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Abstract 21 

Melanocortin 4 receptor (MC4R) mutations are the most common cause of human monogenic 22 

obesity and are associated with hyperphagia and increased linear growth. While MC4R is known 23 

to activate Gsa/cAMP signaling, a significant proportion of obesity-associated MC4R mutations 24 

do not affect MC4R/Gsa signaling. To further explore the role of specific MC4R signaling 25 

pathways in regulation of energy balance, we examined the signaling properties of one such 26 

mutant MC4R (F51L), as well as the metabolic consequences of MC4RF51L mutation in mice. 27 

The MC4RF51L mutation produced a specific defect in MC4R/Gq/11a signaling and led to 28 

obesity, hyperphagia and increased linear growth in mice. The ability of a melanocortin agonist 29 

to acutely inhibit food intake when delivered to the paraventricular nucleus (PVN) was lost in 30 

MC4RF51L mice, as well as in wild-type mice in which a specific Gq/11a inhibitor was delivered 31 

to the PVN, providing evidence that a Gsa-independent signaling pathway, namely Gq/11a, 32 

significantly contributes to the actions of MC4R on food intake and linear growth.  These results 33 

suggest that a biased MC4R agonist that primarily activates Gq/11a may be a potential agent to 34 

treat obesity with less untoward cardiovascular and other side effects.  35 
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Introduction 36 

Melanocortins are neurotransmitters that act in the central nervous system (CNS) to promote 37 

negative energy balance via reduced food intake and increased energy expenditure and 38 

sympathetic nervous system (SNS) activity. The melanocortin 4 receptor MC4R is the main 39 

receptor that mediates the effects of melanocortins on food intake and energy expenditure. 40 

MC4R is an important regulator of energy balance in humans, as loss-of-function MC4R 41 

mutations comprise the most common form of monogenic obesity (1) and over 150 pathogenic 42 

MC4R variants have been identified in patients with severe, early-onset obesity accompanied by 43 

hyperphagia, increased linear growth, impaired glucose metabolism (2) and decreased heart rate 44 

and blood pressure compared to similarly obese controls (3). MC4R deficiency also causes 45 

obesity associated with increased food intake and reduced energy expenditure in mice (4, 5). 46 

MC4R agonism is a logical therapeutic target for the treatment of obesity. However, the use of 47 

MC4R agonists has been limited by untoward cardiovascular side effects (3).  48 

While MC4R expression in the CNS is fairly widespread (6, 7), the paraventricular 49 

nucleus of the hypothalamus (PVN) is a major site of MC4R action on the acute inhibition of 50 

food intake (8-10) where they are activated by melanocortins released from proopiomelanocortin 51 

(POMC) neurons originating from the arcuate nucleus (ARC) of the hypothalamus. PVN-specific 52 

reexpression of MC4R in MC4R-null mice reverses hyperphagia but does not correct the 53 

impaired energy expenditure (8), consistent with MC4R mediating most of its actions on food 54 

intake in the PVN and its actions on energy expenditure at other CNS sites. MC4R activation 55 

leads to induction of the transcription factor Sim1 (11), and mutations in SIM1 and Sim1 lead to 56 

obesity, hyperphagia and increased linear growth in both humans and mice, respectively (12-15).  57 
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It is well established that activated MC4Rs stimulate the G protein Gsa, which stimulates 58 

adenylyl cyclase to increase intracellular cAMP accumulation. Heterozygous Gsa-inactivating 59 

mutations lead to obesity in pseudohypoparathyroidism type 1A (PHP1A) patients (16) and in 60 

mice (17), but only when the mutation is on the maternal allele due to tissue-specific imprinting 61 

of GNAS/Gnas, the gene encoding Gsa. Disruption of the maternal Gsa allele limited to the CNS 62 

(mBrGsKO) produces the same obesity phenotype, which is associated with reduced energy 63 

expenditure, impaired cold-induced thermogenesis, insulin resistance and glucose intolerance 64 

(18). However, unlike what is observed with loss of MC4R (1, 4, 19), obesity in mBrGsKO mice 65 

is not driven by hyperphagia and the anorectic effects of a melanocortin agonist remain intact 66 

(18). Moreover, unlike Mc4r-null mice, mBrGsKO mice do not show increased linear growth 67 

(18). It appears that obesity in mBrGsKO mice is mediated by Gsa signaling defects in the 68 

dorsomedial hypothalamus (DMH) leading to reduced energy expenditure (20). Mice with Gsa 69 

deficiency limited to the PVN (mPVNGsKO) also do not show hyperphagia or an impairment in 70 

melanocortin-induced food intake inhibition (21).  71 

The results from these mouse studies suggest that the effects of MC4R action in the PVN 72 

on food intake and linear growth are mediated by downstream signaling pathways that are 73 

independent of Gsa, which is further supported by studies showing that a significant proportion 74 

of human MC4R mutations associated with monogenic obesity does not show significant defects 75 

in activation of Gsa/cAMP signaling (22-24). One study correlating signaling properties of 76 

naturally occurring MC4R variants with body mass index concluded that differences in 77 

MC4R/Gsa signaling do not account for most of the variance in body mass index (25). Several 78 

alternate pathways downstream of MC4R have been implicated in mediating its effects on food 79 

intake and body weight, including b-arrestin recruitment (25, 26), closure of the inward 80 
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rectifying potassium channel Kir7.1 (27) and activation of mitogen-activated protein kinase 81 

(MAPK) (28, 29), although there is no direct evidence that strongly links these pathways in the 82 

PVN to the regulation of energy balance. We have shown that PVN-specific deletion of both Gqa 83 

and G11a (PVNGq/11KO), two homologous and ubiquitously expressed G proteins a-subunits 84 

that couple receptors to phospholipase C (PLC), recapitulates the effects of MC4R deficiency on 85 

food intake and linear growth, namely, severe obesity associated with hyperphagia and loss of 86 

the anorectic response to melanocortin agonist, along with and increased linear growth (11). 87 

Moreover, some MC4R mutants with normal Gsa signaling have been demonstrated to have 88 

impaired PLC activation as measured by an NFAT reporter system (30). 89 

To further explore the role of MC4R signaling pathways in the regulation of energy 90 

balance, we examined in detail the physiological consequences in mice and signaling properties 91 

of one mutant MC4R that is associated with early-onset obesity in humans and has been reported 92 

to have relatively intact Gsa signaling (MC4RF51L, phenylalanine 51 to leucine) (23). Our 93 

results show that this mutation produces a specific defect in MC4R/Gq/11a signaling, and that the 94 

mutation in mice leads to a phenotype closely related to that seen in PVNGq/11KO mice, 95 

providing strong evidence that a Gsa-independent signaling pathway, namely Gq/11a, mediates 96 

the actions of MC4R on food intake and linear growth. This conclusion is further supported by 97 

the observation that a specific Gq/11a inhibitor delivered to the PVN of WT mice blocked the 98 

ability of a melanocortin agonist to acutely inhibit food intake. Biased MC4R agonists that 99 

primarily activate Gq/11a signaling may lead to food intake suppression and weight loss with less 100 

untoward side effects.  101 

 102 

103 
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Results 104 

MC4RF51L mice develop obesity without disruption of MC4R/Gsa/cAMP signaling. MC4RF51L 105 

mice were generated by Crispr/Cas9 to direct an MC4R site mutation at amino acid position 51 106 

with phenylalanine replaced by leucine (Figure 1A) and mating to homozygosity. The human 107 

and mouse MC4R protein sequences are highly homologous (94% identical, 97% conserved) and 108 

the F51 residue is in a highly conserved region (identical 14 amino acids upstream through 112 109 

downstream of F51 between species).  110 

To verify that MC4R/Gsa/cAMP signaling is maintained in MC4RF51L mice in vivo, we 111 

administered the MC4R agonist melanotan II (MTII, 10 µg/g body weight) i.p. to mice and 112 

measured phosphorylation levels of CREB (pCREB) in the PVN by immunofluorescence as a 113 

readout of cAMP production, as cAMP stimulates the phosphorylation of CREB via activation of 114 

protein kinase A (Figure 1B, Supplemental Figure 1). Both MC4RF51L mice and WT littermates 115 

had similar levels of total CREB protein. After administration of saline, pCREB signals were 116 

very low in WT PVN while there were significant higher levels of pCREB in the PVN of 117 

MC4RF51L mice. This likely is due to the fact that MC4RF51L mice have increased leptinergic 118 

signaling  (see Table 1), leading to greater melanocortinergic input to the PVN, which would be 119 

expected to increase CREB phosphorylation if MC4R/Gsa/cAMP signaling is intact in the 120 

mutant receptor, although other mechanisms associated with obesity may also be involved. After 121 

MTII administration CREB phosphorylation significantly increased to similar levels in the PVN 122 

of WT and MC4RF51L mice. Concomitant administration of MTII into MC4RKO mice showed 123 

very low pCREB levels in the PVN that were similar to those seen in WT after saline and 124 

significantly lower than those seen in MTII-treated WT or MC4RF51L mice, indicating that the 125 

observed pCREB responses to MTII in WT and MC4RF51L mice are primarily due to signaling 126 

through MC4R, as opposed to MC3R or other members of the melanocortin receptor family. 127 
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Overall these results are consistent with the mutant MC4R receptor having intact downstream 128 

Gsa/cAMP signaling in the PVN, as was observed by us (see below) and others (23) in cell-129 

based signaling assays.. 130 

MC4RF51L mice appeared normal at birth but rapidly gained more weight than WT 131 

littermates (Figure 1C). Male mutants had significantly increased body weight at 5 weeks of age 132 

and were 21% heavier than their WT littermates at 11 weeks of age, while female mutants 133 

became significantly heavier starting at 4 weeks and gained 29% more weight than their WT 134 

littermates by 11 weeks of age. The weight gain in MC4RF51L mice was attributed to significant 135 

2-3-fold increases in fat mass and small, but significant, increases in lean mass (Figure 1D). At 136 

least some of the increase in lean mass was attributable to an increase in body length (Figure 1E), 137 

a finding that was also observed in mice with germline MC4R mutations (4) and in mice with 138 

PVN-specific Gq/11a deficiency (11) but was not observed in obese mBrGsKO mice (18). 139 

Consistent with increased adiposity, MC4RF51L mice developed severe hyperleptinemia with 140 

circulating leptin levels over 20-fold higher in MC4RF51L mice compared to their WT 141 

littermates at 12 weeks of age (Table 1).  142 

 Obesity in MC4RF51L mice is associated with hyperphagia. To determine the extent that 143 

differences in food intake and energy expenditure contribute to the increased weight gain in 144 

MC4RF51L mice, we measured food consumption and body composition every 7 days over a 5-145 

week period in males starting at 5 weeks old and in females starting at 4 weeks old and 146 

calculated energy intake and energy expenditure based on these measurements (31). During this 147 

period, both male (Figure 2A, left) and female (Figure 2A, right) MC4RF51L mice ate 148 

significantly more than their WT littermates. On the other hand, energy expenditure was not 149 
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decreased, and in fact was increased in both males and females at various time points, reflecting 150 

their increased body mass (Figure 2B).  151 

We also studied parameters of energy metabolism in 3 month-old male mice using an 152 

Oxymax-Comprehensive Lab Animal Monitoring System (CLAMS, Columbus Instruments).  153 

Resting (REE) and total energy expenditure (TEE), measured by indirect calorimetry, showed no 154 

differences between genotypes at room temperature (22oC) when normalized by lean mass 155 

(Figure 2C).  The same measurements performed at thermoneutrality (30oC), a condition in 156 

which SNS activity and thermogenesis are minimized, showed increased REE and TEE in 157 

MC4RF51L mice when normalized to lean mass (Figure 2C).  Physical activity tended to be 158 

lower in MC4RF51L mice than in WT mice, but these differences did not reach statistical 159 

significance (Figure 2D). The respiratory exchange ratio (RER, vCO2/vO2) was increased in 160 

MC4RF51L mice (Figure 2E), suggesting greater utilization of carbohydrates relative to fats as a 161 

fuel source in the mutant mice. Examination of food consumption patterns showed no differences 162 

in feeding frequency between WT and MC4RF51L mice during either daytime or nighttime at 163 

either 22oC or 30oC (Figure 2G). However, meal size was significantly larger in MC4RF51L 164 

mice as compared to WT during nighttime at both 22oC and 30oC (Figure 2H), consistent with a 165 

higher satiety threshold in MC4RF51L mice. These findings are consistent with previous studies 166 

showing that melanocortins working through MC4R receptors primarily affect meal size, rather 167 

than meal frequency (32-34). 168 

MC4RF51L mice did not show evidence of acute cold intolerance, as they were able to 169 

maintain their body temperature over 5 hours at 6oC (Figure 2F), consistent with no overt defect 170 

in cold-induced thermogenesis, which we had previously observed in mice with whole-brain Gsa 171 

deficiency but not in mice with Gsa deficiency limited to the PVN (21). In summary, obesity in 172 
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MC4RF51L mice was primarily associated with hyperphagia as a result of increased meal size. 173 

On the other hand, MC4RF51L mice showed no evidence of reduced energy expenditure or 174 

impaired cold-induced thermogenesis, which are both features of MC4R-null mice (4, 5, 8). 175 

 Melanocortin-mediated food intake inhibition is impaired in MC4RF51L mice. We have 176 

previously shown that within the PVN MC4R-mediated food intake inhibition appears to be 177 

mediated by Gq/11a while MC4R-mediated cardiovascular effects are mediated by Gsa (11). To 178 

examine the effects of the MC4RF51L mutation on physiological responses to melanocortins, we 179 

delivered the melanocortin agonist MTII either systemically (i.p.) or directly into the PVN via 180 

cannula in MC4RF51L and WT mice and examined acute food intake, energy expenditure and 181 

cardiovascular responses. While either i.p. injection (Figure 3A) or intra-PVN injection of MTII 182 

(Figure 3B) led to reduced food intake in WT mice, these effects on food intake were absent in 183 

MC4RF51L mice. While systemic MTII resulted in a small, but significant, increase in energy 184 

expenditure in WT mice, no increase in energy expenditure was observed in MC4RF51L mice 185 

(Figure 3C). Presumably this defect in melanocortin-stimulated energy expenditure is not 186 

occurring at the PVN, as direct delivery of MTII to the PVN had no effect on energy expenditure 187 

in either WT or MC4RF51L mice (Figure 3D), consistent with prior studies showing that 188 

melanocortin actions on energy expenditure are not mediated within the PVN (8). In contrast to 189 

what we observed for food intake, MC4RF51L mice had normal heart rate and blood pressure at 190 

baseline, and the responses of both to intra-PVN delivery of MTII remained intact (Figure 3, E 191 

and F). Overall the food intake and cardiovascular responses of MC4RF51L mice to intra-PVN 192 

MTII were similar to what was observed in mice with PVN-specific Gq/11a deficiency (11) and 193 

were consistent with MC4RF51L mice having a specific defect in MC4R/Gq/11a signaling. 194 
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 Glucose and lipid metabolism in MC4RF51L mice. Adult MC4RF51L mice showed 195 

impaired glucose metabolism, with severe glucose intolerance in both male (Figure 4A) and 196 

female (Figure 4D) MC4RF51L mice at 6-7 months of age after the establishment of obesity 197 

(Figure 4, C and F). Fasting glucose levels were unaffected in male MC4RF51L mice (Figure 198 

4B) but significantly increased in female MC4RF51L mice (Figure 4E). Serum measurements in 199 

3-month-old female mice in the randomly fed state showed significantly elevated insulin levels 200 

in MC4RF51L mice, with glucose levels remaining unaffected (Table 1). To determine whether 201 

abnormal glucose metabolism is independent of obesity, we assessed glucose homeostasis in 202 

young female MC4RF51L and WT mice at 4-5 weeks of age. Although body weight was only 203 

slightly, though significantly, increased in MC4RF51L mice at this age (Figure 4I), both glucose 204 

tolerance (Figure 4G) and fasting glucose (Figure 4H) were similar between MC4RF51L and 205 

WT mice. These results indicate that abnormal glucose homeostasis in MC4RF51L mice is 206 

secondary to obesity rather than to a primary defect in glucose metabolism, despite the fact that 207 

prior studies have shown that the loss of MC4R (35, 36) or Gsa in the CNS (18) leads to a 208 

primary defect in glucose metabolism. Adult female MC4RF51L mice had significantly higher 209 

serum levels of cholesterol, triglycerides and free fatty acids in the fed state, while adiponectin 210 

levels were unaffected (Table 1). It is unclear to what extent hyperlipidemia in MC4RF51L mice 211 

results from obesity vs. impaired melanocortin action, as melanocortins within the CNS have 212 

been shown to directly regulate lipid metabolism (37). 213 

 Hyperphagia significantly contributes to the metabolic phenotype of MC4RF51L mice. In 214 

order to examine the extent to which the metabolic phenotype of MC4R51L mice is accounted 215 

for by excess energy intake, we performed a pair feeding experiment in which a group of 216 

MC4RF51L mice were provided an amount of food identical to paired WT mice on an ad libitum 217 
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diet for an 8 week period from the start of week 4 until the start of week 12 after birth. Another 218 

group of MC4RF51L mice were fed ad libitum simultaneously during the same period. Body 219 

weight curves in males showed that pair-fed MC4RF51L mice gained slightly, but significant, 220 

more weight compared to WT mice, although significantly lower than the weight gain observed 221 

in ad libitum-fed MC4RF51L mice (Figure 5, A and B). Body composition confirmed that the 222 

excess weight gain in pair-fed mice was accounted for by an increase in fat mass (Figure 5, C-223 

D). Consistent with these findings, pair-fed MC4RF51L mice had leptin levels at the end of the 224 

study that were significantly higher than WT mice but significantly lower than ad libitum-fed 225 

MC4F51L mice (Figure 6I). Similar findings were found in female mice, although the increases 226 

in body weight gain, fat mass gain and serum leptin levels in pair-fed MC4RF51L relative to WT 227 

mice were more subtle than those observed in males (Figure 5, F-J and Figure 6I). Energy 228 

balance studies performed during the experiments confirmed once again that both male and 229 

female ad libitum-fed MC4RF51L mice ate significantly more than WT mice (Supplemental 230 

Figure 2, A and C). Reduced food intake in pair-fed MC4RF51L mice led to reduced energy 231 

expenditure compared to ad libitum MC4RF51L mice (Supplemental Figure 2, B and D). 232 

Overall, these results confirm that hyperphagia significantly contributes to the obesity seen in 233 

MC4RF51L. However, pair-fed MC4RF51L mice (particularly males) still gained more fat mass 234 

compared to WT mice with similar energy intake. 235 

 Examination of glucose metabolism at the end of the pair feeding study showed that male 236 

pair-fed MC4RF51L mice, with mean body weights that were higher than WT but lower than ad 237 

libitum-fed MC4RF51L mice (Figure 6A), showed evidence of impaired glucose metabolism 238 

with reduced glucose tolerance (Figure 6, B and C) and increased glucose and insulin levels 239 

(Figure 6, G and H) compared to WT mice, although these parameters (except for random serum 240 
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glucose levels) were significantly improved compared to ad libitum-fed MC4RF51L mice. In 241 

contrast, female pair-fed MC4RF51L mice, which also had a significant increase in body weight 242 

compared to WT mice (Figure 6D), showed no differences in glucose tolerance or random 243 

glucose or insulin levels compared to WT, while ad libitum-fed MC4RF51L mice showed 244 

significant glucose intolerance and elevations in serum glucose and insulin levels (Figure 6, E-245 

H). There were no differences in triglyceride levels between groups (Figure 6J) while both pair-246 

fed and ad libitum-fed MC4RF51L mice had similarly elevated total cholesterol levels compared 247 

to WT mice (Figure 6K). Overall, these results confirm that impaired glucose metabolism in 248 

female MC4RF51L mice is completely accounted for by increased energy intake and obesity. In 249 

male mice the partial impairment in glucose metabolism that remains after pair feeding may be 250 

secondary to the fact that these mice still have increased adiposity. 251 

 MC4RF51L has a specific defect in Gq/11a signaling. Melanocortin receptor accessory 252 

protein 2 (MRAP2) is expressed in the hypothalamus, interacts with MC4R and is required for 253 

normal energy balance and MC4R signaling (38-41). We therefore generated a cell line in which 254 

MRAP2 was stably transfected into HEK293 cells (HEK293MRAP2) to examine the signaling 255 

properties of WT MC4R and MC4RF51L. MRAP2 expression in HEK293MRAP2 cells and its 256 

absence in parental HEK293 cells was confirmed by both qRT-PCR and immunoblotting 257 

(Supplemental Figure 3). We first examined the ability of a-melanocyte stimulating hormone (a-258 

MSH) to stimulate cAMP accumulation in parental HEK293 or HEK293MRAP2 cells that were 259 

transiently transfected with either WT MC4R or MC4RF51L plasmid in the presence of the 260 

phosphodiesterase inhibitor IBMX. For both WT and mutant MC4R, the maximal response was 261 

doubled and the EC50 decreased by at least one order of magnitude in the presence of MRAP2 262 

(Figure 7A), indicating that MRAP2 is required for optimal MC4R/Gsa/cAMP signaling. 263 
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Maximal cAMP accumulation was similar in cells transfected with either WT MC4R or 264 

MC4RF51L, both in the presence and absence of MRAP2 (Figure 7A). This finding was 265 

consistent with prior results (22, 23) and our observation that CREB phosphorylation in response 266 

to MTII was unaffected in the PVNs of MC4RF51L (Figure 1B). Consistent with prior results 267 

(22), a-MSH was somewhat less potent in stimulating cAMP accumulation via MC4RF51L 268 

(EC50: 22.6 nM [95% confidence interval, 11.5-41.2 nM] for WT MC4R vs. 363 nM [95% 269 

confidence interval, 219-619 nM] for MC4RF51L in HEK293MRAP2 cells). Whether the 270 

decreased potency is due to reduced abundance of the mutant receptor at the plasma membrane is 271 

unclear, as one study reported reduced MC4RF51L abundance at the plasma membrane (26) 272 

while another study showed no differences (22). 273 

 We next examined the ability of a-MSH to activate MC4R/Gq/11a signaling by measuring 274 

the accumulation of inositol phosphate (IP1) in the presence of lithium, which blocks IP1 275 

degradation, as a readout of PLC activity (Figure 7B). Like what we observed for cAMP 276 

accumulation, the presence of MRAP2 significantly increased the ability of a-MSH to 277 

maximally stimulate IP1 accumulation via the WT MC4R, as well as its potency. However, a-278 

MSH was less potent for IP1 accumulation as compared to cAMP accumulation (EC50: 1049 nM 279 

for IP1 vs. 22.6 nM for cAMP in HEK293MRAP2 cells).  As compared to WT MC4R, MC4RF51L 280 

showed no IP1 response in the absence of MRAP2 and only a small increase in IP1 at high a-281 

MSH concentrations (~10-4M) in the presence of MRAP2. Accumulation of IP1 by WT MC4R 282 

in response to 10-4 M a-MSH was completely blocked by FR900359 (FR, formerly UBO-QIC), a 283 

specific Gq/11a inhibitor (42-45), confirming that the IP1 responses observed in our experiments 284 

reflect effects on MC4R/Gq/11a signaling (Figure 7E). We also observed a partial (~25%) 285 

decrease in cAMP accumulation in the presence of FR. However, studies in HEK293 cells have 286 
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confirmed that this effect of FR on cAMP accumulation is the direct result of Gq/11a inhibition, 287 

rather than Gsa inhibition (42), and other studies have found that FR does not affect Gsa 288 

activation (43-45). 289 

 Finally, we examined MC4R/MAPK/extracellular signal regulated kinase (ERK) 290 

signaling by measuring the time-course of ERK1/2 phosphorylation over the first 10 minutes 291 

after addition of 10-5 M a-MSH in HEK293MRAP2 cells (Figure 7, C and D). Overall, there were 292 

no statistical differences in the responses in cells expressing WT MC4R or MC4RF51L (Figure 293 

7D). At 3 minutes the responses were similar, while at 5 and 10 minutes there were small, but 294 

statistically insignificant, decreases in responses to a-MSH in cells expressing MC4RF51L. 295 

However, FR-treated cells expressing WT MC4R showed virtually the same response as cells 296 

expressing MC4RF51L, indicating that the extent of any decrease, if any, in ERK 297 

phosphorylation observed with MC4RF51L would be due to downstream effects resulting from 298 

loss of Gq/11a signaling. Our results showing lack of effect of the F51L mutation on MAP kinase 299 

signaling is consistent with prior results (28). In summary, our results show that MRAP2 is 300 

critical for both MC4R/Gsa and MC4R/Gq/11a signaling pathways and that MC4RF51L has a 301 

specific defect in Gq/11a signaling. 302 

 MC4R-mediated food intake inhibition in PVN is blocked by Gq/11a inhibition. To 303 

examine the effect of Gq/11a inhibition on the ability of intra-PVN delivery of MC4R agonist to 304 

acutely inhibit food intake, we repeated the experiment examining the ability of intra-PVN 305 

delivery of MTII to acutely inhibit food intake in WT mice, but injected FR or vehicle into the 306 

intra-PVN cannula 5 minutes prior to injection of MTII. In this experiment  injection of MTII 307 

alone resulted in an ~70% inhibition of food intake, while FR almost completely blocked the 308 

effect of MTII on food intake (Figure 7G). Intra-PVN administration of FR alone had no effect 309 
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on food intake (Figure 7H). In contrast to the effect of intra-PVN administration on food intake, 310 

intra-PVN FR injection failed to block the rise in heart rate after intra-PVN delivery of MTII 311 

(Figure 7I, compare to Figure 3E). This provides direct in vivo evidence for the role of 312 

MC4R/Gq/11a signaling in the PVN on food intake regulation. 313 

  314 

Discussion   315 

MC4R mutations are the most common cause of monogenic obesity and are associated with 316 

hyperphagia, increased body length, reduced energy expenditure, abnormal glucose and lipid 317 

metabolism, and decreased heart rate and blood pressure (1, 4, 35-37, 46). While some studies 318 

have suggested that cAMP in MC4R-expressing PVN neurons plays a role in the regulation of 319 

food intake and body weight (47, 48), many MC4R mutations linked to human obesity do not 320 

show defects in Gsa/cAMP signaling (22, 23, 49), suggesting that alternative MC4R signaling 321 

pathways may also be involved in the normal maintenance of energy balance. Consistent with 322 

this notion, a study correlating the signaling properties of MC4R variants to body mass index 323 

concluded that Gsa/cAMP only explains up to 12% of the variance in BMI (25). In the present 324 

study, we further investigated the signaling properties and physiological consequences of 325 

MC4RF51L, which was reported to maintain its ability to activate the Gsa/cAMP pathway (23). 326 

We confirmed that stimulation of CREB phosphorylation by a melanocortin agonist was 327 

maintained in the PVN of MC4RF51L mice, consistent with intact MC4R/Gsa signaling, and 328 

that MC4RF5lL maintained the ability to stimulate cAMP accumulation in response to a-MSH 329 

with a Vmax similar to that of wild-type MC4R, although a-MSH potency was somewhat 330 

reduced.  331 



 16 

 Despite MC4RF51L having relatively intact coupling to Gsa/cAMP signaling, mice with 332 

homozygous MC4RF51L mutation developed severe obesity associated with hyperphagia and 333 

impaired anorectic responses to melanocortin agonist, as well as increased linear growth, without 334 

primary effects on cold tolerance, glucose metabolism or cardiovascular responses to 335 

melanocortin administration. Overall the phenotypes observed in MC4RF51L mice were 336 

remarkably similar to those observed with PVNGq/11KO mice (11) (Table 2) and, along with 337 

the severe defect in Gq/11a signaling that we observed in vitro, implicate defective MC4R/Gq/11a 338 

signaling in the PVN as the likely cause of hyperphagia and increased linear growth in 339 

MC4RF51L mice. Loss of Sim1, a transcription factor highly expressed in the PVN and shown 340 

to be regulated by MC4R (11), produces similar effects on food intake and linear growth, and 341 

leads to loss of the anorectic response to melanocortin agonist (12-15).  The major role of Gq/11a 342 

signaling in mediating the inhibition of food intake by melanocortins in the PVN is further 343 

supported by the observation that the inhibition of food intake in response to intra-PVN delivery 344 

of MTII in WT mice was blocked by prior intra-PVN delivery of FR, a specific inhibitor of 345 

Gq/11a. Moreover, an MC4R variant associated with protection from human obesity and lower 346 

body mass index (V103I) (50-52), which has been shown to have increased ligand-induced b-347 

arrestin recruitment (25), has also been shown to lead to increased stimulation of Gq/11a signaling 348 

in response to a- and b-MSH (53). Finally, loss of the K+-dependent Na+/Ca2+-exchanger 349 

NCKX4 led to an MC4R-and Ca2+-dependent increase in PVN neuron activation and severe 350 

hypophagia and weight loss (54). 351 

In contrast to what we observed in PVNGq/11KO(11) and MC4RF51L mice, Gsa 352 

deficiency in the CNS (18) or specifically limited to the PVN (Sim1 neurons) (21) has no impact 353 

on food intake or linear growth, nor the ability of melanocortin agonist to inhibit food intake 354 
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(Table 2). CNS-specific Gsa deficiency (mBrGsKO) does lead to obesity, but this is associated 355 

with reduced energy expenditure rather than hyperphagia, and is also associated with impaired 356 

glucose metabolism, impaired cold tolerance and reduced blood pressure (18), none of which 357 

were observed in PVNGq/11KO or MC4RF51L mice (Table 2). In contrast to mBrGsKO mice, 358 

mPVNGsKO mice do not show a significant metabolic phenotype nor impaired melanocortin 359 

action on food intake or energy expenditure, indicating that the metabolic defects observed in 360 

mBrGsKO mice do not result from loss of MC4R action in the PVN (21) (Table 2). However, 361 

like mBrGsKO mice, mPVNGsKO mice have lower blood pressure and heart rate and intra-PVN 362 

delivery of melanocortin agonist fails to stimulate cardiovascular responses (11), consistent with 363 

Gsa mediating the cardiovascular actions of melanocortins in the PVN. Several lines of evidence 364 

show that Gq/11a is not involved in the cardiovascular actions of melanocortins in the PVN, 365 

including intact cardiovascular responses to intra-PVN delivery of melanocortin agonist in 366 

PVNGq/11KO mice (11) and MC4RF51L mice (this study), as well as the inability of FR to 367 

block the cardiovascular responses to melanocortins in the PVN of WT mice (this study). 368 

One aspect in which the MC4RF51L mouse phenotype differed from PVNGq/11KO 369 

mice is that the ability of peripherally administered (ip.) MTII to stimulate energy expenditure 370 

was absent in MC4RF51L mice while it was maintained in PVNGq/11KO mice (Table 2).  371 

Unlike other models in which we observed the same deficit (18, 20), MC4RF51L mice did not 372 

show a reduction in baseline energy expenditure and therefore reduced energy expenditure was 373 

not a major driver of the obesity phenotype observed under basal conditions (room temperature, 374 

ad-lib feeding). It is possible that we missed a small but significant response to ip. MTII due to 375 

the limited numbers of mice examined. The apparent defect observed with ip. MTII does not 376 

appear to be due to defective MC4R action in the PVN, as we observed that MTII delivery to the 377 
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PVN had no effect on energy expenditure in either MC4RF51L or WT mice, consistent with the 378 

observation that reexpression of MC4R in the PVN of MC4R-null mice did not reverse the 379 

impaired ability of melanocortin agonist to stimulate energy expenditure (8). Our pair-feeding 380 

study also indicates that energy expenditure may be reduced in MC4RF51L mice when energy 381 

intake is restricted. While we have shown that the loss of Gq/11a in the DMH leads to reduced 382 

energy expenditure, stimulation of energy expenditure in response to ip. MTII was unaffected in 383 

these mice (55). These subtle changes in energy expenditure observed in MC4RF51L mice may 384 

reflect the loss of MC4R/Gq/11a signaling at another site, moderately reduced potency of 385 

melanocortins to stimulate MC4R/Gsa signaling or impaired activation of other signaling 386 

pathways downstream of MC4R.  387 

We performed several experiments examining the effects of the MC4RF51L mutation on 388 

downstream signaling pathways in parental HEK293 cells and HEK293 cells stably transfected 389 

with MRAP2 (HEK293MRAP2) cells. Consistent with prior studies, the presence of MRAP2 led to 390 

a large increase in the ability of the WT MC4R to increase cAMP accumulation in the presence 391 

of melanocortin agonist, with increases in both the Vmax and potency (38, 56). It is unlikely that 392 

MC4RF51L has a defect in MRAP2 interaction, as the mutant receptor showed similar 393 

improvements in Vmax and agonist potency for cAMP accumulation to those observed for the 394 

WT receptor. WT MC4R also showed a dose-dependent increase in IP1 accumulation in 395 

response to melanocortin agonist, which was confirmed to reflect MC4R coupling to Gq/11a as 396 

the response was completely blocked by the Gq/11a inhibitor FR. Like what was observed for the 397 

cAMP response, WT MC4R demonstrated a large increase in Vmax and agonist potency for the 398 

IP1 response in the presence of MRAP2. In contrast, MC4RF51L demonstrated essentially no 399 

IP1 response to agonist in the absence of MRAP2 and a minimal response at very high agonist 400 
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doses in the presence of MRAP2, confirming a major defect in activation of the Gq/11a pathway. 401 

Finally, we examined MAPK activation by examining acute changes in ERK1/2 phosphorylation 402 

in response to agonist in the presence of MRAP2 and found no significant defect in the ability of 403 

MC4RF51L to stimulate ERK phosphorylation.  404 

Recently MC4R-b-arrestin signaling has been implicated as a potentially important 405 

pathway in the regulation of body weight by a study correlating b-arrestin recruitment to MC4R 406 

variants with BMI (25). It is difficult to interpret this study, however, as b-arrestin recruitment to 407 

receptor is a general response to receptor activation and therefore b-arrestin recruitment may 408 

reflect the receptor being in the active conformation rather than activation of downstream b-409 

arrestin signaling per se. The study did show a correlation between b-arrestin recruitment and 410 

ERK1/2 phosphorylation to suggest that MAPK is activated by MC4R in a b-arrestin-dependent 411 

manner. While we did not directly measure b-arrestin recruitment to MC4RF51L, we did not see 412 

a defect in ERK1/2 phosphorylation that might be expected if b-arrestin recruitment and/or 413 

signaling was impaired in this mutant receptor. Our study does not rule out the possibility that 414 

MC4R/b-arrestin interaction or signaling is involved in energy balance. MC4R-mediated closure 415 

of the inwardly rectifying potassium channel Kir7.1 by a G protein-independent mechanism has 416 

also been recently implicated as a regulator of energy balance and food intake (27). However, the 417 

role of Kir7.1 in body weight regulation is unclear, as Kir7.1-null mice only develop mild 418 

obesity at a very late age (57), which does not mimic the phenotype of MC4R-null (4) or 419 

MC4RF51L mice.   420 

This study has several limitations. Although the PVN is a critical site for regulation of 421 

food intake by melanocortins, several studies have shown that the MC4R receptor is highly 422 

expressed in the dorsal vagal complex and that melanocortins delivered to this region can affect 423 
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food intake and cardiovascular responses (58-60). We did not directly examine how the F51L 424 

mutation affects melanocortin actions in the dorsal vagal complex but would predict that 425 

MC4RF51L mice have altered melanocortin actions at this site which contribute to the overall 426 

phenotype. Although the results in this paper and prior work (11) provide strong evidence that 427 

the phenotype of MC4RF51L mice is due to impaired Gq/11a signaling, we did not rule out the 428 

possibility that other defects in MC4R function (eg. abnormal cellular localization or protein 429 

stability, changes in potency for Gsa/cAMP signaling, impaired b-arrestin signaling; protein-430 

protein interactions) did not contribute to the phenotype. We also did not directly compare the 431 

phenotype of MC4RF51L mice to other relevant mouse lines (eg. MC4R-null mice) in the same 432 

experiment. Finally, the results of pair feeding experiments may be affected by the fact that the 433 

pair-fed mice do not have a normal feeding pattern as they consume food soon after it is 434 

provided each day.  435 

In summary, we have characterized the signaling properties and the physiological 436 

consequences of a human obesity-associated MC4R mutation and conclude that this mutation has 437 

a defect in the activation of Gq/11a and when introduced  into mice leads to obesity, hyperphagia 438 

and increased linear growth, with no significant direct effects in glucose metabolism or cardiac 439 

function, the latter of which are mediated by Gsa (61). While melanocortin agonists have 440 

potential as a therapeutic option for obesity, its use has been limited by the presence of 441 

significant side effects, particularly increased heart rate and blood pressure and untoward sexual 442 

responses. Recent evidence shows that setmelanotide, an MC4R agonist with few reported side 443 

effects, has increased potency for activation of both Gsa and PLC (30). Clarifying the divergent 444 

MC4R signals that mediate the diverse physiological effects of melanocortins may allow the 445 

development of more specific MC4R agonists to treat obesity. Specifically, our findings suggest 446 
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that a biased MC4R agonists that preferentially activates Gq/11a vs. Gsa may reduce food intake 447 

by increasing meal-based satiety (mediated by Gq/11a) with lower cardiovascular side effects, 448 

which are mediated by Gsa.   449 

 450 

 451 

Methods 452 

In vivo experiments in mice 453 

Sex as a biological variable. Our study examined male and female animals, and similar findings 454 

are reported for both sexes. 455 

Generation of MC4RF51L mice. Mice having an Mc4r gene mutation replacing the 456 

phenylalanine (F) at position 51with leucine (L) (MC4RF51L) were generated by CRISPR/Cas9 457 

using MC4R guide RNA with sequence CCCGAGGTGTTTGTGACTCT; repair donor DNA 458 

sequence after cutting CCCGAGGTGTTTGTGACTCT; repair donor DNA sequence after 459 

cutting TACGGGCTGCACGGCAATGCCAGCGAGTCGCTGGGGAAGGGCCACCCGGA 460 

CGGAGGATGCTATGAGCAACTTTTTGTTTCCCCCGAGGTGCTAGTGACTCTGGGTGT461 

CATAAGCCTGTTGGAGAACATTCTAGTGATCGTGGCGATAGCCAAGAACAAGAACC462 

TGCACTCACCCATGTACTTT; and spCas9 mRNA (System Bioscience). Mice were 463 

maintained on a C57BL/6J background and bred to homozygosity to generate MC4RF51L mice. 464 

Mice were housed on a 12-hour light/12-hour dark cycle (with light from 0600 hours to 1800 465 

hours) and fed a standard chow diet (NIH-07, 5% fat by weight, Envigo).  466 

 Body composition, food intake, energy expenditure, and physical activity measurements. 467 

Body weight was measured weekly starting at 4 weeks old. Body composition was measured in 468 

non-anesthetized mice using the EchoMRI 3-in-1 NMR analyzer (Echo Medical Systems). 469 

Energy expenditure, food intake and activity levels were measured in 3 month old mice using a 470 
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12-chamber CLAMS/Oxymax system (Columbus Instruments) after a 48 h acclimation period 471 

with each chamber sampled every 13 minutes. Total energy expenditure (TEE) was determined 472 

over a 24 h period at 22ºC followed by a 24 h period at 30ºC. Total and ambulatory (Amb) 473 

activity were determined by infrared beam interruption (OptoVarimex mini; Columbus 474 

Instruments). Resting energy expenditure (REE) was determined as the means of points 475 

measured when mice were not ambulating. Feeding frequency was calculated based upon the 476 

number of 13-minute intervals in which mice were eating over a 24 hour period while meal size 477 

was calculated by the amount of food eaten per 13-minute interval when mice were eating. For 478 

energy balance analysis, body weight, body composition and food consumption were measured 479 

every 7 days on young mice starting at 4 weeks old. Energy expenditure was calculated based on 480 

a previously validated formula (31) that includes coefficients for change in food intake, lean 481 

mass, and fat mass over a given period, all expressed in kcal.  482 

 Cannula implantation into the PVN. Male MC4RF51L and WT mice at age of 2-3 483 

months underwent unilateral stereotaxic implantation of a guide cannula (26G, Plastics One,) at a 484 

position above the PVN at bregma: anterio-posterior: -0.8 mm; medio-lateral: +0.3 mm; dorso-485 

ventral: -3.8 mm using a stereotaxic apparatus. A dummy cannula was placed above the guide 486 

cannula to prevent leaks and blockage. After mice recovered at 7-10 days post-surgery, the 487 

dummy cannula was replaced by an internal cannula (30G) with a 1.2 mm projection, thus, the 488 

PVN injection position was at dorso-ventral: -4.9 to -5.0 mm. Surgery was performed under 489 

anesthesia with isoflurane and after surgery mice received subcutaneous injections of banamine 490 

(2.2 mg/kg, MWI) to minimize post-operative discomfort. 491 

 CREB Phosphorylation in the PVN. Mice were injected with the MC3R/MC4R agonist 492 

melanotan II (MTII, 10 µg/g ip., 4039778, Bachem) or saline (100 µl) and 45 minutes later were 493 
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anesthetized and perfused with cold 4% paraformaldehyde by intracardiac injection. Brain 494 

sections (40 µm) containing the PVN were confirmed under the microscope and collected and 495 

pretreated with heat-mediated antigen retrieval by incubation in sodium citrate buffer (10 mM 496 

sodium citrate, 0.05% Tween 20, pH 6.0) at 95˚C for 30 min. The brain sections were then 497 

blocked in 2.5% horse serum (Vector Laboratories) plus 0.3% Triton X-100 at room temperature 498 

for 2 h and incubated with anti-CREB (4820, Cell Signaling) , and their consecutive sections 499 

were incubated with anti-phospho-CREB (Ser133, 9191, Cell Signaling) in blocking solution 500 

overnight at 4˚C, followed by incubation with Alexa Fluor-conjugated secondary antibody 501 

(Alexa Fluor 555, A21428, Sigma-Aldrich). The sections were mounted with mounting medium 502 

with DAPI (Vector Laboratories). The fluorescent signals were captured and visualized with a 503 

fluorescent microscope (BZ-X800, Keyence). For quantification of pCREB and CREB signals, 504 

images were processed using Haze Reduction and Black Balance tools to ensure consistency 505 

between slides (2-4 sections/mouse). Using the Hybrid Cell Count and Macro Cell Count tools 506 

the integrated brightness was measured within a 200μm diameter circle placed over the PVN on 507 

both sides of the third ventricle to ensure only signal from the PVN was counted. 508 

 Responses to MTII. After stereotaxic cannula placement, mice were single-caged for 2 509 

weeks. After 24 h of fasting, mice received 200 nl PBS into the PVN unilaterally at 30 minutes 510 

prior to lights out and food intake was measured over the first 3.5 h post-injection. Following a 1 511 

week recovery the same procedure was followed except mice received intra-PVN MTII (150 512 

pmol/200 nl PBS). To examine the effect of FR900359 (formerly UBO-QIC) (42) on MTII-513 

mediated inhibition of food intake, mice were pretreated with FR intra-PVN (150 pmol/150 nl) 514 

or vehicle 5 minutes prior to administration of MTII.  To measure energy expenditure, mice were 515 

acclimated for 48 h in an indirect calorimetric chamber. Non-anaesthetized mice were injected 516 
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with PBS (intra-PVN, 200 nl) preceding a 24 h measurement period at 30oC, and then mice 517 

received intra-PVN MTII 150 pmol/200 nl after a 1-week recovery period. For food intake and 518 

energy expenditure responses to systemically delivered MTII, mice underwent the same 519 

procedures except receiving either i.p. PBS (200 μl) or MTII (200 μg for food intake; 10 μg/g for 520 

energy expenditure). To measure heart rate and blood pressure responses to intra-PVN MTII 521 

with or without FR, mice were acclimated to the BP-2000 specimen platform (Visitech) for 2 522 

days prior to measurement. Blood pressure and heart rate were measured 5 minutes after PBS or 523 

drug administration following the same paradigm as described for food intake responses above. 524 

 Glucose tolerance test. Overnight-fasted mice were given glucose (2 mg/g i.p.) and tail 525 

blood was collected before (time 0) and at the indicated times after glucose injection for blood 526 

glucose measurement using a Glucometer Contour (Bayer).  527 

 Cold tolerance test. Mouse rectal temperature was measured with a TH-5 rectal probe 528 

(Thermalet) inserted 1 cm deep. Before cold tolerance testing, mice were acclimated to 529 

experimental conditions at room temperature for a minimum of 48 h with daily measurement of 530 

rectal temperature. During cold tolerance tests, mice were single housed without bedding, but 531 

provided food and water ad libitum, and exposed to 6ºC for 5 h. Rectal temperature was 532 

measured before (time 0) and at the indicated times after exposure to 6ºC. 533 

 Biochemical assays. ELISA kits were used for the measurement of serum insulin (Crystal 534 

Chem), leptin (R&D Systems), and adiponectin (ALPCO). Serum free fatty acids were measured 535 

using a kit from FUJIFILM (Healthcare Solutions) and triglyceride and cholesterol levels were 536 

measured using reagents from Thermo Fisher Scientific.  537 

 538 

In vitro signaling assays 539 
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Generation of a stable MRAP2 cell line (HEK293MRAP2).  The HEK293MRAP2 cell line was 540 

generated by Acrogenic Technologies Inc. In brief, HEK293 cells (ATCC, Manassas, VA) were 541 

cultured in Dulbecco’s Modified Eagle’s medium (DMEM, high glucose, ATCC) supplemented 542 

with 10% FBS and 1% antibiotic-antimycotic (Thermo Fisher Gibco) and transfected with Myc-543 

DDK-tagged human MRAP2-expressing plasmid (RC203668, OriGene) using Lipofectamine™ 544 

3000 Transfection Reagent (Thermo Fisher Invitrogen) according to the manufacturer’s 545 

instructions.  At 48 h post-transfection, cells were cultured in a selection medium containing 500 546 

µg/ml Geneticin (Gibco), which efficiently eliminated 90% of non-transfected parental cells 547 

within 72 h and 100% within 96 h. The transfected cells were cultured in the selection medium 548 

for 4 weeks and when 90% confluency was reached cells were split at a sub-cultivation ratio of 549 

1:3. The exogenous expression of DDK-Myc-tagged Human MRAP2 in the stable cell pool was 550 

evaluated by immunoblotting membrane fractions with mouse anti-DDK (FLAG) monoclonal 551 

antibody (1:250, TA50011-100, OriGene) and anti-a-tubulin antibody (CP06, Sigma-Aldrich) to 552 

control for loading. MRAP2 expression was verified with quantitative RT-PCR (Forward primer: 553 

5’-ATTTTCTCGCCAAGGCAACG-3’, reverse primer: 5’- TGCTTCTGATGGCTTCCTGG-3’) 554 

normalized by b-actin (Supplemental Figure 3). HEK293MRAP2 cells were maintained in DMEM 555 

supplemented with 10% FBS and 1 mg/mL Geneticin at 37oC in 5% CO2.  556 

 Cell culture. Parental HEK293 and HEK293MRAP2 cells were seeded in 96-well plates 557 

(5x104 cells/100 µl per well) or 24-well plates (2.5x105 cells/500	µl per well) and cultured 558 

overnight. On the experimental days, cells were transiently transfected with human WT-MC4R 559 

plasmid (cDNA Resource Center, www.cdna.org, catalog number MC4R0400000) or F51L-560 

MC4R plasmid that was generated via site-directed mutagenesis (Quintara Biosciences). All 561 

transfections were performed using Lipofectamine 3000 in Opti-MEM I reduced serum medium, 562 

http://www.cdna.org/
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according to the manufacturer’s protocol. At 24 h post-transfection, parental HEK293 and 563 

HEK293MRAP2 cells were treated with different concentrations of a-melanocyte stimulating 564 

hormone (a-MSH, 4008476, Bachem), ranging from 10-8 to 10-4 M, diluted in serum-free, 565 

antibiotic-free DMEM. For stimulation of intracellular cAMP levels, cells were treated with a-566 

MSH plus 100 µM 3-isobutyl-1-methylxanthine (IBMX, I5879, Sigma-Aldrich) for 2 h at 37oC 567 

in 5% CO2 and cAMP was measured using the DetectX Direct Cyclic AMP (cAMP) Enzyme 568 

Immunoassay Kit (K019-H1, Arbor Assays). For stimulation of intracellular IP1 production, 569 

cells were treated with a-MSH at various doses in lithium chloride-containing buffer provided 570 

by the IP-One Gq ELISA Kit (72IP1PEA, Perkin-Elmer Cisbio) for 1 h at 37oC in 5% CO2 and 571 

IP1 was measured using the same kit. For experiments in which FR was used, cells were 572 

pretreated with 1 µM FR or DMSO vehicle for 3 min, and then treated with a-MSH. Each 573 

treatment was performed in triplicates and repeated with 3 independent experiments.  574 

 ERK phosphorylation. To measure a-MSH-stimulated ERK1/2 phosphorylation, 575 

HEK293MRAP2 cells that were transfected with WT or mutant MC4RF51L plasmid and pretreated 576 

with FR or DMSO vehicle were treated with 10-5 M a-MSH for 3, 5 or 10 minutes at 37oC and 577 

then were lysed in radioimmunoprecipitation assay buffer (RIPA, 20-188, Millipore Sigma) with 578 

a protease inhibitor cocktail (cOmpleteTM Protease Inhibitor Cocktail, Roche). After 579 

measurement of protein concentrations using the Pierce BCA protein assay kit (23225, Thermo 580 

Fisher Scientific), cell extracts were prepared using NuPAGE sample reducing agent (NP0009, 581 

Invitrogen) and NuPAGE LDS sample buffer (NP0007, Invitrogen), heated at 70oC for 10 min, 582 

run on NuPAGE 4-12% Bis-Tris gels (NP0335BOX, Invitrogen) and proteins were transferred 583 

onto PVDF membranes with iBlot (IB24001, Invitrogen). Blots were probed with rabbit anti-584 

phospho-ERK1/2 polyclonal antibody (1:1000, 9101S, Cell Signaling) or rabbit anti-ERK1/2 585 
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monoclonal antibody (1:1000, 4695, Cell Signaling) at 4oC overnight. Membranes were then 586 

incubated in HRP-linked secondary antibodies (NA934V, Millipore Sigma) and developed with 587 

enhanced chemilumiscence (ECL) substrate. ERK1/2 signals were analyzed as a ratio of 588 

pERK1/2 to ERK1/2 with ImageJ software.  589 

 590 

Statistics  591 

Data are presented as mean ± SEM and were analyzed using Prism v7.00 (GraphPad, La Jolla, 592 

CA). Statistical significance was determined using 2-tailed paired or unpaired Student’s t test or 593 

1- or 2-way ANOVA, with correction for multiple comparisons when appropriate. Differences 594 

were considered significant at p < 0.05. 595 
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 766 
 767 

Figure 1. MC4RF51L mice develop obesity without disruption of MC4R/Gsa 768 

signaling. (A) DNA sequencing showing conversion of phenylalanine 51 (TTT) in WT 769 

mice to leucine (CTA) in MC4RF51L mice. (B)  Quantification of pCREB/total CREB in 770 

PVN of WT, MC4RF51L and MC4RKO mice after ip injection of saline or MTII (n =3-771 

5/group; #p < 0.05, ##p < 0.01 vs. saline; ^p < 0.05 vs. WT and MC4RF51L mice). (C) 772 

Body weights of male (left) and female (right) MC4RF51L and WT mice measured 773 

weekly from weeks 4-11 (males, n = 19-24/group. females, n = 20-24/group). (D) Total 774 

body, fat and lean mass of 8-week-old male (n = 12-14/group) and female (n = 12-775 

16/group) MC4RF51L and WT mice. (E) Body length of 8-week-old male and female of 776 

MC4RF51L and WT mice (males, n = 5-7/group; females, n = 7-9/group). Data represent 777 

mean ± SEM. *p < 0.05, **p < 0.01 vs. WT by unpaired t-test or two-way ANOVA. 778 

 779 

  780 
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 781 
Figure 2. Obesity in MC4RF51L mice is associated with hyperphagia. (A) Average 782 

daily food intake measured every 7 days for 5 weeks in male (left) and female (right) 783 

MC4RF51L and WT mice (n = 4-13/group). (B) Average daily energy expenditure (EE) 784 

calculated weekly for 5 weeks in male (left) and female (right) MC4RF51L and WT 785 

mice. (C) Resting (REE) and total (TEE) energy expenditure measured by indirect 786 

calorimetry and normalized to lean mass (LM) in 3-month-old male MC4RF51L and WT 787 

mice (n= 5-6/group). (D) Total and ambulatory (Amb) activity levels in male MC4RF51L 788 

and WT mice at 3 months of age. n= 5-6/group. (E) Respiratory exchange ratios (RER, 789 

vCO2/vO2) at 22oC in 3-month-old male MC4RF51L and WT mice at 3 months of age 790 

(n= 5-6/group). (F) Cold tolerance test. Rectal temperature in 4-month-old male 791 

MC4RF51L and WT mice at room temperature (0 h) or at the indicated time points after 792 

being placed at 6ºC ambient temperature. n = 6-9/group. (G-H) Meal frequency (G) and 793 

meal size (H) measured in 3 month-old male mice during daylight and night time hours at 794 

22oC and 30oC (n = 5-6/group). Meal size was significantly increased in MC4RF51L 795 

mice compared to WT mice as determined by 2-way ANOVA. Data represent mean ± 796 

SEM. *p < 0.05, **p < 0.01 vs. WT by unpaired t-test. 797 
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 798 

Figure 3. Responses of food intake, energy expenditure, heart rate and blood 799 

pressure to MTII. (A and B) Food intake following i.p. injection of PBS or MTII in 3-800 

month-old male MC4RF51L and WT mice (n = 5/group) (A) or intra-PVN injection of 801 

PBS or MTII in 4-5-month-old male MC4RF51L and WT mice (n = 5-6/group) (B).  802 

(C and D) Energy expenditure following i.p. injection of PBS or MTII in 3-month-old 803 

male MC4RF51L and WT mice (n = 5-6/group) (C) or intra-PVN injection of PBS or 804 

MTII in 4- to 5-month-old male MC4RF51L and WT mice (n = 4-5/group) (D). (E and 805 

F) Heart rate (E) and mean blood pressure (F) after intra-PVN injection of PBS or MTII 806 

in 3-month-old female MC4RF51L and WT mice at (n = 8-9/group). Data represent mean 807 

± SEM. *p < 0.05, **p < 0.01 vs. WT by two-way ANOVA.  808 
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 809 

Figure 4. Glucose metabolism in MC4RF51L mice. (A-C) Glucose metabolism in 6- to 810 

7-month-old male MC4RF51L and WT mice (n = 8-11/group). Glucose tolerance test 811 

with areas under curve (AUC) shown to the right (A), fasting glucose levels (B) and body 812 

weights at the time of glucose tolerance tests (C). (D-F) Glucose metabolism in 6- to 7-813 

month-old female MC4RF51L and WT mice (n = 4-7/group). Glucose tolerance test with 814 

areas under curve (AUC) shown to the right (D), fasting glucose levels (E) and body 815 

weights at the time of glucose tolerance tests (F). (G-I) Glucose metabolism in 4- to 5-816 

week-old female MC4RF51L and WT mice (n = 7/group). Glucose tolerance test with 817 

areas under curve (AUC) shown to the right (G), fasting glucose levels (H) and body 818 

weights at the time of glucose tolerance tests (I). Data represent mean ± SEM. *p < 0.05, 819 

**p < 0.01 vs. WT by unpaired t-tests.  820 
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 821 

 822 

Figure 5. Effect of pair feeding on body weight and composition. (A-B) Body weight 823 

(A) and weight gain (B) during an 8 week period (weeks 4-12) in male ad libitum-fed 824 

WT (WT-ad-lib), ad-libitum fed MC4RF51L mice (F51L-ad-lib) and MC4RF51L mice 825 

pair-fed to WT (F51L-pair-fed). (C-E) Body composition in male mice measure at weeks 826 

6, 8, 10 and 12 during the pair feeding study showing total body mass (C), fat mass (D) 827 

and lean mass (E) (n = 10-12/group).  (F-G) Body weight (F) and weight gain (G) during 828 

pair feeding experiment in females. (H-J) Body composition showing total body mass 829 

(H), fat mass (I) and lean mass (J) in females (n =9-16/group). Data represent mean ± 830 

SEM. Based on 2-way ANOVA, all 3 groups are statistically significant from each other 831 

in all panels except for panels E, G and H, in which ad libitum MC4RF51L are 832 

significantly different from the other two groups. 833 

  834 
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 835 
 836 

Figure 6. Glucose and lipid metabolism after pair feeding. (A-C) Body weight (A), glucose 837 

tolerance (B) and glucose tolerance area under curves (AUC) (C) at the end of the pair feeding 838 

study (week 12) in male WT-ad-lib, MC4RF51L-ad-lib and MC4F51L-pair-fed mice (n = 9-839 

10/group). (D-F) Body weight (D), glucose tolerance (E) and glucose tolerance area under 840 

curves (F) at the end of the pair feeding study in female mice (n = 8-15/group). (G-K) Non-841 

fasted serum glucose (G; n = 10-16/group for males and 9-16/group for females), insulin (H; n = 842 

10-12/group for males and 9-16/group for females), leptin (I; n = 10-12/group for males and 9-843 

16/group for females), triglycerides (J; n = 9-12/group for males and 8-16/group for females) 844 

and total cholesterol (K; n = 10-12/group for males and 9-16/group for females)at the end of the 845 

pair feeding study. Data represent mean ± SEM. *p < 0.05, **p < 0.01 by 1-way ANOVA.  846 
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 847 

Figure 7. MC4RF51L has impaired Gq/11a signaling. (A and B) Dose response curves 848 
for cAMP (n = 3) (A) and IP1 (n = 5) (B) in parental HEK293 or HEK293MRAP2 cells that 849 
were transfected with wild-type (WT) or mutant (F51L) MC4R plasmids. (C and D) 850 
Representative experiment showing immunoblots probed with antibodies for phospho-851 
ERK1/2 (above) and total ERK1/2 (below) in lysates from HEK293MRAP2 cells 852 
transfected with wild-type (WT), mutant (F51L) MC4R or empty vector (EV), pretreated 853 
with the Gq/11a inhibitor FR900359 (FR) or vehicle and incubated with 10-5 M a-MSH at 854 
the indicated times in minutes (C) with quantification of pERK/total ERK ratios 855 
normalized to WT at time 0 (n = 8-9/group except for EV, n = 3-5/group) (D). (E) IP1 856 
generation in response to 10-4 M a-MSH in HEK293 cells transfected with empty vector 857 
or HEK293 or HEK293MRAP2 cells transfected with WT MC4R after pretreatment with 858 
either FR or vehicle (n = 2-6/group). (F) cAMP generation in response to 0 or 10-6 M a-859 
MSH in HEK293MRAP2 cells transfected with either WT or mutant MC4R that were 860 
pretreated with either FR or vehicle (n = 3-7/group). (G) Food intake (normalized to PBS 861 
injection) in response to intra-PVN administration of either vehicle alone, MTII or MTII 862 
+ FR in 4- to 6-month-old male wild-type mice (n = 4-8/group). (H) Food intake 863 
(normalized to PBS injection) in response to intra-PVN administration of FR alone (n = 864 
8/group). (I) Effect of intra-PVN FR injection on heart rate response to intra-PVN MTII 865 
injection (n = 3/group). Data represent mean ± SEM. *p < 0.05, **p < 0.01 by unpaired t-866 
test or 1-way ANOVA.  867 
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Table 1. Serum chemistries in randomly-fed 3-month-old female MC4RF51L and WT 868 

mice.  869 

 WT MC4RF51L 
Glucose (mg/dL) 156.6 ± 8.2 160.9 ± 8.2 

Insulin (ng/ml) 0.81 ± 0.20 2.60 ± 0.51* 

Leptin (ng/ml) 1.6 ± 0.2 34.7 ± 9.6* 

Free Fatty Acids (mM) 0.54 ± 0.04 0.74 ± 0.06* 

Triglycerides (mg/dL) 43.5 ± 2.6 60.0 ± 3.2** 

Cholesterol (mg/ml) 66.9 ± 5.6 101.1 ± 6.6** 

Adiponectin (µg/ml) 23.3 ± 0.9 29.3 ± 2.9 

 870 

Data are shown as mean ± SEM, n = 7-9/group. *p<0.05, **p<0.01 vs. WT. 871 

  872 
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Table 2. Phenotypic comparison of different mouse models.  873 

 874 

NA, not assessed. 875 

 876 

 mBrGsKO mPVNGsKO PVNGq/11KO MC4RF51L 

Fat mass ééé é ééé ééé 

Body length Normal Normal é é 

Food intake (FI) Normal Normal éé éé 

Energy expenditure (EE) êê Normal Normal Normal 

MTII-stimulated EE (ip) êê Normal Normal êê 

MTII-inhibition of FI (ip) Normal Normal êê êê 

MTII-inhibition of FI (PVN) NA Normal êê êê 

Glucose metabolism 
(prior to obesity) êê Normal Normal Normal 

Cold tolerance êê Normal NA Normal 

Baseline heart rate/ 
blood pressure ê ê Normal Normal 

Response to MTII 
heart rate/blood pressure NA ê Normal Normal 
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