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[bookmark: _Hlk96345632][bookmark: _Hlk97028077][bookmark: _Hlk98847295][bookmark: _Hlk96346770][bookmark: _Hlk96347900]Obesity is a multifactorial and complex disease often manifesting in early childhood with a life-long burden. While common, multifactorial polygenic obesity is driven by the interaction of genetic predisposition with environmental factors, rare forms of monogenic obesity are caused by defined pathogenic variants in single genes. Most of these genes are involved in the central nervous regulation of hunger, satiety and energy expenditure. These variations mostly affect genes of the leptin-melanocortin pathway or its regulators. Clinically, patients present with impaired satiety, hyperphagia, and pronounced food seeking behavior in early childhood, ultimately leading to severe early-onset obesity. With the advent of novel pharmacological treatment options emerging for monogenic obesity targeting the central melanocortin pathway, genetic testing is recommended for patients with rapid weight gain in infancy and additional clinical suggestive features. Likewise, so far untreatable patients with hypothalamic damage or syndromic obesity involving energy regulatory circuits may benefit from these novel pharmacologic treatment options. Early identification of affected patients will lead to proper treatment, preventing the development of obesity sequelae, avoiding failure of conservative treatment approaches and alleviating patients and families from stigmatization. 


Bullet points (4-6, 30 words or fewer)
· [bookmark: _Hlk96441664]Most monogenic obesity traits result from pathogenic variants in single genes converging in leptin-melanocortin pathways. 
· Targeting central pathways of energy expenditure with e.g., MC4R agonists provides new and promising treatment options for affected patients. 
· Polygenic obesity results from an interplay of numerous genetic and environmental factors. 
· Polygenic risk scores and massively parallel sequencing approaches will help to early identify obesity predisposition.
· New precision medicine approaches might help to tackle the obesity pandemic.


Introduction 
[bookmark: _Hlk96445383][bookmark: _Hlk97032774][bookmark: _Hlk96445783]According to the World Health Organization (WHO), approximately 39 million children under the age of 5 years had overweight or obesity in 2020 1. The prevalence of severe obesity is particularly alarming. Depending on the study and criteria applied, the reported prevalence numbers for severe childhood obesity range from 1.96% to 6.3% within the general population (overview in 2). Interestingly, a recent study by Geserick et al. discovered that adolescents with obesity had experienced the most rapid weight gain at an age of 2 – 6 years 3. In parallel to an increase in body mass index (BMI) in early childhood, the expansion of fat mass is paralleled by first signs of adipose tissue dysfunction (increased adipocyte size / adipocyte hypertrophy, inflammation/macrophage infiltration, and adipokines dysbalance) 4. The early onset of obesity is clearly linked to the development of cardiovascular and metabolic comorbidities, with (preclinical) manifestation in adolescence and ultimately leading to an increase in mortality in adulthood 5. Obesity is a frequent, serious, complex and chronic, relapsing disease, recognized as such by the leading professional societies 6,7. Common childhood obesity arises from the interaction of an individual genetic predisposition and our obesogenic environment. Recently, the Covid-19 pandemic illustrated the collision of these two pandemics, and showed particular vulnerability of children with existing obesity to further excessive weight gain and the clinical burden associated with the lock-down 8–10. Therefore, preventing and treating obesity as early as possible is of utmost clinical importance and social relevance.
[bookmark: _Hlk97036964][bookmark: _Hlk97036879]Individuals living with obesity are often accused of failure to adopt to a healthy lifestyle, even among health care professionals. The latter assumption leads to stigmatization and is thus associated with psychological problems eventually leading to a vicious circle of weight gain – guilt – further weight increase 11. Knowledge about the pathological mechanisms including genetics involved helps to reduce weight stigma 12. Reduction of stigmatization through gain of knowledge and education is a superior aim of genetic studies in the context of body weight regulation and obesity.

Genetic causes of obesity
Heritability of body weight
[bookmark: _Hlk96603192]Body weight, such as other anthropometric measures, is highly heritable. Seminal twin and adoption studies at the end of the 1980s and 1990s (e.g. 13) underscored that genetic factors play a remarkable role in body weight regulation (recently reviewed in 14). Twin studies have reported the highest and most consistent heritability rates ranging from 0.6 to 0.9 for explained BMI variance 15. Except for the newborn period, for which a lower heritability of 0.4 had been described, heritability estimates of BMI are not substantially affected by age 16. Heritability estimates derived from family and adoption studies are mostly considerably lower, in the range of 0.25 to 0.7 15. In general, twin studies are more informative if non-additive genetic factors play a larger role in body weight regulation. They also provide a better control for age effects on BMI. It is relevant to know that both direct and indirect genetic effects compose the genetic component. If, for example, in a monozygotic twin pair both infants are frequently hungry (direct genetic effect), the caretaker will feed them often (indirect genetic effect), even if the twins were separated at birth17. The genetic underpinnings of obesity are complex and apply to metabolic as well as behavioural factors: more than half of the variance is genetically determined 18. 
[bookmark: _Hlk98847576][bookmark: _Hlk96606346] In large epidemiological studies, parental obesity is by far the strongest risk factor for obesity in childhood and adolescence 19, particularly if both parents are affected 20. Stronger maternal than paternal effects had been described in several studies 21. Twin and other family studies implied that the strong predictive value of parental BMI mainly arises from genetic rather than shared environmental factors 15, and that life style factors potentiate maternally-associated obesity risk 22. The socio-economic status is (SES) yet another important risk factor for pediatric obesity, increasing the odds ratio for obesity by more than 2-fold in children with low compared to high SES 19. Although genome-wide association studies (GWAS) provided valuable insights, the identified genetic variation only explains a comparatively small fraction of the heritability. Identified variants mostly have small effect sizes. A consensus explanation for this 'missing heritability' in complex diseases has not yet emerged (for review see 23 ). Briefly, possible explanations include analytical limitations, small effect sizes, rare variants, variants not picked up due to methodological approaches (e.g. chromosomal rearrangements), imprecise heritability estimates, developmental aspects, non-additive or epistatic mechanisms, parental contributions, epigenetic effects, interactions between variants, expression of non-coding RNAs, or transgenerational genetic effects  24.

Genetic classification of obesity 
[bookmark: _Hlk98847900][bookmark: _Hlk96603649]Based on the genetic contribution, obesity was historically classified into three main groups, common polygenic obesity, syndromic obesity, and monogenic obesity. This traditional view has been revisited as certain forms of monogenic obesity can be accompanied by neurodevelopmental and/or psychiatric disorders and therefore also regarded as syndromes. Thus, we suggest to distinguish the group of obesity syndromes from common, polygenic forms of obesity 25,26. Even this categorization might be an oversimplification as the influence of genetics on obesity can be seen as a continuous spectrum 26.

Polygenic forms of obesity
[bookmark: _Hlk96608112][bookmark: _Hlk96608209]The most common form of obesity is multifactorial and driven by the interaction of polygenic predisposition with environmental factors. The polygenic factors commonly act additively, so that the effects of all single alleles sum up to a combined effect size. Information on polygenic variants is summarized in Box 3. A recent study identified and validated a polygenic predictor containing 2.1 million common variants to quantify obesity susceptibility. The predictor was tested in more than 300,000 individuals from birth to middle age. In the group of middle-aged adults, a 13-kg gradient in weight was observed. Additionally, there was a 25-fold gradient in risk of extreme obesity across polygenic score deciles27. Hence, such polygenic risk scores may help to estimate individual risk for progressive severe obesity, which would, however, be even more precise if additional non-genetic clinical and environmental factors could be incorporated. Within a longitudinal birth cohort, the differences in birthweight across score deciles were minimal. However, in early childhood the gradient became significant and even reached 12 kg by 18 years of age. Thus the effect size of a polygenic score can be similar to that of rare, pathogenic variants leading to monogenic obesity 27. Despite the impressive sample size and number of variants included, the finding of 23.4% of BMI variability explained indicates that there are currently unknown or unidentified factors that might in the future explain this missing heritability.

Obesity syndromes
Syndromal obesity with signs of neurodevelopmental disorder
In obesity forms, which had been classically referred to as syndromal, obesity usually starts early in life and is associated with other clinical characteristics such as dysmorphic features, short stature, organ-specific developmental abnormalities and malformations as well as neurodevelopmental deficits such as delayed learning and walking, intellectual impairment, and autism spectrum disorders 28,29. Prominent examples are Prader-Willi syndrome and Bardet-Biedl syndrome 28,29. More than 80 distinct syndromes have been described to date to be associated with childhood obesity and their genetic causes and phenotypes are described elsewhere 28,29. 

Monogenic forms of obesity
[bookmark: _Hlk96608768][bookmark: _Hlk96609600][bookmark: _Hlk96609742]The monogenic forms of obesity are caused by genetic variations in single genes (Table 1). Of note, affected genes are usually involved in the central nervous regulation of hunger and satiety and are mostly linked to the hypothalamic leptin-melanocortin pathway (Figure 1) 30. Genetic risk variants as underlying cause of severe obesity are infrequent. The reported prevalence values (excluding studies which only investigated a single gene) range from 6% in general pediatric obesity cohorts investigating syndromic obesity and MC4R (see 31) up to 13% in children, who were referred to a tertiary center due to suspicion of an underlying medical cause of obesity 32 (with samples analyzed in an obesity gene panel or by microarray), or even higher in consanguineous populations 25,33,34. It can be expected that this rate might increase in the future with massive parallel sequencing technology 25. In fact, a recent re-scrutinization of the ALSPAC cohort found a frequency of 0.30% for pathogenic MC4R variants 35. But even with the use of specific obesity panels and modern exome sequencing technology, the identification of patients with known forms of monogenic obesity will only infrequently occur. In addition to classical genetic mechanisms, there is accumulating evidence that epigenetic mechanisms play a role in the development of obesity as reviewed in 36,37.

Clinical features of early-onset obesity
Definitions and cut-offs
To diagnose obesity and to perform comparable clinical studies clear and uniform definitions are urgently needed. The definitions provided in the current clinical practice guidelines on pediatric obesity from the Endocrine Society 25 are based on the Center Disease Control (CDC) growth charts in children aged 2-19 years old 38 and on WHO child growth standards in children under the age of two years 39 (Table 2). Of note, national guidelines might differ from international definitions and recommendations. The CDC provides a BMI and BMI-for-age percentile calculator for children and teens on their website (https://www.cdc.gov/healthyweight/bmi/calculator.html). 

Risk factors for pediatric obesity
[bookmark: _Hlk96614523]Beyond the three major risk factors for childhood obesity (genetics, parental overweight and lower socioeconomic status), large epidemiologic studies have identified perinatal factors (high maternal weight gain during pregnancy, high birthweight, formula feeding) imposing increased obesity risk with even stronger associations than life-style factors 19, and which should hence be regarded in the clinical evaluation of children with obesity. Of particular note, high birth weight was shown to be associated with later obesity 40 and children large for gestational age continued to have a higher BMI in childhood and adolescence 3. This needs to be differentiated from the increased risk for diabetes and cardiovascular disease in previously small-for gestational age born children according to the Barker hypothesis. In both instances, a (too) rapid catch-up growth around infancy drives a progressive transition to central obesity and insulin resistance 41. A recent population-based study analyzed the BMI dynamics in >51,505 children 3. Herein, the annual change in BMI standard deviation score (BMI-SDS) during childhood was assessed in relation to the occurrence of underweight, normal weight, or overweight and obesity in adolescence. The respective groups were assigned based on national (German) reference data 3. Normal or underweight children continued to have a stable BMI-SDS of around zero as expected. In contrast, children with overweight or obesity had increased BMI-SDS scores from infancy onwards, beginning at 1 year of age. As already mentioned above, the annual increase in BMI-SDS was highest between ages 2 and 6 years. As for the BMI, also growth dynamics in children with obesity are significantly distinct to normal-weight children. Children with obesity are significantly taller in early childhood with height-SDS ranging from 0.4 to 1 standard deviation above reference 42–45. Earlier puberty, blunted pubertal growth spurt, alterations in sex hormone profiles and advanced bone age might explain subsequent normalization at final height 43,44.

Clinical features of genetic obesity
[bookmark: _Hlk96617696][bookmark: _Hlk96620582][bookmark: _Hlk97040706][bookmark: _Hlk96345884]The BMI trajectories of children with certain forms of monogenic obesity are clearly different from those with polygenic obesity 46. Most monogenic forms are characterized by a rapid onset of weight gain after birth with the most rapid increase in BMI in the first year of life. For example, patients with congenital leptin or leptin receptor deficiency alike had a BMI of >27 kg/m2 at the age of 2 years and their BMI was > 140% of the 95th percentile. At the age of 5 years the BMI was > 33 kg/m2 and > 184% of the 95th percentile in both patient groups 46. As such, their weight was conspicuous already in the first years of life. Patients with a deficiency in both, ligand and receptor, do not have normal pubertal development due to hypogonadotropic hypogonadism 47–49. Reports on linear growth are inconsistent. One study reports that patients with leptin deficiency were taller than the mid-parental median 50, while others report normal growth in childhood but reduced final height due to the absence of a pubertal growth spurt in both, ligand and receptor deficiency 48,51. Patients heterozygous for pathogenic variants in the MC4R showed less pronounced weight gain in the first 2 years of life, but severe obesity later on and frequently have tall stature 32.

[bookmark: _Hlk97032134][bookmark: _Hlk98847444]Coherent with the impairment of central hypothalamic and neuroendocrine pathways in monogenic traits of obesity, patients and/or families frequently report hyperphagia with food-seeking or even food-stealing behavior and insatiable hunger, and some features more specific to certain gene alterations (see below) such as impaired pubertal development, increased predisposition to infections or diarrhea, hypopigmentation. Of note, cognitive development is usually normal in monogenic obesity traits. Motor development may appear to be delayed, which is, however, at least to some extent attributable to the mere excess body mass. Based on these observations, genetic testing should be considered if “red flags” indicative for monogenic obesity are present (see Box 1). As such, current clinical practice guidelines recommend genetic testing in patients with extreme early onset obesity (before 5 years of age) and clinical features of genetic obesity (in particular extreme hyperphagia) and/or a family history of extreme obesity 25.

[bookmark: _Hlk96622414][bookmark: _Hlk96623252]Nevertheless, in the communication with the families the low likelihood of finding an underlying genetic cause should be openly communicated to prevent falsely high expectations. Furthermore, if a genetic variation is reported, particularly if it is a de novo variant, the functional impairment must be experimentally shown to prove causality for the phenotype. The clinical cause is furthermore dependent on the presence and degree of impairment of function, which has been shown for MC4R pathogenic variants 52,53 but also for LepR and PCSK1 variants 54–58.

Hallmarks of monogenic obesity traits
The most common forms of monogenic obesity and those with indication for available pharmacological treatments, are outlined here in the order from peripheral signals converging centrally to the MC4R receptor (Figure 1). An overview of genetic variants causing obesity syndromes is provided in Table 1 (Table 1). 

Congenital leptin deficiency 
[bookmark: _Hlk98847990]Leptin is a 16 kD protein hormone and mainly secreted by adipocytes 59,60. It exerts its functions via binding to and activating the long form of the leptin receptor, resulting in the activation of various signaling cascades, such as phosphorylation of signal transducer and activator of transcription 3 (STAT3) 61. The serum levels of leptin correlate positively with body fat mass and BMI with a strong variability especially in extreme BMIs 62. Via central and peripheral routes, leptin affects a wide range of physiological processes including energy balance, metabolism, endocrine regulation and immune function 59,60. Leptin basically represents a peripheral signal for energy sufficiency to the central nervous system. A low level of the hormone corresponds to a low filling state of the adipose tissue energy stores. Critically low leptin levels induce a range of responses to preserve or restore the energy reservoir, among them altered behavioral, metabolic, endocrine, and immune responses 63. 

[bookmark: _Hlk96692999]Pathological variants in the LEP gene lead to congenital leptin deficiency or dysfunction 47,64–67. Coherent with the functional role of leptin, patients present with hyperphagia, increased food seeking, impaired satiety. For explanation, hyperphagia can be described as increased energy intake compared to controls or as eating an amount higher than predicted for body size or composition 68, often going along with a preoccupation for food presenting as e.g., food seeking behavior 68. Satiety describes the control of appetite and refers to periods between meals, while satiation stands for the control of meal size 69. These processes can be measured by questionnaires 69. Born with normal weight, patients rapidly gain weight after birth and develop severe obesity associated with hyperinsulinemia, dyslipidemia, and hepatic steatosis 64. Another cardinal sign of leptin deficiency or dysfunction is hypogonadotropic hypogonadism and delayed pubertal development, while recurrent severe infections are reported in some but not all patients 64–66,70–72. In mice, hyperleptinemia promotes obesity-associated hypertension 73. Thus, one might expect that a disturbance in the leptin/leptin receptor system leads to hypotension. However, four out of six studied patients with leptin deficiency suffered from high blood pressure 74 suggesting leptin-independent pathomechanisms in the development of hypertension. Leptin was described to regulate the hypothalamic-pituitary-thyroidal axis in animal models 75,76, yet thyroid dysfunction is not a constant feature of leptin deficiency or dysfunction 65,71,77. 

[bookmark: _Hlk96623416][bookmark: _Hlk96680444]In 1997, congenital leptin deficiency was first described as autosomal recessive form of severe early-onset obesity in two children of a consanguineous Pakistani family 65. Of note, the circulating leptin levels were almost non-detectable in both patients. Since this initial description a total of 18 distinct variants have been reported in over 60 patients worldwide 64. Several variants cause defects in leptin protein production and/or secretion, leading to classical leptin deficiency 47,64,65. This disease can be diagnosed by confirming the absence of immunoreactive leptin in the circulation. However, Wabitsch et al. described a variant (c.298G>T, p.D100Y), which is produced and secreted but biologically inactive. The genetic alteration lies within a region of the protein that is responsible for docking on to the receptor rendering the variant incapable of binding to the leptin receptor and therefore causing congenital leptin dysfunction 66. Whereas in patients with common obesity, total and bioactive leptin levels are concordant and adequate for the degree of obesity 78, the circulating leptin levels in the patients with bioinactive leptin are high and the correct diagnosis could be missed if just a classical leptin RIA or ELISA is performed for diagnostic purposes 66. Of note, a DNA sequencing approach can detect such pathogenic variants. Therefore, genetic testing is highly recommended in patients with suspected monogenic obesity, e.g. through an obesity gene panel or exome-based sequencing. 

Congenital leptin receptor deficiency 
Congenital leptin receptor deficiency is a rare disease with autosomal recessive inheritance with a phenotype highly comparable to ligand deficiency or dysfunction 48,79,80. It was first described in a consanguineous family from northern Algeria 79. According to a recent systematic literature research, 45 distinct LEPR variants were reported in the literature in a total of 88 patients 80. The genetic alterations include single amino acid changes, insertions, duplications, deletions, as well as nonsense risk variants predicted to cause truncation of the LEPR protein 80,81. The proof of functional impairment of these risk variants need to be performed to assess causality of the genetic variation and based on this may guide treatment decisions 82. The predicted prevalence of LEPR deficiency is 1.34 per 1 million people. Based on these numbers, one would expect that there are 998 patients with LEPR deficiency in Europe. The fact that the number of published cases is substantially lower suggests considerable under diagnosis of the disease 80.

[bookmark: _Hlk96699383]Patients with variants in the LEPR gene are normal weight at birth, but then rapidly exhibit pronounced food-seeking behavior, hyperphagia, and impaired satiety 29,48,79. This leads to rapid weight gain and severe obesity associated with hyperinsulinemia, dyslipidemia, and hepatic steatosis 29,48,79. Hypogonadotropic hypogonadism is a constant feature of leptin receptor deficiency 29,48,79,80, while recurrent severe infections are observed less frequently observed80,83. A recent review found pituitary hormone deficiencies in only one-third of patients 80.

Sh2B1 deficiency
The Src-homology-2B adaptor protein 1 (SH2B1) is a crucial molecule in leptin-mediated signal transduction enhancing the downstream signal by JNK2-dependent and -independent mechanisms 84. In 2010, deletions on chromosome 16p11.2, an area where SH2B1 is located, were found to co-segregate with obesity and heterozygous carriers of deletions displayed severe hyperphagia and severe insulin resistance 85. Shortly thereafter, loss of function (LoF) in SH2B1 were identified as a monogenic cause of hyperphagia and early-onset obesity along with maladaptive behavior 86,87. SH2B1 also serves as an adaptor molecule in the insulin signaling cascade and might act as a central as well as peripheral regulator of glucose homeostasis and insulin sensitivity independently of body weight 88. Thus, it is not surprising that affected patients suffer from severe insulin resistance disproportionate for the degree of obesity 85. Considering its action as a promotor of leptin signaling in the MC4R pathway, treatment with MC4R agonists may be efficient in these patients. In first phase 2 trials, half of the patients with SH2B1 deficiency or 16p11.2 deletion responded with relevant weight loss. Such a clear separation of responders and non-responders may be due to heterogeneity in underlying genetic causes 89.

POMC deficiency 
[bookmark: _Hlk97040990]The proopiomelanocortin (POMC) gene encodes a pituitary preproprotein that is processed into several bioactive neuroendocrine peptides via the proproteinconvertase subtilisin/kexin-type 1 (PCSK1) 30. Among them is alpha-melanocyte-stimulating hormone (α-MSH), which acts via the MC4R to suppress appetite and food intake 30. Homozygous or compound heterozygous variants lead to POMC deficiency, also known as early-onset obesity, adrenal insufficiency, and red hair (OBAIRH). The autosomal recessive disorder was first described by Krude et al. 90 and is characterized by severe hyperphagia leading to severe early-onset obesity, secondary hypocortisolism, and pigmentary abnormalities such as pale skin and red hair, the latter being dependent on the genetic background of the individual. Hypoglycemia, hyperbilirubinemia, and life-threatening cholestasis might be observed in the first months of life 90. In total, 14 distinct variants have been described in 17 patients (summary in 91).In addition to these classical genetic alterations, variation in the DNA methylation status of the POMC gene was shown to be associated with obesity 92. DNA methylation is influenced by maternal nutrition during pregnancy 93, which underscores the modulating and direct role of environmental factors on molecular pathways regulating energy balance and hence body weight.

PCSK1 deficiency
[bookmark: _Hlk98848589][bookmark: _Hlk97048751]PCSK1, as described above, is responsible for the cleavage of pro-hormones to yield active hormones: Variants in PCSK1 in both the homozygous or heterozygous state lead to a complex clinical phenotype with early-onset obesity but also enteropathy with severe diarrhea and neuroendocrine problems, among them glucocorticoid deficiency, hypogonadism, and abnormal glucose homeostasis 94–97. These features result from the failure to process active hormones from prohormones, e.g. α-MSH from POMC in the hypothalamus or glucagon-like peptide-1 or -2 from proglucagon in the small intestine 56,94–97. 26 cases have been reported in the literature (summary in 98). Interestingly, variants in PCSK1 have also been identified in genome-wide association analyses to be associated with childhood obesity 99. Hence, the association of PCSK1 variants range from clear monogenic presentation to complex polygenic associations. Therefore, the functionality of the variant needs to be assessed 58 before treatment with MC4R agonists may be initiated.

MC4R deficiency
First described in 1998 as causative for severe obesity 100,101, MC4R deficiency so far is  the most frequent form of monogenic obesity 53,102. It is estimated that variants in the MC4R gene are found in 2-5 % of pediatric and adult patients with obesity 30,53,103. Some of those patients may respond well to treatment with MC4R agonists such as setmelanotide 104. More than hundred variants have been described and both, homozygous compound heterozygous and heterozygous variants play a role in the development of obesity 30,53,103. Most variants reduce the function of the MC4R, leading to hyperphagia, severe obesity, severe hyperinsulinemia often along with increased lean mass and increased linear growth 105. 
Effects  on BMI for LoF 105 risk variants in the range of 15-30 kg increased weight and for gain of function (GoF)106 variants decreasing weight about 1.5 kg, had been described in 2004 already; recent data 107 confirm these findings. MC4R is a G protein coupled receptor. The functionality of variants was classically proven based on the capacity to induce Gsα signaling. However, recent insights leading to a more detailed view of the MC4R signaling uncovered that some variants (e.g. V103I, S127L) are biased towards Gq/11 pathway by endogenous agonists 108. This may explain why other previous agonists did not yield the expected beneficial results in some patients with MC4R deficiency and once more underscores the necessity for a detailed and comprehensive functional characterization of underlying signaling.

Furthermore, some variants can cause a gain of function of the receptor and were associated with lower BMI as well as lower odds of cardiometabolic sequelae such as type 2 diabetes and coronary artery disease 106,107. The GoF variants exhibited a signaling bias with an increased recruitment of β-arrestin to the MC4R along with increased cAMP levels in the cell and increased and sustained phosphorylation of ERK1/2 107. 

Biased signaling is an interesting phenomenon known for G protein coupled receptors 109. Of note, in a recent study by Akbari et al. the exomes of 645.626 individuals were sequenced and 16 genes with an exome-wide association with the BMI were identified. Among them five brain-expressed G protein-coupled receptors 105,110. This suggests that not only the MC4R as most prominent representative of the leptin melanocortin pathway but also other GPCRs might act as fine tuners of body weight also in the heterozygous state. 

Aberrant expression of agouti-signaling protein (ASIP)
Only recently, a heterozygous tandem duplication at the ASIP (agouti-signaling protein) gene locus causing ubiquitous, ectopic ASIP expression was identified as the cause of early onset extreme obesity (preliminary findings from a pre-print paper: Körner et al., https://doi.org/10.21203/rs.3.rs-1459517/v1) . The mutation places the ASIP coding region under control of the ubiquitously active itchy E3 ubiquitin protein ligase (ITCH) promoter, driving the ubiquitous generation of ASIP. The patient´s phenotype of early-onset obesity, overgrowth, red hair, and hyperinsulinemia is concordant with that of mutant mice ubiquitously expressing the homolog agouti. ASIP represses melanocyte-stimulating hormone-mediated activation as an inverse agonist of the melanocortin receptors, and thereby can affect eating behavior, energy expenditure, adipocyte differentiation, and pigmentation, as observed in the index patient. The type of mutation, i.e. the chromosomal rearrangement, is not readily detected by classical sequencing analysis algorithms and a second patient was only discovered by targeted screening. Thus, human obesity caused by ubiquitous ASIP expression is a novel monogenic trait, potentially treatable by melanocortin receptor agonists and with potentially many more patients yet undiscovered.	Comment by Körner, Antje: als „in review“ citation under research square 

https://doi.org/10.21203/rs.3.rs-1459517/v1

https://www.researchsquare.com/article/rs-1459517/v1
	Comment by Hinney: Antje Körner, Elena Kempf, Robert Stein, Martha Hanschkow, Anja Hilbert, Rami Abou Jamra, Andreas Kühnapfel, Yu-Hua Tseng, Claudia Stäubert, Torsten Schöneberg, Peter Kuhnen, William Rayner, Eleftheria Zeggini, Wieland Kiess, Matthias Blüher, Kathrin Landgraf. A novel human monogenic obesity trait: severe early-onset childhood obesity caused by aberrant expression of agouti-signaling protein (ASIP): a case report


GNAS deficiency 
The Gαs (stimulatory G-protein alpha subunit) protein is encoded by GNAS (guanine Nucleotide Binding Protein (G Protein), Alpha Stimulating Activity Polypeptide 1 gene). G protein-coupled receptor (GPCR) signaling is mediated by GNAS. The classical obesity syndrome Albright's hereditary osteodystrophy is caused by pathogenic variants in GNAS. Patients present with developmental delay, short stature, and skeletal abnormalities. Pathogenic variants on the maternal allele also cause, due to imprinting, obesity and hormone resistance to parathyroid hormone (pseudohypoparathyroidism). A recent sequencing approach in 2548 children with extreme obesity revealed 22 heterozygous  GNAS carriers of pathogenic variants 111. Nearly all pathogenic variants in GNAS lead to impaired MC4R signaling. The authors suggested that screening of children with extreme obesity for GNAS deficiency may allow early diagnosis and improved clinical outcomes 111. Affected patients might benefit from treatment with melanocortin agonists. Variant frequencies in normal weight controls were not described.

CPE deficiency
[bookmark: _Hlk96700798]Carboxypeptidase E (CPE) is an enzyme catalyzing the release of C-terminal arginine or lysine residues from polypeptides, after being processed by proprotein convertases 112.  As such, it is involved in the biosynthesis of peptide hormones and neuropeptides. A truncating pathogenic variant is the gene encoding CPE resulted in undetectable mRNA expression in patient-derived blood cells. The patient suffered from morbid obesity along with hypogonadotropic hypogonadism, abnormal glucose homeostasis, and intellectual disability 113. Recently, novel homozygous CPE LoF variants were described in four individuals from three unrelated consanguineous families 114. All affected individuals had extreme obesity and showed endocrine anomalies (hypogonadotropic hypogonadism, central hypothyroidism) as well as neurodevelopmental delay. The authors of this study named this specific, recognizable clinical phenotype Blakemore-Durmaz-Vasileiou (BDV) syndrome 114.  

SRC1 deficiency
[bookmark: _Hlk96700980]Steroid Receptor Coactivator-1 (SRC-1) modulates the function of nuclear hormone receptors and transcription factors in enhancing or suppressing the expression of target genes 115. Based on the fact that mice with a deletion of Src-1 in Pomc neurons displayed increased food intake and obesity, Yang et al. analyzed exome sequencing and corresponding resequencing data from a cohort of patients with severe early-obesity and respective controls 116. In the obesity group they identified 15 heterozygous variants, which caused an impairment of leptin-induced POMC activity, while 4 other variants found in the control group had no effect. A detailed phenotypic description of patients with these variants is not available at this point. 

[bookmark: _Hlk96961333]Treatments for monogenic obesity 
[bookmark: _Hlk96944151]Non-pharmacological treatments
[bookmark: _Hlk96951011][bookmark: _Hlk96954273][bookmark: _Hlk96944538]Data on lifestyle interventions in patients with monogenic obesity are scarce. One study analyzed the effect of a 1-year lifestyle intervention based on exercise, behavior, and nutritional counselling in pediatric patients with MC4R gene variants. Children with pathogenic variants lost weight to a comparable amount as age- and BMI-matched controls without such alterations 117,118 yet they had greater difficulties to maintain the weight loss 117. In contrast, a study in Danish children reports that an intervention program at a tertiary center for one year failed to reduce BMI-SDS in children suffering from MC4R-related obesity 119. Studies on surgical interventions in monogenic obesity are also scarce 120–122. Currently there are no clear statements on safety and efficacy 120, therefore we conclude the surgery is not a primary treatment option. 120. 
Single case reports describe the diagnostic odyssey of patients suffering from congenital leptin receptor deficiency and the failure of several therapeutic approaches ranging from weight loss programs, outpatient and inpatient psychotherapy to bariatric surgery, mostly with unsatisfactory success 123,124 These examples once more demonstrate that early genetic diagnostics are required in severe early-onset obesity to avoid frustrating failure of therapy or even potential harmful surgical intervention 124.

Pharmacological treatment options 
Treatment options for common obesity with long-term effects are very limited 125. There are a number of US Food and Drug Administration (FDA)-approved medications for weight loss in adults 125. Three of them were approved for adolescent obesity, the lipase inhibitor orlistat, the norepinephrine reuptake inhibitor phentermine, and the glucagon-like peptide-1 receptor (GLP-1R) agonist, liraglutide. In Europe, the GLP-1R agonist liraglutide is the only approved (but still not reimbursed) pharmacological treatment option. For more information please see 25,126–129. 
In the last years, genetic analyses have led to individualized treatment options for some types of monogenic obesity.

Metreleptin 
Comparable to other endocrine disorders characterized by the absence of certain hormones, congenital leptin deficiency or leptin dysfunction can be treated by hormone supplementation therapy. Subcutaneous administration of human recombinant leptin at a dose of 0.03 mg per kilogram of lean body weight per day leads to rapid changes in eating behavior, a reduction of food intake, and subsequent loss of fat mass and body weight 66,70 in patients with leptin deficiency. Beneficial metabolic and endocrine effects are also observed, among them improvement of hyperinsulinemia, hyperlipidemia, and liver steatosis as well as onset of puberty 130–132. For example, a decrease in liver fat content can be observed as early as 3 days after onset of therapy 130. After its discovery in 1994, leptin was the big hope for the treatment also of common obesity 133. Unfortunately, exogenous administration of leptin in patients with common, polygenic obesity with elevated circulating levels of the hormone was disappointing as it turned out to have limited efficacy in clinical studies 133,134. 

In 2014, the FDA approved Myalept (metreleptin) as an orphan drug for the treatment of generalized lipodystrophy, a condition characterized by the absence or loss of body fat and, in consequence, very low levels of leptin 135. Comparable to congenital leptin deficiency or dysfunction, these patients show dramatic metabolic improvements under leptin substitution 135. Of note, metreleptin has recently been used to treat patients with anorexia nervosa, an eating disorder characterized by hypoleptinemia 136,137. The short-term off-label approach demonstrated beneficial cognitive, emotional, and behavioral effects. 

Side effects of metreleptin treatment include the development of anti-leptin antibodies, which might have a neutralizing effect, and an elevated risk of lymphoma as three patients developed T cell lymphoma during therapy 135. Leptin was shown to exert pro-cancer effects via the activation of pro-proliferative or anti-apoptotic pathways 138. On the other hand, patients with lipodystrophy might have a predisposition to lymphoma. Future studies are needed to establish a causal connection between leptin substitution therapy and lymphoma development. 

Setmelanotide
Considering that most monogenic obesity traits finally converge at the central energy balance regulating MC4R pathway, treatment with MC4R agonists and thereby reducing food intake is a reasonable approach 139,140. However, previous pharmacological attempts failed due to lack of effect or severe, in particular cardiovascular side effects 140. 
[bookmark: _Hlk98783886][bookmark: _Hlk96952048][bookmark: _Hlk96952396][bookmark: _Hlk98783939][bookmark: _Hlk96958396][bookmark: _Hlk98784092][bookmark: _Hlk96953071][bookmark: _Hlk98849746]In 2016, a milestone was reached in the treatment of monogenic obesity with the introduction of a novel MC4r agonist setmelanotide 139. After the first description of POMC deficiency 90, it was speculated that an agonist at the MC4R mimicking the POMC derivative -MSH would decrease obesity in those patients. A first attempt revealed that treatment with a synthetic MC4R agonist caused hypertension 140. In a phase 2 trial in 2016, Kühnen et al. reported that a new compound targeting the MC4R named setmelanotide exerted beneficial effects in two patients with POMC deficiency, leading to a reduction in hunger and food intake and substantial weight loss, yet without an influence on blood pressure 139. No adverse events were reported. Of note, the skin color and the color of nevi darkened and the hair color changed from red to dark brown 139 due to cross-reactivity of the compound with melanocortin-1 receptor (MC1R). During a period of 46 months there were no malignant skin alterations 141. Regular skin examinations are crucial taking into account that specific variants in MC1R predispose to melanoma 142. Since this first report, setmelanotide has been investigated additionally in patients with deficiencies in the central leptin-melanocortin pathway, namely leptin receptor deficiency and MC4R deficiency, showing overall beneficial results. However for six heterozygous carriers of pathogenic variants in MC4R the weight effect was rather subtle and comparable to the weight loss observed in controls with obesity (phase 1b trial, not designed to investigate treatment effects)143. It is at this point questionable if patients with common obesity might benefit from treatment with a MC4R agonist on the long term 143,144. The effect of setmelanotide was superior in POMC deficiency compared to LEPR deficiency. In a phase 3 trial, the majority (80%) of the 10 patients with POMC deficiency and nearly half (45%) of 11 patients with LEPR deficiency lost at least 10% of body weight after approximately 1 year 145. Phase 3 trials including patients with MC4R variants are currently ongoing.
[bookmark: _Hlk96954367]In 2020, setmelanotide received FDA approval for chronic weight management in adult and pediatric patients 6 years of age and older with obesity due to POMC, PCSK1, or leptin receptor deficiency 146.  The European Agency of Medicines (EMA) approval followed in 2021 for the same age range and indications. 
[bookmark: _Hlk98852199][bookmark: _Hlk96954569][bookmark: _Hlk96348022]Setmelanotide is currently being evaluated in phase 2 and phase 3 trials (e.g. ENABLE study, EUDRACT 2021-002873-24 and DAYBREAK study, EUDRACT 2021-002855-12) as treatment option in many other genetic defects in the MC4R pathway. It is also evaluated for patients with syndromic (e.g., Bardet-Biedl syndrome 147,148 or Alström syndrome) and hypothalamic (NCT04725240) obesity, as well as chromosomal rearrangement of the 16p11.2 locus, SH2B1, CPE 0r SRC1 variants, heterozygous variants of monogenic obesity, and also in patients with leptin deficiency, who are unresponsive to leptin treatment 146. Beyond these defined monogenic and syndromic traits, patients with obesity secondary to hypothalamic damage due to tumors or trauma may benefit from this treatment options provided the MC4R neurons are intact.
Interestingly, setmelanotide had been used in a patient with partial lipodystrophy who developed neutralizing antibodies under metreleptin treatment 149. A slight decrease in hunger scales was reported, but no other metabolic benefits. This underlines that leptin exerts its beneficial function on metabolism by both, central and peripheral modes of action that cannot be mimicked by MC4R agonism. As a side note, MC4R is not only highly expressed on neurons but also on astrocytes and its activation has potent anti-inflammatory and neuroprotective effects 150. An increased MC4R expression was observed in active lesions in multiple sclerosis 150. In vitro, setmelanotide proved robust anti-inflammatory effects 150. Therefore, targeting the MC4R might provide a potential strategy to delay or stop inflammation-associated neurodegeneration. 


[bookmark: _Hlk98850144]GLP-1 agonists
[bookmark: _Hlk96962701]Based on the success of GLP-1 agonism in common adolescent obesity 151, studies were performed to find out if it might be beneficial in patients with monogenic obesity. Indeed, treatment with liraglutide induced weight loss (fat mass and lean mass) and improvement of metabolic parameters in case reports with pathogenic variants of MC4R 152–154. 



Innovative treatment approaches
Enormous knowledge has been accumulated about the concerted regulation of glucose homeostasis, hunger and satiety, energy expenditure as well as eating behavior and the respective underlying molecular mechanisms 155. 

Unimolecular polypharmacology
[bookmark: _Hlk96963888][bookmark: _Hlk98784196][bookmark: _Hlk96964526]As most single-hormone targeting approaches for the treatment of obesity revealed a limited efficacy of approximately 5-10 % in terms of body weight reduction it was logical to analyze if the coadministration of compounds would outperform the effect of single drugs. Indeed, several studies in rodent models revealed that combination therapies can achieve metabolic improvements superior to the effect of single hormone therapies (for examples please see 155). Based on this premise the principle of unimolecular polypharmacology was developed. The journey started with the development of a dual agonist unifying the features of GLP-1 and glucagon for the treatment of glucose intolerance and obesity 155,156 . GLP-1 acts as anti-diabetic, but glucagon is known to have acute hyperglycemic effects making the combination not very intuitive. However, glucagon has several additional functions, among them inhibition of lipid synthesis and stimulation of lipolysis, browning in adipose tissue thereby increasing energy expenditure, decrease of food intake. Indeed, a rationally designed dual agonist at the GLP-1 and glucagon receptors normalized both, glucose tolerance and obesity in mice under a high fat diet 156. Since that time a plethora of different combinations of dual and even triple agonists has been designed and some of them are currently evaluated in clinical studies (overview in 155,157). Further approaches combine GLP-1R agonists with endocrine hormones such as estrogen or thyroid hormone, thereby exploiting the beneficial metabolic actions of the hormones targeted in cells of energy regulation by use of the GLP-1R shuttle but avoiding systemic side-effects (reviewed in 158). Patients with pathogenic variants in the leptin-melanocortin pathway downstream of the MC4R or with homozygous (and compound heterozygous) variants in the MC4R gene that are not suitable for treatment with setmelanotide, might benefit from these developments. For an excellent summary on recent advances in anti-obesity drug discovery please see 159.

[bookmark: _Hlk98847044]Future innovative therapies
Besides novel pharmacotherapies, other types of innovative therapeutic approaches might find their path into the area of obesity and body weight regulation. Novel approaches for the treatment of common obesity are introduced in Box 4. 
Patients with monogenic forms of obesity might benefit from novel induced pluripotent stem cell (iPSC) technologies and CRISPR-mediate gene editing. In 2006, iPSCs were first produced from mouse fetal and adult fibroblasts 160 and the reprogramming of somatic cells into pluripotent cells then rapidly succeeded in human cells 161. Although hampered by the inherent risk factors tumorigenicity and immunogenicity, iPSCs have an enormous clinical potential as reviewed in 162. In the context of obesity, iPSCs are useful as disease models in a dish to study the influence of gene variants in different cell types. For example, hypothalamic-like neurons were generated from iPSCs of patients with extreme obesity (BMI > 50 kg/m²) 163. Capable of neuropeptide secretion and responsive to leptin and ghrelin, they retained the typical disease features and can therefore be used to study the role of certain gene variants, but also gene-environment interactions 163.

The ultimate aim would be to repair defective into functional variants by CRISPR-mediate gene editing. This could be the last resort for patients, who are not suitable for pharmacotherapy and where other treatment approaches failed. Up to now, two strategies are conceivable 164, either delivery of CRISPR-tools into target cells ex vivo, e.g. patient-derived iPSCs and subsequent transplantation of engineered cells back into the patient, or in vivo editing, where the CRISPR cargos are injected systemically or locally. The latter has been applied in leptin-deficient, extremely obese ob/ob mice using an adenoviral CRISPR system injected locally into white adipose tissue 165. Although less than 2% of alleles were repaired the production of leptin and its physiological functions such as inhibition of food intake were restored. 


[bookmark: _Hlk76997663]Outlook
[bookmark: _Hlk96965796][bookmark: _Hlk98784395]For children and adolescents with common, polygenic obesity, the main focus is prevention of weight gain as early as possible. Generalized recommendations have been developed 25 but their successful implementation in the general population is questionable. Once obesity has manifested in children and adolescents, it has a high likelihood to persist 3. Hence, we need to identify children at risk for severe and progressive obesity before manifestation. For this, surveillance of individual growth data is pertinent 166. Once an accelerated weight gain is noted, validated polygenic risk scores (PRS) can further help to estimate the obesity risk. Beyond this, with more advanced understanding (and clinical studies) of obesity subphenotypes, PRS can help to tailor the components of classical as well as pharmacological treatment options to the individual patients to obtain utmost effectiveness in weight gain prevention or reduction. Improved recognition of patients with underlying medical causes of obesity such as polygenic, monogenic or syndromal obesity as well as a better access to diagnostic and genetic testing is of utmost importance. Even with current genetic diagnostic technologies, many patients with genetic obesity disorders are probably not identified 80,167 and only a minority of children that would be eligible for diagnostic tests according to current guidelines have actually undergone those tests 168. There is an urgent need for more personalized prevention and treatment strategies. Concepts such as nutritional and exercise genomics or metabolomic evaluations might be useful herein 169,170. 
[bookmark: _Hlk96964725]Novel genetic diagnostic advances hold the potential to rapid diagnosis of patients with known forms of monogenic or syndromic obesity, but also give hope for the discovery of so far unknown causes of obesity. Eventually variant detection can lead to precision medicine and personalized treatment. Early and correct diagnosis of early-onset obesity will lead to proper treatment, prevent the development of obesity sequelae, avoid failure of conservative treatment approaches, and protect patients and families from stigmatization. 
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Boxes
Box 1:  Red Flags indicative for monogenic obesity
· extreme obesity >3.5 BMI SDS (particularly in patients <5 years)
· rapid weight gain in first 2 years of life
· consanguinity of parents
· hyperphagia (constant food seeking)
· additive features or symptoms (e.g., short stature, red hair, adrenal insufficiency (POMC), hypogonadism (LEP, LEPR), infections (LEP/LEPR), intractable recurrent diarrhea (PCSK1), pituitary insufficiencies e.g. adrenal insufficiencies (POMC, PCSK1), hypothyroidism (LEP, LEPR), hypogonadism (LEP, LEPR), growth hormone deficiency (LEP, LEPR), diabetes insipidus (PCSK1).
· normal weight in parents



Box 2: Genes associated with thinness and eating disorders
Interestingly, heritability of thinness is as strong as of obesity. A GWAS of thinness vs extreme obesity identified 10 obesity loci. A novel obesity and BMI-associated locus (PKHD1) was also detected171. A previous GWAS on underweight versus extreme obesity identified FTO in rather small study groups (below 500 in each group)172. Both studies took advantage of extremes of the BMI range and implied that genetic mechanisms of thinness might help to understand the genetics of body weight regulation. Recently anaplastic lymphoma kinase gene (ALK) had been identified as candidate gene for thinness. Although the results were not genome wide significant, studies in drosophila and mice underscored the importance of the gene for weight regulation173.  Genetic analyses in obesity can profit from similar analyses in eating disorders. The most recent GWAS for anorexia nervosa identified 8 chromosomal loci, one of which overlaps with a BMI locus174. A cross trait analysis of anorexia and BMI loci revealed three overlapping chromosomal regions175. The identification of genes and underlying biological mechanisms for obesity can greatly profit from the analysis of overlapping phenotypes.
[bookmark: _Hlk98849260]

Box 3: GWAS-identified obesity candidate genes
Polygenic variants are common at the population level (allele frequencies > 1%). Their effect sizes are small. Nevertheless, multiple risk variants add on to a relevant increase in obesity risk. In individuals with obesity the risk variants are more frequent than in a normal weight population 176. The shared genetic background between childhood and adult BMI is high 172,177. Currently more than one thousand variants have been described 178,179, the total number might well be much higher. The lowest estimated effect sizes are well below 100 grams and even the strongest risk variant in the fat mass and obesity-associated gene (FTO) confers an estimated 1.130 gram increase in adult body weight 180. 
For obesity to emerge interaction of several of such polygenic variants and their (combined) interaction with environmental factors is necessary. Genome wide association studies (GWAS) are feasible since the advent of high-density single nucleotide polymorphisms (SNP) chips, which led to the identification of a large number of confirmed genes for different complex traits (https://www.ebi.ac.uk/gwas/). GWAS-derived candidate genes are located near genome-wide significant (p≤ 5x10-08) SNPs . It can take a long time from a GWAS-hit to a confirmed, functionally analyzed obesity gene. Innovative approaches that link several molecular traits (e.g. genomics, transcriptomics) with environmental exposure and detailed phenotype (phenomics) bear the potential to identify new and causal links 181. 
Some genes that were identified in GWAS had previously been described for monogenic forms of obesity (e.g. MC4R, leptin, PCSK1) 178. Many others had not previously been associated with obesity, such as the strongest candidate FTO 172,182,183, which is not only associated with obesity but also with cancer 184,185 and neuropsychiatric traits 186. Likewise, for TMEM18 the biological function is still not completely resolved, although it may have a role in adipose tissue remodeling 187. 


[bookmark: _Hlk98847220]Box 4: Innovative cellular therapies for common obesity 

Mesenchymal stem cells are an attractive tool for regenerative medicine as they can differentiate into different mesenchymal lineages such as osteoblasts, chondrocytes, muscle and nerve cells, and adipocytes. For clinical use they have mostly been isolated from bone marrow. Multipotent, self-renewing progenitor cells can also be isolated from white adipose tissue (adipose-derived stem/stromal cells, ASC) 188. This presents a huge advantage as adipose tissue is easily accessible and contains significantly higher numbers of progenitors compared to bone marrow. Therefore, ASCs have been extensively studied as a tool in regenerative medicine with clinical studies ongoing in the areas of diabetes, cardiovascular diseases, cancer, inflammatory and neurodegenerative diseases 189. It is, therefore, conceivable that ASCs could be useful in the context of obesity, e.g. to promote tissue remodeling to convert dysfunctional and inflamed obese adipose tissue into functional adipose tissue. Recently, preadipocytes isolated from human adipose tissue and then immortalized were subjected to molecular modification by CRISPR-Cas9 to develop a weight loss strategy 190. Specifically, cells were engineered for high expression of uncoupling protein-1 (UCP1). UCP1 is specifically expressed in brown and beige adipocytes and mediates their thermogenic activity by uncoupling the respiratory chain from ATP production leading to dissipation of energy as heat 191. Thus, beige or brown adipocytes can use up energy and the browning of white adipose tissue or the activation of brown adipose tissue are attractive targets for weight loss therapies. Indeed, transplantation of these modified human brown-like (HUMBLE) cells into mice prevented diet-induced obesity and improved glucose tolerance and insulin sensitivity 190. As ASCs are already intensively studied and used 189, the translation of such approaches into clinical studies seems within reach. New research investigates if transplantation of cells can be circumvented by the injection of their release products, i.e. small extracellular vesicles or exosomes 189.


Figures
Figure 1: Central nervous regulation of body weight via the leptin-melanocortin pathway
[bookmark: _Hlk98855361][bookmark: _Hlk98864395]Leptin is produced and secreted from adipocytes in relation to fat mass and exerts its function as satiety factor in the hypothalamic arcuate nucleus. It binds to the leptin receptor present on specific neurons. The Src-homology-2B adaptor protein 1 (SH2B1) is a crucial molecule in leptin-mediated signal transduction. In agouti-related protein (AGRP) expressing neurons, leptin downregulates the expression of the anorexigenic AGRP, which acts as an inverse agonist at the melanocortin 4 receptor (MC4R). In pro-opiomelanocortin (POMC)-expressing neurons leptin induces the expression of the POMC gene. Proproteinconvertase subtilisin/kexin-type 1 (PCSK1) and carboxypeptidase (CPE) catalyze the processing of peptide hormones including alpha-melanocyte stimulating hormone (-MSH), which serves as an anorexigenic agonist at the MC4R. Pleckstrin homology domain interacting protein (PHIP) serves as an enhancer of POMC transcription, while steroid receptor coactivator-1 (SRC-1) modulates the function of nuclear hormone receptors and transcription factors, both enhancing or suppressing the expression of target genes. Brain-derived neurotrophic factor (BDNF) via its receptor neurotrophic receptor tyrosine kinase 2 (NTRK2) modulates leptin-mediated synaptic plasticity of neurons. -MSH binds to and actives the melanocortin-4 receptor (MC4R) present on neurons in the paraventricular nucleus (PVN), which controls appetite and links the filling state of long-term energy stores to feeding behavior. Melanocortin receptor accessory protein 2 (MRAP2) is an accessory protein of melanocortin receptors and regulates their function. Single-minded homolog 1 (SIM1) is a basic helix-loop-helix transcription factor and required for the development of neurons of the PVN. An agonist at the MC4R (Setmelanotide) is useful to treat monogenic forms of obesity affecting genes upstream of the MC4R and certain genetic variants of the MC4R. All monogenes (see Table 1) that can be treated with either a leptin analog (Metreleptin) or a MC4R –agonist (Setmelanotide) are depicted in bold. 
