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            Abstract
The state of somatic energy stores in metazoans is communicated to the brain, which regulates key aspects of behaviour, growth, nutrient partitioning and development1. The central melanocortin system acts through melanocortin 4 receptor (MC4R) to control appetite, food intake and energy expenditure2. Here we present evidence that MC3R regulates the timing of sexual maturation, the rate of linear growth and the accrual of lean mass, which are all energy-sensitive processes. We found that humans who carry loss-of-function mutations in MC3R, including a rare homozygote individual, have a later onset of puberty. Consistent with previous findings in mice, they also had reduced linear growth, lean mass and circulating levels of IGF1. Mice lacking Mc3r had delayed sexual maturation and an insensitivity of reproductive cycle length to nutritional perturbation. The expression of Mc3r is enriched in hypothalamic neurons that control reproduction and growth, and expression increases during postnatal development in a manner that is consistent with a role in the regulation of sexual maturation. These findings suggest a bifurcating model of nutrient sensing by the central melanocortin pathway with signalling through MC4R controlling the acquisition and retention of calories, whereas signalling through MC3R primarily regulates the disposition of calories into growth, lean mass and the timing of sexual maturation.
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                    Fig. 1: Non-synonymous variants of MC3R and association with phenotypes.[image: ]


Fig. 2: Characteristics of an individual who is homozygous for the MC3R p.G240W mutation.[image: ]


Fig. 3: The role of MC3R in sexual maturation and regulation of the oestrous cycle.[image: ]


Fig. 4: Mc3r expression in the mouse hypothalamus.[image: ]
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                Data availability

              
              All data used in the genetic association analyses are available from the UKBB upon application (https://www.ukbiobank.ac.uk). Data from the Fenland cohort can be requested by bona fide researchers for specified scientific purposes via the study website (https://www.mrc-epid.cam.ac.uk/research/studies/fenland/information-for-researchers/). Data will either be shared through an institutional data sharing agreement or arrangements will be made for analyses to be conducted remotely without the necessity for data transfer. The EPIC-Norfolk data can be requested by bona fide researchers for specified scientific purposes via the study website (https://www.mrc-epid.cam.ac.uk/research/studies/epic-norfolk/). Data will either be shared through an institutional data sharing agreement or arrangements will be made for analyses to be conducted remotely without the need for data transfer. ALSPAC data are available through a system of managed open access. Full details of the cohort and study design have been previously described and are available at http://www.alspac.bris.ac.uk. Please note that the study website contains details of all the data that are available through a fully searchable data dictionary and variable search tool (http://www.bristol.ac.uk/alspac/researchers/our-data/). Data for this project were accessed under the project number B2891. The application steps for ALSPAC data access are as follows: (1) please read the ALSPAC access policy, which describes the process of accessing the data in detail and outlines the costs associated with doing so. (2) You may also find it useful to browse the fully searchable research proposals database, which lists all research projects that have been approved since April 2011. (3) Please submit your research proposal for consideration by the ALSPAC Executive Committee. You will receive a response within 10 working days to advise you whether your proposal has been approved. If you have any questions about accessing data, please email alspac-data@bristol.ac.uk. For Genes & Health, data are available via http://www.genesandhealth.org/. Publicly available GWAS datasets utilized in the phenome-wide association study analyses are available from the Neale laboratory (http://www.nealelab.is/uk-biobank), Open Targets Genetics (https://genetics.opentargets.org/), Global Biobank Engine (https://biobankengine.stanford.edu/), Open GWAS IEU (https://gwas.mrcieu.ac.uk/) and Phenoscanner (http://www.phenoscanner.medschl.cam.ac.uk/). Mouse single-cell RNA sequencing data are available from Gene Expression Omnibus (GEO) accessions GSE93374, GSE87544, GSE92707 and GSE74672.

            

Code availability

              
              Programming scripts were written to assist in the execution of publicly available functions and computer programs in our compute environment. For access to these scripts, readers may contact the corresponding author.
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Extended data figures and tables

Extended Data Fig. 1 Functionally characterised MC3R mutations.
Complete, partial loss-of-function (LoF) and wild-type like mutations are marked in purple, dark yellow and green respectively. Coloured rectangles indicate cohort(s) in which mutations were identified: Red = UK Biobank (UKBB); Blue = Avon Longitudinal Study of Parents & Children (ALSPAC); Light Brown = Genes & Health (G&H).


Extended Data Fig. 2 PheWAS analysis of MC3R genetic risk score.
A CADD-weighted MC3R genetic risk score was constructed (see Methods) and used to conduct a phenome-wide analysis (pheWAS) with publicly available summary statistics. Solid black line indicates Bonferroni multiple-testing threshold of p < 1.046e-4, dashed line indicates nominal significance threshold p < 0.05.


Extended Data Fig. 3 Effect of MC3R Loss-of-Function mutations on height (cm) across time.
Carriers of MC3R LoF mutations (dark blue) had lower height throughout early life course compared to the reference group (light blue) after adjusting for sex and age. Figures only show results where the mutation group was represented by at least one individual at all time points between birth and 24 years. Mean ± 95% CI shown, N and p-values are listed in Supplementary Table 4.


Extended Data Fig. 4 MC3R is essential for normal cycle length and for fasting-induced suppression of the reproductive axis.
a, b, Representative traces of progression through the oestrous cycle in WT (a) and Mc3r−/− (b) mice following an overnight fast. D = Dioestrous; M = Metoestrous; E = Oestrous.


Extended Data Fig. 5 Mc3r is expressed in several cell populations in the mouse hypothalamus.
a, T-SNE plot showing 28 neuronal clusters (0–27) of the mouse hypothalamus from a combined dataset consisting of 18,427 neurons from 4 published studies. b, Mc3r is expressed in several neuronal populations (log2 normalised expression in dark red). c, Multiplexed smFISH showing the co-expression of Mc3r (white) Kiss1 (red) and Tac2 (green) in the arcuate nucleus. (Representative example shown, n = 3 mice, scale bar = 20μm). d, Venn diagram showing the number of cells expressing Kiss1 (left, red), Tac2 (right, green), or both (KNDy, centre). e, Violin plots showing the number of Mc3r mRNA punta in Kiss1 only, KNDy, and Tac2 only cells. Mean percentages of cells ± SEM with detected Mc3r are shown, data collected from 3 mice.


Extended Data Fig. 6 Expression of Mc3r and Lepr in KNDy and GHRH neurons.
a, b, Mc3r expression is more prominent compared to Mc4r and Lepr in Tac2 (KNDy) (cluster 7, blue) (a) and GHRH neurons (cluster 15, green) (b). c, Violin plots showing expression of Kiss1, Tac2, Ghrh, Mc3r and Lepr in KNDy and Ghrh neurons in the Campbell38 and the Chen42 dataset separately. The Lam40 and Romanov41 datasets are not shown due to low cell count (<10).


Extended Data Fig. 7 Human smFISH showing the co-expression of MC3R, KISS1, and GHRH in the human hypothalamic arcuate nucleus.
a, Annotated overview MC3R and KISS1 co-expression: MC3R = grey, KISS = magenta and MC3R+KISS1 = white (scale bar = 200μm). High-powered micrograph (squared area) below shows the staining of MC3R (white) and Kiss1 (magenta) mRNA punta in 2 representative cells (teal = DAPI, scale bar = 10μm). N = 2 slides. b, Annotated overview of MC3R and GHRH co-expression: MC3R = grey, GHRH = green and MC3R+KISS1 = white (scale bar = 200μm). High-powered micrograph (squared area) below shows the staining of MC3R and GHRH mRNA punta in a representative cell (teal = DAPI, scale bar = 4μm). N = 2 slides.


Extended Data Fig. 8 Mc3r expression in kisspeptin neurons in the mouse hypothalamus at P16, P28 and P48.
a–c, Representative smFISH showing the co-expression of Mc3r and Kiss1 in the anteroventral periventricular nucleus (AVPV) at P16 (a); P28 (b) and P48 (c) (N = 3 mice for all age groups): Mc3r = green, Kiss1 = red (scale bar = 20μm).
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