCI deletion selectively decreased the gene and protein expression of UCP1 (Fig. 4 H and I).
Furthermore, the gene and protein expression of UCP1 in mutant mice was significantly lower

than that in Con mice after cold exposure (Fig. 4 H and I). These results further support the
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possibility that CRTC1 in Mc4r-expressing cells modulates the thermogenic program.

Mc4r-CRTC1 KO mice partially exhibit decreased oxidative metabolism- and thermogenesis-
related molecules in skeletal muscles

The melanocortin system also regulates energy metabolism in skeletal muscles (28), which
contributes to enhanced systemic energy expenditure. Therefore, we investigated whether CRTC1
in Mc4r-expressing cells is responsible for the expression of metabolism-related molecules in
soleus and plantaris muscles, both of which are oxidative and glycolytic fiber-rich, respectively.
We found no significant changes in the expression of glucose (Slc2a4/Glut4 and Hk2), lipid
metabolism-related genes (Cd36, Cpt1b, and Acadm), and mitochondrial markers (Cox4il and Cs)
in soleus muscle (Fig. SA), whereas significant or marginal decreases in Hk2, Cd36, Cox4il, and
Cs were noted in plantaris muscles of Mc4r-CRTC1 KO mice (Fig. SE). Consistent with mRNA
levels, protein levels of CS were significantly decreased in the mutant mice (Fig. 5H). Total
Ppargcla expression was decreased in plantaris but not soleus muscle (Fig. 5 B and F). Isoform-
specific analysis revealed a decrease in the expression of Ppargcla-b and -c, both of which are
positively regulated by sympathetic nerve activity and subsequent B2-adrenergic stimulation
(29,30), in soleus muscle (Fig. 5B). In contrast, an insignificant change was noted for Ppargcla-
b and -c in plantaris muscle (Fig. 5F). This inconsistency may be due to these low expression levels
in glycolytic fibers. Considering the hypothalamic melanocortin system modulates the
thermogenic program in skeletal muscle (31), we assessed the expression of uncoupling and
thermogenic genes and found that the expression of the thermogenic genes Atp2al and Atp2a?2
was decreased in the soleus muscle of the mutant mice (Fig. 5C). In plantaris muscle (Fig. 5G), no

significant decrease in thermogenic gene expression was observed, although Ap2al mRNA levels
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were slightly, but not significantly, lower. Unexpectedly, we observed a marginal or significant
decrease in the protein levels of Sarcoplasmic/endoplasmic reticulum calcium ATPases (SERCAS)
in plantaris but not in soleus muscle (Fig. 5 D and H). This inconsistency may be because of the
masking of small differences due to technical issues, considering levels of SERCASs protein levels
in soleus muscle are relatively variable. Taken together, these results suggest that CRTC1 in Mc4r-
expressing cells partially regulates the oxidative pathway and thermogenic program in the skeletal

muscle.

Mc4r-CRTC1 KO mice demonstrate altered lipid metabolism in the liver

As Mc4r reportedly modulates hepatic metabolism (26,32,33), we investigated whether
CRTCI1 in Mcdr-expressing cells is related to hepatic metabolism. First, we assessed the
expression levels of glucose and lipid metabolism-related genes in the fed state at 6 weeks of age.
We found no significant differences in the expression of genes related to lipid synthesis and
oxidation between Con and Mc4r-CRTC1 KO mice (Fig. 6 A and B). Further investigation
revealed increasing trends of Pparg and Srebf1 gene expression in the mutant mice (Fig. 6C); these
genes encode transcription factors that regulate the expression of genes involved in lipid
metabolism (34-36). Hence, to minimize the effect of feeding, we conducted a biochemical
analysis of the liver after 17 h of starvation. We found comprehensive upregulation of lipid
synthesis- and VLDL secretion-related genes in the Mc4r-CRTC1 KO mice compared with that in
Con mice (Fig. 6 E and F). The mutant mice showed increased gene expression of related
transcription factors Pparg, Mixipl/Chrebpa., Nrlh3/LxRo., and Nrih2/LxRp (Fig. 6H). Although
6-week-old KO mice exhibited no significant change in the levels of lipogenic proteins under both

fed and fasting condition (Fig. 6 D and I), we observed a significant increase in the lipogenic
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protein levels in the liver of 26-week-old KO mice (Fig. 6J). The mutant mice also exhibited
enhanced expression of lipid oxidation-related (Fig. 6G) and mitochondrial (Supplementary Fig.
1B) genes. In contrast, lacking CRTC1 in Mc4r-expressing cells did not significantly change the
protein expression levels of mitochondrial markers under both fed and fasting states
(Supplementary Fig. 1 A and C). Taken together, these results indicate that CRTCI deficiency in

Mcdr-expressing cells elicits lipogenic responses in the liver.

CRTC1 in Mc4r-expressing cells partially regulates lipid metabolism-related molecules in WAT

The melanocortin system regulates lipid metabolism in visceral WAT (33,37); thus, we
conducted biochemical analyses of pgWAT. First, we measured the expression of lipolysis-related
molecules. Mc4r-CRTC1 KO mice demonstrated increased gene expression of Pnpla2, but not
Lipe, encoding ATGL and HSL, respectively (Fig. 7A). In contrast, HSL did not differ
significantly, whereas ATGL decreased significantly in female KO mice at the protein level (Fig.
7D). Given that only gene expression increases in WAT from humans with obesity (38), a specific
increase in Pnpla?2 mRNA may stem from an initial adipocyte expansion response. We next
investigated whether CRTC1 in Mc4r-expressing cells is involved in the lipogenic pathway. Mc4r-
CRTC1 KO mice exhibited significant upregulation of Lpl, Slc2al, and Dgatl expression and a
marginal increase in Fasn expression in pgWAT (Fig. 7B). Furthermore, CRTC1 deletion in Mc4r-
expressing cells increased the gene expression of Srebf and Mixipl, both of which are transcription
factors regulating lipogenic gene expression (Fig. 7C). At protein levels, male, but not female,
mice exhibited a comprehensive increase in lipogenic protein expression (Fig. 7D). Considering
the fact that female mice preferentially store fat in subcutaneous adipose tissue compared to male

mice, we also measured the lipogenic protein expression in subcutaneous adipose tissue; however,
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we did not detect significant change in lipogenesis- and lipolysis-related protein levels
(Supplementary Fig. 2). Collectively, these results suggest that CRTC1 in Mc4r-expressing cells
partly regulates the lipid metabolism in visceral WAT in a sex-dependent manner, which may be
involved in the delay of the obesity onset in female KO mice; however, causal relationships remain

unclear.

Discussion

We found that Mc4r-CRTC1 KO mice exhibited 1) modest obesity, glucose intolerance,
insulin resistance, hyperinsulinemia, and hyperlipidemia; 2) decreased systemic energy
expenditure; 3) suppression of melanocortin agonist-induced adaptation of energy expenditure and
food intake; 4) impaired thermogenic programs and oxidative pathway in BAT and skeletal
muscle; and 5) altered lipid metabolism in the liver and pgWAT. In a previous study (19), when
fed a high-fat diet, mice with CRTCI deficiency in Mc4r-expressing cells showed hyperphagia
within a few days of starting a high-fat diet and subsequently became obese, which suggested that
CRTCI in Mc4r-expressing cells suppresses excessive fat intake and thereby controls body weight.
Similarly, mice lacking CRTC1 in SF1-expressing cells (20) and CRTC1/2 in Siml-expressing
cells (39) exhibited hyperphagia and obesity when feeding a high-fat diet. Considering that
systemic CRTC1 knockout mice demonstrated increased food intake, decreased energy
expenditure, and obesity under normal diet conditions (17), CRTCI1 is suggested to control body
weight even under normal diet conditions and to modulate energy expenditure via regulating
peripheral tissue metabolism; however, these mechanisms underlying these effects remains
unclear. In this context, this study demonstrates that CRTC1 in Mc4r-expressing cells modulates

peripheral metabolism and systemic energy expenditure and contributes to body weight control
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under normal diet conditions. This is the first study to elucidate the detailed molecular mechanism
for the regulations of systemic energy expenditure by CRTCI.

In addition to decreasing the basal energy expenditure, CRTC1 deficiency in Mc4r-
expressing cells impaired the MTII-induced suppression of food intake, enhancement of energy
expenditure, and decrease in RER. These results suggest that CRTC1 in Mc4r-expressing cells is
required for metabolic adaptation by the melanocortin system. Notably, the effect of CRTCI
deficiency in Mc4r-expressing cells on MTII-induced metabolic adaptations was limited
immediately after MTII injection, becoming evident 3—5 h after injection, indicating that CRTC1
in Mc4r-expressing cells contributes to maintaining, but not to eliciting, metabolic regulation by
the melanocortin system. CRTCI is a transcriptional co-activator of CREB, which regulates the
expression of immediate early genes and subsequently participates in synaptic plasticity (40).
Furthermore, hypothalamic CREB transcriptionally controls the expression of neuropeptides
regulating energy metabolism, such as corticotropin-releasing hormone (41,42). Considering the
delayed contribution of CRTC1/CREB owing to its requirement for transcription and translation,
it is reasonable to assume that CRTCI selectively participates in the late phase of MTII-induced
metabolic adaptations. Given that CRTCI is involved in the melanocortin system, its
polymorphisms might have to be considered in the clinical use of Mc4r-targeting drugs such as
setmelanotide.

CRTCI1 deficiency in Mc4r-expressing cells impaired thermogenic programs, oxidative
pathway, and lipid metabolism in peripheral tissues. Furthermore, the mutant mice exhibited
decreased expression of Ppargcla-b and -c isoforms, both of which are upregulated by the
sympathetic nervous system (30). The melanocortin system regulates the peripheral metabolism

via the sympathetic or parasympathetic nervous system (33,37,43—45). Moreover, Gs signaling in
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Mc4r-expressing cells regulates the thermogenic program and energy expenditure (8,9). Therefore,
CRTC1 in Mc4r-expressing cells may modulate melanocortin system-induced autonomic
regulation and the subsequent peripheral metabolism, which at least partly contributes to energy
expenditure and body weight control. To elucidate the physiological mechanism, further studies
that directly assess autonomic involvement are required.

Mc4r-CRTC1 KO mice demonstrated enhanced lipogenic gene expression in the liver,
especially in the fasting state. Pharmacological blockade of the central melanocortin system
increased lipogenic genes in the liver (33). Therefore, CRTC1 may partly participate in the
melanocortin system/hepatic lipid metabolism axis. As opposed to the fasting state, we failed to
detect a comprehensive enhancement of lipid metabolism-related gene expression in the livers of
KO mice in the fed state. Considering that these hepatic gene expressions are highly responsive to
feeding and subsequent blood parameter responses (46), variation due to feeding might have
masked the differences between genotypes. Alternatively, CRTC1 in Mc4r-expressing cells might
have no or limited contribution to hepatic metabolism in the fed state, suggesting that the molecule
specifically participates in fasting-induced acute transcriptional response in the liver. Furthermore,
unlike other peripheral tissues, we fail to detect significant change in lipogenic and mitochondrial
proteins in the liver at 6 weeks of age, although 26-week-old KO mice showed an increase in
lipogenic proteins. Therefore, although further studies are required, the contribution of the hepatic
lipogenesis and mitochondrial dysfunction to the onset of obesity in the mutant mice may be
limited.

As a limitation, the difference of detectability between used methods (for instance, food
intake, body weight, indirect calorimetry, and biochemical analyses) may mask the causal

relationships between these indices. Studies using systemic Mc4r knockout mice, which exhibit
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overt early-onset obesity, inconsistently suggest the causal relationships between hyperphagia,
energy expenditure, and obesity [reviewed in (47)]. The modestly obesogenic phenotype of Mc4r-
CRTC1 KO enables us to conduct physiological and biochemical analyses before the onset of
obesity and hyperphagia. These results suggest that impairment of peripheral metabolism preceded
the onset of obesity and hyperphagia in Mc4r-CRTC1 KO mice. However, although increases in
body weight and adipose tissue mass statistically precede that in food intake, increases in these
factors appear simultaneous, especially in male mice. Therefore, considering the difference of
detectability, our data do not completely rule out a contribution of hyperphagia to the obesity onset
in KO mice.

In summary, the present study revealed that CRTCI in Mc4r-expressing cells modulates
peripheral energy metabolism and maintains systemic energy homeostasis. These results provide
novel insights into the molecular mechanisms underlying the regulation of energy balance by the

melanocortin system.

Funding

This study was supported by the Japan Society for the Promotion of Science Grants in Aid for

Scientific Research (No. 20K19498 23K16695 to T.Y.).

Conflicts of interest

The authors declare no conflicts of interest, financial or otherwise.

Author contributions

18



Conceptualization: H.M. and T.Y.; formal analysis: H.M. and T.Y.; investigation: H.M., T.M.,
K.O., and T.Y.; writing—original draft preparation: T.Y.; writing—review and editing: H.M. and
T.G.; supervision: K.I. and S.M.; funding acquisition: T.Y. All authors have read and agreed to
the published version of the manuscript. T.Y. is the guarantor of this work and, as such, had full
access to all the data in the study and takes responsibility for the integrity of the data and the

accuracy of the data analysis.

References

1. Gantz I, Miwa H, Konda Y, Shimoto Y, Tashiro T, Watson SJ, et al. Molecular cloning,
expression, and gene localization of a fourth melanocortin receptor. J Biol Chem.
1993;268(20):15174-9.

2. Liu H, Kishi T, Roseberry AG, Cai X, Lee CE, Montez JM, et al. Transgenic Mice Expressing
Green Fluorescent Protein under the Control of the Melanocortin-4 Receptor Promoter. J
Neurosci. 2003;23(18):7143-54.

3. Marie LSte, Miura GI, Marsh DJ, Yagaloff K, Palmiter RD. A metabolic defect promotes
obesity in mice lacking melanocortin-4 receptors. Proc Natl Acad Sci. 2000;97(22):12339-44.

4. Huszar D, Lynch CA, Fairchild-Huntress V, Dunmore JH, Fang Q, Berkemeier LR, et al.
Targeted Disruption of the Melanocortin-4 Receptor Results in Obesity in Mice. Cell.
1997;88(1):131-41.

5. Chen AS, Metzger JM, Trumbauer ME, Guan X ming, Yu H, Frazier EG, et al. Role of the
melanocortin-4 receptor in metabolic rate and food intake in mice. Transgenic Res.
2000;9(2):145-54.

6. Marsh DJ, Hollopeter G, Huszar D, Laufer R, Yagaloff KA, Fisher SL, et al. Response of
melanocortin—4 receptor—deficient mice to anorectic and orexigenic peptides. Nat Genet.

1999;21(1):119-22.

7. Wade KH, Lam BYH, Melvin A, Pan W, Corbin LJ, Hughes DA, et al. Loss-of-function
mutations in the melanocortin 4 receptor in a UK birth cohort. Nat Med. 2021;27(6):1088-96.

19



8. Podyma B, Sun H, Wilson EA, Carlson B, Pritikin E, Gavrilova O, et al. The stimulatory G
protein Gsa is required in melanocortin 4 receptor—expressing cells for normal energy balance,
thermogenesis, and glucose metabolism. J Biol Chem. 2018;293(28):10993-1005.

9. Matsumura S, Miyakita M, Miyamori H, Kyo S, Shima D, Yokokawa T, et al. Stimulation of
Gs signaling in MC4R cells by DREADD increases energy expenditure, suppresses food intake,
and increases locomotor activity in mice. Am J Physiol-Endocrinol Metab. 2022;322(5):E436—
45.

10. Saura CA, Cardinaux JR. Emerging Roles of CREB-Regulated Transcription Coactivators in
Brain Physiology and Pathology. Trends Neurosci. 2017;40(12):720-33.

11. Conkright MD, Canettieri G, Screaton R, Guzman E, Miraglia L, Hogenesch JB, et al.
TORCs Transducers of Regulated CREB Activity. Mol Cell. 2003;12(2):413-23.

12. Bittinger MA, McWhinnie E, Meltzer J, lourgenko V, Latario B, Liu X, et al. Activation of
cAMP Response Element-Mediated Gene Expression by Regulated Nuclear Transport of TORC
Proteins. Curr Biol. 2004;14(23):2156-61.

13. Screaton RA, Conkright MD, Katoh Y, Best JL, Canettieri G, Jeffries S, et al. The CREB
Coactivator TORC2 Functions as a Calcium- and cAMP-Sensitive Coincidence Detector. Cell.
2004;119(1):61-74.

14. Wu Z, Huang X, Feng Y, Handschin C, Feng Y, Gullicksen PS, et al. Transducer of
regulated CREB-binding proteins (TORCs) induce PGC-1a transcription and mitochondrial
biogenesis in muscle cells. Proc Natl Acad Sci. 2006;103(39):14379-84.

15. Mair W, Morantte I, Rodrigues APC, Manning G, Montminy M, Shaw RJ, et al. Lifespan
extension induced by AMPK and calcineurin is mediated by CRTC-1 and CREB. Nature.
2011;470(7334):404-8.

16. Burkewitz K, Morantte I, Weir HIM, Yeo R, Zhang Y, Huynh FK, et al. Neuronal CRTC-1
Governs Systemic Mitochondrial Metabolism and Lifespan via a Catecholamine Signal. Cell.
2015;160(5):842-55.

17. Altarejos JY, Goebel N, Conkright MD, Inoue H, Xie J, Arias CM, et al. The Crebl
coactivator Crtcl is required for energy balance and fertility. Nat Med. 2008 Aug
31;14(10):1112-7.

18. Choong E, Quteineh L, Cardinaux JR, Gholam-Rezaee M, Vandenberghe F, Dobrinas M, et
al. Influence of CRTC1 Polymorphisms on Body Mass Index and Fat Mass in Psychiatric
Patients and the General Adult Population. JAMA Psychiatry. 2013;70(10):1011-9.

19. Matsumura S, Miyakita M, Miyamori H, Kyo S, Ishikawa F, Sasaki T, et al. CRTC1

deficiency, specifically in melanocortin-4 receptor-expressing cells, induces hyperphagia,
obesity, and insulin resistance. FASEB J. 2022;36(12):e22645.

20



20. Matsumura S, Ishikawa F, Sasaki T, Terkelsen MK, Ravnskjaer K, Jinno T, et al. Loss of
CREB Coactivator CRTCI in SF1 Cells Leads to Hyperphagia and Obesity by High-fat Diet But
Not Normal Chow Diet. Endocrinology. 2021;162(9).

21. Garfield AS, Li C, Madara JC, Shah BP, Webber E, Steger JS, et al. A neural basis for
melanocortin-4 receptor—regulated appetite. Nat Neurosci. 2015;18(6):863—71.

22. Yokokawa T, Sato K, Iwanaka N, Honda H, Higashida K, Iemitsu M, et al.
Dehydroepiandrosterone activates AMP kinase and regulates GLUT4 and PGC-1a expression in
C2C12 myotubes. Biochem Biophys Res Commun. 2015 Jul;463(1-2):42-7.

23. Yokokawa T, Kido K, Suga T, Sase K, Isaka T, Hayashi T, et al. Exercise training increases
CISD family protein expression in murine skeletal muscle and white adipose tissue. Biochem
Biophys Res Commun. 2018 Nov 30;506(3):571-7.

24. Fan W, Dinulescu DM, Butler AA, Zhou J, Marks DL, Cone RD. The Central Melanocortin
System Can Directly Regulate Serum Insulin Levels*. Endocrinology. 2000;141(9):3072-9.

25. Morgan DA, McDaniel LN, Yin T, Khan M, Jiang J, Acevedo MR, et al. Regulation of
Glucose Tolerance and Sympathetic Activity by MC4R Signaling in the Lateral Hypothalamus.
Diabetes. 2015;64(6):1976-87.

26. Perez-Tilve D, Hofmann SM, Basford J, Nogueiras R, Pfluger PT, Patterson JT, et al.
Melanocortin signaling in the CNS directly regulates circulating cholesterol. Nat Neurosci.
2010;13(7):877-82.

27. Harms MJ, Ishibashi J, Wang W, Lim HW, Goyama S, Sato T, et al. Prdm16 Is Required for
the Maintenance of Brown Adipocyte Identity and Function in Adult Mice. Cell Metab.
2014;19(4):593-604.

28. Tanaka T, Masuzaki H, Yasue S, Ebihara K, Shiuchi T, Ishii T, et al. Central Melanocortin
Signaling Restores Skeletal Muscle AMP-Activated Protein Kinase Phosphorylation in Mice Fed
a High-Fat Diet. Cell Metab. 2007;5(5):395-402.

29. Tadaishi M, Miura S, Kai Y, Kawasaki E, Koshinaka K, Kawanaka K, et al. Effect of
exercise intensity and AICAR on isoform-specific expressions of murine skeletal muscle PGC-
la mRNA: a role of B2-adrenergic receptor activation. Am J Physiol-Endocrinol Metab. 2011
Feb;300(2):E341-9.

30. Miura S, Kai Y, Kamei Y, Ezaki O. Isoform-Specific Increases in Murine Skeletal Muscle
Peroxisome Proliferator-Activated Receptor-y Coactivator-1a (PGC-1a) mRNA in Response to
B2-Adrenergic Receptor Activation and Exercise. Endocrinology. 2008;149(9):4527-33.

31. Gavini CK, Jones WC, Novak CM. Ventromedial hypothalamic melanocortin receptor

activation: regulation of activity energy expenditure and skeletal muscle thermogenesis. J
Physiol. 2016;594(18):5285-301.

21



32. Obici S, Feng Z, Tan J, Liu L, Karkanias G, Rossetti L. Central melanocortin receptors
regulate insulin action. J Clin Investig. 2001;108(7):1079-85.

33. Nogueiras R, Wiedmer P, Perez-Tilve D, Veyrat-Durebex C, Keogh JM, Sutton GM, et al.
The central melanocortin system directly controls peripheral lipid metabolism. J Clin Investig.
2007;117(11):3475-88.

34. Matsusue K, Haluzik M, Lambert G, Yim SH, Gavrilova O, Ward JM, et al. Liver-specific
disruption of PPARY in leptin-deficient mice improves fatty liver but aggravates diabetic
phenotypes. J Clin Investig. 2003;111(5):737-47.

35. Gavrilova O, Haluzik M, Matsusue K, Cutson JJ, Johnson L, Dietz KR, et al. Liver
Peroxisome Proliferator-activated Receptor y Contributes to Hepatic Steatosis, Triglyceride
Clearance, and Regulation of Body Fat Mass*. J Biol Chem. 2003;278(36):34268-76.

36. Horton JD, Goldstein JL, Brown MS. SREBPs: activators of the complete program of
cholesterol and fatty acid synthesis in the liver. J Clin Investig. 2002;109(9):1125-31.

37. Holland J, Sorrell J, Yates E, Smith K, Arbabi S, Arnold M, et al. A Brain-Melanocortin-
Vagus Axis Mediates Adipose Tissue Expansion Independently of Energy Intake. Cell Rep.
2019;27(8):2399-2410.¢6.

38. Steinberg GR, Kemp BE, Watt MJ. Adipocyte triglyceride lipase expression in human
obesity. Am J Physiol-Endocrinol Metab. 2007;293(4):E958-64.

39. Tanaka J, Ishikawa F, Jinno T, Miyakita M, Miyamori H, Sasaki T, et al. Disruption of
CRTCI1 and CRTC2 in Sim1 cells strongly increases high-fat diet intake in female mice but has a
modest impact on male mice. PLoS ONE. 2022;17(1):0262577.

40. Nonaka M, Kim R, Fukushima H, Sasaki K, Suzuki K, Okamura M, et al. Region-Specific
Activation of CRTC1-CREB Signaling Mediates Long-Term Fear Memory. Neuron. 2014 Oct
1;84(1):92-106.

41. Aguilera G, Liu Y. The molecular physiology of CRH neurons. Front Neuroendocr.
2012;33(1):67-84.

42. Lu XY, Barsh GS, Akil H, Watson SJ. Interaction between a-Melanocyte-Stimulating
Hormone and Corticotropin-Releasing Hormone in the Regulation of Feeding and Hypothalamo-
Pituitary-Adrenal Responses. J Neurosci. 2003;23(21):7863—72.

43. Buettner C, Muse ED, Cheng A, Chen L, Scherer T, Pocai A, et al. Leptin controls adipose
tissue lipogenesis via central, STAT3—-independent mechanisms. Nat Med. 2008;14(6):667-75.

44. Williams DL, Bowers RR, Bartness TJ, Kaplan JM, Grill HJ. Brainstem Melanocortin 3/4

Receptor Stimulation Increases Uncoupling Protein Gene Expression in Brown Fat.
Endocrinology. 2003;144(11):4692-7.

22



45. Voss-Andreae A, Murphy JG, Ellacott KLJ, Stuart RC, Nillni EA, Cone RD, et al. Role of
the Central Melanocortin Circuitry in Adaptive Thermogenesis of Brown Adipose Tissue.
Endocrinology. 2007;148(4):1550-60.

46. Palou M, Priego T, Sanchez J, Villegas E, Rodriguez AM, Palou A, et al. Sequential changes
in the expression of genes involved in lipid metabolism in adipose tissue and liver in response to

fasting. Pfliigers Arch - Eur J Physiol. 2008;456(5):825.

47. Krashes MJ, Lowell BB, Garfield AS. Melanocortin-4 receptor—regulated energy
homeostasis. Nat Neurosci. 2016;19(2):206—19.

23



Figure Legends

Figure 1. Mc4r-CRTC1 KO mice demonstrate obesity, glucose intolerance, insulin resistance, and
hyperlipidemia. (A) Body weight curves of male (left) and female (right) Con and Mc4r-CRTCl1
KO mice (n = 10-15 per group). Representative images of male Con and Mc4r-CRTC1 KO mice
(B), their organs (C), and skeletal muscle (E) at 26 weeks of age. Organ (D) and skeletal muscle
(F) weights of 26-week-old male Con and Mc4r-CRTC1 KO mice (n = 1013 per group). (G)
Glucose tolerance tests in male (left) and female (center) Con and Mc4r-CRTC1 KO mice at 24
weeks of age, with area under the curve (AUC; right) (n = 6-9 per group). (H) Insulin tolerance
tests in male (left) and female (center) Con and Mc4r-CRTC1 KO mice at 24 weeks of age with
AUC (right) (n = 6-9 per group). (I) Serum insulin, triglyceride (TG), cholesterol, and non-
esterified fatty acid (NEFA) levels in male and female Con and Mc4r-CRTC1 KO mice at 26
weeks of age (n = 6-10 per group). Values are mean + SEM; dot plots represent individual data

points. *P < 0.05, **P < (.01, ***P < 0.001.

Figure 2. Mc4r-CRTC1 KO mice did not show glucose intolerance, insulin resistance, or
hyperlipidemia before the onset of obesity. (A) Body weights of male and female Con and Mc4r-
CRTCI1 KO mice at 6 weeks of age (n = 9—13 per group). (B—C) Skeletal muscle and organ weights
of 6-week-old male Con and Mc4r-CRTC1 KO mice (n = 9-13 per group). (D) Glucose tolerance
tests in male (left) and female (center) Con and Mc4r-CRTC1 KO mice at 6 weeks of age, with
area under the curve (AUC; right) (n = 5-8 per group). (E) Insulin tolerance tests in male (left) and
female (center) Con and Mc4r-CRTC1 KO mice at 6 weeks of age, with AUC (right) (n = 5-8 per
group). (F) Fed serum insulin, triglyceride (TG), cholesterol, and non-esterified fatty acid (NEFA)

levels in male and female Con and Mc4r-Crtc1 KO mice at 6 weeks of age (n = 9—13 per group).
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(G) Fasting serum insulin, TG, cholesterol, and NEFA levels in male Con and Mc4r-CRTC1 KO
mice at 6 weeks of age (n = 7-9 per group). Values are mean = SEM; dot plots represent individual

data points. *P < 0.05, **P < 0.01, ***P < (0.001.

Figure 3. Energy balance in Con and Mc4r-CRTC1 KO mice. (A-B) Food intake was measured
in male and female Con and Mc4r-CRTC1 KO mice at 6 and 19 weeks of age (n = 6-9 per group).
(C) Food intake after MTII (percentage versus saline) in male Con and Mc4r-CRTC1 KO mice at
10-12 weeks of age (n = 14 per group). (D-E) Food intake and body weight of male Con and
Mc4r-CRTC1 KO mice were subsequently measured for 8—12 weeks of age and then adipose tissue
weights were measured (n = 56 per group). (F) Body weight and adipose tissue weight of male
Con and Mc4r-CRTC1 KO mice at 8 weeks of age (n = 11-12 per group). (G-H) Food intake and
body weight of female Con and Mc4r-CRTC1 KO mice were subsequently measured for 8—12
weeks of age and then adipose tissue weights were measured (n = 5 per group). (I) Oxygen
consumption, respiratory exchange ratio (RER), and motor activity of male and female Con and
Mc4r-CRTC1 KO mice were measured using indirect calorimetry at 7-8 weeks of age (n = 6-9
per group). (J) Average oxygen consumption and RER in male Con and Mc4r-CRTC1 KO mice
were measured 1-3 and 3-5 h after saline or MTII injection (n = 5 per group). (K) Rectal
temperature was measured before and after 3 hours of cold exposure (n = 7 per group). Values are
mean = SEM; dot plots represent individual data points. *P < 0.05, **P < 0.01, ***P < (0.001. *P

<0.05, 7P <0.01 vs saline. MTII, melanotan-II.

Figure 4. Mc4r-CRTC1 KO mice display partial impairment of the thermogenic program in BAT.

(A—C) Gene expression of thermogenic, mitochondrial, and WAT-selective markers in iBAT from

25



fed mice (n = 9—11 per group). (D) Representative immunoblots and expression levels of UCP1
and CS in iBAT from fed mice (n = 7-8 per group). (E-G) Gene expression of thermogenic,
mitochondrial, and WAT-selective markers in iBAT from fasted mice (n = 9—10 per group). (H
and I) Thermogenic gene expression and UCP1 protein expression in iBAT with or without 3-hour
cold exposure (n = 8 per group). Values are mean + SEM; dot plots represent individual data points.
*P <0.05, **P <0.01, ***P <0.001, ****P <(0.0001. BAT, brown adipose tissue; WAT, white

adipose tissue; iBAT, interscapular brown adipose tissue.

Figure 5. Effect of CRTC1 deficiency in Mc4r-expressing cells on metabolic gene expression in
skeletal muscle. (A—C) Expression of glucose and lipid metabolism-related genes, mitochondrial
genes, PGC-1a isoforms, uncoupling molecules, and thermogenic genes in soleus muscle (n = 9—
11 per group). (D) Representative immunoblots and expression levels of CS and SERCAI1, and
SERCAZ2 in soleus muscle (n = 7-8 per group). (E-G) Expression of glucose and lipid metabolism-
related genes, mitochondrial genes, PGC-1la isoforms, uncoupling molecules, and thermogenic
genes in plantaris muscle (n = 9-11 per group). (H) Representative immunoblots and expression
levels of CS and SERCA1, and SERCAZ2 in plantaris muscle (n = 7-8 per group). Values are mean

+ SEM; dot plots represent individual data points. *P < 0.05.

Figure 6. Effect of CRTCI deficiency in Mc4r-expressing cells on lipid metabolism-related
molecule expression in liver. (A—C) The expression levels of metabolic genes (lipid synthesis and
oxidation, and related transcription factors) in the liver of fed mice (n = 8—12 per group). (D)
Representative immunoblots and expression levels of lipogenic proteins in the liver of 6-week-old

fed mice (n = 7-8 per group). (E-H) The expression levels of metabolic genes (lipid synthesis,
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VLDL secretion, lipid oxidation, and related transcription factors) in the liver of fasted mice (n =
9-10 per group). (I) Representative immunoblots and expression levels of lipogenic proteins in the
liver of 6-week-old fasted mice (n = 9—-10 per group). (J) Representative immunoblots and
expression levels of lipogenic proteins in the liver of 26-week-old fed mice (n = 8 per group).
Values are mean + SEM; dot plots represent individual data points. *P < 0.05, **P < 0.01, ***pP

<0.001.

Figure 7. CRTC1 deficiency in Mc4r-expressing cells enhances lipogenic programs in pgWAT.
(A—C) The mRNA levels of lipolysis- and lipogenesis-related genes and related transcription
factors in pgWAT from Con and Mc4r-CRTC1 KO mice (n = 9-12 per group). (D) Representative
immunoblots and expression levels of lipolysis- and lipogenesis-related proteins in pgWAT of 6-
week-old mice (n = 8—11 per group). Values are mean + SEM; dot plots represent individual data

points. *P < 0.05, **P < (.01, ***P <0.001. pgWAT, perigonadal white adipose tissue.

Supplementary Figure 1. Effect of CRTC1 deficiency in Mc4r-expressing cells on mitochondrial
marker expression in liver. (A) Representative immunoblots and expression levels of
mitochondrial proteins in the liver of 6-week-old fed mice (n = 7-8 per group). (B) The expression
levels of mitochondrial genes in the liver of fasted mice (n = 9-10 per group). (C) Representative
immunoblots and expression levels of mitochondrial proteins in the liver of 6-week-old fasted
mice (n = 9-10 per group). Values are mean = SEM; dot plots represent individual data points. *P

<0.05, **P <0.01, ***P <0.001.
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Supplementary Figure 2. Effect of CRTC1 deficiency in Mc4r-expressing cells on lipid
metabolism-related proteins in iWAT. Representative immunoblots and expression levels of
lipolysis- and lipogenesis-related proteins in iWAT of 6-week-old female mice (n = 8 per group).

Values are mean + SEM; dot plots represent individual data points.
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