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PrefaceDear colleagues,With great pleasure, we introduce the �irst edition of the ClinicalObesity Genetics textbook. Obesity is one of the most pressing publichealth challenges of the twenty-�irst century. While environmentalfactors such as sedentary behavior and high-calorie diets playundeniable roles, it has become increasingly clear that geneticpredisposition exerts a profound in�luence on individual susceptibilityto obesity.The study of obesity genetics has evolved from early family-basedstudies and twin cohorts to modern genome-wide association studies(GWAS), rare variant discovery, and epi- and polygenetic contribution.These advances have moved our understanding from descriptiveepidemiology to biologically grounded mechanisms. Although theheritability of body mass index (BMI) is estimated to be as high as 40–70%, we still cannot explain the majority of cases with suspectedgenetic obesity.In this textbook, we provide a comprehensive overview of therapidly expanding genetic technologies and their practical implicationsin clinical medicine. This �irst edition explores how genetic insights canguide risk prediction, prevention strategies, therapeutic decisions, andpersonalized care. The chapters are organized around key geneticpathways, syndromic and non-syndromic obesity, methodologies ingenetic discovery, and future applications such as genetic therapies andpharmacogenomics also visualized in Figure 1.As we have entered a new era of precision healthcare,understanding the genetic contribution to obesity disorders is nolonger an academic task; it is a clinical skill! This book providesclinicians, researchers, and students a comprehensive guide to the past,present, and future of the clinical implications of obesity genetics (Fig.1).



Fig.	1 Painting by Inge Mathijssen illustrating Genetic obesity characteristics. Patients have an
increased	 number	 of	 fat	 cells. Red	 hair and extra	 �ingers (polydactyly) can be indicative ofsyndromic obesity. The DNA	 code in the book on the patient’s lap and the Erlenmeyer �laskcontaining DNA strands at the top-left corner symbolize the search for genetic causes. The ‘lockedrefrigerator’ symbolizes the extreme	 insatiability (hyperphagia) caused by gene defects affectingthe leptin	 receptor. While gastric bands have long been a known metabolic	 surgery	 treatment, anincreasing number of medications is becoming available. The syringe refers to MC4R-agonist,
medication that normalizes disturbance of the leptin melanocortin pathway
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About	 This	 BookThis book provides a concise and practical overview of clinical obesitygenetics for both clinicians and scientists in need of a single resourceon the topic. Clinical genetic obesity disorders, genetic analysis, clinicaltreatment, and future directions are discussed in detail, with newinsights and approaches to personalized medicine highlightedthroughout the book.
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1	 IntroductionGenetic studies of obesity have a long history that range from early twinstudies to recent gene identi�ication studies that successfully foundgenetic variants in�luencing body weight [1] (Fig. 1). Predisposition todevelop obesity is often a combination of environmental, behaviouraland heritable factors. Twin studies have shown heritability estimates(i.e. variation explained by genetic differences) of 47–90% for BMI [1,
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2], suggesting that genetic variation is a major contributor to itsaetiology. Advances in DNA technologies, such as genotyping arrays andnext-generation sequencing (NGS), have allowed researchers to identifygenetic variants that predispose to obesity and molecular mechanismsthrough which these variants affect body weight regulation. It is nowknown that genetic predisposition for obesity covers a spectrum thatcan be subdivided in common genetic variation (e.g. genetic variantswith a frequency of >1% in the population) with typical smallindividual effects on obesity, and rare variants with strong effects onobesity that follow a Mendelian inheritance pattern. These raremonogenic variants play an important role in current geneticdiagnostics in the clinic, which can help in individual risk assessment,counselling of family members, improve acceptance by the patient andhis or her environment and facilitate personalized treatment options.Research on both ends on this variant frequency spectrum holdpromises to better understand the biological factors underlying obesitypathophysiology. With the development of larger genetic datasets andmore accurate genetic technologies, it is expected that we will identifyeven more variants that contribute to obesity, elucidate how geneticsand the environment shape obesity, and develop more effectiveinterventions tailored to an individual’s genetic pro�ile.

Fig.	1 Timeline of major milestones in obesity genetics research. BMI body-mass index, HGPHuman Genome Project, NGS next-generation sequencing, PRS polygenic risk scores
2	 Structure	 of	 the	 Genome



The discovery of the double helix structure of the genome in 1953 byWatson and Crick [3] marks an important milestone in genetics. Notonly does this iconic structure account for a mechanism for bothstoring and replicating genetic information, it also �inally gavegeneticist an ‘organ’ to study and explain the long-known heredity ofdisease. Understanding the structure of the genome from largest tosmallest scale is vital in understanding how genetic variation relates toobesity through different dimensions of system biology.
2.1	 ChromosomesA term �irst coined by German scientist Wilhelm Waldeyer in 1888 [4],
chromosomes are structures found in the nucleus of each cell thatcontain the genetic material of an organism. Chromosomes are made upof long strands of DNA that are tightly coiled and packaged into acompact structure (chromatin). Each chromosome contains hundredsor thousands of genes, which are the instructions for producingproteins that serve several functions in the human body. Chromosomescan be subdivided into autosomes 1 to 22 (same for both sexes), largelyordered by chromosome length, and sex chromosomes (X and Y).
2.2	 DNA
Deoxyribonucleic	 acid, or DNA, is the genetic material that carries theinstructions for the development and function of all living organisms.DNA is a long, linear molecule made up of nucleotides (Fig. 2), which arethemselves composed of a sugar (deoxyribose), a phosphate group, anda nitrogenous base (adenine (A), cytosine (C), guanine (G), or thymine(T)). The DNA backbone is composed of alternating sugar andphosphate groups. The arrangement of the sugar-phosphate backboneand the nitrogenous bases gives DNA its characteristic double helixstructure [3].



Fig.	2 Structure of the DNA molecule
2.3	 Epigenetic	 Regulation
Epigenetics concerns the regulation of gene expression withoutchanging the underlying DNA sequence. Together with geneticvariation, epigenetic differences have shown to be an importantmechanism that contributes to obesity susceptibility [1]. Epigeneticregulation has effects on gene-expression through histone
modifcations	 and	 DNA	 modi�ication. Histones are the proteins thatpackage DNA into open or dense structures. Through addition orremoval of chemical groups, such as acetyl, ubiquitin, methyl, orphosphate groups, the accessibility of the DNA for transcription isaltered by opening and closing of the chromatin. There are severalmechanisms that are responsible for epigenetic regulation (Fig. 3),including:



Methylation: The most common epigenetic modi�ications includeDNA methylation and histone methylation. DNA methylation adds amethyl group (CH3) to cytosine (C) bases of the DNA, typically atcytosine bases that are followed by a guanine base (G), known as CpG
dinucleotides. Methylation of the promoter region of a gene usuallyleads to a lower expression of the gene. Alternatively, geneexpression can be in�luenced by methylation of speci�ic histones(histone methylation). Methylation also plays an important role inimprinting, a physiological process that causes genes to be silenceddepending on the parent of origin. Environmental exposures such assmoking [5], stress [6]) have also been associated withcharacteristic changes in DNA-methylation patterns, for example atspeci�ic CpG sites [7].
Acetylation: adds an acetyl group (C2H3O) to the histone, whichactivates gene expression by making chromatin more accessible fortranscription factors.
Phosphorylation: adds a phosphor group (PO4) to the histone whichmakes chromatin more- or less accessible for gene-expression.
Ubiquitination: involves attaching ubiquitin to other proteins.Ubiquitination regulates gene expression by modifying proteinsinvolved in the transcription of genes or signalling them to bedegraded. It can also modify histones to change to a more open andtranscription-accessible chromatin formation.



Fig.	3 Epigenetic regulation of gene-expression by histone modi�ication through methylation,acetylation, ubiquitination and phosphorylation
3	 From	 DNA	 to	 Protein
3.1	 TranscriptionThe sequence of DNA stores information about the structure of wellover 20,000 proteins. Transcription is the �irst step to convert thisinformation into synthesis of proteins, through the intermediate step ofproducing messenger RNA (mRNA) from DNA. In contrast to DNA, RNAmolecules are single-stranded instead of double-stranded, have adifferent sugar (ribose) in their nucleotide units and contains uracil (U)instead of thymine (T).Transcription starts at a speci�ic site on the DNA molecule, knownas the transcription	 start	 site (TSS). Promoters are speci�ic sequences ofDNA that are recognized by transcription factors, which bind to DNAand form a complex to initiate transcription. The RNA polymeraseenzyme subsequently moves along the DNA template, synthesizing RNAthat complements the DNA template, until termination is reached at thetranscription stop site. Before mRNA is used for translation intoproteins, the pre-mRNA needs to undergo RNA modi�ications to



become mature mRNA (Fig. 4): splicing removes intronic RNA, cappingadds a cap to the mRNA 5′ ends, and polyadenylation adds a large stringof adenine (poly-AAA tail) to the 3′ end for stability. Mature RNA cannow be transported to the ribosomes to start the translation processinto proteins.

Fig.	4 From DNA to protein: transcription and translation
3.2	 Translation
Translation is the next step to produce protein from the intermediatemRNA at the ribosomes, small organelles composed of ribosomal RNA(rRNA). Translation starts at a speci�ic site on the mature mRNA,known as the start	 codon (bases AUG) which codes the amino acid
methionine. The sequence of nucleotide bases in the mRNA moleculespeci�ies the sequence of amino acids in the protein. A ribosome movesalong the mRNA and adds a new amino acid to the chain that makes upthe protein, using transfer RNA (tRNA) molecules that carry the aminoacids to be incorporated. Every three bases of the mRNA form a codonwhich codes for one of many amino acids, and is complementary to acodon on the tRNA. Translation is terminated at a stop	 codon (coded byeither UAA, UAG or UGA). The ribosome releases the newly synthesizedprotein, which is now ready to perform its various functions in the cell.



3.3	 DNA	 ReplicationIn addition to protein synthesis, DNA	 replication is the process thatleads to an accurate duplication of DNA information from one cell to theother. Replication at speci�ic locations called origins of replication,where the double helix is unwound by helicase enzymes, creating areplication fork (Fig. 5). The leading	 strand is synthesized continuouslyin the 5′ to 3′ direction by	 DNA	 polymerase. In contrast, the laggingstrand is synthesized discontinuously in short segments called Okazakifragments, also in the 5′ to 3′ direction, but moving away from thereplication fork. These fragments are later joined together by theenzyme DNA ligase, creating a continuous strand. After successfulreplication, the complete set of genetic information can be transferredto the new cell, containing a nearly identical copy of the set of genes.



Fig.	5 The process of DNA replication
4	 From	 Gene	 to	 Disease
4.1	 InheritanceThe inheritance of disease (e.g. the transmission of risk alleles acrossgenerations) has traditionally been divided into monogenic and
polygenic inheritance, based on the number, frequency and effect of riskgenes involved. On one end of the spectrum, monogenic disorders havea straightforward Mendelian pattern of inheritance, and the risk ofinheriting the disorder can often be accurately predicted based on asingle gene mutation. The search for monogenic disease genes has been



highly successful [8], with over 3000 monogenic disorders genes thathave been identi�ied for diseases such as cystic �ibrosis, sickle cellanaemia, and Huntington’s disease. On the other end, complex or
polygenic	 disorders refers to a group of traits or disorders in whichmultiple genes are involved. These genes interact with each other andwith environmental factors, and collectively determine disease risk.According to the common	 disease-common	 trait	 hypothesis, any commondisorder has, at least partially, such a polygenic component. Thesecommon genetic variants (most often single-nucleotidepolymorphisms, or SNPs) involved in complex traits such as BMI almostalways have a low relative risk per individual SNP. This correlation oflower effect-sizes for more frequent variants results in part fromnegative selection pressures on deleterious alleles that affect �itnessand transmission in the population, pushing them to the rarer end ofthe frequency spectrum. In practise, the monogenic-polygenicdistinction is in fact much less clear, since disease risk of monogenicdisease (i.e. penetrance) can be modi�ied by common variants [9]. Forobesity, this picture is shown to be equally complex, with both raresingle coding variants and multiple common variants having beenidenti�ied. Common genetic variants for obesity have shown toin�luence risk from monogenic causes of obesity [10] (such as MC4R),or interact with relevant environmental factors [11]. In this chapter, wefurther focus on (the diagnosis of) monogenic genetics of obesity,whereas in Chapter 23 we further discuss the role of common variationin obesity.
4.2	 Mendelian	 InheritanceBased on an individual’s family history and family tree, a clinician canrecognize a certain inheritance	 pattern for certain traits or disorders inthe family. Some of these patterns were �irst described by Mendel basedon pea plant experiments, where he observed that certain traitsreappeared in future generations after crossing for certain phenotypes(e.g. recessive pattern), far before genes and mutations were known.Several Mendelian	 inheritance	 patterns can now be distinguished (Fig.6):
Autosomal	 dominant: having a disease predisposing (e.g. pathogenic)DNA variant on one of the two alleles is suf�icient to develop the
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disorder. The particular genetic disorder appears in subsequentgenerations.
Autosomal	 recessive: the disease only occurs when a pathogenicvariant is present in both alleles of the gene. Healthy parents of theindex are often carriers. The risk for offspring of a carrier couple is25%. The probability that two individuals are both a carrier of thesame disease is elevated when they are related (consanguineous).Family history in previous generations is often negative for thedisorder.
X-linked: the pathogenic variant is located on the X-chromosome.Females are often asymptomatic, but can transmit the gene variant tomales who are then affected. Due to scewed inactivation of the X-chromosome in females, they may have (mild) symptoms themselves.A typical X-linked family tree however, shows only affected males andno affected females.
Mitochondrial: In mitochondrial disorders, the pathogenic variant ispresent in the mitochondrial DNA (mtDNA) located in themitochondrium. This mtDNA is transmitted through the oocyte of thefemale. Thus females will transmit the genetic predisposition to all oftheir children, and males will not transmit the disease.



Fig.	6 Different types of inheritance patterns based on an individual’s family history. Filled circlesand squares represent affected individuals, whereas dots represent (asymptomatic) carriers of apathogenic variant
4.3	 Monogenic	 VariantsGene variants can change the DNA sequence of a gene that can result inchanges to the protein that is produced. There are several types ofmonogenic gene variants depending on how they change the DNAsequence, including:
Single	 nucleotide	 variants	 (SNVs): are single base pair changes in theDNA sequence. Point mutations can be missense, nonsense or
synonymous, depending on whether they change the amino acidsequence of the protein (Fig. 7). In missense variants, the pointmutation causes one amino acid to be replaced by another aminoacid. In nonsense mutations, the amino acid is replaced by a stopcodon, causing translation of the protein to terminate, possibly



resulting in a truncated protein. The abnormal mRNA containing apremature stop codon is often degraded through nonsense-mediated
decay, leading to no protein at all from that speci�ic allele.
Synonymous mutations cause the amino acid to be replaced by theexact same amino acid. Although synonymous mutations thus do notalter the amino acid sequence of the codon, they may still lead toabnormal splicing of the mRNA and thus still affect the �inal proteinproduct.
Insertions/deletions of one or more base pairs of the DNA sequence.This can cause an incorrect or shortened protein, or no protein at all.If the number of inserted or deleted base pairs cannot be divided bythree, the mutation results in a frame-shift. The reading frame in thetranslation process is shifted, and often a new stop codon is created,causing both an abnormal and shortened composition of theprotein. When the reading frame is not affected, this results in a
inframe	 deletion	 or insertion.	
Copy	 number	 variants: are large-scale deletions or duplicationswithin chromosomes approximately larger than 50 basepairs, oftenspanning multiple or large sets of genes.

Loss-of-function mutations are mutations that result in the complete orpartial loss of function of a gene. Loss-of-function mutations are oftentruncating mutations (such as deletions or nonsense mutations) thatcan result in the complete absence of a protein or a reduction in itsfunction (Fig. 7). If the loss-of-function leads to insuf�icient normalfunctioning protein, there is haploinsuf�iciency of that gene. Gain-of-
function mutations are mutations that result in the acquisition of a newfunction or an increase in the function of a gene. These types ofmutations can occur in any part of the gene, including the promoter,coding region, or regulatory elements. In dominant-negative mutations,the mutated allele interferes with the functioning of the other (normal)allele, causing proteins from both alleles to be affected.



Fig.	7 Types of DNA mutations and mutation mechanisms that are observed in human disease. AAamino acid
4.4	 Epigenetic	 MutationsBeyond alterations in the sequence of the genome, changes inepigenome are responsible for epigenetic	 disorders. These epigeneticmutations, which include both hyper- and hypomethylation, are typicallynot inherited from one of the parents (unless caused by a DNAmutation), as the methylation parental gametes transmitted via thesperm- or egg cell undergo a reset of the epigenetic pro�ile duringgametogenesis. Disruptions in epigenetic processes are linked to a widevariety of diseases and syndromes, ranging from developmentaldisorders [12] to complex diseases such as cancer [13]. There arespeci�ic obesity disorders that are resulting from imprintingdisturbances. One example is Temple syndrome, characterized by intra-uterine growth restriction, early puberty and childhood obesity. Templesyndrome mostly originates from two copies of a chromosome fromone parent in the child (uniparental disomy, UPD), in this case ofchromosome 14 (UPD14), causing loss of expression of genes on thepaternal allele and overexpression of genes on the maternal allele [14].



Alternatively, methylation disorders can be caused by DNA variants ingenes involved in epigenetic processes such as methylation and histonemodi�ication. This can disrupt the enzymes or regulatory factorsresponsible for these processes and the normal pattern of geneexpression, leading to developmental abnormalities. Examples includemutations in DNMT3A which codes for a DNA methyl transferaseprotein, causing Tatton-Brown-Rahman syndrome, of which obesity is afeature. Epigenetic alterations caused by genetic variants involved inepigenetic regulation can be identi�ied by methylation pro�iling (seeSect. 5.3).
4.5	 Variant	 InterpretationEvery person carries on average �ive million genetic variants [15] (i.e.variants that differ from a reference genome), of which up to a 100 arenot inherited from one of both parents (i.e. de	 novo) [16]. The vastmajority of genetic variants have no known impact on health, howevera small proportion of variants can have signi�icant consequences. It canbe challenging to determine which genetic variants are likely to be
pathogenic (disease-causing) and which are benign (harmless). Variantinterpretation is a complex process that requires a good understandingof the human genome and the potential impacts of genetic variations onan individual’s health. The American	 College	 for	 Medical	 Genetics
(ACMG) have provided criteria that aid in classifying genetic variants ingenetic diagnostics [17], classifying variants in �ive scales along anincreasing likelihood of pathogenicity: class 1 (‘benign’), class 2 (‘likelybenign’), class 3 (‘uncertain signi�icance’), class 4 (‘likely pathogenic’),and class 5 (‘pathogenic’).Several variant characteristics are in use in clinical practise thatsupport the categorisation of variants:
Domain: certain gene domains are more sensitive to genetic variantsor have a domain-speci�ic effect (e.g. certain gain-of-functionmutations) which can make pathogenicity more likely.
Conservation: variants located in conserved sequences of DNA thatare relatively unchanged through evolution history are more likely tobe pathogenic.
Biochemical	 change: missense variants that lead to amino acidchanges with large differences in biochemical properties are more



likely to be pathogenic. These changes are expressed in Granthamscore [18] (range: 5-215).
Prediction	 algorithms: several prediction algorithms have beendeveloped that can suggest pathogenicity based on variantcharacteristics, such as SIFT [19] and PolyPhen [20].
Population	 frequencies: genetic variants that appear in higherfrequencies in population databases such as gnomAD [21] are lesslikely to be pathogenic.The classi�ication of these variants is a dynamic process during whichcertain variants can switch between categories (e.g. a class 3 variantcan be upgraded to class 4 or vice versa), as is the case for MC4Rvariants, an important monogenic obesity gene. For this gene (andother genes), online databases register whether known variants can beclassi�ied as pathogenic or benign (or even protective), such as theMCR4 website https:// www. mc4r. org. uk/ . Other regularly useddatabases that register pathogenicity of gene variants are GnomAD [21]and ClinVar [22]. More recently, arti�icial intelligence (AI) tools arebeing developed that can possibly aid in the interpretation of variantsand automating this process [23].

5	 Genetic	 Diagnostics
5.1	 Chromosomal	 DiagnosticsChromosomal abnormalities are changes in the number or structure ofchromosomes that can have serious consequences for an individual’shealth. Chromosomal abnormalities can be associated with a range ofhealth problems, including birth defects, developmental delay andintellectual disability. For obesity, deletions such as 16p11.2 are knownsyndromes associated overweight and obesity [24]. There are severaldiagnostic techniques that are used to detect chromosomalabnormalities, including:
Karyotyping: A karyogram is a visual representation of all 46chromosomes arranged in order according to size, shape, and bandpatterns. A karyotype can be used to identify abnormalities in thenumber or structure of chromosomes, such as missing or extrachromosomes (monosomy/trisomy). Also, in contrast to most other
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techniques, karyotyping can detect chromosomal translocations(exchange of chromosome segments) that remain undetected bychromosome analyses using e.g. SNP array. Klinefelter syndrome (46,XXY karyotype) is among the disorders that can be detected bykaryotyping.
Fluorescent	 in	 situ	 hybridization	 (FISH): uses �luorescent probes todetect speci�ic chromosomal regions or genes. FISH can be used toidentify chromosomal abnormalities, such as missing or extra copiesof speci�ic genes, and can be performed on cells from a variety oftissues, including blood, bone marrow, and amniotic �luid. The16p11.2 deletions are among the abnormalities that can be detectedby FISH probes for this region, which are often too small to bedetected by regular karyotyping.
SNP	 array/array	 CGH: Single-nucleotide polymorphism (SNP) arraytechnique and comparative genomic hybridization (CGH) arrays aretechniques designed to detect small chromosomal abnormalities,including deletions and duplications. These array techniques weredeveloped and implemented in the early to mid 2000s and provideda much higher resolution than karyotyping chromosomalabnormalities. The size of CNVs that array technologies can detect,are from the 5-50 kb range up to whole-chromosome levelabnormalities. This means that we can now identify abnormalities(microdeletions or duplications) that were missed by regularkaryotyping. For detection of deletions related to obesity (16p11.2deletions, Prader-Willi syndrome) these are often �irst detected usingSNP array testing.
NIPT/NIPD: Chromosomal analysis can be done in the prenatalsetting as well. Non-invasive techniques such as NIPT (non-invasive
prenatal	 test) are speci�ically developed to test the unborn foetus forchromosomal abnormalities, detected from cell-free DNA in theblood circulation of the pregnant mother. NIPD (non-invasive
prenatal	 diagnostics) is an extension of NIPT, where the circulatingfoetal DNA is tested for speci�ic mutations. NIPT and NIPD providenon-invasive alternatives to more invasive procedures chorionbiopsy or amniocentesis, and it is expected that more informationcan be derived from cell-free DNA when these techniques developfurther. This more recent prenatal test sometimes leads to the



potential detection of CNVs related to obesity already in the prenatalphase (e.g. 2q37 deletions) as a secondary �inding.
5.2	 Sequencing	 TechnologiesSequencing technologies are used to determine the order of nucleotidebases A,C,T and G of DNA. These technologies have greatly advanced the�ield of genomics by allowing researchers and clinicians to quickly andaccurately determine the sequence of DNA, which has importantcontributions to gene discovery and more rapid genetic diagnosis.Several different types of sequencing technologies that are used in dailyclinical practise, including:
Sanger	 sequencing: the traditional method of DNA sequencing,developed in 1977, initially used to sequence single genes. Sangersequencing is still being used to sequence shorter fragments and isconsidered a gold standard for mutation detection. In obesitydiagnostics, Sanger sequencing may be used to con�irm geneticvariants found by more rapid sequencing techniques.
Next-generation	 sequencing	 (NGS): NGS technologies (also calledsecond generation sequencing) can sequence multiple DNAfragments simultaneously, which allows for rapid and cost-effectivesequencing of large amounts of DNA. NGS has revolutionized theidenti�ication of disease genes by enabling the rapid analysis of entiregenomes and discover novel mutations and variants associated withgenetic disorders. NGS has become available in the mid 2000s, andcan be used to sequence the full coding region of the genome (whole-exome sequencing (WES)) or the entire genome (whole-genomesequencing, WGS). Often, NGS is used to sequence speci�ic gene-
panels, which contain sets of genes related to a speci�ic symptom ordisorder. NGS with an obesity gene-panel in patients with suspectedmonogenic obesity (caused by a single pathogenic variant in anobesity gene) characterized by early onset obesity, currently leads toa diagnosis in 5–15% of the patients with the clinical phenotype [25,26]. NGS is mostly based on short reading sequencing technologies,which refers to the length in DNA fragments that are sequenced.Short-read sequencing technologies produce reads of typically up to300 base pairs (bp) in length). These technologies are highly



accurate and can quickly and at a low cost produce large mounts ofsequence data.
Third	 generation	 sequencing: Whereas second generation sequencingis based on short read sequencing, long-read	 sequencing	 technologies(sequenced fragments up to one million bp reads) have theadvantage of producing long uninterrupted reads, which can beuseful for certain applications. Examples include dif�icult to sequenceregions of the DNA, improving identi�ication of certain variations,such as large insertions/deletions, inversions and DNA repeats.Although short-read sequencing is established in genetic diagnostics,the bene�it of long read sequencing in obesity over short read has yetto be fully established.

5.3	 Epigenetic	 TestsEpigenetic abnormalities, such as abnormal DNA methylation patternscan be detected by epigenetic tests, including:
Epigenetic	 signature	 testing: Several disease genes are known toin�luence the methylation and expression pattern of other genes (seeSect. 4.4). Variants in these genes lead to certain ‘epigeneticsignatures’: characteristic patterns of methylated genes. Thesemethylation patterns can be detected using an epigenetic signaturetest (‘episignature’, Fig. 8, see also Chapter “Anti-obesityPharmacotherapy for Patients with Genetic Obesity Disorders”),which detects DNA methylation at multiple sites in the genome [27].An observed methylation pattern can then be compared tomethylation signatures of patients with con�irmed geneticsyndromes. An episignature test can aid in solving a case when noDNA variant is found or help interpret variants of unknownsigni�icance (VUS). In obesity diagnostics, mutations in the GNASgene associated pseudohypoparathyroidism type IA/B (obesity,endocrine abnormalities) can lead to methylation patterns of othergenes, which are detectable by episignature testing or detected usingGNAS gene sequencing.
Methylation-Speci�ic	 Multiplex	 Ligation-dependent	 Probe	 Ampli�ication
(MS-MLPA): This technique combines the principles of MLPA(detection of variants by using oligonucleotide probes) andmethylation-speci�ic analysis to detect and quantify methylation of



speci�ic gene regions, often used for diagnosis disorders like Prader-Willi and Angelman syndromes (both in the 15p region).

Fig.	8 Epigenetic signature test to detect patterns of methylation anomalies. Methylation patternsof the index case are compared with patient cases and controls. The methylation of the index casecan then be detected by clusters of patients and controls on the main axes of variation inmethylation. If a pattern is observed that resembles cases, a suspicion of this particular syndromein the index cases is raised (for more in depth discussion see also Chapter “Anti-obesityPharmacotherapy for Patients with Genetic Obesity Disorders”)
6	 Conclusions



In conclusion, advancements in genetic technologies havetremendously expanded our ability to study the genome at the smallestscale. These innovations have facilitated a deeper understanding of thegenetic underpinnings of obesity, allowing for more preciseidenti�ication of genetic variants associated with this complexcondition. Understanding these genetic factors requires a foundationalknowledge of genetics and genomics, highlighting the importance ofintegrating these disciplines into obesity research. Ultimately, animproved knowledge of these genetic factors will contribute to animproved risk prediction and treatment of obesity, and eventuallyimproved patient outcomes.
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1	 Obesity	 as	 a	 Global	 Health	 ChallengeObesity is a chronic, relapsing disease characterized by excessiveadiposity that impairs health. It has emerged as a global healthchallenge, with its prevalence escalating signi�icantly over the pastdecades. The global obesity rate increased from 4.7% (~1 in 20 people)in 1975, to 1 in 8 people in the world in 2022 were living with obesity[1]. Projections of the World Obesity Atlas 2025 suggest that by 2035,the prevalence of overweight or obesity will rise to 54% (~1 in 2people) among adults and 37% (~1 in 3) among children with aroundhalf of them being obese [2]. Especially in adolescents, the increase isnotable in high income, as well as in low income countries (Fig. 1) [3].As the rate of spontaneous remission of obesity to a healthy weight islow; at least 90% of the adolescents with obesity will have overweight
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or obesity in young adulthood [4]. In the Netherlands, the prevalence ofobesity among Dutch adults, doubled from 6.1% in 1990 to 16.0% in2024 and in children (<18 years) rose from 2.5% in 2009 to 3,7% in2024, with a notable increase among adolescents aged 12–17 years [5].Despite its widespread impact, many countries remain inadequatelyprepared to address the rising health burden of obesity.

Fig.	1 Increase in the number of children and adolescents affected by obesity over more than fourdecades. (Adapted from NCD Risk Factor Collaboration (NCD-RisC). Worldwide trends in body-mass index, underweight, overweight, and obesity from 1975 to 2016: a pooled analysis of 2416population-based measurement studies in 128.9 million children, adolescents, and adults. Lancet390, 2627–2642 (2017) reprinted under a CC-BY-4.0 licence. Steinbeck et al. [3])
2	 De�inition	 and	 Diagnosis	 of	 ObesityThe diagnosis of obesity is traditionally established by using body massindex (BMI). BMI is calculated by weight in kilograms divided by heightin meters squared (kg/m2). For adults, a healthy BMI ranges from 18.5to 24.99 kg/m2. Higher BMI values are categorized as overweight (BMIof 25.0 to <30.0 kg/m2), obesity grade 1 (BMI of 30.0 to <35.0 kg/m2),obesity grade 2 (BMI of 35.0 to <40.0 kg/m2), and obesity grade 3 (BMI



of ≥40 kg/m2). In children 2–18 years of age, BMI is adjusted for ageand sex, resulting in BMI standard deviation scores (BMI-SDS) thatalign with adult obesity categories. For children <2 years of age, WorldHealth Organization de�inition of obesity is de�ined by a weight-for-height SDS of 3.0 or above [6].While BMI provides an easy screening method with a highcorrelation to fat mass, it should be noted that it does not account forvariations fat distribution, muscle mass, and metabolic health. Recently,the Lancet Diabetes & Endocrinology Commission proposed a newdiagnostic framework [7]. To increase diagnostic accuracy, thiscommission advised to incorporate additional measures of body fat(distribution) to BMI, such as waist circumference or a directassessment for example by using a DEXA scan. For individuals with aBMI grade 3 (i.e., >40 kg/m2), excess adiposity can pragmatically beassumed without further con�irmation.Further, this report proposed to make a distinction between“preclinical” and “clinical” obesity. Clinical obesity is characterized byongoing organ dysfunction due to excess adiposity, and “preclinicalobesity,” is associated with elevated health risks. The commissionsuggests that the diagnosis of ‘clinical obesity’ requires evidence ofreduced organ or tissue function due to obesity (i.e., signs, symptoms,or diagnostic tests showing abnormalities in the function of one ormore tissue or organ systems) or substantial, age-adjusted limitationsof daily activities re�lecting the speci�ic effect of obesity on mobility andother basic activities of daily living (e.g., bathing, dressing, toileting,continence, and eating). The recommendations in this report are a startof an important conversation on how these will be conferred to clinicalpractice.
3	 Etiology	 of	 Obesity	 and	 Its	 Health	 BurdenObesity arises from a complex interplay of environmental, genetic,behavioral, and biological factors (Fig. 2). Environmental factors suchas high-calorie diets, rich in processed foods and sedentary lifestylesare primary drivers of obesity by dysregulating energy homeostasis.Genetic predisposition can in�luence appetite regulation, energyexpenditure, and fat storage. Excess caloric intake leads to adipocyte



hypertrophy and hyperplasia. Adipose tissue dysfunction triggerschronic low-grade in�lammation and hormonal imbalances thatcontribute to insulin resistance, dyslipidemia, and systemiccomplications such as cardiovascular disease. Thus, the accumulationof excess fat in obesity is associated with numerous health risks (Fig. 3).First, obesity is a disease in itself, leading to complaints of shortness ofbreath, tiredness, joint pain, reduced quality of life by impairingphysical activity, sleep, and mental health. Additionally, obesitysigni�icantly increases the risk of non-communicable diseases (NCDs)such as type 2 diabetes, cardiovascular disease, certain cancers, andmusculoskeletal disorders. These risks are exacerbated in higher bodymass index (BMI) categories, leading to a reduction in life expectancy.For instance, life expectancy is predicted to decrease by 8.1–10.3 yearsfor women and 5.6–7.6 years for men with obesity aged 20–29 years.Consequently, there is an urgent need for effective prevention andtreatment strategies to mitigate these health risks.



Fig.	2 Obesity is a wicked problem resulting from a complex interplay of environmental, genetic,behavioral, and biological factors



Fig.	3 Obesity complications. MASH metabolic dysfunction associated steato-hepatitis (formerlyNASH), eGFR glomerular �iltration rate, ADL activities of daily life, PCOS polycystic ovarysyndrome
4	 Individual	 Underlying	 Causes	 and
Contributing	 FactorsObesity typically has a multifactorial etiology, resulting from thecombined effects of environmental factors (the obesogenicenvironment), genetic predisposition, and lifestyle behaviors.Unhealthy lifestyle factors such as poor dietary habits, reduced physicalactivity, inadequate sleep, stress, and socioeconomic and culturalfactors, act together with genetic predisposition and environmentalfactors. Less common causes include weight-inducing medication,endocrine disorders, hypothalamic dysfunction and rare genetic obesitydisorders. Identifying potential underlying medical causes is crucial for



understanding obesity, reducing stigmatization, and providingpersonalized treatment advice. Recently the open access tool www. checkcausesobesi ty. com was launched, a digital open access tool,supporting health care professionals to identify potential underlyingcauses of obesity. This webtool contains a questionnaire that can be�illed in by a person with obesity. The results can be downloaded orprinted to be taken to their doctor or nurse specialist, providing anoverview of possible underlying causes and contributing factors to theobesity of this individual.
5	 Obesity	 TreatmentIndividuals with obesity should receive timely, evidence-basedtreatment aimed at improving clinical manifestations of obesity andpreventing progression to end-organ damage. The treatment of obesityhas evolved signi�icantly over the past few decades, from incorporatinga combination of lifestyle intervention, to pharmacotherapy andsurgical interventions [8].The cornerstone of obesity treatment is, and remains lifestyleinterventions, which consists of a multidisciplinary integrativeapproach aimed towards healthier lifestyle behaviors. These includedietary adjustments, increased physical activity, and behavioralcounseling to address psychological barriers to weight loss. Effectivedietary strategies often focus on reducing caloric intake, improvingnutritional quality, and promoting sustainable healthy eating habits.Physical activity recommendations typically include both aerobic andresistance exercises to enhance weight loss and improve metabolichealth. The impact of these lifestyle modi�ications extends beyondweight loss, promoting long-term health bene�its both physical andmental wellbeing. The ef�icacy of these interventions differs perindividual, acknowledging the unique needs and challenges faced byeach individual. Therefore, a personalized strategy has the best chanceto achieve sustainable lifestyle changes on long term. A weight loss of≥5% is associated with signi�icant improvements in cardiometabolicrisk factors. Weight loss targets should be de�ined individually based onclinical pro�iles, with progress measured in the context of healthoutcomes rather than weight loss alone.

http://www.checkcausesobesity.com/


Pharmacotherapy has become an increasingly importantcomponent of obesity management, particularly for individuals who donot achieve suf�icient weight loss through lifestyle modi�ications alone.Several medications have been approved for long-term use in obesitytreatment (Fig. 4).

Fig.	4 Lifestyle intervention, Pharmacotherapy and Metabolic surgery show variable effect onBMI% reduction in adults with obesity. (Figure licensed under CC-BY 4.0) Future therapies forobesity Article in Melson [8])Pharmacological interventions targeting that have proved to beeffective are GLP-1 Receptor agonists,: liratglutide, semaglutide,



tirzepatide, show signi�icant reduction of body weight (~5%, 10%,20%) by mimicking the gut hormone GLP-1, which regulates appetiteand food intake. Dual agonists, which are medications combiningdifferent mechanisms of action, such as phentermine-topiramate andnaltrexone-bupropion, or GLP-1ra and GIP offer additional options forpatients. Semaglutide and tirzepatide do not only promote weight lossbut also reduce cardiovascular risks (See Chapter 15 Anti-obesityPharmacotherapy for patients with genetic obesity).Surgical interventions. For patients with severe obesity or thosewho have not responded to other treatments, metabolic (bariatric)surgery can be highly effective (~ 35% weight loss). Although little isknow about the effect in patients with genetic obesity, procedures suchas gastric bypass or sleeve gastrectomy, have demonstrated substantialand sustained weight loss, along with improvements in obesity-relatedcomorbidities (See Chapter 16 Metabolic Bariatric Surgery).The landscape of obesity treatment continues to evolve withongoing research and development. Emerging therapies includeadvanced behavioral interventions and many novel pharmacologicalagents for obesity in the pipeline [REF]. The integration of personalizedmedicine, based on genetic and metabolic pro�iling, holds promise formore tailored and effective obesity treatments in the future.
6	 Future	 ChallengesObesity represents one of the biggest public health challenge of thetwenty-�irst century. Advances in understanding its pathophysiology,decrease stigmatization, rede�ine diagnostic criteria, and warrantsinnovative treatments [9]. However, addressing the root causes ofobesity requires prevention which needs a coordinated systemsapproach. Policy makers face signi�icant challenges when addressingthis topic. A “whole-of-society” approach involving governments,healthcare systems, industries, and communities is urgently needed totackle this epidemic effectively.In conclusion, the management of obesity requires acomprehensive, structured, multidisciplinary approach that combineslifestyle modi�ications, pharmacotherapy, and surgical interventions.Prevention and care with a deeper understanding of the underlying



pathogenicity of obesity and continued advancements in treatmentoptions will be crucial in addressing this global health challenge.
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1	 IntroductionIn 1956, Andrea Prader, Alexis Labhart and Heinrich Willi, were the�irst to describe a group of patients with the Prader-Willi phenotype[1]. Diagnostic criteria for PWS were developed, based on clinical�indings. In 1976, an abnormal karyotype with a 15/15 Robertsoniantranslocation, was found in a patient who was clinically diagnosed withPWS [2]. We now know that PWS is caused by the lack of expression ofthe paternally inherited genes of the PWS critical region, located onchromosome 15q11.2-q13 [3] (Fig. 1).
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Fig.	1 PWS-region on chromosome 15; yellow: paternally expressed genes; green: maternallyexpressed genes; black: non-imprinted genesCurrently, the estimated prevalence of PWS is 1 in 10.000-30.000births and affects both genders equally [4, 5].
2	 Aetiology	 and	 PathophysiologyPWS is categorized as a genomic imprinting disorder. Due to theprocess of genomic imprinting, genes are expressed in a parent-of-origin manner. Some genes are expressed from maternally inheritedchromosomes and others from paternally inherited chromosomes [6].In healthy subjects, the PWS region on the maternally inheritedchromosome 15 is silenced by imprinting. The PWS critical regioncontains multiple genes and the loss of expression of these genesresults in PWS [7] (Fig. 1).The PWS region spans several genes, namely MKRN3, MAGEL2, NDN,PWRN2, PWRN1, NPAP1, SNURF-SNRPN, and several non-coding smallnucleolar RNA genes; SNORD 107, 64, 108, 109A and B, 116, 115 andIPW [7].The imprinted domain at 15q11-13 contains two imprintingcentres, the PWS Imprinting Centre (PWS-IC), and the AngelmanImprinting Centre (AS-IC). The latter is implicated in the rareneurodevelopmental disorder Angelman syndrome, which is caused bythe absence of expression of the UBE3A gene. The PWS-IC is maternallymethylated and paternally unmethylated and located at the SNURF-SNRPN promotor/exon 1. The AS-IC does not have a parent-speci�icimprint and is located 31 kB centromeric to the PWS-IC [8]. The PWS-ICand AS-IC cooperate in regulating the epigenetic status and geneexpression at the locus [8].



2.1	 Molecular	 Genetics
2.1.1	 Deletion	(50–75%)The 15q11.2-q13 region is highly vulnerable to structuralrearrangements due to the presence of low-copy repeats (LCRs) in theregion [9, 10]. These LCRs also �lank the breakpoints of the deletions. Atype I deletion extends from breakpoint 1 (BP1) to breakpoint 3 (BP3),and includes imprinted genes in the PWS region as well as four non-imprinted genes. A type II deletions extends from BP2 to BP3 andincludes only the imprinted genes in the PWS region. (Fig. 1).
2.1.2	 Uniparental	Disomy	(20–44%)In patients with UPD(15)mat, the paternal chromosome 15 is missingentirely and both chromosomes are inherited from the mother. Thereare several mechanisms that can lead to a UPD, (1) gametecomplementation; (2) trisomic zygote rescue; (3) monosomic rescue;and (4) postzygotic errors, such as somatic recombination. Themechanisms can lead to either a heterodisomy, isodisomy, regions ofboth iso- and heterodisomy, and/or segmental disomy [11] (Fig. 2).

Fig.	2 Different mechanisms causing uniparental disomy, resulting in either heterodisomy,isodisomy or segmental disomy
2.1.3	 Imprinting	Defect	(<5%)



Most imprinting defects result from epigenetic causes (epimutations)without any DNA sequence changes [3] (see Chapter “MethylationAnalysis in Diagnostics; the Episignature”). The imprinting defects arethought to be random errors in the imprinting process or in earlyembryogenesis [12]. A small number of patients with an imprintingdefect have a very small deletion in the PWS-IC region.PWS is usually a de	 novo disorder. However, familial cases can occurin imprinting defects when the deletion is inherited from the unaffectedfather with a deletion on his maternally inherited chromosome 15 [13](Fig. 3).

Fig.	3 Example of a family with a pathogenetic variant in the PWS critical region, showing PWSdue to paternal transmission of the variant
2.2	 Genotype-Phenotype	 CorrelationPWS patients with deletions, speci�ically atypical deletions (differentfrom the typical type I and type II deletion), have been studied toattempt to gain insight into phenotype-genotype correlations. Severalcase reports have suggested that disruptions of the SNORD-116 genecause the primary characteristics of the PWS phenotype [14–19].Patients with only a small SNURF-SNPRN deletion [20–22] or pointmutation [23, 24] can also present with a PWS phenotype. Thesepatients do however usually present with an ‘incomplete’ phenotype,lacking core symptoms, such as short stature and hypotonia in infancy.There are no features of the PWS phenotype known to occurexclusively in either one of the genetic subgroups. Particularly, obesityand hyperphagia occurs equally across the genetic subgroups. Some



studies have found, however, that some features are more common inpatients with either a deletion or UPD(15)mat. Post-term delivery,higher verbal IQ, psychosis and the occurrence of an autism spectrumdisorder are more common in patients with a UPD(15)mat [25, 26].Patients with deletions have a higher occurence of hypopigmentation,sleep disturbances, feeding problems, and speech and language de�icits[27].
3	 Molecular	 DiagnosisMost cases of Prader-Willi syndrome (>99%) can be easily identi�ied byDNA methylation analysis through methylation-speci�ic multiplexligation-dependent probe ampli�ication (MS-MLPA) (see Chapter“Methylation Analysis in Diagnostics; the Episignature”). With thistechnique, a maternal-only imprint at the PWS locus will be identi�ied,con�irming the clinical diagnosis. It can also assess the approximatesize of a deletion and distinguish between a type 1 and 2 deletion [7].Often, it can also identify mosaicism. However, it can not distinguishUPD(15)mat from an imprinting defect caused by an epimutation.It is generally advised to perform a SNP-array as well, to determinethe exact size of the deletion or to identify a UPD(15)mat due toisodisomy. In patients with an abnormal MS-MLPA of the locus, withouta deletion, a SNP-array of both the patient and parents is recommendedto identify an epigentic imprinting defect, or a UPD(15)mat due toheterodisomy (Fig. 4).



Fig.	4 Molecular analyses in children with a Prader-Willi phenotypeAlternative diagnostic methods would include multilocusmethylation test, which includes detection of other imprintingdisorders as well, such as Silver-Russell syndrome and Templesyndrome (see Chapter “Methylation Analysis in Diagnostics; theEpisignature”).
4	 Clinical	 PresentationProviding that diagnostic testing is available, Prader-Willi syndrome isusually already diagnosed during infancy. Occurrence of hypotonia and



subsequent neonatal feeding problems, possibly together with small forgestational age (SGA) birth and cryptorchidism in boys, is often themain reason for targeted PWS diagnostics. Thus, when comparingchildren with PWS, the clinical presentation during infancy is oftencomparable. However, when the children become older, the phenotypediverges and leads to a spectrum of clinical features. At the age ofapproximately 2 years, appetite often increases, leading to hyperphagialater in childhood. During childhood and adulthood, the phenotype ofPWS varies signi�icantly between individuals. Taking this into account,we will describe the most common clinical features of PWS, which aremostly caused by hypothalamic dysfunction.
5	 Features	 and	 TreatmentMany features of Prader-Willi syndrome are related to hypothalamicdysfunction. For example hyperphagia, disturbed temperatureregulation and sleeping problems. Also various pituitary endocrinede�iciencies can be present.
5.1	 Dysmorphic	 FeaturesPrader-Willi syndrome is characterized by speci�ic facial features. Holmet al. published guidelines in 1993 for clinical diagnosis of PWS anddescribed the “typical facies” of PWS: dolichocephaly (long, narrowskull shape) during infancy, a narrow face with narrow forehead,almond shaped eyes, and a small, downturned mouth with a thin upperlip [28]. Hypopigmentation (fair hair and blue eyes) has beenfrequently observed in PWS patients with a paternal deletion [29].Furthermore, patients with PWS often have small hands and feet.
5.2	 Appetite	 DysregulationHyperphagia is one of the most distinctive features of PWS, and occursin 64% of Prader-willi patients [30]. At this moment, hyperphagia inPWS is not fully understood. It is thought to be caused by severalmechanisms, such as hypothalamic abnormality, altered orbitofrontalcortex responses, abnormal brain reward system activity, and abnormallevels of ghrelin and oxytocin [31]. The characteristic course of eatingbehaviour and appetite in PWS has been previously described using



different nutritional phases [32]. Starting with a period with failure tothrive after birth because of feeding dif�iculties, followed by periodewith normal growth and without feeding problems. After this, aroundthe age of 18-36 months, children start to gain excessive body weightwithout a particular interest in food or increase in calorie intake.Thereafter, appetite increases abnormally and turns into a state ofhyperphagia [32].At this moment several studies are being (and have been)performed with regard to hyperphagia treatment. Currently there is noconsistent treatment regime, other than behavioural treatment of theindividual with PWS, and offering advice to the caregivers on, forexample, a structured daily routine.
5.3	 ObesityObesity and its complications are the most common causes ofmorbidity and mortality in PWS. Obesity is often the consequence ofhyperphagia, however other features of PWS, such as hypotonia,behavioural issues and related medication, reduced energyexpenditure, and scoliosis can also play a role. Furthermore, bodycomposition is often altered in PWS, with patients having increasedadiposity and reduced muscle mass, independent of the presence ofobesity. Although growth hormone treatment improves bodycomposition, (abdominal) adiposity remains present. Usually, at time ofdiagnosis, obesity is not yet present. As PWS is currently oftendiagnosed during infancy and hyperphagia and subsequent obesitytypically occurs at a later age.Optimal lifestyle intervention and multidisciplinary care includingpsychological/parental guidance, also with regard to eating behaviour,is essential to prevent obesity-related comorbidities. Early diagnosis ofPrader-Willi syndrome leads to appropriate intervention and guidanceat a younger age, which causes obesity to develop at a later age [33].
5.4	 Development/Cognitive	 ImpairmentPatients with PWS usually have a mild intellectual disability with an IQranging approximately between 60 and 70 [34]. Part of the patientswith PWS has an IQ in the lower-normal range. However, also with aborderline disability or low-normal intelligence, the authors’



experience is that patients with PWS often struggle to �inish regulareducation, for example due to their impaired socio-emotionaldevelopment and/or a disharmonic intelligence pro�ile.
5.5	 Behaviour	 and	 Socio-emotional	 DevelopmentPatients with PWS often have a similar behavioural pro�ile, includingautistic features with cognitive rigidity, behavioural outburst, anxiety,skin-picking and obsessive compulsive behaviour. The challengingbehaviour in PWS centers mainly around hyperphagia and early(dietary) intervention. Clear agreements about food in and outside ofthe home, can be helpful for management of food related behavioursthroughout life.Furthermore, there is an increased risk for psychosis, which usuallybecomes evident in young adulthood, especially In those who have aUPD(15)mat as the underlying cause of PWS. In case of suddenbehavioural changes without a clear substrate, one should be aware ofthe possibility of psychosis.
5.6	 Neurologic	 and	 Neuromuscular	 Symptoms
5.6.1	 HypotoniaOne of the main features of PWS is neonatal hypotonia. This is one ofthe most important causes of motor developmental delay. Furthermore,most of the infants have feeding problems requiring tube feeding,because of poor sucking as a result of hypotonia [35]. Usually, physicaltherapy is already started at a young age to increase muscle mass.Growth hormone treatment also increases muscle mass and issubsequently thought to improve motor development in PWS.
5.6.2	 Sleep	DisordersCircadian rhythm abnormalities often result in sleeping problems inPWS, which is thought to be caused by hypothalamic dysfunction.Furthermore, patients with PWS have increased risk for narcolepsywith or without cataplexy [36]. Sleep-disordered breathing is moreprevalent in PWS. Including both central- and obstructive sleep apnea,with central sleep apnea mainly being present in infancy. This oftenresults in tiredness during the day, which is already commont in PWS,independent of sleep apnea.



As sleep disorders have a great impact on daily functioning, medicalhistory with regard to sleep and fatigue during the day, should bereviewed frequently and overnight polysomnography (PSG) should beperformed if needed, in order to evaluate the presence ofhypoventilation and/or central—or obstructive apnoea. Growthhormone treatment is regarded safe, but surveillance for obstructivesleep anoea is important, and adenotonsillectomiy is sometimesindicated before start or during growth hormone treatment [37].
5.6.3	 EpilepsyIn Prader-Willi syndrome, seizures occur more often than in childrenwithout PWS, mainly during childhood. Epilepsy in PWS is oftentransient. Some children do need anti-epileptic medication.
5.7	 Endocrine	 De�iciencies
5.7.1	 Growth	Hormone	De�iciencySome features of subjects with PWS resemble those seen in growthhormone de�iciency, and growth hormone treatment partly resolvesthese issues. Previous studies have shown an increased prevalence ofreduced growth hormone response to stimulation tests, as well as lowIGF-1 levels and low free IGF-1 levels [38]. However, after reaching �inalheight, the prevalence of growth hormone de�iciency is low [39].Nonetheless, growth hormone treatment is bene�icial for childrenand adults with PWS, as it improves body composition, lineair growth,physical strength and cognitive function. Therefore, treatment withgrowth hormone is strongly advised to patients with PWS, regardless ofpresence of growth hormone de�iciency. According to expert opinion,prevalence of obesity in PWS has decreased considerably the lastdecades as a result of growth hormone treatment, in addition to themultidisciplinary care [40] (Fig. 5).



Fig.	5 Multidisciplinary care, early diagnosis [33] and pharmacological treatment lead to decreasein prevalence of obesity in PWS
5.7.2	 Pubertal	Development	and	HypogonadismPrevious research showed that almost all males and a large proportionof females with PWS, have hypogonadism at an adult age [41, 42].Hypogonadism is therefore one of the main features of PWS. This isalready apparent in male infants, who often have cryptorchidism atbirth. Furthermore, sexual maturation usually starts at a normal age inboys with PWS, but in most cases it stops in early to mid-puberty [43].Girls with PWS also have insuf�icient sexual maturation, although it isclinically les obvious as many cases do have breast development, partlybecause of the aromatization of androgens in the fat tissue [44, 45].However, spontaneous menarche and regular periods in females withPWS are rare [44].



Because of stagnation of puberty progression in both boys and girls,they do not reach a suf�icient blood level of sex hormones. Sex hormonesubstitution is highly relevant and important for the overall health andquality of life. It is essential to prevent osteopenia and osteoporosis,lower the risk for cardiovascular diseases and it improves bodycomposition, energy level and general wellbeing [46]. All these aspectsare in particular important in patients with PWS, who are already atincreased risk for osteoporosis [47] and cardiovascular disease, andalmost all have pre-existing hypotonia and fatigue.In contrast with hypogonadism in later childhood, some childrenwith PWS have precocious puberty and many have prematureadrenarche [48].
5.7.3	 HypothyroidismCentral hypothyroidism has been described in patients with PWS.Furthermore, some patients have a mild and transient centralhypothyreoidism during early childhood. Thyroid hormone suppletionis not always necessary in these cases as the hypothyreoidism oftenspontaneously resolves. Growth hormone use is a possible contributorto this �inding. Many patients with PWS use growth hormonetreatment, and growth hormone might interact with the thyroidhormone axis. Some studies reported low fT4 levels in growth hormonetreated children with PWS [49]. Because of the possibility of centralhypothyreoidism and additional effects of growth hormone treatment,thyroid function should be monitored in all patients with PWS, with orwithout growth hormone treatment.
5.7.4	 Adrenal	Insuf�iciencyCentral Adrenal Insuf�iciency (CAI) has been described in patients withPWS, in particular during childhood. This could be an explanation forthe described increased prevalence of sudden and unexpected deaths,and clinical deterioration in case of mild viral infections in childrenwith PWS. Complete adrenal insuf�iciency is very rare, also in PWS, andchildren usually do not need daily treatment with corticosteroids. CAIhas been described during acute stress, and data suggests that childrenwith PWS have a delayed stress response, indicating that in somepatients stress dosing with corticosteroids is bene�icial [50]. Therefore,



clinical symptoms should be evaluated and hypothalamic-pituitary-adrenal axis testing and/or corticosteroids stress dosing should beconsidered in children with PWS, in particular in cases of severe illnessor during surgery and anesthesia. In contrast, in adults with PWS, CAIseems to bo very rare [51]. This suggests that there could be acomponent of delayed maturation of the hypothalamic-pituitary-adrenal axis in PWS.
5.8	 Orthopedic	 ManifestationsThe majority of patients with PWS develops scoliosis, which might beeven more frequent in patients with a paternal deletion than a mUPD[52]. Repeated imaging is therefore necessary during growth inchildhood in order to monitor progression of scoliosis. Physical therapycan be initiated and in more severe cases a corset or surgery can beindicated. Studies have shown that scoliosis in PWS is not related togrowth hormone therapy [53, 54].Also, hip dysplasia occurs more often in patients with PWS.Therefore, there should be a low threshold to perform imaging whenhip dysplasia is suspected.
5.8.1	 GastrointestinalPatients with PWS can have disordered pharyngeal and oesophagealswallowing. Furthermore, gastric emptying is often delayed andvomiting is rare. This, together with hyperphagia, can lead toabdominal distention and other gastro-intestinal problems, which caneven be life-threatening [55].
5.8.2	 Other	SymptomsPhysical illness can be masked in patients with PWS, because of anincreased pain threshold, absence of fever (because of temperaturedysregulation), and/or inability to vomit due to hypotonia [56]. This isimportant to consider when examining a patient with PWS.Patients with PWS can have ophthalmologic manifestations, inparticular strabismus, but myopia and hyperopia are also common.
6	 Differential	 Diagnosis



Prader-Willi syndrome is often diagnosed relatively early, because of itssymptoms during infancy. However, some conditions show overlap withthe features of Prader-Willi syndrome, these conditions are oftenlabelled as ‘Prader-Willi-like’ or as part of the ‘Prader-Willi spectrum’[57]. These patients have, for example developmental delay/intellectualdisability, speech problems, overweight/obesity, hypotonia andpsychobehavioural problems.The most common genetic causes of a Prader-Will-like phenotypeare: Temple syndrome, Schaaf-Yang syndrome, and PHIPsyndrome/Chung-Jansen syndrome [57].
7	 Follow-Up	 AdvicesSurveillance of patients consists of a multidisciplinary approach, withparticular focus on supporting a healthy and structured lifestyle, withfor example involvement of a dietician, psychologist, physiotherapist,endocrinologist, neurologist, geneticist, ENT specialist, ophthalmologistand an ortopedist. (Fig. 5) Growth hormone suppletion is advised, inparticular because of bene�icial metabolic effects, and substitution ofother hormones is prescribed on indication.
8	 Family	 ScreeningIn the majority of PWS patients the underlying genetic cause developed
de	 novo with a recurrence risk of less than 1% [7]. There are, however,underlying mechanisms that involve a signi�icant recurrence risk. Forexample, if the patient has an imprinting defect, caused by a pointmutation, it could be inherited from the unaffected father, which wouldresult in a recurrence risk of 50%. The recurrence risk assessmenttherefore starts with determining the underlying genetic mechanism ofPWS in the patient and should be followed by parental testing to assessthe presence of an underlying genetic alteration in the parents, such asa balanced translocation or an imprinting center mutation.
Take	 Home	 MessagePrader-Willi syndrome is characterized by distinct dysmorphicfeatures in early life, such as muscular hypotonia and neonatal



feeding dif�iculties often requiring nasal tube feeding. Because of thenew genetic techniques that are directly available in the neonatalperiod, diagnosis is usually genetically con�irmed in infancy. Andbecause of the course of the symptoms with hyperphagia not beingpresent during infancy/early childhood, obesity is rarely the mainfeature in �irst presentation.From around the age of 2 onwards, children with PWS oftenpresent with increased appetite and in a later stage hyperphagia,neurobehavioral problems and mild to moderate cognitiveimpairement. Furthermore, hypothalamic dysregulation can result inendocrine de�icits, such as growth hormone de�iciency,hypothyroidism, hypogonadism, and adrenal insuf�iciency. Otherfrequent symptoms are, for example, temperature dysregulation, earinfections, dental problems, gastro-intestinal complaints, scoliosisand strabismus.Many of the symptoms can be attributed to hypothalamicdysfunction. Growth hormone suppletion is an important part oftreatment strategy. Furthermore, multidisciplinary follow-up isessential, with particular focus on supporting a healthy andstructured lifestyle. With this treatment strategy, together withavailability of early genetic diagnostic techniques and subsequentearly diagnosis and start of treatment, progress has been made toimprove body composition of patients with PWS.
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1	 IntroductionChung-Jansen syndrome (CHUJANS), also known as PHIP-relateddisorder is a rare genetic disorder caused by haploinsuf�iciency of thePleckstrin Homology domain Interacting Protein (PHIP). The PHIP geneis located on chromosome 6q14. The syndrome was �irst identi�ied inthe 2016. Patients mainly present with developmental delay, learning
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dif�iculties or intellectual disability, behavioral abnormalities, obesityand typical facial features. In 2022, only 67 patients with CHUJANS havebeen described in the literature [1]. It is likely that the actual number ofpatients is higher than currently reported. At our outpatient clinic inthe Amsterdam UMC, we have seen about 30 patients with CHUJANS.
2	 Aetiology	 and	 PathophysiologyHeterozygous pathogenic PHIP variants cause CHUJANS. The PHIP geneencodes through alternative splicing for the PHIP protein and neuronaldifferentiation-related protein. Their function is linked toneurodevelopment processes. Reported PHIP alterations encompass aspectrum of variants, including truncating variants, missensesubstitutions, splice variants, and larger deletions. There appears to beno clear clustering of variants or speci�ic hotspots for pathogenicvariants [2]. Although, many of the reported missense variants arelocated in the WD40 repeat regions of the PHIP gene [3].CHUJANS has an autosomal dominant inheritance pattern. Thevariant often occurs de	 novo in the patient, but there are several familialcases known and mosaicism has been described [3].
2.1	 ObesityIn cellular experiments, it was shown that PHIP regulatesproopiomelanocortin (POMC) transcription. Rare loss-of-functionvariants in PHIP showed a decrease of POMC transcription. For somevariants, the POMC transcription was shown to be rescuable by leptinstimulation, suggesting a potential therapeutic target [4].
3	 Clinical	 PresentationCHUJANS is usually diagnosed in children with developmental delay.Patients can also initially present with obesity when the learningproblems are mild. The clinical characteristics are summarized in Table1. The largest published cohort included 47 patients, with a median ageof 10.9 years (youngest 5 months; oldest 43.7 years old) [3].
Table	1 Some of the clinical characteristics of Chung-Jansen syndrome reported in three larger



cohort studies [1, 3, 5]
Feature Reported

frequency
(n	 =	 47)	 [3]

Reported
frequency
(n	 =	 23)	 [5]

Reported
frequency
(n	 =	 23)	 [1]

Developmental	 delay 85.1% 100% 95.7%
Overweight/obesity 55.8% 74% 69.6%
Behavioral	 challenges	 (such	 as
ADHD,	 autism,	 anxiety	 and
depression)

70.2% 78% 87%
Sleep	 issues 42.6% 18% 26.1%
Constipation 48.9% 8% 34.8%
Gastroesophageal	 re�lux	 disease 23.4% 4.3% Unknown
Hypotonia 78.7% 26% 34.8%
Cryptorchidism 39.1% 27.3% 26.1%
Asthma/reactive	 airway	 disease 27.7% Unknown Unknown
Urinary	 tract	 infection 29.8% 4.3% 4.3%
Visual	 problems 66% 65% 47.8%
Hearing	 problems 12.8% Unknown Unknown
Physical	 features,	 e.g.:    
 Scoliosis 25.5% 4.3% Unknown
 Clinodactyly	 (of	 the	 5th	 �inger) 14.9% 64% 30.4%
 Syndactyly 14.9% 30% 26.1%
3.1	 ObesityThe prevalence of obesity in CHUJANS differs in the published cohorts,partly dependent on age. Birth weight is usually normal. About half ofthe patients have initial feeding problems. Overweight or obesity isreported in approximately 60% of the patients (all ages together) [3].The onset of obesity is before the age of 8 years old in about half of thecases [1], but starts at a later age as well [3]. Obesity appears to bemore prominent in older individuals. Hyperphagia without obesity canalso be seen in childhood.
3.2	 Behavior



Behavioral challenges are a notable and impactful aspect of CHUJANS.The behavioral problems occur in both childhood and adulthood andare diverse. Many patients are diagnosed with autism spectrumdisorder or attention de�icit hyperactivity disorder. Anxiety occurs inaround 50% of the patients and depression in almost 30%. Depressionis more common in patients who are overweight or have obesity [3].
3.3	 Hearing	 and	 VisionSensory processing problems are reported in many patients withCHUJANS. Visual problems are diverse but mostly relatively mild. Thecommon visual problems are myopia, hyperopia, strabismus,amblyopia, and astigmatism. Frequent ear-nose-throat problemsinclude otitis media and in�lamed tonsils and adenoids [3]. Hearingproblems (usually conductive hearing loss) already start at a young ageand occur in 12.8% of the patients [3].
3.4	 Neurological	 ProblemsIn the largest cohort study to date, hypotonia is present in the majority(80%) of patients, which is a higher frequency compared to the smallercohort studies (approximately 30%). Other neurological problems areless frequent but could involve uncoordinated movements, hypertonia,tics or seizures [3].
3.5	 Other	 CharacteristicsApproximately 40% of patients experience sleep issues [3].Constipation (48.9%), gastroesophageal re�lux disease (23.4%),asthma/reactive airway disease (27.7%), urinary tract infection(29.8%) and cryptorchidism (39.1%) can occur. Other features havebeen described in fewer patients: hypothyroidism (2.1%), heart defects(4.3%; e.g. ventricular septal defect) and renal involvement (horseshoekidney, unilateral kidney, small kidneys) [3, 6].
3.6	 Dysmorphic	 FeaturesCHUJANS has a distinct associated facial gestalt [7]. The mostcharacteristic facial features are large ears and earlobes, prominenteyebrows, and anteverted nares. A round face, short nose with broadnasal tip, long philtrum, and deep-set eyes is also observed in the



majority of cases. Scoliosis is seen in about a quarter of patients [3].Syndactyly (29%) and clinodactyly of the �ifth �inger have beenreported as well [8].
3.7	 CaseA 42-year-old man was referred to the obesity genetics clinic with thesuspicion of a genetic obesity disorder. He was born at 36 weeks ofgestation after un eventful pregnancy with a birth weight of 2400grams (p10–p50). There was no history of neonatal feeding problems.His development was delayed: to stimulate motor development, he hadreceived physiotherapy at the age of 10 months, after which hisdevelopment progressed. He was able to walk at approximately14 months of age. He learned to read and write, but later than average.He followed special education, where he was diagnosed with PervasiveDevelopmental Disorder-Not Otherwise Speci�ied. There were nofurther behavioral problems. He underwent surgery forcryptorchidism. Now, at an adult age, he works as a waiter. His motorskills are not impaired although he is still a bit clumsy. His hearing isimpaired (perceptual hearing loss) due to recurrent otitis mediainfections. He wears glasses (mild myopia) but has no other eyeproblems. Because of constipation he sometimes uses high-�ibersachets. Until the age of 12 years he was slim, but since then his weightincreased and he became obese. He has an increase appetite sincechildhood and ate the food of his siblings if they did not like it. At themoment he still suffers from hyperphagia; he can continue to eat unlesshe is stopped. He also sometimes binge-eats without an apparentreason. The increased weight caused comorbidities such ashypertension, dyslipidemia and sleep apnea. There are no people in thefamily with an intellectual disability or childhood onset obesity.On physical examination, his height was 180.5 cm (−0.5 SD), weight110.6 kg, BMI 34 kg/m2 (+3.3 SD) and head circumference 56,0 cm (−1SD). Apart from his truncal obesity, he has upslanted palpebral �issure,synophrys, attached earlobes, thin upper lip, dorsocervical fat pad,some breast development (mostly fat tissue) and cubitus valgus of theelbows (Fig. 1).



Fig.	1 Photographs of the patient: upslanted palpebral �issure, synophrys, attached earlobes, thinupper lip, dorsocervical fat padGenetic testing in the patient showed a heterozygous likelypathogenic PHIP variant ((Chr6: NM_017934.7) c.4159_4162del p.(Leu1387Phefs*19)). His mother’s DNA was analysed and the PHIPvariant was not identi�ied. His father is not tested, but it was suspectedthat he did not have the same variant since he did not have a similarphenotype.
Genotype-Phenotype	 CorrelationNo clear genotype-phenotype correlation is described for CHUJANS.There is intra- and interfamilial phenotypic variability.
4	 Clinical	 and	 Molecular	 Diagnosis



The diagnosis CHUJANS can be con�irmed by identi�ication of aheterozygous (likely) pathogenic variant in the PHIP gene. There are noof�icial diagnostic criteria established for a clinical diagnosis. Patientsare often diagnosed via broad genetic tests such as whole exome orgenome sequencing or episignature testing. In the Amsterdam UMC aNext-Generation Sequencing (NGS) based obesity gene panel isavailable which includes the PHIP gene. When there is a high suspicionof CHUJANS, one could also order a single-gene analysis of PHIP.
4.1	 Episignature	 TestingEpisignature testing for CHUJANS is also offered as a diagnostic test inhet laboratory of the Amsterdam UMC. This test can help con�irm a highsuspicion of CHUJANS in patients where no DNA variant in PHIP wasfound. Episignature analysis can also be helpful to classify variants ofunknown signi�icance in the PHIP gene. In particular when themethylation pattern �its the suspicion for CHUJANS it can help furtherinterpret these unknown variants and strengthen a clinical diagnosis.CHUJANS has an overlapping episignature with Borjeson-Forssman-Lehmann syndrome (PHF6 gene) and White-Kernohan syndrome(DBB1 gene) [9]. Therefore, to de�initively con�irm CHUJANS a (likely)pathogenic DNA variant in het PHIP gene has to be located.
5	 Differential	 DiagnosisThere are many syndromic forms of obesity that share overlappingfeatures with CHUJANS. For many patients, Prader-Willi syndrome isconsidered as a differential diagnosis [1], but severe neonatalhypotonia is reported less frequently in patients with CHUJANS [1].Other important diagnoses to consider are Borjeson-Forssman-Lehmann syndrome and White-Kernohan syndrome, as these geneticobesity disorders have similar features as well as overlappingmethylation signatures [9]. Cornelia de Lange syndrome also has someoverlapping characteristics such as prominent eyebrows. The otherstriking Cornelia de Lange syndrome features (skeletal anomalies,severe intellectual de�iciency) are however lacking in CHUJANS [10].



6	 Therapy	 and	 Follow-Up	 AdviceAt the moment, there is no speci�ic cure for CHUJANS and no formalguideline for the syndrome exists.There are also no speci�ic guidelines for obesity treatment inCHUJANS syndrome. Management is done according to standardguidelines for obesity. However, because of the syndromic aspects,patients need a tailored program to support their combined lifestyleintervention by a multidisciplinary team with speci�ic expertise onhyperphagia and intellectual de�icit. The effect of untargeted obesitypharmacotherapy is unknown for CHUJANS. Preliminary results of aphase 2 clinical trial with MC4R-agonist Setmelanotide show that over50% of the patients achieved a BMI reduction greater than 5% [RhythmPharmaceuticals Announces Updates on MC4R Pathway Programs atR&D Event | Rhythm Pharmaceuticals, Inc. (rhythmtx. com)].Doctors should be aware of weight gain when prescribingpsychotropic medications such as anti-epileptic or anti-depressivedrugs. This is particularly important for people with CHUJANS who arealready at a signi�icantly increased risk of developing obesity.Further management of this syndrome should be tailored to eachindividual case, although general concepts e.g. for people withintellectual disabilities can be applied. Often speech and/or physicaltherapy is required. The behavioral problems can requireneuropsychological / psychiatric evaluation. Because of visualproblems in ~65% of the patients, we recommend ophthalmologicalsurveillance for CHUJANS patients [3].
7	 Family	 ScreeningParents of an index with a (likely) pathogenic variant in PHIP areoffered testing. Since most cases of CHUJANS are de	 novo, further familyscreening is often not necessary. The chance of the parents havinganother child with CHUJANS, when their child has a de	 novo variant, issmall, but a bit higher than the population risk due to the change ofgermline mosaicism (the presence of a pathogenic variant in only theovaries or testes of a parent). Since CHUJANS is an autosomal dominant
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condition, affected individuals with a proven molecular diagnosis havea 50% chance of passing the PHIP variant on to their children.
Take	 Home	 MessageChung-Jansen syndrome (CHUJANS) is an autosomal dominantobesity disorderIt is caused by a heterozygous genetic defect in the PHIP geneThe main characteristics are developmental delay, behavioralproblems, obesity and hypotoniaFacial features include large earlobes and prominent eyebrowsFor obesity treatment, patients need a tailored program forcombined lifestyle intervention supported by a multidisciplinaryteam with speci�ic expertise on hyperphagia and intellectualde�icit. The effect of untargeted obesity pharmacotherapy orbariatric surgery is currently unknown.An Episignature analysis can further interpret variants ofuncertain signi�icance in the PHIP gene to con�irm a clinicaldiagnosis
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1	 IntroductionThe 16p11.2 chromosomal region is a hotspot of genetic variation.Within this region, both deletions and duplications are regularly seen.They are associated with diverse neurodevelopmental and psychiatricproblems. The deletions and duplications also lead to contrastingclinical phenotypes, often referred to as a “mirror phenotype”.Deletions of 16p11.2 have been linked to increased frequency ofmacrocephaly, whereas individuals with the duplication more often
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have microcephaly. Another striking aspect of this mirror phenotype isthe impact on body weight. Individuals with 16p11.2 deletions aremore likely to have obesity and associated metabolic concerns, such asinsulin resistance. In contrast, individuals with 16p11.2 duplicationstend to be underweight.Recurrent chromosome 16p11.2 deletions are among the mostcommon genetic causes of neurodevelopmental problems and obesity.The most frequently reported recurrent 16p11.2 deletion subtypes arethe ‘typical’ 16p11.2 BP4-BP5 and ‘distal’ 16p11.2 BP2-BP3 deletions,see Fig. 1, with population prevalence estimates of 1/2000 and 1/4100,respectively [1, 2].

Fig.	1 An overview of chromosome 16. Part of the 16p11.2 region is shown in more detail and themost common deletions of this region, the typical 16p11.2 BP4-BP5 deletion and the distal16p11.2 BP2-BP3 deletion, are depicted, together with their breakpoints. (Figure adapted fromVos et al. [3])
2	 Molecular	 MechanismsThe chromosome 16p11.2 region consists of low-copy repeats (LCR).Misalignment of these LCRs can lead to non-allelic homologousrecombination and so recurrent deletions and duplications can occur[4], Fig. 2.



Fig.	2 An illustration of the biological mechanism that can result in 16p11.2 deletions and16p11.2 duplications. (Credit: Figure made by Lotte Kleinendorst)The ‘typical’ 16p11.2 deletion (OMIM #611913) affects thebreakpoint 4–5 (BP4-BP5) ~29.6–30.2 Mb (size ~600 kb; referencegenome GRCh37/hg19) region of chromosome 16 and comprises 25–30 genes. Typical 16p11.2 BP4-BP5 deletions occur de	 novo in ~70–93% of cases [5–7].The ‘distal’ 16p11.2 deletion (OMIM #613444) affects the BP2-BP3 ~ 28.8–29 Mb (~220 kb; reference genome GRCh37/hg19) regionof chromosome 16 and comprises 9 genes. Distal 16p11.2 BP2-BP3deletions occur de	 novo in ~33% of cases [2, 5, 8]. Additionally, varioustypical and distal 16p11.2 region overlapping deletions have beenreported [9].
2.1	 SH2B1Some genes in these typical and distal 16p11.2 regions have beenlinked to speci�ic clinical features.



The SH2B1 gene is particularly noteworthy in the context of geneticobesity. It encodes the SH2B adapter protein 1, which plays a role in theregulation of energy balance and body weight. This gene is implicatedin the control of appetite, metabolism, and insulin signaling. SH2B1serves as an adapter protein that interacts with various signalingmolecules involved in metabolic pathways, including those triggered byleptin. Patients with single nucleotide variants in SH2B1 have beenshown to present with obesity and severe insulin resistance [10, 11].
3	 Clinical	 PresentationThe amount and severity of clinical features varies between individualswith 16p11.2 deletion, even within the same family. This is important tokeep in mind in consultation, especially of young children whoseparents might wonder what the developmental and overall clinicaloutlook is. The observed clinical heterogeneity requires a personalizedapproach for all individuals with 16p11.2 deletion, see 5.6	 Therapy	 and
follow-up. Most is currently known about the clinical presentation ofindividuals with a typical 16p11.2 BP4-BP5 deletion.
3.1	 Typical	 16p11.2	 BP4-BP5	 Deletion
3.1.1	 Perinatal	PeriodThe �irst reported typical 16p11.2 BP4-BP5 deletion case, in 2002, hadintra-uterine growth retardation and multiple severe congenitalanomalies (cardiovascular, skeletal, genitourinary and ocular), as wellas dysmorphic features [12]. Ever since, severe congenital anomalieshave rarely been reported and pregnancy is typically uneventful. Incomparison to the general population, however, there is an increasedrate of congenital anomalies. Vertebral anomalies are most frequent(20%) and can lead to scoliosis later in life [5, 13]. Various congenitalcardiac (6%), urogenital (8%) and other malformations have beenreported with low frequencies [13]. Neonatal feeding problems (34%)and neonatal hypotonia (12%) are seen in part of individuals withtypical 16p11.2 BP4-BP5 deletion in our own cohort [3].
3.1.2	 Neurodevelopmental	and	Psychiatric	Features



Developmental milestones are typically delayed. The majority (80–90%) of individuals with typical 16p11.2 BP4-BP5 deletion has adelayed speech and/or language development. Half of individuals withthis deletion have motor dif�iculties [5, 13, 14]. Hypotonia, incombination with hypermobility and clumsiness, likely contribute tothis [5, 15].Large differences in school performance and full-scale IQ (FSIQ) areseen. Overall, a ~26.8 point lower FSIQ compared to familial controls isreported for individuals with typical 16p11.2 BP4-BP5 deletion(average FSIQ ~82.5) [5, 14]. IQ pro�iles are often disharmonic andverbal IQ is typically lower than non-verbal IQ [14, 16]. Intellectualdisability (ID) is reported in 20–30% of individuals with typical16p11.2 BP4-BP5 deletion [7, 13].Autistic features are common and approximately 20–25% ofindividuals with this deletion are of�icially diagnosed with autismspectrum disorder (ASD). Attention De�icit Hyperactive Disorder(ADHD) is seen in a similar percentage (30%) of cases [7]. Otherbehavioral and psychiatric symptoms, like anxiety, obsessivecompulsive disorder (OCD), tics and mood disorders have also beendescribed, yet less frequently [7]. Currently ongoing large mental healthstudies will provide more detailed information on development andmental health of cases with typical 16p11.2 BP4-BP5 deletionsyndrome.Epilepsy is reported in 16–24% of cases, of which half areconsidered benign infantile epilepsy [5] and absence epilepsy isreported in 33% [15]. Even though limited information is available incurrent literature, individuals with typical 16p11.2 BP4-BP5 deletionseem to have a higher risk of sleep disturbances than the generalpopulation [17]. In our own clinical cohort, there is a lower prevalenceof epilepsy (10%) and sleep problems are reported in 32% [3].
3.1.3	 Weight	and	GrowthObesity, often the result of hyperphagia or eating in the absence ofhunger, impacts both mental and physical health and is one of thecardinal features of typical 16p11.2 BP4-BP5 deletion syndrome [18,19]. The combination with the aforementioned neurocognitiveproblems, can further complicate obesity treatment. Onset of obesity is



typically early in childhood. The typical 16p11.2 BP4-BP5 deletioncases’ risk of developing obesity is estimated to be 43 times higher thannon-carriers [13, 20]. Eventually, approximately 75% of adults withtypical 16p11.2 BP4-BP5 deletion develop obesity (45% morbidobesity) [5, 13].Occipitofrontal circumference (OFC) is generally larger than OFC ofnon-carrier relatives. Approximately 17% of cases have macrocephaly(OFC standard deviation score; SDS or z-score ≥2) [13, 15]. Final heightof individuals with typical 16p11.2 BP4-BP5 deletion is slightly belowaverage [13]. Height SDS is −0.8 SD in our own cohort, consisting ofchildren and adults [3].
3.1.4	 OtherImaging studies have shown a thicker corpus callosum in 16%,cerebellar tonsillar ectopia in ~31% and Chiari I malformations in ~9%of typical 16p11.2 BP4-BP5 deletion cases [21]. Ocular/visionproblems have been reported; ptosis, deep-set and downslant of eyes,hypertelorism, strabismus hyperopia and myopia [22, 23]. Even thoughvarious dysmorphic features have been described, no speci�icdysmorphic features stand out as disorder-speci�ic.
3.2	 Distal	 16p11.2	 BP2-BP3	 Deletion
3.2.1	 Perinatal	PeriodLess large clinical cohorts of individuals with distal 16p11.2 BP2-BP3deletions have thus far been published. Non-speci�ic congenitalanomalies have been reported in a few cases [24]. In our own clinicalcohort of 19 individuals, neonatal feeding dif�iculties and hypotoniawere reported in 5% and 40%, respectively [3].
3.2.2	 Neurodevelopmental	and	Psychiatric	FeaturesThe penetrance of distal 16p11.2 BP2-BP3 deletions forneurodevelopmental issues is estimated to be less than that of typical16p11.2 BP4-BP5 deletions. However, developmental delay is observedin the majority of individuals with distal 16p11.2 BP2-BP3 deletion,according to the Simons Searchlight registry [25] and our own data [3].In our clinical cohort, motor development was delayed in 87% andspeech/language development in 73% of individuals with distal



16p11.2 BP2-BP3 deletion. FSIQ information in literature and our owncohort is incomplete. Approximately half of individuals with distal16p11.2 BP2-BP3 deletion in our own cohort had an IQ test (averageFSIQ 83) and of those individuals, 40% have ID [3]. ASD is reported in20–26% and ADHD in 33% [3, 25, 26]. Mental health studies,previously mentioned for individuals with typical 16p11.2 BP4-BP5deletions are also aiming at clarifying the cognitive functioning andprevalence of mental health disorders in individuals with distal16p11.2 BP2-BP3 deletions. Approximately 14–16% of individuals havea form of epilepsy [3, 25].
3.2.3	 Weight	and	GrowthThe distal 16p11.2 BP2-BP3 deletion is associated with hyperphagiaand a strongly increased risk of developing obesity from earlychildhood and obesity-related comorbidities such as type 2 diabetes[24–26]. In our own cohort, 61% of individuals with distal 16p11.2BP2-BP3 deletion report hyperphagia and 74% have obesity [3]. Onaverage, individuals with this 16p11.2 deletion had a BMI SDS of 3.2 inour cohort [3]. Macrocephaly is present in ~10% [25] and on average,individuals with this deletion had an increased OFC (OFC SDS 0.9) [3].Height of individuals with distal 16p11.2 BP2-BP3 deletion is typicallynormal [3, 27].
4	 Diagnosis	 (Index	 Case)The diagnosis is typically established by chromosomal microarray(CMA) analysis. However, other diagnostic techniques with CNVanalysis (e.g. Whole Exome Sequencing (WES), Next-GenerationSequencing (NGS) obesity gene panel) are increasingly used in caseswith developmental delay, ASD, obesity and/or epilepsy. Futurediagnostic advances might additionally lead to this diagnosis (e.g.genome-wide DNA methylation analysis with EpiSign [28, 29]).
5	 Flow	 Chart	 for	 Family	 Screening	 (Diagnosis
in	 Relatives)



After identi�ication of a pathogenic 16p11.2 deletion in an indexpatient, relatives can be referred for counseling and targetedchromosome 16p11.2 analysis. Our recommendation is to �irst performthis analysis in parents of the index, to determine the risk for (future)siblings of the index patient. In case a 16p11.2 occurred de	 novo, riskfor (future) siblings of the index patient is low (1–2%) and testing isonly recommended if siblings have clear symptoms. If the 16p11.2deletion is identi�ied in one of the parents, the (future) siblings of theindex patient have a 50% chance of having the 16p11.2 deletion as well,see Fig. 3.

Fig.	3 Flow chart of recommendations for testing of relatives after initial diagnosis of 16p11.2deletion in index patient
6	 Therapy	 and	 Follow	 UpCurrently, no 16p11.2 deletion syndrome guideline exists and ageneralized approach is dif�icult due to the observed clinicalheterogeneity. Therapy and follow-up of individuals with 16p11.2deletion should be tailored to the individual case. Knowledge of thisdisorder and early detection of associated features can help optimizingguidance and treatment.These individuals, particularly with typical 16p11.2 BP4-BP5deletion, are at increased risk of having congenital anomalies. In case acongenital anomaly is suspected (e.g. heart murmur), cardiac, renal,spinal and brain imaging can be considered.



Monitoring of milestones is important for all individuals with16p11.2 deletion, as speech and/or physical therapy might be required.In case of developmental delay, learning dif�iculties and/or behavioralproblems, a full neuropsychological evaluation is advised and shouldideally be repeated prior to or during transitional phases. In case ofpsychiatric features, a psychiatric evaluation might be required. Cautionis required when prescribing psychotropic (and for example anti-epileptic) medication, as these drugs might lead to weight gain andthese individuals already have a strongly increased risk of developingobesity. If, however, psychotropic medication is required, extraattention is needed for weight gain, which often accompanies their use.Clinicians can consider starting metformin in an early stage in order toprevent medication induced weight gain [30].Neurological evaluation can be considered in cases with suspectedepilepsy or other neurological features.Monitoring of weight and growth is recommended due to theincreased risk of early onset obesity and potential bene�its of earlydetection and intervention. Individuals with 16p11.2 deletion oftenrequire a more specialist and multidisciplinary approach, as obesity isoften therapy resistant. Medication trials targeted at speci�ic geneticobesity disorders, in which the ef�icacy of setmelanotide (an MC4Ragonist) is being evaluated, provide hope of an anti-obesity remedy forcertain cases with genetic obesity. The SH2B1 gene, located within the‘distal’ 16p11.2 BP2-BP3 region, is considered a component of theleptin-melanocortin pathway, making individuals with a ‘distal’ 16p11.2BP2-BP3 deletion eligible for these medication trials. Unfortunately,individuals with ‘typical’ 16p11.2 BP4-BP5 deletions are currently notincluded in these studies. Alternative non-targeted pharmacologicaloptions are being evaluated and liraglutide, a glucagon-like peptide 1(GLP-1) analogue was shown to be effective in one case with distal16p11.2 BP2-BP3 deletion and one case with typical 16p11.2 BP4-BP5deletion [31]. In case of abnormal growth, endocrine evaluation,including hormonal status and bone age, should be considered todetermine whether additional treatment or diagnostics are required. Incase of atypical or severe symptoms, additional genetic testing shouldbe considered to search for a potentially underlying second geneticdiagnosis.



Current research is aimed at further understanding clinicalheterogeneity, by assessing the role of polygenic and epigeneticcontribution. Additionally, pharmacogenetic pro�iles or passports canaid in providing an optimized and personalized treatment forindividuals with 16p11.2 deletion syndrome.
7	 Summary/Take	 Home	 MessageA 16p11.2 deletion, whether ‘typical’, ‘distal’ or overlapping, makes anindividual susceptible to various neurodevelopmental issues,hyperphagia and childhood onset obesity. Clinical heterogeneity, alsowithin families, requires a personalized and often multidisciplinaryapproach. Therapeutic anti-obesity options, like currently in medicaltrials for individuals with a ‘distal’ 16p11.2 BP2-BP3 deletion andobesity, are needed for individuals with a ‘typical’ 16p11.2 BP4-BP5deletion and obesity. Research focusing on further understandinginterindividual differences and prediction of clinical trajectories iscurrently ongoing.
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1	 IntroductionSchaaf-Yang syndrome (SYS) is a rare genetic disorder that affectsneurodevelopment. It was �irst described in 2013 and currently over250 cases have been published [1]. The syndrome is caused byheterozygous pathogenic variants on the paternal allele of the MAGEL2gene. This gene is located within the Prader-Willi critical region,chromosome locus 15q11.2, see Fig. 1. Large deletions or methylationdefects of this region lead to Prader-Willi syndrome (Chapter “16p11. 2Deletion Syndrome”). There are many clinical similarities between SYSand PWS. In both disorders, the patients typically present with neonatalhypotonia and feeding problems. All patients have developmental delay,which can lead to intellectual disability ranging from mild to severe. Animportant distinctive feature of SYS is the presence of jointcontractures, which can range in severity from mild contractures in the�ingers to lethal arthrogryposis multiplex congenita or foetal akinesia.
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Fig.	1 Prader-Willi critical region (chromosome locus 15q11.2) including the MAGEL2 geneshown in red
2	 Aetiology	 and	 PathophysiologySchaaf-Yang syndrome is caused by heterozygous (likely) pathogenicvariants on the paternal MAGEL2 allele. Since MAGEL2 is maternallyimprinted, only the paternally derived allele is expressed. Therefore,maternal pathogenic variants will not lead to a phenotype. Thepenetrance for paternal pathogenic variants is considered to be 100%[1].
2.1	 ObesityThe MAGEL2 gene is involved in the food-satiety centre in thehypothalamus. Magel2 null-mice have obesity and are less active thannormal mice. These mice show a progressive loss of leptin sensitivity,probably caused by decreased LepR traf�icking to the cell surface in thePOMC neurons [2]. This reduced POMC activity would lead tohypoactivation of downstreaming MC4R expressing neurons, causinghyperphagia and obesity. In addition, people with Schaaf-Yangsyndrome are likely more prone to obesity due to other factors, such asa lack of physical activity because of the developmental delay. Similarlyto Prader-Willi syndrome, the low muscle tone (hypotonia) and lowamount of muscle mass (low lean body mass) in people with SYS couldalso lead to a low resting energy expenditure [3]. The contractures andother skeletal abnormalities such as scoliosis could also cause patientswith SYS to perform less exercise.
3	 Clinical	 Presentation



SYS is usually diagnosed in the neonatal period because of generalizedhypotonia and feeding problems. The muscular hypotonia is present inall cases, but can be variable in severity. Similar to PWS, almost all new-borns with SYS have feeding problems, with many of them needingnasogastric tube feeding.Many children with SYS have dif�iculty breathing at birth and abouthalf need respiratory support. In the majority of cases, pregnancy iswithout abnormalities, but decreased fetal movement andpolyhydramnios can occur [4]. Some patients have very severe jointcontractures that can be detected during pregnancy. Most patients haveless severe distal joint contractures.All patients have neurodevelopmental delay and around 75% haveautistic behaviour [4]. The severity of intellectual disability differs:there are cases with low-normal intellectual performance, but there arealso patients that never acquire speech or walking. Seizures andepilepsy is present in around 30–40% of the patients [1].Various endocrine problems can be seen in SYS, such as growthhormone de�iciency, hypopituitarism, and hypogonadism.
3.1	 Dysmorphic	 FeaturesThe reported dysmorphic features are non-speci�ic and include aprominent forehead, low-set ears, and prognathism with a squared-offchin [5]. Other physical features reported are small hands, short feet,scoliosis, and kyphosis.
3.2	 ObesityIn Schaaf-Yang syndrome, obesity and excessive hunger (hyperphagia)tend to appear later in childhood than they do in Prader-Willisyndrome [1, 6]. Because of high variability between the patients, thereis no clear age-of-onset for the obesity in SYS. About 40% of peoplewith Schaaf-Yang syndrome experience signi�icant weight gain orobesity [1, 7]. It is important to realize that obesity can be a life-threatening complicating factor for the respiratory problems in SYS [7].Obesity in SYS is more frequently seen in patients with a mild cognitiveimpairment compared to those with severe cognitive impairment [6].One reason why people with SYS may be less prone to obesity inchildhood compared to those with PWS could be that SYS patients



generally have lower cognitive ability and are often not able toindependently obtain food. This may contribute to the development ofobesity later in life as cognitive skills improve.
4	 Clinical	 DiagnosisThe diagnosis SYS is established by identi�ication of a (likely)pathogenic variant in the paternally derived MAGEL2 allele. There areno of�icial criteria for a clinical diagnosis. Neuroimaging can beconsidered at diagnosis, which can show delayed myelination,abnormalities of the corpus callosum, and an abnormal pituitary gland[4].
5	 Differential	 DiagnosisThe differential diagnosis of SYS is highly dependent on the age of thepatient because the neonatal presentation differs from the clinicalfeatures later in life.

Differential	 diagnosis	 for	 neonatal	 presentation (hypotonia andfeeding problems)Prader-Willi syndromeTemple syndromeSpinal muscular atrophyArthrogryposis multiplex congenitaCongenital Myasthenic SyndromesCongenital myotonic dystrophy
Differential	 diagnosis	 childhood/adulthood	 presentation (developmentaldelay, autistic features, short stature, obesity).Syndromic obesity disorders such asPrader-Willi syndromeGNAS-inactivating disordersTemple syndromeChung-Jansen syndrome
6	 Molecular	 Diagnosis



When Schaaf-Yang syndrome is suspected, one can order either single-gene analysis, a gene panel, or broader diagnostics like exomesequencing or genome sequencing. The majority of the cases can befound with sequencing analysis, as only single cases of small deletionshave been described [1, 8].Virtually all pathogenic variants are truncating variants [4]. Afterdetection of a (likely) pathogenic MAGEL2 variant, testing for theparental origin is needed by methylation-sensitive sequencing.
7	 Genotype-Phenotype	 CorrelationThere are some MAGEL2 variants with well-described genotype-phenotype correlations. The c.1996delC variant is described in multipleperinatal lethal cases. The c.1966dupC variant is the most commondescribed pathogenic variant, which is found in about half of the SYScases [1]. Patients with this variant have a severe SYS phenotype with amore profound intellectual disability. Interestingly, this subgroup ofpatients shows less hyperphagia and less excessive weight gain thanpatients with SYS caused by other pathogenic variants [9]. There is nospeci�ic MAGEL2 variant reported that clearly gives a more pronouncedhyperphagia or obesity phenotype.
8	 ManagementCurrently, there is no speci�ic cure for Schaaf-Yang syndrome, andmanagement is primarily supportive in nature. Early interventionservices, such as speech and language therapy and occupationaltherapy, are important to maximize the functional outcomes and qualityof life of SYS patients and their caregivers.In the neonatal phase, assisted ventilation is often needed.Assessment of the respiratory status is crucial in the follow-up phase.Around 20% of the children will require tracheostomy because of thesevere respiratory distress [1]. Periodic polysomnography is needed toassess for apnea, which can be both central and obstructive [4].Another important symptom in the neonatal phase are the severefeeding problems. Many infants will need nasogastric tube feeding.



Prolonged feeding problems can lead to the placement of a gastrostomytube in a signi�icant part of the patients.For all patients, the assessment of development and behaviouralproblems is needed. As autism spectrum disorder is often diagnosed inSYS, we recommend testing when the parents see signs of autism intheir child. There are screening questionnaires and checklist especiallydesigned to test for autism in toddlers.Evaluation of height and weight is very important in SYS because ofthe possibility of growth hormone de�iciency and to monitor thedevelopment of overweight and obesity.When prescribing psychotropic medication or antiepileptic drugs,healthcare professionals should consider the obesogenic effects ofthese drugs because of the increased risk for obesity in SYS patients.
8.1	 Clinical	 TrialsStudies with rapamycin are proposed and might in�luence theneurodevelopmental problems in SYS [10].
9	 TherapyChildren with SYS and growth retardation can be treated withrecombinant human growth hormone. A clear increase in height and adecrease in BMI have been reported. Moreover, the parents of thepatients report improved muscle strength and some even improvedmotor and cognitive development during the treatment [11]. Oneperson with SYS who was receiving growth hormone therapy reporteda worsening of their sleep apnea. It is therefore recommended toperform a polysomnography before starting growth hormone therapy[1]. Other than growth hormone therapy, there are currently no speci�ictreatment options for the obesity in SYS, but Magel2-null mice appearto be very responsive to setmelanotide, a melanocortin 4 receptoragonist [12]. Further research will have to show whether setmelanotidealso has a clinical effect in SYS patients.
10	 Family	 Screening



In approximately 50% of patients with SYS, the pathogenic MAGEL2variant is inherited from an unaffected father. In the other half of thepatients, the variant occurred de	 novo on the paternal allele.Paternal germline mosaicism of a MAGEL2 variant is also reported[13].When the father carries the MAGEL2 variant, the recurrence risk forsiblings is 50%.For other family members, it is important to test the paternalgrandmother of the proband for the presence of the MAGEL2 variant.Paternal aunts of the proband will not have children with SYS if theycarry the pathogenic variant, but their sons do have an increased risk ofhaving a child with SYS.
Take	 Home	 MessageSchaaf-Yang syndrome is a neurodevelopmental disorder closelyrelated to Prader-Willi syndrome. The obesity and hyperphagia inSchaaf-Yang syndrome generally develop later than in Prader-Willisyndrome and appear to be less severe. Approximately 40% of thereported patients have excessive weight gain or obesity.
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1	 IntroductionBardet-Biedl syndrome (BBS) is a pleiotropic genetic disorder thataffects multiple organ systems such as the eyes, kidneys and centralnervous system. It is caused by (likely) pathogenic variants in genesthat are important for the structure and/or function of the cilia, and istherefore referred to as a ciliopathy. Cilia are hair-like projections
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localised to the surface of most cell types, which explains why multipleorgan systems are involved in BBS [1]. The main characteristics of BBSare retinal dystrophy, obesity, urogenital anomalies, polydactyly andlearning disabilities (see Fig. 1).





Fig.	1 Diagram of the main characteristics of Bardet-Bield syndromeBardet-Biedl syndrome is named after the French physician GeorgesBardet who in 1920 described several patients with retinitispigmentosa, polydactyly and obesity [2], and a Hungarian physicianArtur Biedl who 2 years later described siblings with similarcharacteristics [3] and recognized the overlap with Bardet’s patients.The prevalence of BBS varies between geographical areas, with thehighest report of 1:3700 on the Danish Faroe Islands [4], followed bythe Canadian island Newfoundland with a prevalence of 1:18,000 [5]and La Réunion Island with a prevalence between 1:45,000 and1:66,000 [6]. In consanguineous populations such as the Bedouinpopulation of Kuwait the prevalence of BBS is also high (1:13,500) [7].These high prevalences are caused by the geographical isolation andfounder effects. In Spain an estimated prevalence of 1:407,000 wasdescribed in 2015 [8]. The prevalence in the United Kingdom and NorthAmerica is estimated to be around 1:100,000 [9]. Epidemiologicalstudies on BBS from Asia and Africa are limited. A nationwide survey inJapan in 2015 identi�ied only seven BBS patients [10], with variants inthe BBS2, BBS5 and BBS7 gene.
2	 Aetiology	 and	 PathophysiologyBBS is a ciliopathy. Ciliopathies are divided into two groups: motile andimmotile. Immotile cilia are primary cilia and, as the name suggests,lack the ability to move actively but play an important role in cellsignaling. In BBS the nonmotile cilia are affected. They are present onmost cell types, including the photoreceptors, neurons, renal tubularcells, kinocilia (inner ears) and osteocytes [1].At least 26 genes are known to be associated with BBS. Eight ofthem encode highly conserved BBS proteins (BBS1, BBS2, BBS4, BBS5,BBS7, BBS8/TTC8, BBS9, and BBS18/BBIP1) that form an octamericcomplex called the BBSome, which is important for the function of thecilium. The formation of the BBSome is established by Chaperonin-likeBBS proteins (BBS6, BBS10 and BBS12) and small GTPases [11]. TheBBSome has ciliary functions as well as intracellular functions such asvesicular traf�icking, cell cytoskeleton dynamics, gene expression, and



cellular and organelle homeostasis [11]. The pathophysiology of theretinal dystrophy in BBS involves changes in the structure of thephotoreceptor, including mislocalization of rhodopsin, and apoptosis[12].
2.1	 ObesityThe pathogenicity of the obesity and hyperphagia phenotype in BBS isnot completely understood. The BBSome appears to be a regulator ofenergy balance by in�luencing the hypothalamic leptin-melanocortinpathway (see Chapter “Non-syndromic Leptin Melanocortin PathwayDisorders”). The BBsome plays a role in localizing the leptin and insulinreceptor on the plasma membrane. In mice with a targeted BBS1 genedeletion, the impaired BBSome in both the proopiomelanocortin(POMC) and agouti-related peptide (AgRP) neurons leads to obesityand hyperphagia [13].
2.2	 InheritanceBBS is inherited in an autosomal recessive manner and is caused bybiallelic (likely) pathogenic variants in any of the 26 BBS associatedgenes. There is signi�icant intra- and interfamilial phenotypicvariability. In most cases, both parents of an affected patient are healthyheterozygote carriers. In some cases, uniparental disomy and de	 novooccurrence of one variant has been described [14]. While oligogenicinheritance of BBS was proposed, this has not been substantiated inrecent studies [15].
3	 Clinical	 PresentationApart from obesity, multiple organ systems such as the eyes, kidneysand central nervous system are affected in BBS. Although thepresentation of polydactyly in combination with genital and/or kidneyanomales can lead to a pre- or neonatal diagnosis of BBS, the diagnosisis usually established in childhood or early adulthood, coinciding withthe onset of the visual deterioration. Common characteristics of BBSare summarized in Table 1.
Table	1 Common clinical characteristics of Bardet-Biedl syndrome



Feature Reported	 frequency	 [15]

Major Obesity 89%Retinal dystrophy 94%Postaxial polydactyly 79%Hypogonadism and genitourinary malformations 59%Kidney disease and/or malformations 52%Cognitive impairment 66%
Minor Olfactory dysfunction 47–100%Dental abnormalities ~50%Liver disease 30%Type 2 diabetes 15.8%Gastrointestinal abnormalities Up to 30%Cardiovascular & other thoraco-abdominal abnormalities Up to 29%Subclinical hypothyroidism 19.4%Polycystic ovary syndrome 14.7%Epilepsy 9.6%
3.1	 ObesityObesity is present in up to 89% of patients and usually develops in the�irst year of life. Birth weight is within normal range in the majority ofcases. The highest median BMI z-scores in childhood is seen at the ageof two to �ive [16]. As children progress to adolescence the fatdistribution is typically centrally located; also known as truncal obesity[15, 16]. Metabolic syndrome is more prevalent in individuals with BBScompared with matched controls [17].Obesity can lead to an earlier onset of puberty and thereforepatients with BBS can be taller during childhood compared to otherchildren their age. The �inal height at adulthood is normal [16].Excessive hunger (hyperphagia) is frequently reported and associatedwith the obesity [18]. Comorbidities of obesity are common and includetype 2 diabetes mellitus, cardiovascular morbidities, non-alcoholic fattyliver disease (NAFLD), sub-clinical hypothyroidism, polycystic ovarysyndrome (PCOS) and skin conditions such as striae and acanthosisnigricans.



3.2	 Retinal	 DystrophyRetinal degeneration is seen in approximately 94% of all BBS patientsand is therefore the most prominent characteristic of BBS [15]. There issigni�icant variation in the age of visual deterioration. The lack ofretinal dystrophy in the absence of molecular con�irmation shouldprompt the clinician to consider differential diagnoses. Night blindnessin the �irst decade of life is often the initial sign of visual deteriorationin patients. After that, peripheral vision will progressively decrease andoften patients are registered legally blind between the second and thirddecade of life. Patients also experience diminution of colordiscrimination and visual acuity [12]. BBS patients typically have a rod-cone dystrophy with early macular involvement.
3.3	 Cognitive	 ImpairmentLearning disabilities and developmental delay are present in 66% ofthe BBS patients [15], equally affecting females and males.
3.4	 Genital	 AnomaliesMales with BBS may present with a micropenis, small-testicular volumeand/or cryptorchidism (9%) [15]. Females with BBS can havestructural genital anomalities such as a hypoplastic uterus, ovaries orfallopian tubes. Relatively few men and women with BBS have beenreported in the literature to have biological offspring [15, 19]. This mayin part be due to subfertility but for many it may also relate to personalchoice and developmental delay.
3.5	 Kidney	 DiseaseKidney disease and/or malformations occur in 52% of the BBS patients[15]. A wide spectrum of structural renal anomalies have been reportedincluding hydronephrosis, vesicoureteral re�lux, horseshoe kidney,kidney cysts and ectopic, duplex, or absent kidneys. Less than 10% ofpatients need a kidney transplantation due to end stage renal failure.
3.6	 Skeletal	 AbnormalitiesThe most frequent congenital malformation seen in patients with BBSis polydactyly (79%) [15]. The extra digits are typically postaxial.



BBS17 is associated with mesoaxial polydactyly [20]. Brachydactyly isfrequently reported. Syndactyly can be present but is less common.
3.7	 Facial	 Dysmorphic	 FeaturesThe facial dysmorphic features are not very distinct and may also becompletely absent. Typical features include brachycephaly,macrocephaly, narrow forehead, deep-set eyes, hypertelorism,downslanted palpebral �issures, a �lat midface, �lat nasal bridge, longand smooth philtrum, dental crowding or hypodontia, high-archedpalate and retrognathia [21]. Figure 2 shows photographs of a patientwith BBS illustrating some of the dysmorphic features.

Fig.	2 Photographs of a patient with Bardet-Biedl syndrome with homozygous pathogenicvariants in MKKS: arched eyebrows, upturned nose tip, retrognathia, brachydactyly andpolydactyly (extra digits have been resected)
3.8	 Other	 Medical	 ProblemsThere are many other physical problems that can be associated withBBS. Examples include: epilepsy, ataxia/poor coordination,anosmia/hyposmia, oral/dental abnormalities, Hirschsprung disease,hearing loss due to recurrent otitits media and laterality defects such assitus inversus [15].
3.8.1	 Prenatal	Diagnosis



Since whole exome sequencing is increasingly performed duringpregnancy and the availability for ultrasounds and fetal MRIs increases,it is likely that BBS will be diagnosed antenatally more often in thefuture. Typical ultrasound �indings include postaxial polydactyly,enlarged and hyperechogenic kidneys or absent or cystic kidneys [22–25]. Urogenital malformations can sometimes also be detected byprenatal ultrasound or after birth.
3.8.2	 Genotype-Phenotype	CorrelationA meta-analysis of 899 BBS patients analysed genotype-phenotypecorrelations and indicated that frameshift or splicing BBS gene variantsare typically associated with a more severe phenotype than those withsingle amino acid subsitutions or short in-frame deletions [26].Pathogenic variants in BBS1, BBS2 en BBS10 were most frequentlyreported with BBS1 cases showing a milder phenotype. All pathogenic
BBS gene variants were associated with a high penetrance of retinaldegeneration. Polydactyly is more frequently observed in BBS2. Renalanomalies are more frequent in BBS2,	 BBS7, or BBS9. Kidney disease ismore frequent and manifests itself at a younger age in patients withpathogenic variants in SDCCAG8 [27]. Interestingly, pathogenic BBS2gene variants are considered to lead to a less obese subtype, whilecases with pathogenic BBS4 variants display severse early-onsetobesity. However, there was (mostly) no conclusive difference betweenthe different BBS genes for the feature obesity [15, 26].
4	 Clinical	 DiagnosisRevised diagnostic criteria for BBS have been published in 2024 andinclude the age of the patient, (primary and secondary) clinical criteriaand molecular diagnosis (Table 2) [28].
Table	2 Revised diagnostic criteria for BBS [28]
Age Primary	 clinical

criteria
Secondary	 clinical
criteria

Requirements	 for	 BBS	 diagnosis



Age Primary	 clinical
criteria

Secondary	 clinical
criteria

Requirements	 for	 BBS	 diagnosis

In	 utero PolydactylyHyperechogenickidneys HydrometrocolposSitus inversus Diagnosis with high level ofcon�idence:  Foetus BBS genetic testing positive+ at least 1 primary criteriaDiagnosis with moderate level ofcon�idence:  Affected sib BBS genetic testingpositive  + at least 1 primary criteriaOR  2 primary +1 secondary criteriaUrgent foetus genetic testing isrecommended
0–
16	 years

PolydactylyEarly obesityEarly onset retinaldystrophyKidneyanomalies/dysfunction
HydrometrocolposMicropenisNeurodevelopmentaldisabilityAnosmia/hyposmia

Diagnosis with high level ofcon�idence:  Child’s BBS genetic testing positive  + at least 1 primary criteriaOR  If genetic testing is not available forthe patient at least 4 primary criteriaOR  If genetic testing is not available forthe patient at least 3 primary criteria  + at least 2 secondary criteriaDiagnosis with moderate level ofcon�idence:  If genetic testing is not available forthe patient  Affected sib BBS genetic testingpositive  + at least 2 primary criteria



Age Primary	 clinical
criteria

Secondary	 clinical
criteria

Requirements	 for	 BBS	 diagnosis

≥
16	 years

PolydactylyObesityRetinal dystrophyKidneyanomalies/dysfunction
HypogonadismMicropenisNeurodevelopmentaldisability (NDD)Anosmia/hyposmia

Diagnosis with high level ofcon�idence:  BBS genetic testing positive  Retinal dystrophy  + at least 1 other primary criterionOR  If genetic testing is not available forthe patient  Retinal dystrophy  + at least 3 other primary criteriaOR  If genetic testing is not available forthe patient  Retinal dystrophy  + at least 2 other primary criteria  + at least 2 secondary criteriaDiagnosis with moderate level ofcon�idence:  If genetic testing is not available forthe patient  Affected sib with BBS (proven bygenetic testing)  + at least 2 primary criteria
5	 Differential	 DiagnosisThe differential diagnosis of BBS varies depending on the phenotype ofthe patient. Possible differential diagnoses include:Alström syndromeJoubert syndromeMeckel syndromeSenior-Løken syndromeLaurence-Moon syndromeType 2 Biemond syndromeCarpenter syndromeCohen syndrome



Prader-Willi syndrome
6	 Molecular	 DiagnosisThe diagnosis is established by identi�ication of disease-causingvariants in one of the 26 genes known to be associated with BBS (Table3) [28]. It is likely that more BBS genes will be discovered in the futureas the identi�ication of novel BBS genes has increased in recent years.As an example, in 2010 there were only 14 genes known to beassociated with BBS, while now there are 26. FBN3 is an newlyproposed candidate gene [29].
Table	3 Bardet-Biedl syndrome (BBS) associated genes [28]
Gene	 (BBS	 type) Chromosome	 location %	 of	 all	 BBS	 patients	 [15]

BBS1 11q13.2 23.4%
BBS2 16q13 9.6%
ARL6	 (BBS3) 3q11.2 5.1%
BBS4 15q24.1 5.3%
BBS5 2q31.1 3.7%
MKKS	 (BBS6) 20p12.2 6.3%
BBS7 4q27 4.2%
TTC8	 (BBS8) 14q31.3 2.0%
BBS9 7p14.3 3.4%
BBS10 12q21.2 14.5%
TRIM32	 (BBS11) 9q33.1 <1%
BBS12 4q27 6.4%
MKS1	 (BBS13) 17q22 1.0%
CEP290	 (BBS14) 12q21.32 6.3%
WDPCP	 (BBS15) 2p15 <1%
SDCCAG8	 (BBS16) 1q43-q44 4.3%
LZTFL1	 (BBS17) 3p21.31 <1%
BBIP1	(BBS18) 10q25.2 <1%
IFT27	 (BBS19) 22q12.3 <1%
IFT172	(BBS20) 2p23.3 1%



Gene	 (BBS	 type) Chromosome	 location %	 of	 all	 BBS	 patients	 [15]

CFAP418	 (BBS21) 8q22.1 1.6%
IFT74	 (BBS22) 9p21.2 <1%
CEP19	(BBS23) 3q29 Unknown
SCAPER	 (BBS24) 15q24.3 Unknown
CEP164	 (BBS25) 11q23.3 <1%
SCLT1	 (BBS26) 4q28.2 <1%Certain populations have a high prevalence of BBS and some haveknown founder mutations. A founder splice site variant(c.1091 + 3G > C) in BBS1 was identi�ied on the Faroe Islands [4]. InNewfoundland and Pakistan variants in the MKKS/BBS6 gene [5, 30]and in South Africa a speci�ic variant (K243IfsX15) in BBS10 [31] weremore commonly found. In patients with a European/Caucasian descentmost variants are found in BBS1 and BBS10, while the BBS3 and BBS9gene are affected more often in patients with an Asian descent. Ingeneral, most variants are found in de genes affecting the BBSome [1].When BBS is suspected, a multigene panel can be requestedincluding all the BBS genes. If the clinical diagnosis is less certainbroader diagnostic testing such as whole exome sequencing or wholegenome sequencing may be considered. Broader genetic testingintroduces the risk of �inding variants of uncertain signi�icance andincidental �indings, but makes it possible to �ind (potential) new BBSgenes. Recently a likely pathogenic variant in a noncoding region of
BBS10 was indenti�ied [32].
7	 ManagementThere is no cure for BBS. The treatment is aimed at reducing symptomsand preventing complications. Management is personalised and variesbetween patients based on their phenotype and is oftenmultidisciplinary. Healthcare providers may include the paediatricians,ophthalmologists, nephrologists, endocrinologists, psychologists,dietitians and clinical geneticists. The general practitioner usually has acoordinating and supportive role.



Surveillance in patients with BBS varies between countries. Aninternational consensus statement about the management of BBS [28]describes the importance of early detection of congenitalabnormalities. Polydactyly is usually surgically corrected by a plasticsurgeon in the �irst year of life. Since developmental problems andobesity are common, developmental milestones and weight should bemonitored from birth. Physiotherapy or speech therapy are oftenbene�icial. Regular ophthalmological examination including ERG andOCT is useful especially whilst residual vision remains. Regular renalexamination is advised to monitor for deteriorating renal function,especially in the context of potentially nephrotoxic and/or medicationthat is excreted via the kidneys [28]. The potential obesogenic effects ofsome drugs such as some antiepileptics or antidepressants should beconsidered.
7.1	 Management	 of	 ObesityHealthy nutrition and suf�icient physical activity are the �irst steps inthe treatment of obesity in patients with BBS. Guidance by a dieticianand/or physiotherapist is advisable. The dietician should haveexperience with hyperphagia, as this can be the underlying cause of theobesity in patients with BBS. Possible learning disabilities and visualimpairment must also be taken into account due to the potential impacton mobility. Healthcare providers with a specialist interest inmonogenic obesity are usually best placed to provide support.When lifestyle modi�ications have not achieved adequate weightmanagement, other treatment options such as medication or bariatricsurgery can be considered. The effect of bariatric surgery in peoplewith BBS is not clear. Bariatric procedures may include an adjustablegastric band, sleeve gastrectomy and Roux-en-Y gastric bypass [9].More recently, the MC4 receptor agonist, setmelanotide, has beenapproved for BBS in patients aged 2 years and older. Setmelanotidetargets the melanocortin 4 receptor pathway and induces weight lossby decreasing appetite. The �irst study of setmelanotide in patients withBBS was only recently published [33], and long term outcomes are stillpending. A short term outcome study identi�ied at least a 10%reduction in bodyweight in 32.3% of the BBS patients after 1 years ofsetmelanotide use [34]. Frequently reported side effects of



setmelanotide are injection site reactions, skin hyperpigmentation andnausea/vomiting. Glucagon-like peptide-1 (GLP-1) receptor agonistscan also be prescribed to patients with BBS. The effect of GLP1 receptoragonists speci�ic in patients with BBS has not been studied extensively.It has been suggested that GLP-1 receptor agonists might not be aseffective in treating disorders such as BBS that adversely impact theMC4 pathway in the hypothalamus [35].
7.2	 Advances	 in	 Gene	 TherapyA clinical trial for gene therapy targeting retinal dystrophy in patientswith disease causing variants in BBS1 is expected to commence start inthe near future. Since gene therapy for some other causes of retinaldystrophy have been proven effective, there is hope this treatment willin the future also be effective for patients with BBS.
8	 Genetic	 Screening	 of	 Family	 MembersBBS is inherited in an autosomal recessive manner. In the majority ofcases, both healthy parents of an affected child carry one copy of thepathogenic BBS variant. If parents both carry a pathogenic BBS variant,the recurrence risk for any future children of having BBS is 25%.Other family members can have their carrier status tested onrequest. This may be particularly relevant for family planning. Pre-implantation genetic testing and prenatal genetic testing can be offeredto parents who are both carriers of a variant in the same BBS gene. Ontaking a family history it is advisable to note consanguinity andethnicity.
9	 Summary
Take	 Home	 MessagesBardet-Biedl syndrome (BBS) isan autosomal recessive ciliopathycaused by biallelic disease-causing variants in one of the 26 BBSassociated genes



the main characteristics include retinal dystrophy, obesity,urogenital anomalies, postaxial polydactyly and learningdisabilitiesTruncal obesity is present in around 89% of patients and usuallybegins in the �irst year of life.
Competing	 InterestsThe authors Dr. Mieke van Haelst and Dr. Wenneke van Weelden declarethat their department, the Department	 of	 Human	 Genetics	 at	 Amsterdam
UMC, receives a sponsorship from Rhythm Pharmaceuticals. However,this chapter was conducted independently, and the content, analysis,and conclusions presented herein were not in�luenced by the sponsor.No direct funding or input from Rhythm Pharmaceuticals was receivedfor the preparation of this manuscript.
References1. Priya S, Nampoothiri S, Sen P, Sripriya S. Bardet-Biedl syndrome: genetics, molecularpathophysiology, and disease management. Indian J Ophthalmol. 2016;64(9):620–7.[Crossref][PubMed][PubMedCentral]2. Bardet G. On congenital obesity syndrome with polydactyly and retinitis pigmentosa (acontribution to the study of clinical forms of hypophyseal obesity). 1920. Obes Res.1995;3(4):387–99.[Crossref][PubMed]3. Biedl A. A pair of siblings with adiposo-genital dystrophy. 1922. Obes Res. 1995;3(4):404.[Crossref][PubMed]4. Hjortshoj TD, Gronskov K, Brondum-Nielsen K, Rosenberg T. A novel founder BBS1 mutationexplains a unique high prevalence of Bardet-Biedl syndrome in The Faroe Islands. Br JOphthalmol. 2009;93(3):409–13.[Crossref][PubMed]5. Moore SJ, Green JS, Fan Y, Bhogal AK, Dicks E, Fernandez BA, et al. Clinical and geneticepidemiology of Bardet-Biedl syndrome in Newfoundland: a 22-year prospective, population-based, cohort study. Am J Med Genet A. 2005;132A(4):352–60.[Crossref][PubMed][PubMedCentral]6. Gouronc A, Zilliox V, Jacquemont ML, Darcel F, Leuvrey AS, Nourisson E, et al. High prevalenceof Bardet-Biedl syndrome in La Reunion Island is due to a founder variant in ARL6/BBS3. ClinGenet. 2020;98(2):166–71.[Crossref][PubMed]7.

https://doi.org/10.4103/0301-4738.194328
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=27853007
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5151149
https://doi.org/10.1002/j.1550-8528.1995.tb00165.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8521156
https://doi.org/10.1002/j.1550-8528.1995.tb00167.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8521158
https://doi.org/10.1136/bjo.2007.131110
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18669544
https://doi.org/10.1002/ajmg.a.30406
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15637713
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3295827
https://doi.org/10.1111/cge.13768
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=32361989


Teebi AS. Autosomal recessive disorders among Arabs: an overview from Kuwait. J Med Genet.1994;31(3):224–33.[Crossref][PubMed][PubMedCentral]8. Castro-Sanchez S, Alvarez-Satta M, Pereiro I, Pineiro-Gallego MT, Valverde D. Algorithm for themolecular analysis of Bardet-Biedl syndrome in Spain. Med Clin (Barc). 2015;145(4):147–52.[PubMed]9. Tomlinson JW. Bardet-Biedl syndrome: a focus on genetics, mechanisms and metabolicdysfunction. Diabetes Obes Metab. 2024;26(Suppl 2):13–24.[Crossref][PubMed]10. Hirano M, Satake W, Ihara K, Tsuge I, Kondo S, Saida K, et al. The �irst Nationwide survey andgenetic analyses of Bardet-Biedl syndrome in Japan. PLoS One. 2015;10(9):e0136317.[Crossref][PubMed][PubMedCentral]11. Tian X, Zhao H, Zhou J. Organization, functions, and mechanisms of the BBSome indevelopment, ciliopathies, and beyond. elife. 2023;12:e87623.[Crossref][PubMed][PubMedCentral]12. Weihbrecht K, Goar WA, Pak T, Garrison JE, DeLuca AP, Stone EM, et al. Keeping an eye onBardet-Biedl syndrome: a comprehensive review of the role of Bardet-Biedl syndrome genesin the eye. Med Res Arch. 2017;5(9) https:// doi. org/ 10. 18103/ mra. v5i9. 1526.13. Guo DF, Lin Z, Wu Y, Searby C, Thedens DR, Richerson GB, et al. The BBSome in POMC andAgRP neurons is necessary for body weight regulation and sorting of metabolic receptors.Diabetes. 2019;68(8):1591–603.[Crossref][PubMed][PubMedCentral]14. Gouronc A, Javey E, Leuvrey AS, Nourisson E, Friedmann S, Reichert V, et al. Unexpectedinheritance patterns in a large cohort of patients with a suspected ciliopathy. Hum Mutat.2023;2023:2564200.[Crossref][PubMed][PubMedCentral]15. Forsyth R, Gunay-Aygun M. Bardet-Biedl syndrome overview. In: Adam MP, Feldman J, MirzaaGM, Pagon RA, Wallace SE, Bean LJH, et al., editors. GeneReviews((R)). Seattle: University ofWashington; 1993.16. Pomeroy J, Krentz AD, Richardson JG, Berg RL, VanWormer JJ, Haws RM. Bardet-Biedlsyndrome: weight patterns and genetics in a rare obesity syndrome. Pediatr Obes.2021;16(2):e12703.[Crossref][PubMed]17. Mujahid S, Hunt KF, Cheah YS, Forsythe E, Hazlehurst JM, Sparks K, et al. The endocrine andmetabolic characteristics of a large Bardet-Biedl syndrome clinic population. J Clin EndocrinolMetab. 2018;103(5):1834–41.[Crossref][PubMed]18. Forsythe E, Mallya UG, Yang M, Huber C, Cala ML, Greatsinger A, et al. Burden of hyperphagiaand obesity in Bardet-Biedl syndrome: a multicountry survey. Orphanet J Rare Dis.2023;18(1):182.[Crossref][PubMed][PubMedCentral]

https://doi.org/10.1136/jmg.31.3.224
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8014972
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1049748
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=25087209
https://doi.org/10.1111/dom.15480
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=38302651
https://doi.org/10.1371/journal.pone.0136317
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=26325687
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4556711
https://doi.org/10.7554/eLife.87623
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=37466224
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC10356136
https://doi.org/10.18103/mra.v5i9.1526
https://doi.org/10.2337/db18-1088
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=31127052
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6692817
https://doi.org/10.1155/2023/2564200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=40225151
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC11918889
https://doi.org/10.1111/ijpo.12703
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=32700463
https://doi.org/10.1210/jc.2017-01459
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=29409041
https://doi.org/10.1186/s13023-023-02723-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=37415189
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC10327341


19. Deveault C, Billingsley G, Duncan JL, Bin J, Theal R, Vincent A, et al. BBS genotype-phenotypeassessment of a multiethnic patient cohort calls for a revision of the disease de�inition. HumMutat. 2011;32(6):610–9.[Crossref][PubMed]20. Schaefer E, Lauer J, Durand M, Pelletier V, Obringer C, Claussmann A, et al. Mesoaxialpolydactyly is a major feature in Bardet-Biedl syndrome patients with LZTFL1 (BBS17)mutations. Clin Genet. 2014;85(5):476–81.[Crossref][PubMed]21. Forsythe E, Beales PL. Bardet-Biedl syndrome. Eur J Hum Genet. 2013;21(1):8–13.[Crossref][PubMed]22. Cassart M, Eurin D, Didier F, Guibaud L, Avni EF. Antenatal renal sonographic anomalies andpostnatal follow-up of renal involvement in Bardet-Biedl syndrome. Ultrasound ObstetGynecol. 2004;24(1):51–4.[Crossref][PubMed]23. Dar P, Sachs GS, Carter SM, Ferreira JC, Nitowsky HM, Gross SJ. Prenatal diagnosis of Bardet-Biedl syndrome by targeted second-trimester sonography. Ultrasound Obstet Gynecol.2001;17(4):354–6.[Crossref][PubMed]24. Arora E, Fuks A, Meyer J, Chervenak J. Prenatal diagnosis of Bardet Biedl syndrome: a casereport. Radiol Case Rep. 2023;18(1):326–30.[Crossref][PubMed]25. Cai M, Lin M, Lin N, Xu L, Huang H. Novel homozygous nonsense mutation associated withBardet-Biedl syndrome in fetuses with congenital renal malformation. Medicine (Baltimore).2022;101(32):e30003.[Crossref][PubMed]26. Niederlova V, Modrak M, Tsyklauri O, Huranova M, Stepanek O. Meta-analysis of genotype-phenotype associations in Bardet-Biedl syndrome uncovers differences among causativegenes. Hum Mutat. 2019;40(11):2068–87.[Crossref][PubMed]27. Otto EA, Hurd TW, Airik R, Chaki M, Zhou W, Stoetzel C, et al. Candidate exome captureidenti�ies mutation of SDCCAG8 as the cause of a retinal-renal ciliopathy. Nat Genet.2010;42(10):840–50.[Crossref][PubMed][PubMedCentral]28. Dollfus H, Lilien MR, Maffei P, Verloes A, Muller J, Bacci GM, et al. Bardet-Biedl syndromeimproved diagnosis criteria and management: Inter European Reference Networks consensusstatement and recommendations. Eur J Hum Genet. 2024; https:// doi. org/ 10. 1038/ s41431-024-01634-7.29. Genovesi ML, Torres B, Goldoni M, Salvo E, Cesario C, Majolo M, et al. Case report: a novelhomozygous missense variant of FBN3 supporting it is a new candidate gene causative of aBardet-Biedl syndrome-like phenotype. Front Genet. 2022;13:924362.[Crossref][PubMed][PubMedCentral]

https://doi.org/10.1002/humu.21480
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=21344540
https://doi.org/10.1111/cge.12198
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=23692385
https://doi.org/10.1038/ejhg.2012.115
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=22713813
https://doi.org/10.1002/uog.1086
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15229916
https://doi.org/10.1046/j.1469-0705.2001.00253.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11339197
https://doi.org/10.1016/j.radcr.2022.10.040
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=36406960
https://doi.org/10.1097/MD.0000000000030003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=35960079
https://doi.org/10.1002/humu.23862
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=31283077
https://doi.org/10.1038/ng.662
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=20835237
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2947620
https://doi.org/10.1038/s41431-024-01634-7
https://doi.org/10.3389/fgene.2022.924362
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=35910214
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC9334770


30. Rao AR, Nazir A, Imtiaz S, Paracha SA, Waryah YM, Ujjan ID, et al. Delineating the Spectrum ofgenetic variants associated with Bardet-Biedl syndrome in consanguineous Pakistanipedigrees. Genes (Basel). 2023;14(2):404.[Crossref][PubMed]31. Fieggen K, Milligan C, Henderson B, Esterhuizen AI. Bardet Biedl syndrome in South Africa: asingle founder mutation. S Afr Med J. 2016;106(6 Suppl 1):S72–4.[Crossref][PubMed]32. Daich Varela M, Bellingham J, Motta F, Jurkute N, Ellingford JM, Quinodoz M, et al.Multidisciplinary team directed analysis of whole genome sequencing reveals pathogenic non-coding variants in molecularly undiagnosed inherited retinal dystrophies. Hum Mol Genet.2023;32(4):595–607.[Crossref][PubMed]33. Haws R, Brady S, Davis E, Fletty K, Yuan G, Gordon G, et al. Effect of setmelanotide, amelanocortin-4 receptor agonist, on obesity in Bardet-Biedl syndrome. Diabetes Obes Metab.2020;22(11):2133–40.[Crossref][PubMed][PubMedCentral]34. Haqq AM, Chung WK, Dollfus H, Haws RM, Martos-Moreno GA, Poitou C, et al. Ef�icacy andsafety of setmelanotide, a melanocortin-4 receptor agonist, in patients with Bardet-Biedlsyndrome and Alstrom syndrome: a multicentre, randomised, double-blind, placebo-controlled, phase 3 trial with an open-label period. Lancet Diabetes Endocrinol.2022;10(12):859–68.[Crossref][PubMed][PubMedCentral]35. Shoemaker A. Bardet-Biedl syndrome: a clinical overview focusing on diagnosis, outcomesand best-practice management. Diabetes Obes Metab. 2024;26(Suppl 2):25–33.[Crossref][PubMed]

https://doi.org/10.3390/genes14020404
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=36833331
https://doi.org/10.7196/SAMJ.2016.v106i6.11000
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=27245532
https://doi.org/10.1093/hmg/ddac227
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=36084042
https://doi.org/10.1111/dom.14133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=32627316
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7689750
https://doi.org/10.1016/S2213-8587(22)00277-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=36356613
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC9847480
https://doi.org/10.1111/dom.15494
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=38383825


(1)
(2)

 
 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2025M. van Haelst, E. van den Akker (eds.), Clinical	 Obesity	 Geneticshttps://doi.org/10.1007/978-3-032-04095-4_8
Pseudohypoparathyroidism	 and	 Its
Association	 with	 ObesityErica van den Akker1   and Mieke van Haelst2  Obesity Center CGG, Center of Expertise for Genetic Obesity,Department of Pediatrics, Division of Pediatric Endocrinology,Erasmus University Medical Center-Sophia Children’s Hospital,Rotterdam, The NetherlandsDepartment of Human Genetics, Section Clinical Genetics,Amsterdam University Medical Center, Amsterdam, TheNetherlands 
Erica	 van	 den	 Akker	 (Corresponding	 author)
Email:	 e.l.t.vandenakker@erasmusmc.nl
Mieke	 van	 Haelst
Email:	m.vanhaelst@amsterdamumc.nl

Keywords Pseudohypoparathyroidism – PHP1A – PHP1B – GNAS gene– Obesity – Metabolic disturbances – Parathyroid hormone – Gsα –Albright’s hereditary osteodystrophy – Adipose tissue – Hormonaldysregulation – Therapeutic prospects
1	 IntroductionAlbright et al. �irst described pseudohypoparathyroidism (PHP) in 1942as a novel hormone resistance disorder characterized by hypocalcemiaand hyperphosphatemia due to decreased responsiveness toparathyroid hormone (PTH) combined with other features such asneurocognitive, endocrine and growth disorders [4]. PHP was later
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found to have several subtypes which all share a common defect in thecAMP signaling pathway of G-couples protein receptors. Despite acommon cause, there are several subtypes of this disease withimportant clinical and molecular overlap as well as variation betweenthem (Fig. 1).

Fig.	1 Main clinical features of PHP related disordersPHP is characterized by a wide range of clinical manifestations,including PTH resistance: hypocalcemia, hyperphosphatemia, andelevated PTH levels. PHP can also present as part of Albright’shereditary osteodystrophy (AHO), which is a constellation of skeletalabnormalities which include defects in chondrocyte and osteoblastdifferentiation, early closure of growth plates, brachydactyly (Fig. 2a, b),adult short stature, and the development of ectopic ossi�ications (Fig. 3)[11].



Fig.	2 Brachydacyly. (a) Brachydactyly meaning ‘short digits, in PHP is typically a shortening ofdigit III, IV and or V metacarpals or the distal phalanx of digit I due to disturbed bone growth of themetacarpals(hand) or metatarsals (foot). (b) Shortening of metacarpal III, IV and V of the righthand and IV and V of the left hand. On physical examination, the knuckles of these digits are absentwhen making a �ist



Fig.	3 Ectopic ossi�ication of the skin, located on the elbow. This sign is very speci�ic for PHPPHP is classi�ied into several subtypes: PHP type 1A (PHP1A) andPHP type 1B (PHP1B). Pseudohypoparathyroidism type 1 (PHP1) is arare hereditary disorder characterized by end-organ resistance to theactions of parathyroid hormone (PTH), resulting in a clinical phenotyperesembling hypoparathyroidism. Despite the presence of elevated ornormal levels of PTH in the blood, affected individuals exhibithypocalcemia and hyperphosphatemia due to impaired PTH signaling.
2	 Aetiology	 and	 Pathophysiology
2.1	 PHP	 Subtypes	 and	 Genetic	 MechanismsPHP1A. PHP1A is an autosomal dominant condition characterized byloss-of-function GNAS variants on the maternal alelle. GNAS encodes thealpha subunit of the stimulatory G protein (Gsα), which is crucial forPTH signaling in bone and kidney. Inactivating GNAS mutations reduceintracellular cyclic AMP (cAMP) production, impairing downstreamPTH effects. Other G-protein coupled receptors that can show



resistance are thyrotropin stimulating hormone (TSH) receptor, growthhormone releasing hormone (GHRH) receptor, and gonadotropinreleasing hormone (GnRH) receptor [9]. Other receptors, such as MC4R,β2- and β3-adrenoceptors, and corticotropin-releasing hormonereceptor, have been implicated in the pathophysiology of the severe,early-onset obesity that results from (epi)genetic GNAS changes [3, 5].Resting energy expenditure measurements in PHP1a patients havebeen reported to be lower or equal to controls with obesity [1, 10, 14].PHP1B is an autosomal dominant disorder caused (methylation)defects or pathogenic variants affecting GNAS regulatory elementsrather than the GNAS gene itself.PHP1B has the receptor resistance phenotype but lacks the skeletalabnormalities (AHO) and is associated with imprinting defects at the
GNAS locus, leading to reduced Gsα expression from the maternal allele.PPHP (Pseudo-pseudohypoparathyroidism) is a subtype where onlypaternally transmitted GNAS variants lead to AHO without affectingPTH or serum calcium levels. The unaltered maternal allele preservesrenal responsiveness to PTH, resulting in normal calcium homeostasis.
2.2	 PHP	 and	 ObesitySeveral mechanisms contribute to excessive drive for eating(hyperphagia) and fat mass accumulation in PHP. Defects in the Gsα-dependent melanocortin signaling pathway, possibly cause theincreased appetite and decreased resting energy expenditure comparedto obese controls [1]. In addition, a low sympathetic nervous systemactivity, decreased lipolysis and GH-releasing hormone resistance in thepituitary can play a role. Dysregulation of GNAS signaling in adiposetissue could impair lipolysis and adipogenesis, promoting fataccumulation. Additionally, altered PTH and calcium signaling mayimpact adipocyte function and energy homeostasis. Leptin resistance,possibly induced by GNAS mutations, could further exacerbate obesityin PHP patients.
2.3	 Clinical	 PresentationPHP presents with a wide range of clinical manifestations, includingPTH resistance: hypocalcemia, hyperphosphatemia, and elevated PTHlevels. PTH resistance is progressive and therefore it can present in the



�irst months of life, but can also develop in later years. In addition tothese classic endocrine features, PHP is often accompanied byAlbright’s Hereditary Osteodystrophy (AHO), a constellation of skeletalabnormalities which include defects in chondrocyte and osteoblastdifferentiation, early closure of growth plates, brachydactyly, adultshort stature, and the development of ectopic ossi�ications. Othersymptoms can result from resistance to other hormones such asthyroid-stimulating hormone (TSH) leading to hypothyroidism,gonadotropins leading to hypogonadism, growth-hormone-releasinghormone leading to (partial) growth hormone de�iciency [11].Obesity or overweight is associated with all types of PHP andrelated disorders, except progressive osseous heteroplasia (POH) whichis an ultrarare genetic condition of progressive ectopic ossi�ication and,pseudopseudohypoparathyroidism (PPHP). Patients with PHP1A and1B often develop early-onset obesity, typically within the �irst 2 years oflife, with an average age of onset of 0,9 years [2]. This may be the initialand sole symptom until a diagnosis is made during adolescence oradulthood.PHP and related disorders are primarily diagnosed clinically andbased on biochemical abnormalities. Diagnosis can be con�irmedthrough genetic testing. Distinguishing between PHP subtypes iscrucial, as it determines monitoring strategy.PHP1a: Individuals with PHP1a typically present with PTHresistance leading to hypocalcemia (in 86.7%), thyroid stimulatinghormone (TSH) resistance leading to hypothyroidism orhyperthyroitropinemia (in 75.5%), early onset obesity, developmentaldelay and a combination of symptoms known as Albright hereditaryosteodystrophy (AHO in 87,5%), such as round facies, short stature inadulthood, brachydactyly (especially of III, IV,V metacarpal bones) andsubcutaneous ossi�ications [7]. Children can be born small forgestational age and usually grow within the normal range. However,�inal height is short due to a (severely) advanced bone age leading toearly termination of growth. SGA (prevalence 30%) or growth hormone(GH) de�iciency (prevalence 50–60%) can be an indication for the useof recombinant human GH (rhGH) therapy. Recently it was shown thatGH treatment may improve �inal height substantially (+1,9SD) Nodifference in BMI was found compared to controls [6].



Furthermore individuals with PHP 1a can demonstrate partialresistance gonadotropin releasing hormones: leadinghypogonadotropic hypogonadism, delayed puberty or disturbedmenstrual cycles. Melanocortin-4 receptor dysfunction leads tohyperphagia and early onset obesity as part of the phenotype. Growth-hormone-releasing hormone resistance leads to (partial) growthhormone de�iciency [11].PHP1B usually presents with PTH resistance without the AHOphenotype, thus with hypo calcemia, hyperphosphatemia, and elevatedPTH.PPHP patients with pseudo-pseudohypoparathyroidism have AHOfeatures despite normal PTH responsiveness. One of the characteristicsof PPHP patients is that they are often born small for gestational age.Patients with POH or osteoma cutis have varying degrees ofheterotopic ossi�ications and brachydactyly. Expert consensusrecommendations on diagnosis [11]:
Diagnosis	 of	 PHP	 and	 Related	 Disorders	 Should	 Be	 Based	 on
Clinical,	 Biochemical	 Characteristics	 and,	 in	 Some	 Cases,	 the
Family	 HistoryMajor diagnostic features include PTH resistance and/or ectopicossi�ications, early-onset (before 2 years of age) obesity associatedwith TSH resistance, and/or AHO.Supporting features include unexplained primaryhypothyroidism, hypercalcitoninemia, hypogonadism, growthhormone (GH) de�iciency, cognitive impairment, hearingimpairment, craniosynostosis and neurosurgical features, and/orCNS calci�ications, sleep apnea, ear infections, and being born smallfor gestational age.Genetic Testing: Genetic testing plays a pivotal role in con�irmingthe diagnosis of PHP.
2.3.1	 Clinical	EvaluationMedical history: asses history of birth (small for gestational age),developmental delays or intellectual disability, epileptic seizures,neonatal thyroid screening result, periods of rapid weight gain, eating



behavior and signs of hyperphagia, age of onset obesity, pubertaldevelopment, psychosocial evaluation, behavior or learning problems.Family history: A three-generation family history on hypocalcemia,epilepsy, developmental delay, adult short stature, early onset obesity,hypothyroidism.Physical examination: asses linear growth, height, weight, BMI, headcircumference, (also in both parents) blood pressure, pulse,dysmorphologic examination (including metacarpal length valuation),pubertal status, skin examination for ectopic ossi�ications and growthchart analysis.Biochemical and hormonal evaluation: assessment of blood:calcium, phosphorus, PTH, kreatinine, 25OHVitD, 1,25OHVitD, Thyroidfunction (TSH, FT4), growth factors (in case of growth deceleration),fasting glucose and insulin or oral glucose tolerance test, lipid pro�ile,liver enzymes. Assessment of urine: calcium, phosphorus, creatinine.Radiologic evaluation asses bone age with an X-ray of the left hand.On indication neuropsychological assessment of development,behavior and cognition (IQ-test).
3	 Differential	 DiagnosisThe following conditions should be considered in the differentialdiagnosis and ruled out through clinical evaluation, biochemical tests,and genetic studies.Primary Hypothyroidism. This can present with growth retardation,obesity and developmental delay, but typically has a stronger decreaseof thyroid hormone levels and elevated TSH compared to PHP1a.Nowadays, many countries have a neonatal screening test that pick upcongenital primary hypothyroidism very early in life. In children withPHP1a, this screening test can also be abnormal due to TSH resistance.The hyperthyreotropinemia or mild primary hypothyroidism is oftentransient in the �irst months of life but can come back at later age.Therefore clinicians should look for signs of PHP in a newborn childwith an abnormal neonatal thyroid screening test.

Other	 forms	 of	 syndromal	 obesity	 such	 as:Prader-Willi (Like) Syndrome (PWS). PWS is characterized byhypotonia and feeding dif�iculties in infancy, followed by



hyperphagia, obesity, and developmental delays in early childhood(after 2 years of age). The onset of hyperphagia and obesity is usuallylater than in PHP1a. Patients with PWS do not have hypocalcemia orPTH resistance.Bardet-Biedl Syndrome (BBS). The overlapping features betweenBBS and PHP1a include early onset obesity, hyperphagia,developmental delay. However BBS speci�ic features are: retinaldystrophy, polydactyly, and renal anomalies.Other Types of Pseudohypoparathyroidism: including PHP1b, PHP1c,which may have overlapping features but differ in genetic mutationsand biochemical pro�iles.Multifactorial Obesity. Gsα de�iciency is an underappreciated cause ofearly-onset, severe obesity. Therefore, screening children withunexplained, severe obesity for GNAS defects is recommended [3, 5].
4	 Molecular	 DiagnosisMolecular Testing is essential for genetic counseling and diagnosis,particularly when clinical features overlap. The primary subtypes ofPHP and related disorders arise from either de novo or autosomaldominant inherited inactivating genetic variants or epigeneticalterations at the imprinted GNAS gene. The GNAS locus features fourdistinct differentially methylated regions (DMRs): the paternallymethylated region (GNAS-NESP:TSS-DMR) and three maternallymethylated regions (GNAS-AS1:TSS-DMR, GNAS-XL:Ex1-DMR, and GNASA/B:TSS-DMR).Genetic Counseling: Crucial for patients with GNAS variants, whohave a 50% chance of transmitting the molecular defect. Depending onthe parental sex, their offspring will develop PPHP, osteoma cutis, orPOH (if the transmitting patient is male) or PHP1A (if the transmittingpatient is female).Detection Methods: Single-nucleotide variants can be detected bysequence analysis, Methylation defects can be detected through variousmethods, such as methylation-sensitive MLPA (MS-MLPA). This testallows simultaneous detection of methylation defects at different GNASDMRs as well as CNVs, including deletion of the nearby STX16 gene,resulting in loss of methylation in the A/B exon of GNAS. Aberrant



methylation without the presence of a deletion is in some cases due to apaternal uniparental disomy, which can be detected using microsatellitetyping or SNP array.
5	 TherapyTreatment of PHP includes offering appropriate genetic counselling,screening, treatment of the endocrine de�icits, providing supportive toprevent weight gain and complications. A lifelong, coordinated, andmultidisciplinary approach is recommended, beginning as early aspossible in infancy and continuing through adulthood, with a smoothtransition from pediatric to adult care.Obesity and weight management: To provide supportive care andadvice to promote a healthy lifestyle and prevent weight gain should beoffered as early as possible. If hyperphagia and obesity are present,provide a multidisciplinary intervention with the approach tailored tothe patient needs. Lifestyle modi�ications, dietary interventions, andtailored exercise regimens should be offered as well as psychologicsupport and parental coaching. As second step, obesity medication orbariatric surgery can be considered. However, the effectiveness ofobesity interventions in PHP-related obesity requires furtherinvestigation.

Endocrine	 treatment:	 Screen	 and	 treat	 endocrine	 de�icits:Hypocalcemia or hyperphosphatemia due to PTH resistance. Thecornerstone of managing hypocalcemia in PHP involves activevitamin D supplementation. Calcium supplementation untilnormalisation of calcium. Phosphate binders: If hyperphosphatemiais present, phosphate binders may be prescribed to reduce theabsorption of dietary phosphorus, helping to normalize phosphatelevels. If a patient is on anti-epileptic drugs, these can often bestopped after normalization of calcium levels.Hypothyroidism due to TSH resistance is treated with hormonesuppletion of thyroxine.Growth hormone therapy is indicated when growth hormonede�iciency is diagnosed. Evidence is lacking that growth hormonetreatment is effective to in�luence �inal height in the absence ofgrowth hormone de�iciency.



Hypogonadism. Hormone replacement therapy (estrogen for femalesand testosterone for males) is indicated when hypogonadism ispresent.
6	 Follow-Up	 AdvicesFollow-up management aims at early detection of disorders andprevention of complications. The frequency of follow up depends on thesubtype diagnosis, endocrine de�icits and age. In PHP1A a schedule ofmonthly follow up in the �irst year, 3 monthly follow up in infancy and6–12 month follow up in childhood or adulthood is advised forscreening and treatment of endocrine de�icits and monitoring ofgrowth, BMI and puberty.Endocrine Monitoring: Regular monitoring of calcium, phosphate,thyroid function, gonadal hormones, and other relevant endocrineparameters is essential to initiate appropriate treatment on time. IfPTH resistance is present, careful monitoring is necessary to avoidcomplications of hypercalcemia such as nephrocalcinosis. Thereforemonitoring of urine calcium excretion and ultrasound of the kidneys isperformed with large intervals.Bone Health: Optimizing bone health is crucial. Physical therapy andweight-bearing exercises can help improve bone density and alleviatemusculoskeletal symptoms.Psychological support and educational programs should beprovided early. Skeletal abnormalities can impact physical functioningand self-esteem, in�luencing patients’ psychosocial well-being.Sleep apnea, a common complication of obesity, is more frequent inpatients with PHP1A and may also be present in acrodysostosis. Thesepatients often have round faces, a �lattened nasal bridge, and/ormaxillary hypoplasia, which, combined with obesity, contribute to sleepand respiratory disturbances. Screening for restless sleep, snoring,inattentiveness, and daytime somnolence is recommended, withpolysomnography if symptoms are present.Metabolic Syndrome. Regular monitoring of blood pressure, lipidpro�ile, and glucose metabolism parameters is recommended withinthe multidisciplinary follow-up of patients with PHP. Postprandialhyperglycemia and dysglycemia is frequent in children with PHP1A and



PHP1B [14]. Decreased insulin sensitivity and type 2 diabetes arecommon in adult PHP1A patients and may not be solely related toobesity [11]. The lipid pro�ile is generally not profoundly affected inPHP1A patients. Although hypertension has been reported, theincidence of cardiovascular diseases is not increased compared tocontrols.Dental checkup. PHP is frequently linked to various dental and oralconditions, including: delayed tooth eruption, hypodontia, enamelhypoplasia, malocclusion, gingival hyperplasia, gingivitis withspontaneous bleeding and pain. Therefore, regular dental check-upsevery 6–12 months are advised, especially during childhood.Registries. Given the lack of strong evidence-based data, particularlyfor patient management, there is a need for �illing data to largeinternational registries such as the initiatives within the EuropeanReference Networks (ERN) EuRREB registry, which recruit data oncohorts of patients to better understand the natural history, anddevelop novel disease-speci�ic therapies. The ERN centers of expertisecan enroll patients after informed consent.
7	 Family	 ScreeningThe advice for family screening varies per PHP subtype. In case of anautosomal dominant inheritance, family members that show a similarphenotype can be tested for the underlying (epi) genetic cause that wasidenti�ied, as this can have implication for screening and treatment.
8	 SummaryPatients with PHP and related disorders may display a highlyheterogeneous and progressive clinical picture over their lifespan,necessitating a lifelong multidisciplinary approach. Each clinical aspectand potential complication should be managed by healthcareprofessionals with expertise in these disorders, preferably at referralcenters. The complex genetic and epigenetic GNAS defects underlyingthese disorders require a specialized approach to establish a correctmolecular diagnosis, which can be time-consuming for both patientsand their families but is crucial for appropriate management.



Take	 Home	 MessagePHP presents with a wide range of clinical manifestations, includingPTH resistance: hypocalcemia, hyperphosphatemia, other hormoneresistances and osteodystrophy.The association between PHP and obesity has signi�icant clinicalimplications. Obesity can exacerbate the metabolic and orthopediccomplications already present in PHP patients, leading to reducedquality of life. Therefore, early intervention and management ofobesity are crucial.
9	 ConclusionPseudohypoparathyroidism is a rare genetic disorder with a complexclinical presentation that extends beyond the classic endocrinemanifestations. The intriguing association between PHP and obesitysheds light on the intricate interplay between metabolic and endocrinepathways. Further research into the molecular basis of this associationmay unravel novel therapeutic avenues for managing obesity andimproving the overall health of individuals with PHP.
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1	 IntroductionBody weight is strongly in�luenced by underlying genetic factors [1, 2].Twin and family studies have estimated that the heritability of BMI is ashigh as 40–70% [3]. In most individuals living with obesity,multifactorial obesity, also called common or polygenic obesity, ispresent. In these individuals, the small effects of hundreds of geneticpolymorphisms interact with environmental factors to contribute totheir obesity [4]. Currently, over 1000 loci are associated withmultifactorial obesity [1], and polygenic risk scores based on large-scale genome-wide association studies can explain around 20% of thevariability in BMI on a population level [5]. However, in a minority ofindividuals with obesity, the obesity phenotype can be explained bydisturbances in the leptin-melanocortin pathway, the hypothalamicpathway that regulates body weight, appetite, and energy expenditure[6]. It is estimated that 3–7% of children with obesity who visit aspecialized obesity clinic, and up to 3% of adults with obesity [7–10],have an underlying genetic disturbance of the leptin-melanocortinpathway that causes their obesity. These leptin-melanocortin pathwaydisorders can be caused by rare defects in a single gene or rare copynumber variations (CNVs) involving one or more genes and aretypically inherited in a Mendelian pattern (autosomal dominant orrecessive) or occur de	 novo. Leptin-melanocortin pathway disorders aregenerally subdivided into (1) non-syndromic genetic obesity disorders,in which hyperphagia and early-onset severe obesity are the mainclinical characteristics, and (2) syndromic genetic obesity disorders, inwhich the obesity is accompanied by intellectual disability,developmental delay, and/or presence of congenital anomalies ordysmorphic features.This chapter provides a general overview of the most importantclinical, biochemical and genetic features of non-syndromic leptin-melanocortin pathway disorders. The most important individualdisorders, namely melanocortin 4 receptor (MC4R) de�iciency, leptin(LEP) and leptin receptor (LEPR) de�iciency, pro-opiomelanocortin(POMC) de�iciency and proprotein convertase subtilisin/kexin type 1(PCSK1) de�iciency, are described in more detail in the followingchapters.



2	 Aetiology	 and	 Pathophysiology
2.1	 Leptin-Melanocortin	 PathwayBody weight is tightly regulated by complex systems mainly involvinghomeostatic neural circuits as well as cognitive-emotional processesthat receive information by various hormones and messengersubstances [2, 11]. The hypothalamic leptin-melanocortin pathway isthe main regulator of homeostatic energy balance, satiety and energyexpenditure (Fig. 1). It receives peripheral afferent input from variousorgans as well as the brainstem and limbic system. These includesignals for both short-term and long-term regulation of satiety andweight. The short-term signals mostly derive from the gastrointestinaltract signalling acute changes in hunger and satiety right before andafter a meal and include ghrelin produced by the stomach, insulin andamylin by the pancreas, and several hormones produced by the gut, e.g.glucagon-like peptide 1 (GLP-1), cholecystokinin, and peptide YY. Long-term signalling is mostly regulated by the adipose tissue whichproduces the hormone leptin, the most important indicator of thebody’s reserve energy stores [12]. Leptin is produced proportional tothe amount of adipose tissue present. Upon activation of its receptor,leptin signalling leads to activation of POMC-expressing neurons in thearcuate nucleus of the hypothalamus. This activation leads to theproduction of POMC, a prohormone that is cleaved by PCSK1 intodifferent hormones, including adrenocorticotropic hormone (ACTH)and α-melanocyte stimulating hormone (MSH). This α-MSHsubsequently stimulates the MC4R in the paraventricular nucleus of thehypothalamus. Activation of the MC4R is a critical step which throughvarious downstream signalling pathways ultimately leads to increasedsatiety and energy expenditure [13]. Disturbances at any level of thisleptin-melanocortin pathway lead to decreased MC4R signalling, whichresults in impaired satiety and decreased energy expenditure.



Fig.	1 Schematic overview of the leptin-melanocortin pathway. The adipose tissue produces thehormone leptin. Leptin activates its receptor, after which anorexic pro-opiomelanocortin (POMC)neurons in the arcuate nucleus of the hypothalamus produce the hormone POMC. POMC issubsequently cleaved by proprotein convertase subtilisin/kexin type 1 (PCSK1) into melanocytestimulating hormone (MSH). This MSH activates downstream melanocortin 4 receptor (MC4R)neurons in the paraventricular nucleus of the hypothalamus resulting in increased energyexpenditure and satiety signals. Moreover, leptin decreases the activity of the orexigenic



neuropeptide Y (NPY)/ Agouti-related peptide (AgRP) neurons in the arcuate nucleus of thehypothalamus. SH2B1 acts as an adaptor protein at the level of the leptin receptor, enhancingleptin sensitivy. SIM1 is required for the development of PVN neurons that express MC4R.Abbreviations: AGRP Agouti-related peptide, ARC arcuate nucleus of the hypothalamus, BDNFbrain-derived neurotrophic factor, LEPR leptin receptor, MC4R melanocortin 4 receptor, MSHmelanocyte-stimulating hormone, NPY neuropeptide Y, PCSK1 proprotein convertasesubtilisin/kexin type 1, POMC pro-opiomelanocortin, PVN paraventricular nucleus of thehypothalamus, SIM1 Single-minded homolog 1. (Credit: Figure made by Lotte Kleinendorst andOzair Abawi)
2.2	 Molecular	 GeneticsTables 1a and 1b summarise some of the important genes known tocause non-syndromic obesity disorders that are associated with theleptin-melanocortin pathway, also shown in Fig. 1. In general, patientswith biallelic (homozygous or compound heterozygous) variants in
MC4R have a more severe phenotype than the patients with a single(heterozygous) variant. There is discussion whether heterozygosity for
LEP,	 LEPR,	 PCSK1, or POMC confers a genetic obesity disorder or ratheran increased risk of having obesity [14–16]. A recent exome sequencingstudy of 640,000 individuals, showed that heterozygous carriers ofloss-of-function variants in LEP, POMC, PCSK1, or MC4R have asigni�icantly higher BMI. However, heterozygous carriers of loss-of-function variants in LEPR in this study did not have a signi�icantlyhigher BMI. This suggests that LEPR de�iciency only results frombiallelic pathogenic variants following an autosomal recessiveinheritance pattern [17].
Table	1a Overview of most important genes associated with non-syndromic genetic obesity
Gene Inheritance OMIM	 number

LEP   AR  Heterozygous LoF variants risk factor 164160
LEPR AR 601007
MC4R AR and AD 155541
PCSK1   AR  Heterozygous LoF variants risk factor 162150
POMC   AR  Heterozygous LoF variants risk factor 176830



Gene Inheritance OMIM	 number

SH2B1 AD 608937
SIM1 AD 603128
AD Autosomal dominant, AR Autosomal recessive, LoF loss-of-function
Table	1b Overview of some of the newly discovered orless studied genes associated with non-syndromic geneticobesity, which are not extensively discussed in this chapter.Clinical features are summarized in Table 2b
Gene Inheritance OMIM	 number

ADCY3 AR 600291
ASIP 	 (ITCH-ASIP 	 fusion) AD 600201
BDNF AD 113505
DYRK1B AD 604556
KSR2 AD 610737
AD Autosomal dominant, AR Autosomal recessive
3	 Clinical	 PresentationThe key clinical features of all non-syndromic leptin-melanocortinpathway disorders are hyperphagia and early-onset severe obesity.Although there is no uniform de�inition of hyperphagia, it generallypresents as an extreme and insatiable increase in appetite, even whenhaving consumed suf�icient amounts of food [18]. Early-onset obesity isde�ined in current international guidelines as obesity occurring beforeage 5 years [19, 20]. Depending on the speci�ic genetic obesity disorder,it is estimated that around 80% of patients present with hyperphagiawhereas early-onset obesity before the age of 5 years is typically foundin 90–95% of pediatric patients [8, 21]. Recently, we proposed thatearly-onset obesity should be de�ined as obesity onset before the age of3.9 years due to the secular trend of increasing obesity worldwide [21].In adult patients, obesity age of onset is often more dif�icult to de�ineand occurs later than in pediatric patients [16, 22].Other features can be present, presented in Tables 2a and 2b.



Table	2a Additional clinical features of the key non-syndromic genetic obesity disorders
Disorder Clinical	 features	 beside	 obesity

Congenital	 leptin
and	 leptin	 receptor
de�iciency
(biallelic)

Increased risk of childhood infections, pituitary hormone disturbances,e.g. growth hormone de�iciency (GHD), hypogonadotropichypogonadism (HH), and central hypothyroidism (CeH) [23, 24]
POMC	 de�iciency
(biallelic)

Hyperphagia, red hair, and adrenal insuf�iciency due to ACTH de�iciency[25]
PCSK1	 de�iciency
(biallelic)

Severe neonatal malabsorptive diarrhea, central diabetes insipidus,pituitary hormone disturbances, e.g. GHD, HH, CeH [26]
MC4R	 de�iciency
(both	 mono-	 and
biallelic)

Increased linear growth and increased bone mass, macrocephaly,hyperinsulinemia disproportionate to the degree of obesity [27]Biallelic more severe phenotype than monoallelic
SH2B1	 de�iciency Early onset of diabetes with poorer glycaemic control than patientswithout this deletion, despite higher use of medication. Variable presenceof behavioral problems and delayed (speech) development [28]
SIM1	 de�iciency Variable presence of learning and behavioral problems. In some cases, aPrader-Willi-like phenotype is described [29]
Table	2b Additional clinical features of some of the newly discovered or less studied genesassociated with non-syndromic genetic obesity, which are not extensively discussed in thischapter
Disorder Clinical	 features	 beside	 obesity

ADCY3
de�iciency

Anosmia or hyposmia, type 2 diabetes mellitus [30, 31]
ASIP
de�iciency

Red hair, hyperinsulinemia [32]. For further information, see paragraph“differential diagnosis” in the chapter on POMC de�iciency
BDNF Behavorial or psychiatric problems [33, 34]
DYRK1B
de�iciency

Type 2 diabetes mellitus [35]
KSR2
de�iciency

Low heart rate, reduced basal metabolic rate, severe insulin resistance [36]
3.1	 Clinical	 EvaluationA comprehensive clinical evaluation is warranted in all cases with asuspected non-syndromic genetic obesity disorder. This includes:– Detailed medical history: focusing on eating behaviors, signs ofhyperphagia, age of onset of obesity, periods of rapid weight gain, a



history of developmental delays or intellectual disability and otherassociated health issues. A three-generation family historydocumenting instances of (early-onset) obesity and relatedmetabolic disorders, e.g. diabetes, hypertension, dyslipidemia, andcardiovascular diseases, should be obtained. Comprehensive growthcharts analysis can further increase the suspicion of speci�ic geneticobesity disorders and guide genetic testing [21, 37].– Physical examination: measurement of height (or recumbent lengthin infants), weight, and head circumference, blood pressure, as wellas a thorough dysmorphologic examination. Furthermore, signs ofendocrine imbalances should be evaluated, e.g. signs of Cushingsyndrome, thyroid or gonadal disfunction, and insulin resistance(acanthosis nigricans). When available, measurement of bodycomposition and energy expenditure can aid in patient-tailoredtreatment advices, but does not contribute to establishing adiagnosis of a genetic obesity disorder.– Measurement of parental height, weight, and head circumference.– Biochemical evaluation: assessment of fasting glucose and insulin,lipid pro�ile, liver enzymes, thyroid function and vitamin D levels iswarranted in all patients. If indicated, additional evaluation ofadrenal function, growth hormone/IGF-1 axis, gonadal function,white blood cell count and leptin levels are indicated.
4	 Clinical	 DiagnosisThe diagnosis of a non-syndromic genetic obesity disorder isestablished by identifying (likely) pathogenic (American College ofMedical Genetics and Genomics class 4 or 5, see Chapter “GeneralIntroduction to Obesity Genetics and Genomics”) variants in one of theaforementioned obesity-associated genes (Tables 1a and 1b) incombination with a matching clinical phenotype. There are no formalcriteria established for a clinical diagnosis. However, there are patientswith a typical phenotype of a non-syndromic genetic obesity disorderwithout a (presently known) genetic diagnosis, for which future genetictesting might help to pinpoint a diagnosis as new obesity genes andvariants in established obesity genes are still regularly discovered [8].



5	 Differential	 Diagnosis
5.1	 Multifactorial	 or	 Environmental	 Obesity	 Including	 Use
of	 Obesogenic	 MedicationOne of the most dif�icult problems in the differential diagnosis is todetermine whether an environmental cause is the most likely origin ofobesity. One should carefully examine the weight course of the patientin relation to lifestyle and environmental factors. Health-careprofessionals should also ask the patient and/or the parents what theyregard as the most likely cause of obesity. A later age-of-onset of obesityand psychosocial problems are more often seen in patients without anunderlying genetic cause of obesity [8]. Use of medication can play animportant role in multifactorial obesity. Many drugs, such asantidepressants, antipsychotics, and antiepileptics can have anobesogenic effect.
5.2	 Polygenic	 ObesityPolygenic obesity is a form of obesity in�luenced by the combinedeffects of a large amount of genetic variants in numerous genes, eachcontributing a small amount to an individual’s predisposition to gainweight. See Chapter “Genome-Wide Association Studies and PolygenicRisk Prediction in Obesity Research” for extensive information onpolygenic obesity.
5.3	 Syndromic	 ObesityIn syndromic obesity, the patient typically also has congenitalmalformations, organ anomalies, and dysmorphic features.Developmental delay or intellectual disability are often present. Manyof these syndromes are discussed elsewhere in this book, with Prader-Willi syndrome as the most well-known syndromic genetic obesitydisorder.
5.4	 OvergrowthGenetic obesity syndromes should further be distinguished fromovergrowth syndromes such as Beckwith-Wiedemann syndrome [38].In genetic obesity, the anthropometrics at birth are usually normal. Inovergrowth syndromes, patients have macrosomia, tall stature, and a



large head circumference. Moreover, patients with an overgrowthsyndrome do not typically have the hyperphagia reported in manypatients with genetic obesity disorders.
5.5	 Hypothalamic	 ObesityA non-genetic cause of severe obesity with hyperphagia ishypothalamic obesity. This rare type of obesity results from dysfunctionor damage to the hypothalamus. When the hypothalamus is damaged, itcan lead to abnormal and often uncontrollable weight gain. Thiscondition can be caused by a variety of factors, including tumors,radiation or surgery of the hypothalamic area [39]. A well-known causeof hypothalamic obesity occurs after the surgical removal of acraniopharyngioma. In addition to weight gain and hyperphagia, othersymptoms may be present, depending on the underlying cause of thehypothalamic dysfunction. These can include severe fatigue, pituitaryhormone de�iciencies, growth problems, disturbances in the regulationof body temperature and decreased energy expenditure.
5.6	 EndocrineHypothyroidism and Cushing syndrome should be considered aspotential medical causes of obesity.In adults with obesity, overt hypothyroidism is present in 14% ofthe patients [40]. Therefore, it is recommended that thyroid function istested in all adult patients with obesity [41]. In children with obesity,the prevalence of hypothyroidism is unknown, but should beconsidered in children with decelerating height velocity (endocrinecross) [19, 20]. In adults with obesity, hypercortisolism is present inonly 0.9% of patients [40], therefore, testing for Cushing syndrome inpatients with obesity is recommended only in patients with additionalsigns of endogenous hypercortisolism [41]. In children, Cushingsyndrome is extremely rare and presents with rapid weight gaincoinciding with decelerating height velocity (endocrine cross) [42].
6	 Molecular	 DiagnosisWhen patients are suspected of a non-syndromic genetic obesitydisorder, analysis of known obesity genes is indicated. These obesity



gene panels usually consist of the genes involved in the leptin-melanocortin pathway. For more extensive testing, one could considerwhole exome sequencing or whole genome sequencing, although thisincreases the risk of incidental �indings or carrierships that do notexplain the phenotype. In cases where it is unclear whether there couldalso be syndromic component, SNP-array can also be considered, forexample to identify the 16p11.2 deletion. Some gene panels incorporateCNV analysis to identify obesity-associated CNVs.
7	 TherapyAn individualized tailored treatment plan should be made for everypatient with obesity that is appropriate for age, culturally sensitive, andfamily-centered. The cornerstone treatment is a combined lifestyleintervention (CLI) that focuses on physical activity and dietary adviceas well as psychosocial and behavioral interventions. This howeverrarely suf�ices in genetic obesity disorders [43], and additionalpharmacologic treatment, or in speci�ic cases bariatric surgery mightbe needed. Several drugs are available in general for obesity without anidenti�ied underlying cause. However, data on treatment outcomes inpatients with non-syndromic genetic obesity disorders are con�ined tocase reports and case series describing positive results with GLP-1agonist treatment, naltrexone/bupropion, and central stimulantsincluding methylphenidate and dextroamphetamine [44, 45].Additionally, targeted drug therapy is available for biallelic POMC,PCSK1, and LEPR de�iciency, i.e. MC4R agonist therapy, as well as LEPde�iciency, i.e. recombinant leptin therapy. Furthermore, treatment andfollow-up of patients with non-syndromic genetic obesity disordersaffecting the leptin-melanocortin pathway should include genetic andreproductive counselling and organ system surveillance in speci�icsyndromes (e.g. adrenal insuf�iciency in POMC de�iciency; thyroid,puberty and growth screening in LEP and LEPR de�iciency). Moreover,tailored advice pertaining outcomes of bariatric surgery outcomes ingenetic obesity should be provided (see Chapter “Metabolic BariatricSurgery”) [46, 47].



8	 Follow-up	 AdvicesManagement of genetic obesity disorders often requiresmultidisciplinary, long-term care and varies depending on the speci�icdisorder. There is no uniform surveillance plan for all patients withleptin-melanocortin pathway disorders. Follow-up recommendationsthat could be considered are:Monitoring of adherence to healthy lifestyleMonitoring of height, weight, and pubertyBiochemical evaluation including endocrine evaluation for hormonaldisturbances and screening for comorbidities (thyroid function,gonadal hormones, signs of hepatic steatosis, lipid pro�ile). Monitorglucose levels and insulin sensitivity as an increased rate of type 2 isdescribed for some disorders, such as SH2B1 haploinsuf�iciency [28]Evaluation of treatment of syndrome-associated hormonalde�iciencies (e.g. growth hormone therapy in LEPR de�iciency,hydrocortisone to treat adrenal insuf�iciency in POMC de�iciency)Measurement of body composition and of resting energy expenditureto guide tailored dietary adviceCardiovascular assessment: according to severity of the obesity andpresence of comorbidities. As of yet, no speci�ic screening strategiesare available for genetic obesity disorders
9	 Family	 ScreeningThe advice for family screening varies per disorder within the leptin-melanocortin pathway.In case of an autosomal dominant disorder, family members thatshow a similar phenotype can be tested for the pathogenic variant thatwas identi�ied in the family, as this can have implication for the follow-up and treatment of obesity. In case of a recessive disorder, it isimportant to determine the recurrence risk for future siblings of theproband.
10	 Summary



Non-syndromic leptin-melanocortin pathway disorders are the mostwell-known group of monogenic obesity disorders. They typicallypresent with severe obesity with early-onset and marked hyperphagia,generally lacking intellectual disability, neuropsychiatric problems, orcongenital anomalies. The inheritance pattern can be autosomaldominant or recessive. The most prevalent condition is heterozygousmelanocortin-4 receptor (MC4R) de�iciency. Many of the recessiveforms of the leptin-melanocortin pathway disorders exhibit associatedhormonal imbalances, impacting hormones like adrenocorticotropichormone (ACTH) and growth hormone. Treatment development isadvancing, especially with the recent approval for the use of a speci�icMC4R agonist.
Take	 Home	 MessageThe leptin-melanocortin pathway is crucial for the regulation ofsatiety and body weight. Pathogenic variants in genes involved inthis pathway typically lead to a phenotype of hyperphagia andconsequently early-onset severe obesity.
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1	 IntroductionLeptin de�iciency and leptin receptor de�iciency are two distinct geneticdisorders, both discovered in the mid-1990s, that have signi�icantlyadvanced our understanding of appetite regulation and energy balance.Leptin de�iciency results in the absence or insuf�icient levels of thehormone leptin, leading to severe hyperphagia and early-onset obesity.The de�iciency of the leptin receptor disrupts the body’s ability to
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respond to leptin signals, resulting in similar, less severe, clinicalfeatures.Leptin de�iciency is ultra rare, with an estimated global prevalenceof 1 in 4.4 million people [1].Leptin receptor de�iciency is less rare, it has a predicted prevalencein Europe of 1 in 750,000 people [2]. The prevalence of these disordersis higher in consanguineous populations as they have an autosomalrecessive inheritance pattern. Carriers of a monoallelic pathogenic loss-of-function variant in LEP have an increased risk of developing obesity,whereas carriers of a heterozygous LEPR pathogenic loss-of-functionvariant do not have a signi�icantly higher BMI [3].
2	 Aetiology	 and	 Pathophysiology
2.1	 Leptin-Melanocortin	 PathwayLeptin, a hormone produced by white adipose tissue, plays a key role inthe regulation of appetite, metabolism, and energy balance. Itsproduction is correlated to the number of adipocytes present andfunctions as the most important indicator of the body’s reserve energystores [4]. The hypothalamic leptin-melanocortin pathway integratesthe leptin signal, as well as other peripheral afferent input from variousorgans as well as other brain areas, and is the main regulator ofhomeostatic energy balance, satiety and energy expenditure (seeChapter “Non-syndromic Leptin Melanocortin Pathway Disorders”).Hypothalamic leptin signalling leads to the production of POMC, aprecursor hormone that is cleaved into different hormones, includingα-melanocyte stimulating hormone (MSH). This α-MSH subsequentlyactivates the MC4R, which through various downstream signallingpathways ultimately leads to increased satiety and energy expenditure[5, 6]. Leptin signalling is also involved in the expression of thyrotropinreleasing hormone (TRH) in the paraventricular nucleus of thehypothalmus, thereby regulating thyroid function [7]. Furthermore,leptin is a permissive factor for the initiation of pubertal development[8], stimulates growth hormone secretion via effects at thehypothalamic and pituitary level [9], and has several importantimmune functions [10]. Disruptions of leptin signalling can havediverse causes, e.g. through absent or insuf�icient levels of leptin [11],



leptin isoforms functioning as antagonists of the leptin receptor [12], ordefective leptin receptors [13]. These disruptions lead to a phenotypecharacterised by hyperphagia and severe, early-onset obesity which canbe accompanied by thyroid, gonadal and immune dysfunction, as wellas decreased linear growth. It is hypothesized that leptin resistanceexplains why leptin values in people with obesity are elevated withoutleading to increased satiety and decreased food intake, but the exactmolecular mechanisms are yet to be elucidated [14].
2.1.1	 Molecular	GeneticsBoth in the LEP and LEPR gene, pathogenic variants can includeframeshift, nonsense, missense, or splice variants. For LEPR de�iciency,it is suggested that there might be a genotype–phenotype correlationre�lecting residual leptin receptor function, but this is not proven yet[2].SNPs or common variants in LEP and LEPR associated with anincrease in BMI have been described, but these effects on body weightare small [15]. It is suggested that there might also be protective SNPsin LEP and LEPR that could reduce the obesity risk. There is also a casereport published about a mother and son with underweight who bothhad a rare heterozygous missense variant in LEP [16]. The mother andson had reduced appetite and BMI, combined with delayed puberty.LEP and LEPR de�iciencies show complete penetrance, meaning thatall individuals with biallelic pathogenic variants (autosomal recessiveinheritance) will develop the disorder. However, the expressivity canvary, particularly with regards to the presence of the hormonaldisturbances and immune issues. Within families, the presence andtype of pituitary hormone de�iciency seems to be comparable betweenfamily members. However, interfamilial variability has been reported:�ive unrelated subjects from Reunion Island who were homozygous forthe same exon 6–8 deletion in LEPR, did not present with a similarphenotype (1 with central hypothyroidism, 3 with growth hormonede�iciency, 3 with hypogonadism) [17].
3	 Clinical	 Presentation



The �irst reported cases with leptin and leptin receptor de�iciency werepublished in the 1990s.In 1997, two cousins from a highly consanguineous Pakistani familywith severe, early-onset obesity were found to have a homozygouspathogenic LEP variant. The cousins had very low leptin levels, close tothe detection limits [18]. A year later, in 1998, three sisters from aconsanguineous Algerian family with comparable severe early-onsetobesity were discovered to have LEPR de�iciency based on ahomozygous LEPR defect [19]. These sisters also did not undergospontaneous puberty development, and they had hypothyroidism andmild growth delay because of decreased growth hormone secretion.These �irst patients highlight the key clinical features of leptin andleptin receptor de�iciency, which highly overlap. Consanguinity ispresent in about 90% of cases, as �itting with the autosomal recessiveinheritance [20]. Besides hyperphagia and severe-early onset obesity,patients with LEP and LEPR de�iciency can also have pituitary hormonede�iciencies, i.e. central hypothyroidism, hypogonadotropichypogonadism, or growth hormone de�iciency [2, 20]. Hyperphagia canbe described as an extreme and insatiable increase in appetite, evenwhen having consumed suf�icient amounts of food [21]. Hyperphagia isknown to negatively impact quality of life [22]. The age of onset ofobesity is usually within the �irst 2 years of life [20, 23]. The pituitaryhormone de�iciencies were present in 34% of patients with LEPRde�iciency [2]. In patients with LEP de�iciency, hypothyroidism isdescribed in 17% and hypogonadism in up to 83% of patients [20]. Theclinical phenotype, including obesity severity and age of onset ofobesity, seems to be a bit more pronounced in patients with LEPde�iciency than LEPR de�iciency [20].People with leptin de�iciency can be more prone to infections,mostly pulmonary or upper-airway infections. It is reported that theyhave a lower circulating CD4+ T cell count, impaired proliferation of Tcells and less cytokine release [24]. When treated with recombinantleptin, these measurements improve. In patients with leptin receptorde�iciency, lymphocyte counts showed a modest decrease in CD4+ T-cellcount and a compensatory higher B-cell count, and frequent infectionsare described in ~50% of published patients [2, 13]. A retrospectivestudy reported a high mortality rate in children with LEP de�iciency



(26%) or LEPR de�iciency (9%), mainly due to severe pulmonary andgastrointestinal infections [25]. It should be noted that this study wasperformed in Pakistan, and it is unknown whether this increasedmortality due to infections is also present in other countries orpopulations [2]. Resting energy expenditure is comparable to age-, sex-and weight matched controls [26, 27]. In patients with leptin de�iciency,recombinant leptin therapy does not increase energy expenditure, butit prevents the reduction in energy expenditure that is associated withweight loss [11, 28].
4	 Differential	 DiagnosisOther non-syndromic genetic obesity disorders, for example MC4Rde�iciency, should be considered when there is early-onset severeobesity. Furthermore, consider multifactorial or environmental obesityincluding use of obesogenic medication, polygenic obesity, syndromicobesity, overgrowth disorders, hypothalamic obesity, and endocrineobesity. For more details regarding the differential diagnosis, see thedifferential diagnosis paragraph in Chapter “Non-syndromic LeptinMelanocortin Pathway Disorders”.
4.1	 EndocrinopathiesThe diverse endocrinopathies that can be seen in LEP and LEPRde�iciency all have their own differential diagnoses, which fall beyondthe scope of this book. The combination of pituitary hormonede�iciencies and early-onset severe obesity makes a defect in the leptin-melanocortin pathway most likely. POMC de�iciency and PCSK1de�iciency can also present with (some of) these endocrinopathies, seeChapters “MC4R De�iciency” and “PCSK1 De�iciency”.
5	 Molecular	 DiagnosisThe molecular diagnosis of leptin and leptin receptor de�iciency can bemade by sequencing of the LEP and LEPR gene. Because of the geneticheterogeneity of genetic obesity disorders, especially when the child isyoung and there are no other features than early-onset obesity andhyperphagia, larger gene panels might be more effective. LEP and LEPR



de�iciency result from biallelic (homozygous or compoundheterozygous) pathogenic variants following an autosomal recessiveinheritance pattern. Monoallelic loss-of-function LEP variants are likelyrisk factors for obesity, but monoallelic LEPR variants do not appear toincrease BMI [3].
6	 TherapyIn general, an individualized tailored treatment plan should be madefor every patient with non-syndromic genetic obesity, including LEPand LEPR de�iciency, that is appropriate for age, culturally sensitive,and family-centered. The cornerstone treatment is a combined lifestyleintervention (CLI) that focuses on physical activity and dietary adviceas well as psychosocial and behavioral interventions. This howeverdoes not treat the hyperphagia and therefore rarely suf�ices in LEP andLEPR de�iciency [22], and additional pharmacologic treatment, or inspeci�ic cases bariatric surgery might be needed. Both for LEP andLEPR de�iciency, target treatment is available in the form ofrecombinant leptin therapy and MC4R agonist therapy, respectively.
6.1	 Targeted	 Therapy	 for	 Leptin	 De�iciencyThe treatment for leptin de�iciency primarily revolves around leptinreplacement therapy. Synthetic recombinant leptin, such asmetreleptin, is administered through subcutaneous injections torestore physiological leptin levels. Leptin replacement therapy hasdemonstrated notable ef�icacy in improving appetite regulation,metabolic control, reversal of endocrine and immunologicaldisturbances, and body weight management in patients with leptinde�iciency [26, 29, 30]. Leptin substitution treatment also showsimprovement in psychological traits such as mood and behaviour [31].In patients with severe obesity, but without biallelic pathogenicvariants in LEP, leptin levels are increased and leptin treatment doesnot result in weight loss. This is attributed to central leptin resistance[26]. Anti-metreleptin antibodies have been described in many patientstreated with recombinant leptin, some of which, but not all, can haveneutralizing activity resulting in inhibition of endogenous leptin actionand loss of treatment ef�icacy [26]. Therefore, it is recommended to test



for the presence of these neutralizing antibodies in cases with loss ofdrug ef�icacy or severe infections [26].To our knowledge, there are no published reports on effects of othercommonly used anti-obesity medications, such as GLP-1 agonisttreatment, naltrexone/bupropione, phentermine, or central stimulantssuch as methylphenidate or dexamphetamine in patients with LEPde�iciency. Moreover, there are no published reports on the effect ofbariatric surgery in patients with LEP de�iciency, although mice withleptin de�iciency (ob/ob mice) show weight regain over the pre-surgerylevel [32]. Targeted gene therapy using CRISPR has been shown torestore the production and physiological functions of leptin in ob/obmice and might provide a future therapeutic option [33].
6.2	 Targeted	 Therapy	 for	 Leptin	 Receptor	 De�iciencySetmelanotide, a MC4R agonist, is available as treatment for severalleptin-melanocortin pathway de�iciencies including leptin receptorde�iciency. This is currently administered through subcutaneousinjections. In a phase 3 trial with 11 patients with LEPR de�iciency,1 year treatment with setmelanotide resulted in an average weight lossof −12.5%, as well as improvements in satiety and hunger feelings andmetabolic parameters [34]. The most important side effects areinjection side reactions, gastro-intestinal side effects, which usuallyresolve over time, and skin hyperpigmentation [34, 35]. Qualitativestudies also show that treatment with setmelanotide improves qualityof life in patients with LEPR de�iciency through reduction of thehyperphagia [22, 36]. Neutralizing anti-drug antibodies have not yetbeen reported.To our knowledge, no reports have been published on effects ofGLP-1 agonist treatment, naltrexone/bupropione or phentermine inpatients with LEPR de�iciency. There is one study on methylphenidatein children with LEPR de�iciency, leading to improved BMI trajectoriesand decreased appetite [37]. There have been incidental reports ofbariatric surgery in LEPR de�iciency showing initial weight lossfollowed by substantial weight gain [38, 39]. It is unknown if there is apreferred type of bariatric surgery for patients with LEPR de�iciency.Adenoviral gene therapy has been shown to restore leptin receptorsignalling in the arcuate nucleus of the hypothalamus of leptin



receptor-de�icient mice and might become available as future treatmentoption [40].
7	 Follow-Up	 AdvicesFollow-up of LEP and LEPR de�iciency requires multidisciplinary long-term care. There is no uniform follow-up or screening recommendation.Follow-up advices that could be considered are:Repeat visits to monitor adherence to healthy lifestyleMonitoring of height, weight, and pubertyMonitoring of associated endocrine de�iciencies and evaluation oftreatment (growth hormone/IGF1 axis, thyroid function, gonadalhormones)Biochemical evaluation including endocrine evaluation forcomorbidities (signs of hepatic steatosis, lipid pro�ile, glucose levels,insulin sensitivity). When measuring leptin levels, one should beaware of the possibility of bioinactive leptinUpon clinical indication, measurement and follow-up of immunefunction including CD4+ T cell countMeasurement of body composition and of resting energy expenditureto guide tailored dietary adviceCardiovascular assessment: according to severity of the obesity andpresence of comorbidities.
8	 Family	 ScreeningLeptin and leptin receptor de�iciency follow an autosomal recessiveinheritance pattern. The siblings of an affected child have 25% chanceof being affected if both parents are carrier. Carriership of aheterozygous pathogenic variant in LEP might increase obesity risk.Prenatal diagnostics can be considered in families with known leptin(receptor) de�iciency.
9	 Summary



LEP (leptin) and LEPR (leptin receptor) de�iciencies are geneticdisorders that disrupt the leptin-melanocortin pathway, which iscrucial for regulating appetite, and energy balance. These ultra raredisorders are most seen in consanguineous populations. They have anautosomal recessive inheritance pattern and are caused by biallelicpathogenic variants in either the LEP gene or the LEPR gene. Theclinical characteristics are severe early-onset obesity caused byhyperphagia and diverse hormonal de�iciencies (hypothyroidism,hypogonadotropic hypogonadism, growth hormone de�iciency). In thecase of LEP de�iciency, leptin replacement therapy (such as withrecombinant leptin) has shown success in reducing hunger andachieving weight loss. LEPR de�iciency can be treated with an MC4Ragonist, which also leads to a decrease in hunger and weight loss.
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1	 IntroductionProopiomelanocortin (POMC) de�iciency is a rare autosomal recessivedisorder characterized by impaired processing of the POMC protein,which leads to dysfunctional production of various biologically activepeptides involved in the hypothalamic leptin-melanocortin pathway.The main clinical features of the disorder are early-onset obesity,
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adrenal insuf�iciency, red hair (mostly apparent in white patients), anda lack of skin pigmentation.In 1998, biallelic (homozygous or compound heterozygous)variants in the POMC gene were �irst identi�ied in two unrelatedpatients who had severe obesity and adrenal dysfunction. Their distinctfeatures included red hair and a pale skin color [1]. The inheritancepattern of POMC de�iciency is autosomal recessive. We currentlyestimate the prevalence of POMC de�iciency to be 1 in 1.9 millionpeople, based on carrier frequency data from the Genome AggregationDatabase (gnomAD) [2, 3]. The prevalence of this disorder is higher inconsanguineous populations. Heterozygous loss-of-function variants in
POMC lead to a slightly higher BMI [4].
2	 Aetiology	 and	 Pathophysiology
2.1	 Leptin-Melanocortin	 PathwayPOMC is a key protein in the leptin-melanocortin pathway that isstrongly expressed in the arcuate nucleus of the hypothalamus andpituitary gland [5]. It plays a crucial role in the regulation of severalphysiological processes, including metabolism and response to stress.The hypothalamic leptin-melanocortin pathway is the main regulator ofhomeostatic energy balance, satiety, and energy expenditure (seeChapter “Non-syndromic Leptin Melanocortin Pathway Disorders”).Leptin signalling through the leptin receptor leads to the production ofPOMC-expressing neurons. This leads to the production of POMC in thearcuate nucleus of the hypothalamus, which is subsequently cleavedinto different hormones such as adrenocorticotropic hormone (ACTH),alpha-melanocyte-stimulating hormone (α-MSH), β-MSH, and γ-MSH[5]. These hormones are involved in several physiologic processesincluding skin pigmentation, adrenal cortisol production, and, throughthe MC4R receptor in the paraventricular nucleus of the hypothalamus,satiety and energy expenditure. Biallelic (homozygous or compoundheterozygous) defects of the POMC gene disrupt the normal post-translational processing of POMC, impairing the formation of bioactivepeptides such as ACTH, α-MSH, β-MSH, and γ-MSH, and subsequentdownstream signalling. The de�iciencies in the ligands and subsequentlack of activation of the melanocortin receptors lead to the different



aspects of the phenotype. Lack of MC1R activation leads to the red hairpigmentation and pale skin. Lack of MC2R activation leads to thecentral adrenal insuf�iciency. Lack of activation of the MC4R leads to thehyperphagia and severe obesity phenotype.
2.2	 Molecular	 GeneticsComplete POMC de�iciency is caused by biallelic loss-of-function POMCvariants.Several pathogenic variants in POMC have been described,including missense variants. Depending on the location of the variant inthe POMC gene, different functions of the gene can be affected. Forexample, there were two sisters reported with a homozygous POMCvariant who only showed obesity, hyperphagia and hypocortisolism,but no red hair of pale skin. Their speci�ic POMC defect did not impairthe activity of MC1R by β-MSH, leading to normal pigmentation [6].A recent exome sequencing study showed that heterozygouscarriers of POMC loss-of-function variants have a signi�icantly higherBMI [7]. There is likely reduced penetrance and variable expressivityfor patients who carry a heterozygous loss-of-function variant in POMC.Biallelic POMC de�iciency shows complete penetrance.
3	 Clinical	 PresentationThe �irst reported cases with molecularly con�irmed POMC de�iciencywere published in 1998 [1]. Both patients presented with obesity, redhair pigmentation and pale skin, and ACTH de�iciency. Interestingly, anearlier-born sibling of the �irst patient had died in infancy and wasfound to have adrenal insuf�iciency in the post-mortem examination[1]. This �irst report highlights the key clinical features of POMCde�iciency and shows the importance of recognizing the disease,enabling timely glucocorticoid replacement therapy. The commonestpresenting sign, in 72% of patients, is neonatal hypoglycemia with orwithout convulsions, prompting additional laboratory tests leading tothe diagnosis of adrenal insuf�iciency [8]. The clinical presentation inthe �irst years of life is often characterized by hyperphagia, severeobesity, and adrenal insuf�iciency due to the lack of melanocortinsignalling. Hyperphagia is characterized by an extreme and insatiableincrease in appetite, even when having consumed suf�icient amounts of



food [9], which negatively impacts quality of life [10]. The age of onsetof obesity is usually within the �irst two years of life [11, 12]. Additionalendocrine disturbances can be present, such as central hypothyroidism,hypogonadotropic hypogonadism, type 1 diabetes and growth hormonede�iciency [8]. A pitfall can be that not all patients exhibit the typicalpale skin and red hair. Depending on their ethnicity and exact geneticvariant, about 55% of patients have red hair, 30% have reddish-brownhair and 25% have brown or dark hair [8]. The �irst two patients withPOMC were reported to have a lower resting energy expenditure (REE)than predicted [1], but this has not subsequently been reported [13].
4	 Differential	 DiagnosisOther non-syndromic genetic obesity disorders, for example LEP andLEPR de�iciency, should be considered when there is early-onset severeobesity. Furthermore, consider multifactorial or environmental obesityincluding use of obesogenic medication, polygenic obesity, syndromicobesity, overgrowth disorders, hypothalamic obesity, and endocrineobesity. For more details regarding the differential diagnosis, see thedifferential diagnosis paragraph in Chapter “Non-syndromic LeptinMelanocortin Pathway Disorders”.The most important key symptoms for the differential diagnosis ofPOMC de�iciency are red hair or hypopigmentation and central adrenalinsuf�iciency. A comprehensive overview of the differential diagnosesassociated with these symptoms falls beyond the scope of this book.Non-exhaustive examples of important diagnoses to consider are givenbelow.
4.1	 Red	 Hair	 and	 ObesityMelanocortin-1 receptor: MC1R is one of the most importantregulators of human skin and hair color. Red hair can be an indicationof biallelic inherited POMC de�iciency but can also coincidentallyoccur with obesity.Ectopic ASIP expression: In 2022, a novel genetic obesity disordertypically associated with red hair was published [14]. It is caused bya speci�ic genetic rearrangement where the ASIP gene is placed undercontrol of the promoter of the ITCH gene, which results in ectopic



ASIP expression. This causes red hair because ASIP functions as anantagonist at MC1R in the skin and hair. As ASIP also works as anantagonist on MC4R, patients will develop hyperphagia and obesity.
4.2	 Central	 Adrenal	 Insuf�iciency	 and	 ObesityPCSK1 de�iciency: overlapping phenotype of obesity and adrenalfailure [15]. See Chapter “PCSK1 de�iciency” on the further clinicalfeatures of this disorder (severe diarrhoea in the �irst year of life,other endocrinopathies).
TBX19: This gene is involved in the gene transcription of POMC.Patients with biallelic pathogenic variants in TBX19 present withcongenital isolated adrenocorticotropic hormone de�iciency [16].As part of a multiple pituitary hormone de�iciency. For example,
PROP1,	 HESX1 [17].

5	 Molecular	 DiagnosisPOMC de�iciency is caused by biallelic defects of the POMC gene. Bothpathogenic truncating and missense variants are described. Over theyears, there has been a debate about a potential dominant inheritancepattern, where it was thought that heterozygous pathogenic POMCvariants could lead to obesity with hyperphagia. A recent studyassessed this association in 190,000 exomes from the UK Biobank [4].They found that these heterozygous pathogenic variants did notsigni�icantly elevate the risk of obesity, but that they did increase BMI.Therefore, heterozygous POMC variants could still be considered as arisk factor for obesity, but not as a typical genetic obesity disorder.
6	 TherapyIn general, an individualized tailored treatment plan should be madefor every patient with non-syndromic genetic obesity, including POMCde�iciency, that is appropriate for age, culturally sensitive, and family-centered. Because of the pale skin, one could consider advising to becautious with sun exposure.The cornerstone obesity treatment is a combined lifestyleintervention (CLI) that focuses on physical activity and dietary advice



as well as psychosocial and behavioral interventions. This howeverrarely suf�ices in POMC de�iciency [18], and additional pharmacologictreatment, or in speci�ic cases bariatric surgery might be needed.Setmelanotide, an MC4R agonist, is available as treatment for severalleptin-melanocortin pathway de�iciencies including POMC de�iciency.This is currently administered through subcutaneous injections. In aphase 3 trial with 9 patients with POMC de�iciency and 11 patients withLEPR de�iciency, 1 year treatment with setmelanotide resulted in anaverage weight loss of −25.6%, which was more than double the effectsize seen in the patients with LEPR de�iciency. Moreover, improvementsin satiety and hunger feelings and metabolic parameters were clearlyseen [19]. The most important side effects are injection side reactions,gastro-intestinal side effects, which usually resolve over time, and skinhyperpigmentation [19, 20]. During setmelanotide treatment, red hairand blue eye color can also change to brown [8]. Qualitative studies alsoshow that treatment with setmelanotide improves quality of life inpatients with POMC de�iciency through reduction of the hyperphagia[10]. Neutralizing anti-drug antibodies have not yet been reported.To our knowledge, no reports have been published on effects ofGLP-1 agonist treatment, naltrexone/bupropione, phentermine, orcentral stimulants such as methylphenidate and dexamphetamine inpatients with POMC de�iciency. There have been incidental reports ofbariatric surgery in homozygous POMC de�iciency showing initialweight loss followed by substantial weight gain [21] and heterozygous
POMC variants showing similar weight loss as patients without aheterozygous POMC variant [22]. It is not known whether the type ofbariatric surgery can in�luence weight loss in patients with POMCde�iciency. To our knowledge, no gene therapy possibilities restoringPOMC function in	 vivo have yet been reported.
7	 Follow-up	 AdvicesFollow-up of POMC de�iciency requires multidisciplinary long-termcare. There is no uniform follow-up or screening recommendation.Follow-up advices that could be considered are:Monitoring of height, weight, and puberty



Monitoring of associated endocrine de�iciencies and evaluation oftreatment. People with POMC de�iciency are generally treated withoral hydrocortisone or another glucocorticoid to treat adrenalinsuf�iciency.Biochemical evaluation including endocrine evaluation for hormonaldisturbances and screening for comorbidities (thyroid function,gonadal hormones, signs of hepatic steatosis, lipid pro�ile, glucoselevels, insulin sensitivity)Measurement of body composition and of resting energy expenditureto guide tailored dietary adviceCardiovascular assessment: according to severity of the obesity andpresence of comorbidities.
8	 Family	 ScreeningSince POMC de�iciency is associated with autosomal recessiveinheritance, siblings of an affected child have 25% chance of beingaffected if both parents are moleculary con�irmed carrier. After thegenetic diagnosis of a child with POMC de�iciency, prenatal diagnosticsare available to assess whether the future child of the same parents is atrisk for POMC de�iciency. If the future child is affected, glucocorticoidtherapy can be started shortly after birth.
9	 SummaryPOMC de�iciency is a rare genetic obesity disorder with an autosomalrecessive inheritance pattern. It is caused by pathogenic biallelic(homozygous or compound heterozygous) POMC variantsKey clinical characteristics are hyperphagia and early-onset obesity,hypopigmentation (leading to red hair or pale skin in around 50% ofthe cases), and adrenal insuf�iciency.Growth hormone de�iciency and central hypothyroidism can alsobe part of the disorder.Heterozygous (monoallelic) carriers of pathogenic loss-of-function
POMC variants are at risk to develop a higher BMI, but they do nothave the other phenotypic features of POMC de�iciency.



Hyperphagia and obesity caused by biallelic POMC de�iciency can betreated with MC4R agonist setmelanotide. Setmelanotide does notwork for the adrenal insuf�iciency, therefore these patients should betreated with oral glucocorticoids.
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https://doi.org/10.1007/s12325-022-02059-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=35192151
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC8862005
https://doi.org/10.1016/j.jpeds.2023.113619
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=37473986
https://doi.org/10.1210/clinem/dgad099
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=36825860
https://doi.org/10.3389/fendo.2022.862817
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=35898454
https://doi.org/10.1038/s42255-022-00703-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=36536132
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC9771800
https://doi.org/10.1210/jc.2018-01854
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=30383237
https://doi.org/10.1159/000506740
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=32344415
https://doi.org/10.1159/000433468
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=26111865
https://doi.org/10.1210/jendso/bvac057
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=35528826
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC9070354
https://doi.org/10.1016/S2213-8587(20)30364-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=33137293


Kanti V, Puder L, Jahnke I, Krabusch PM, Kottner J, Vogt A, et al. A melanocortin-4 receptoragonist induces skin and hair pigmentation in patients with monogenic mutations in theleptin-melanocortin pathway. Skin Pharmacol Physiol. 2021;34(6):307–16.[Crossref][PubMed]21. Poitou C, Puder L, Dubern B, Krabusch P, Genser L, Wiegand S, et al. Long-term outcomes ofbariatric surgery in patients with bi-allelic mutations in the POMC, LEPR, and MC4R genes.Surg Obes Relat Dis. 2021;17(8):1449–56.[Crossref][PubMed]22. Cooiman MI, Kleinendorst L, Aarts EO, Janssen IMC, van Amstel HKP, Blakemore AI, et al.Genetic obesity and bariatric surgery outcome in 1014 patients with morbid obesity. ObesSurg. 2020;30(2):470–7.[Crossref][PubMed]

https://doi.org/10.1159/000516282
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=34058738
https://doi.org/10.1016/j.soard.2021.04.020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=34083135
https://doi.org/10.1007/s11695-019-04184-w
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=31650404


(1)
(2)(3)
(4)
 
 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2025M. van Haelst, E. van den Akker (eds.), Clinical	 Obesity	 Geneticshttps://doi.org/10.1007/978-3-032-04095-4_12
MC4R	 De�iciencyOzair Abawi1, 2   and Lotte Kleinendorst3, 4  Division of Endocrinology, Department of Pediatrics, Erasmus MC-Sophia, University Medical Center Rotterdam, Rotterdam, TheNetherlandsObesity Center CGG, Erasmus MC, University Medical CenterRotterdam, Rotterdam, The NetherlandsDepartment of Human Genetics, Section Clinical Genetics,Amsterdam UMC location University of Amsterdam, Amsterdam,The NetherlandsEmma Center for Personalized Medicine, Amsterdam UMC,University of Amsterdam, Amsterdam, The Netherlands 
Ozair	 Abawi	 (Corresponding	 author)
Email:	 o.abawi@erasmusmc.nl
Lotte	 Kleinendorst
Email:	 l.kleinendorst@amsterdamumc.nl

Keywords Early-onset obesity – Hyperphagia – Melanocortin

https://doi.org/10.1007/978-3-032-04095-4_12
mailto:o.abawi@erasmusmc.nl
mailto:l.kleinendorst@amsterdamumc.nl


Fig.	1 Graphical abstract of the molecular mechanisms and clinical features of MC4R de�iciency.(Credit: Figure made by Lotte Kleinendorst and Ozair Abawi)
1	 IntroductionMelanocortin-4 receptor de�iciency (MC4R de�iciency) is the mostcommon genetic disease that in�luences appetite regulation and energybalance [1]. The clinical phenotype of MC4R de�iciency can be seen as aspectrum, from moderate obesity to severe early-onset forms withhyperphagia, often accompanied by metabolic disturbances andincreased linear growth (Fig. 1). The MC4R gene codes for a G-proteincoupled receptor that is a key element of the hypothalamic leptin-melanocortin pathway, which regulates satiety and energy expenditure[2]. MC4R de�iciency can be inherited through both recessive anddominant patterns, with the recessive form representing the severeside of the spectrum. There are typically no other endocrinopathiesassociated with MC4R de�iciency, in contrast to LEP, LEPR or POMCde�iciency. The disorder was �irst described in 1998 as the earliestknown genetic form of obesity with autosomal dominant inheritance[3]. Currently, there are large patient cohorts described and theprevalence in the general population is estimated at around 1 in 500–2000. In cohorts of adults with obesity, the prevalence of MC4Rde�iciency has been estimated at around 1% [4, 5]. In our Dutch centerof expertise for genetic obesity, in the pediatric cohort, we found a



prevalence of 3.2% [6]. A Spanish early-onset obesity cohort showed aprevalence of 1.5% [7].
2	 Aetiology	 and	 Pathophysiology
2.1	 Leptin-Melanocortin	 PathwayThe hypothalamic leptin-melanocortin pathway is the main regulator ofhomeostatic energy balance, satiety and energy expenditure (seeChapter “Non-syndromic Leptin Melanocortin Pathway Disorders”). Itreceives peripheral afferent input from various organs as well as otherbrain areas. The adipose tissue is involved in long-term signalling ofsatiety and energy expenditure by producing the hormone leptin, themost important indicator of the body’s reserve energy stores [8].Hypothalamic leptin signalling leads to the production of POMC, aprohormone that is cleaved into different hormones, including α-melanocyte stimulating hormone (MSH). This α-MSH subsequentlyactivates the MC4R, which through various downstream signallingpathways ultimately leads to increased satiety and energy expenditure[2, 9]. Stimulation of the MC4R expressed on sympathetic preganglioniccholinergic neurons also leads to increased sympathetic tone, whichmediates its effects on heart rate, blood pressure and glucosehomeostasis [9]. Furthermore, MC4R signalling in�luences gastricemptying [10].
2.2	 Molecular	 GeneticsThe MC4R gene encodes for the MC4R receptor. Variants with completeloss-of-function (for example caused by a frameshift) and missensevariants have been described as pathogenic. The website www. mc4r. org. uk shows an overview of the current data about the pathogenicityof the rare variants and the speci�ic cellular mechanisms that areaffected by the variant [5]. The MC4R signal is mainly conveyed throughactivation of the Gsα protein, however, recent studies show evidence forbiased signalling through other intracellular pathways, e.g. intracellularcalcium signalling, receptor traf�icking and β-arrestin recruitment [11,12]. The variants do not appear to cluster at a speci�ic locus in the gene.There are also gain-of-function variants described in the MC4R gene.

http://www.mc4r.org.uk/


Interestingly, these gain-of-function variants are associated with alower BMI and less obesity in the UK biobank cohort [13].
2.3	 Common	 VariantsBesides rare MC4R variants, large genome-wide association studies(GWAS) have identi�ied several common single nucleotidepolymorphisms (SNPs) near the MC4R gene that are associated withincreased BMI and fat mass [14]. These SNPs are highly prevalent in thegeneral population and they have only a small impact on obesity risk,unlike rare MC4R mutations that can cause severe obesity.
2.4	 Variable	 Expressivity	 and	 Reduced	 PenetranceThe severity of obesity caused by rare MC4R mutations can vary greatlydue to different genetic and environmental factors. It is known thatpolygenic susceptibility in�luences the impact of pathogenic MC4Rvariants on BMI [15]. In some families, these in�luences can alsodecrease the impact of the mutation. This means that not everyone withthe MC4R variant will have the same degree of obesity, and in somecases, they might not develop obesity at all. These phenomena arecalled variable expressivity and reduced penetrance, where variableexpressivity refers to variability of the phenotypic features, andreduced penetrance refers to individuals who have the genetic defectbut do not show the phenotype.
3	 Clinical	 PresentationThe key clinical features of MC4R de�iciency are hyperphagia and early-onset obesity [11, 16]. Hyperphagia is characterized by an extreme andinsatiable increase in appetite, even when having consumed suf�icientamounts of food [17]. The age of onset of obesity can be variable but istypically before the age of 4–5 years [18]. Patients with biallelic MC4Rde�iciency have a more severe phenotype with typically morehyperphagia and an earlier age of onset of obesity, often before the ageof 2 years [18]. In a UK birth cohort, the mean difference inanthropometrics between carriers and non-carriers of MC4R LoFvariants increased throughout childhood [19]. The largest difference



was seen at age 18 years, where carriers of MC4R LoF variants weighedon average 17.8 kg more (BMI +4.8 kg/m2).Other features of MC4R de�iciency include increased linear growthand head circumference, hyperinsulinemia disproportionate to theseverity of the obesity, and increased bone mineral density and bonemineral content [11, 20]. The largest difference in height betweencarriers of MC4R LoF variants and non-carriers is found at age 12 years(on average + 6.5 cm) [19]. Furthermore, carriers of MC4R variantshave relatively lower blood pressure compared to controls with obesity[21]. Although decreased resting energy expenditure in MC4Rde�iciency has been reported in individual cases, it is not present moreoften than in control patients with obesity [22].
3.1	 Clinical	 EvaluationA comprehensive clinical evaluation is warranted in all cases withsuspected or established MC4R de�iciency. This includes:Detailed medical history: focusing on eating behaviors, signs ofhyperphagia, age of onset of obesity, periods of rapid weight gain,and other associated health issues. A three-generation family historydocumenting consanguinity, instances of (early-onset) obesity,increased linear growth and head circumference and relatedmetabolic disorders, e.g. diabetes, hypertension, dyslipidemia, andcardiovascular diseases, should be obtained. Comprehensive growthcharts analysis can further increase the suspicion of MC4R de�iciency[18].Physical examination: measurement of height (or recumbent lengthin infants), weight, and head circumference, blood pressure and heartrate. Furthermore, physical signs of insulin resistance (acanthosisnigricans) should be evaluated. When available, measurement ofbody composition and energy expenditure can aid in patient-tailoredtreatment advices.Measurement of parental height, weight, and head circumference.Biochemical evaluation: assessment of fasting glucose and insulin,lipid pro�ile, liver enzymes, thyroid function and vitamin D levels iswarranted in all patients.



4	 Differential	 DiagnosisOther non-syndromic genetic obesity disorders such as LEPR de�iciencyshould be considered when there is a suspicion of MC4R de�iciency.Furthermore, consider multifactorial or environmental obesityincluding use of obesogenic medication, polygenic obesity, syndromicobesity, overgrowth disorders, hypothalamic obesity, and endocrineobesity. For more details regarding the differential diagnosis, see thedifferential diagnosis paragraph in Chapter “Non-syndromic LeptinMelanocortin Pathway Disorders”.
5	 Molecular	 DiagnosisSanger sequencing for MC4R is a relatively easy and affordable test toidentify pathogenic variants in MC4R. Because of the geneticheterogeneity of genetic obesity disorders, using a larger obesity genepanel might be a more effective strategy. For more information on thegenetic testing, see Chapter “Non-syndromic Leptin MelanocortinPathway Disorders”.
6	 TherapyIn general, an individualized tailored treatment plan should be madefor every patient with non-syndromic genetic obesity, including MC4Rde�iciency, that is appropriate for age, culturally sensitive, and family-centered. The cornerstone treatment is a combined lifestyleintervention (CLI) that focuses on physical activity and dietary adviceas well as psychosocial and behavioral interventions. This howeverrarely suf�ices in MC4R de�iciency [23], and additional pharmacologictreatment and/or in speci�ic cases bariatric surgery might be needed.Several case series show short-term positive results of GLP-1 agonisttreatment in adults with heterozygous MC4R de�iciency [23–25], withan average weight loss of −5% (ranging from −2% to −13%) after4 months of treatment [25]. For children with MC4R de�iciency, onlycase reports are published to date, with one reporting −11% weightloss after one year of treatment with semaglutide in heterozygousMC4R de�iciency [26], and one reporting stabilisation of BMI percentile



after 1 year of treatment with liraglutide in homozygous MC4Rde�iciency [27].Other treatment options include naltrexone-buproprione andphentermine in adults with heterozygous MC4R de�iciency showingmodest weight loss [25, 28, 29] and methylphenidate in children withMC4R de�iciency showing improved BMI trajectories and decreasedappetite [30]. Treatment with setmelanotide, an MC4R agonist(currently approved for treatment of biallelic POMC, PCSK1 and LEPRde�iciency) led to a slight reduction of body weight (−2.6% overplacebo) in a small phase 1 trial of adults with heterozygous MC4Rde�iciency, but it is not established as a treatment option as of yet [31].Bariatric surgery in MC4R de�iciency is ef�icacious in the short term,but more variable in the long term [32, 33]. Furthermore, the type ofbariatric surgery can in�luence weight loss in patients with MC4Rde�iciency, with Roux-en-Y gastric bypass showing larger effects thansleeve gastrectomy [34]. Mean total body weight loss after 2 years was33.7% for MC4R heterozygotes who underwent Roux-en-Y gastricbypass; for the sleeve gastrectomy in MC4R heterozygotes total bodyweight loss after 2 years was 21.5% [34]. Targeted gene therapy usingCRISPR has already been shown to revert the obesity phenotype inheterozygous Mc4r de�icient mice and might become available as futuretreatment option [35].
7	 Follow-up	 AdvicesThere is no uniform follow-up plan for all patients with MC4Rde�iciency, but management often requires multidisciplinary, long-termcare. Some follow-up recommendations that could be considered are:Repeat visits to monitor adherence to healthy lifestyleMonitoring of height, weight, head circumference, and pubertyBiochemical evaluation including endocrine evaluation for hormonaldisturbances (e.g. thyroid function, hypogonadism) and screening forcomorbidities (signs of hepatic steatosis, lipid pro�ile, glucose levels,insulin sensitivity)Measurement of body composition and of resting energy expenditureto guide tailored dietary advice



Cardiovascular assessment: according to severity of the obesity andpresence of comorbidities
8	 Family	 ScreeningMC4R de�iciency is associated with both dominant and recessiveinheritance of obesity. Siblings can be tested when they have an obesityphenotype. Because of the known variable expressivity and reducedpenetrance of the disorder, it is possible that family members with thegenetic defect have a different phenotype than the index patient.
9	 SummaryMelanocortin-4 receptor de�iciency (MC4R de�iciency) is the mostcommon genetic obesity disorder that in�luences appetite regulationand energy balance, with an estimated prevalence of around 1% ofpeople with obesity. The inheritance pattern can be autosomaldominant or autosomal recessive. The main clinical features arehyperphagia and early-onset obesity. Patients can also have increasedlinear growth and a large head circumference. Treatment optionsinclude GLP-1 receptor agonists, naltrexone-buproprione, phentermine,methylphenidate, and tailored advices regarding bariatric surgerytypes and outcomes.
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1	 IntroductionProprotein convertase subtilisin/kexin type 1 (PCSK1) de�iciency is avery rare genetic disorder that affects the function of the enzymeproprotein convertase 1 (also known as prohormone convertase 3 orPC1/3). This hormone is critical for the processing of various precursorproteins, including prohormones and neuropeptides in thehypothalamic leptin-melanocortin pathway [1]. Because of the diverse
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roles of PCSK1, the patients do not only have hyperphagia and severeobesity, but also suffer from severe gastrointestinal problems inchildhood and diverse complete or partial hormonal de�icienciesincluding growth hormone de�iciency, hypocortisolism,hypothyroidism, arginine vasopressine (AVP) de�iciency, low levels ofsex hormones or diabetes mellitus [1, 2].The �irst patient diagnosed with PCSK1 de�iciency was published in1997 [3]. She had compound heterozygous pathogenic variants in
PCSK1, which led to a phenotype of severe early-onset obesity andimpaired glucose tolerance with postprandial hypoglycemia. She alsohad adrenal insuf�iciency and hypogonadotropic hypogonadism. Afterthe publication of three more cases, which had a phenotype of severeintestinal malabsorption, the medical history of the �irst published casewas reviewed and it was found that she had also suffered from frequentdiarrhea in the �irst decade of her life [1].PCSK1 de�iciency is an autosomal recessive disorder. Many of thecurrently described patients are from highly consanguineouspopulations. There is a suggestion of a higher prevalence in malesversus females, but it is unclear what causes this difference [4].Carriership of a single loss-of-function variant(monoallelic/heterozygous) in PCSK1 could also lead to an increasedrisk of obesity [5]. We currently estimate the prevalence of PCSK1de�iciency to be 1 in 3.8 million, based on carrier frequency data fromthe Genome Aggregation Database (gnomAD) [6, 7].
2	 Aetiology	 and	 Pathophysiology
2.1	 Leptin-Melanocortin	 PathwayPCSK1 is an enzyme involved in the proteolytic cleavage and activationof various precursor molecules, in particular proopiomelanocortin(POMC) and proinsulin (Fig. 1). These precursor molecules are crucialfor the production of various hormones, neuropeptides, and otherbioactive substances. In the leptin-melanocortin pathway, it isparticularly important in the conversion of pro-opiomelanocortin(POMC), after stimulation of POMC-neurons by leptin signaling, intoACTH, alpha-melanocyte-stimulating hormone (α-MSH), β-MSH, and γ-MSH [8]. Alpha-MSH is a key agonist for the melanocortin 4 receptor



(MC4R) involved in regulating appetite and energy expenditure.De�iciencies in PCSK1 can lead to impaired cleavage of POMC, resultingin reduced levels of α-MSH and, consequently, decreased MC4Ractivation. This subsequently leads to hyperphagia and early-onsetobesity [1, 8].

Fig.	1 Simpli�ied overview of prohormone processing by proprotein convertase 1, the enzyme forwhich the PCSK1 gene encodes. As an example, the processing of POMC to alpha-MSH is shown viathe cleavage of POMC into (among others) ACTH. Similar processing is performed by PCSK1 toproduce other hormones, e.g. insulin from pro-insulin (see full text for details). Abbreviations:
LEPR leptin receptor, POMC proopiomelanocortin, PCSK1 proprotein convertase subtilisin/kexintype 1, ACTH adrenocorticotropic hormone, α-MSH alpha-melanocyte stimulating hormone, MC4Rmelanocortin-4-receptorThe PCSK1 gene is also expressed broadly in other areas of thehypothalamus such as the supraoptic nucleus (SON) and peripheraltissues such as the adrenal medulla, pituitary gland, thyroid gland,endocrine pancreas and small intestine [1], where it is involved in manymetabolic processes beyond the leptin-melanocortin pathway.Therefore, PCSK1 de�iciency leads to a broad phenotype characterizedby endocrine de�iciencies and gastro-intestinal symptoms, such as



severe neonatal diarrhea. In the hypothalamus, PCSK1 de�iciency leadsto impaired cleavage of pro-TRH (thyrotropin-releasing hormone) intoTRH, leading to central hypothyroidism [1, 12]. In the SON, PCSK1de�iciency leads to aberrant processing of provasopressin, resulting inAVP de�iciency (formerly known as central diabetes insipidus) [1]. Inthe pituitary gland, reduced production of pro-ACTH and ACTH fromPOMC lead to a phenotype of central adrenal insuf�iciency [1, 9].Moreover, impaired activation of pro-GnRH (gonadotropin-releasinghormone) and kisspeptin can ultimately cause hypogonadotropichypogonadism [1, 10]. Moreover, PCSK1 is needed for the processing ofpro-growth hormone releasing hormone (GHRH) to GHRH, and PCSK1de�iciency can lead to growth hormone de�iciency [1, 11]. In theendocrine pancreas, reduced cleavage of proinsulin into insulin causesabnormal glucose metabolism characterized by hyperglycemia followedby reactive hypoglycemia hours after meals and ultimately diabetesmellitus [1, 13, 14]. In the small intestine, defective processing ofseveral gut hormones and gut peptides involved in digestion, especiallyin the enteroendocrine cells, results in intestinal malabsorption andsevere congenital diarrhea [1, 4].
2.2	 Molecular	 GeneticsComplete PCSK1 de�iciency is caused by biallelic (homozygous orcompound heterozygous) loss-of-function PCSK1 variants. Severalpathogenic variants in PCSK1 have been described, including missensevariants. There appears to be no clear genotype-phenotype correlation[15]. Heterozygous carriers of a complete loss-of-function PCSK1variants have an increased risk of developing obesity [5]. Rareheterozygous variants in PCSK1 that lead to complete loss-of-function(e.g. nonsense or missense variants that show complete loss of function
in	 vitro) are associated with obesity (odds ratio of having obesity 9.3compared to non-carriers) and higher BMI (on average + 4.7 kg/m2),whereas missense variants with residual activity in	 vitro did not show aclear association with obesity [5]. Common variants in PCSK1 areassociated with increased BMI and slightly increased odds of havingobesity, and with increased circulating proinsulin levels and alterationsin glucose homeostasis [1, 16].



There is one case report of a child with PCSK1 de�iciency caused bya maternal uniparental isodisomy (UPD) with a homozygouspathogenic variant in the PCSK1 gene [17].
3	 Clinical	 PresentationThe clinical manifestations of PCSK1 de�iciency can vary greatlybetween patients. The patients generally are born at full term with anormal birth weight, but typically present in the neonatal period orshortly thereafter with early-onset severe malabsorptive diarrheaand/or severe hypoglycemia [1]. The gastrointestinal symptoms canlast for several months, and prolonged hospital admission is oftenneeded [1]. Over 90% of the patients need parenteral nutrition in earlychildhood [2]. Early-onset obesity and hyperphagia are reported in79% of the published cases [2].To our knowledge, 30 patients, with complete PCSK1 de�iciencyhave been described in literature. The most recent overview of theclinical phenotypes was published in 2021 by Duclaux-Loras et al.,which included data on 28 patients [2]. The clinical features are shownin Table 1 sorted by frequency.
Table	1 Clinical features of PCSK1 de�iciency and their frequency in cases reportedin literature
Feature Frequency	 in	 reported	 cases	 [2]

Diarrhea 96%
Receiving	 parenteral	 nutrition 92%
Polyuria-polydipsia 86%
Early-onset	 obesity 79%
AVP	 de�iciency	 (central	 diabetes	 insipidus) 61%
Hypocortisolism 57%
Hypothyroidism 56%
Growth	 hormone	 de�iciency 44%
Hypogonadism 44%



4	 Differential	 DiagnosisOther non-syndromic genetic obesity disorders, for example LEP andLEPR de�iciency, should be considered when there is early-onset severeobesity. Furthermore, consider multifactorial obesity including use ofobesogenic medication, polygenic obesity, syndromic obesity,overgrowth, hypothalamic obesity, and endocrine obesity. For moredetails regarding the differential diagnosis, see the differentialdiagnosis paragraph in Chapter “Non-syndromic Leptin MelanocortinPathway Disorders”.The most important key symptoms for the differential diagnosis ofPCSK1 de�iciency are neonatal diarrhea and the various hormonalde�iciencies. A comprehensive overview of the differential diagnosesassociated with these symptoms falls beyond the scope of this book.Non-exhaustive examples of important diagnoses to consider are givenbelow.
4.1	 Neonatal	 or	 Congenital	 DiarrheaFor the neonatal phase with malabsorptive diarrhea, other genes thatare involved in the enteroendocrine development should be considered.For example, NEUROG3 and PERCC1 [18].
4.2	 EndocrinopathiesThe diverse endocrinopathies that can be seen in PCSK1 de�iciency allhave their own differential diagnoses. However, the combination withcongenital diarrhea and early-onset obesity makes many of thesediagnoses less likely. Some diagnosis to consider are:LEP and LEPR de�iciency: Patients with leptin or leptin receptorde�iciency can also have hypogonadism, growth hormone de�iciency,and hypothyroidism. Adrenal insuf�iciency, however, is not seen inLEP and LEPR de�iciency. See Chapter “Leptin and Leptin ReceptorDe�iciency” for more information.POMC de�iciency: overlapping phenotype of obesity and adrenalfailure. See Chapter “POMC De�iciency” for further clinical features ofthis disorder (such as pale skin and red hair)



5	 Molecular	 DiagnosisPCSK1 de�iciency is caused by biallelic loss-of-function (likely)pathogenic variants in the PCSK1 gene. The molecular diagnosis ofPCSK1 de�iciency can be made by sequencing of the PCSK1 gene. In theneonatal phase, NGS gene panels for congenital diarrhea can lead tothis diagnosis. PCSK1 is also included in many gene panels for early-onset obesity, but the disease is rarely diagnosed in children with onlyearly-onset obesity as their main or only complaint. Heterozygouscarriers of a complete loss-of-function variant in PCSK1 have anincreased risk of developing obesity [5].
6	 TherapyAn individualized tailored treatment plan should be made for everypatient with genetic obesity including PCSK1 de�iciency. It should beappropriate for age, culturally sensitive, and family-centered. Adheringto a healthy diet can be especially challenging for children withcomplete PCSK1 de�iciency because of their intestinal symptoms. Forexample, there is a case report on a 2-year-old child with PCSK1de�iciency who had a diet without fruit and vegetables to preventdiarrhea. At that time, he had a BMI of 19 kg/m2 (+3SD) [5].Little is known about the effectiveness of anti-obesity medicationfor PCSK1 de�iciency, probably because of the rarity of the disorder.MC4R agonist setmelanotide is approved for patients with PCSK1de�iciency and obesity. The approval application for PCSK1 de�iciencywas combined with data from POMC de�iciency because of theiroverlapping mechanisms and the very low prevalence of PCSK1de�iciency. The phase 3 trial included only 1 patient with PCSK1de�iciency [19, 20]. He initially lost 7.1% body weight on setmelanotide.During the placebo-controlled withdrawal phase, he regained weightand developed depression, for which the obesogenic drug risperidonewas prescribed. After restarting the setmelanotide at the end of thewithdrawal phase, the researchers noted that he did not lose anyadditional weight, even when his risperidone was eventually stopped.After study completion, the patient had a 2.4% weight reduction frombaseline owing to the initial rapid weight loss at the start of the study. It



is unknown whether the loss of effect of setmelanotide treatment wascaused by the depression and risperidone treatment, or by the placebo-controlled withdrawal phase. As far as we are aware, there are nopublications on the effects of other anti-obesity drugs, such as GLP-1agonist treatment, naltrexone/bupropione, phentermine, or centralstimulants (methylphenidate and dexamphetamine) in patients withPCSK1 de�iciency. Furthermore, no gene therapy possibilities restoring
PCSK1 function in	 vivo have been published to date.There is one case report on a patient with biallelic PCSK1 de�iciencythat underwent bariatric surgery. He underwent a Roux-en-Y gastricbypass with good effect, resulting in >25% body weight loss andreversal of his type 2 diabetes [1]. Five patients with heterozygouscomplete or partial loss-of-function variants in PCSK1 who underwentbariatric surgery have also been described in literature. They appear tohave similar weight loss results two years after bariatric surgery aspatients who do not have genetic obesity [21]. No long-term data areavailable as of yet.In addition to the obesity treatment, it is important to treat theassociated endocrinopathies by supplementing the hormonalde�iciencies. As an example, desmopressin is used to treat the AVPde�iciency, while the adrenal insuf�iciency is treated with oralglucocorticoids. Recombinant growth hormone may be given inpatients with growth hormone de�iciency, as well as levothyroxine andinsulin to treat the hypothyroidism and diabetes mellitus, respectively.In patients with stagnating pubertal development, sex hormonereplacement therapy is given.
7	 Follow-up	 AdvicesManagement of PCSK1 de�iciency requires multidisciplinary long-termcare. There is no uniform follow-up or screening recommendation.Follow-up monitoring that could be considered:Height, weight, and pubertyGastrointestinal symptoms and dietary statusAssociated endocrine de�iciencies and evaluation of hormonaltreatment



Endocrine evaluation for hormonal disturbances and screening forcomorbidities (signs of hepatic steatosis, lipid pro�ile, hyperglycemia,and/or postprandial hypoglycemia)Body composition and of resting energy expenditure to guidetailored dietary adviceCardiovascular screening according to severity of the obesity andpresence of comorbidities
8	 Family	 ScreeningSince PCSK1 de�iciency is an autosomal recessive genetic disorder,siblings of an affected child have a 25% chance of having the samecondition. Because heterozygous carriers of loss-of-function variantsare likely more at risk to develop obesity, one could consider familyscreening for heterozygotes as well, especially if available treatmentoptions depend on the genetic diagnosis.
Take	 Home	 MessagesPCSK1 de�iciency is a rare genetic obesity disorder with anautosomal recessive inheritance pattern.Key clinical characteristics are severe diarrhea and failure tothrive in infancy, followed by hyperphagia and obesity inchildhood. Several hormonal disturbances (complete or partial),such as AVP de�iciency, growth hormone de�iciency, and adrenalinsuf�iciency are also associated with PCSK1 de�iciency.Heterozygous carriers of pathogenic loss-of-function variants in
PSCK1 are at risk to develop obesity, but they do not have thecomplete (severe) phenotype of hormonal de�iciencies seen inPCSK1 de�iciency.PCSK1 de�iciency can be treated with MC4R agonistsetmelanotide. If indicated, hormonal de�iciencies should betreated with hormone replacement therapy.
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1	 Principles	 of	 EpigeneticsEpigenetic changes are reversible alterations that modify the activity ofa gene without changing the genetic code. They are chemicalmodi�ications to the DNA and the protein structures around which theDNA is wound, called histones. DNA and histones together formnucleosomes, the basic unit that makes up chromatin. The epigeneticmodi�ications regulate whether the chromatin becomes more or less
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condensed or ‘folded’, thus regulate accessibility of genes and therebyexpression of genes. An open DNA structure is associated withincreased gene activity, while a closed DNA structure is associated withreduced gene activity. The most commonly studied epigenetic change isthe attachment of a methyl group to the cytosine base in the DNA. Otherepigenetic features involve chemical changes possible at the histonetails, such as acetylation, phosphorylation, and methylation, which canoccur at many different positions on the histone tail. The collectiveepigenetic changes to the genome are referred to as the epigenome.Epigenetic changes are reversible, modi�ications are actively added orerased, and therefore the epigenome is more �lexible than the genome.The epigenome is also responsive to environmental factors, such as dietand stress or exposure to chemicals [1–3].
2	 Epigenetic	 SignaturesNumerous genes are intricately connected to epigenetic regulation,speci�ically those associated with the epigenetic machinery. Thesegenes encode proteins categorized as writers, erasers, readers, andremodelers, with writers modifying speci�ic regions of the genome,erasers removing epigenetic marks, readers recognizing these marksand recruiting other enzymes, and remodelers facilitating access tochromatin regions and aiding in protein-DNA interactions [1]. Variantsin such genes that affect normal function affect the epigenome andresults in speci�ic consistent and reproducible DNA methylationpatterns, also detectable in peripheral blood, called episignatures [4].In recent years, numerous epigenetic signatures based on DNAmethylation have been discovered by various research groups. Amongthe �irst known episignatures published were those associated withFloating-Harbor syndrome (SRCAP), Claes Jensen syndrome (KDM5C),Kabuki syndrome 1 & 2 (KMT2D,	 KDM6A), Helsmoortel-Van der Aasyndrome (ADNP) and Charge syndrome (CHD7) [5–10]. The number ofdisorder linked episignatures continues to grow annually, with todayover 100 episignatures identi�ied, spanning more than 120 genes orgenomic regions [11]. The more episignature are established, the moreis learned about epigenetic processes. It was shown that multiple genes(mostly connected in the same pathway) display (partly) identical or



overlapping episignatures. An example is the overlapping signatures ofBAFopathies (ARID1A,	 ARID1B,	 SMARCB1,	 SMARCA4,	 SMARCA2) andBörjeson-Forssman-Lehmann, Chung-Jansen and White-Kernohansyndromes (resp.	 PHF6,	 PHIP,	 DDB1) [12, 13]. It has also been shownthat some genes have multiple episignatures, or that only certainregions of the gene exhibit episignatures. For instance, Rubinstein-Taybi syndrome has two episignatures RTS1 and RTS2, caused by lossof function variants in CREBBP or EP300. However, patients withMenke-Hennekam syndrome, caused by variants in the ID4 regions ofthese two genes have a different phenotype, each associated with adifferent but speci�ic episignature. Similarly, for Helsmoortel-van derAA syndrome, caused by in ADNP variants, two distinct and partiallyopposing episignatures have been identi�ied [14, 15]. In addition tovariants in genes affecting the epigenetic machinery, environmentalfactors can also result in speci�ic episignatures [16].Episignatures can serve as highly sensitive and speci�ic biomarkersthat can be used in diagnostics. They have been shown to be a valuabletool in resolving Variants of Uncertain Signi�icance (VUS) that are beingidenti�ied in diagnostic genetic testing [2]. Standard diagnostic testing,typically, sequencing methods such as Whole Exome Sequencing (WES),often yield these inconclusive results that do match the phenotype ofthe patient. The presence of a speci�ic epigenetic signature in a patientcan subsequently supports the associated diagnosis and providesevidence for pathogenicity of the variant. However, it is important tonote that a negative episignature, can not be considered as conclusiveevidence for lack of pathogenicity. As highlighted before, multipleepisignature pro�iles may exist for a single gene, related to differentprotein domains or variant types. In case of a negative result, it can notbe completely ruled out that the variant results in another, yetundiscovered episignature [16, 17]. In addition, episignatures can beused in cases where standard genetics testing for example WES, did notreveal a causal variant. They can even be used as �irst tier test forpatients with a striking phenotype suggestive of a syndrome diagnosisof whom parental samples are unavailable or when parents do not havequeries regarding recurrence risks for future children. In such cases, anepisignature can help provide personalized care. Even without apositive episignature, it offers clues about which genes to analyze in



more detail, potentially leading to the identi�ication of the causalvariant without needing parental samples when a VUS is identi�iedthrough regular Sanger sequencing.
3	 Case	 Example	 EpisignatureExome sequencing in a 17-year-old boy presenting with intellectualde�icit (ID), obesity, and behavior problems revealed a VUS in PHIP(c.2200A > G, p.Ser734Gly). Pathogenic variants in this gene causeChung-Jansen syndrome (OMIM #617991).

PHIP encodes the Pleckstrin homology domain-interacting protein.This protein is integral to an epigenetic modi�ier protein complex. PHIPis also associated with for ID-overweight syndromes [18]. A combinedepisignature for Börjeson-Forssman-Lehmann (BFLS), Chung-Jansen(CHUJANS) and White Kernohan (WHIKERS) syndromes (PHF6, PHIP,
DDB1) has recently been identi�ied. These syndromes also showoverlapping clinical features and manifests as neurodevelopmentaldisorders marked by intellectual disability, behavioural issues, obesity,and distinctive dysmorphic features.The DNA methylation pro�ile in peripheral blood of our overlappedwith the BFLS/CHUJANS/WHIKERS combined episignature and withthis CHUJANS (PHIP) sub-signature we could subsequently, reclassifythe VUS to a likely pathogenic PHIP variant (Fig. 1).



Fig.	1 Con�irmed episignature for our case with three different methods. (a) Euclideanhierarchical clustering (heatmap): each column represents a single case (blue) or control (green),and the red row represents our case, clustering between the CHUJANS patients. (b)multidimensional scaling plots indicate that the case (red) clusters with the CHUJANS cases (blue),away from controls (green) (c) methylation variant pathogenicity (MVP) score range between 0and 1, with scores close to 1 indicating a high probability of a methylation pattern for the targetsyndrome (CHUJANS), and scores close to 0 indicating a methylation pro�ile similar to controls.Our case is showing a high MVP score, indicating the presence of the CHUJANS episignature
4	 Imprinting	 Disorders



Another group of disorders where epigenetics plays an important roleare imprinting disorders. Imprinting disorders are a group of raregenetic conditions characterized by abnormal gene expression of genesthat are subject to genomic imprinting. Genomic imprinting describesthe that the difference in expression of some genes depending onparental origin. Some genes are expressed only from the paternal or thematernal allele. At present there are around 100 imprinted genesknown and they tend to be clustered in the genome. An epigeneticmethylation mark can identify an allele as being maternally orpaternally inherited. This mark is set during gametogenesis andremains throughout the development of the individual. Imprintingdisorders typically arise from deletions or uniparental disomy (UPD)(see Chap. 5). At times, defects in imprint establishment ormaintenance can disrupt parent-of-origin-speci�ic gene expressionpatterns. Phenotypes of most imprinting disorders include abnormalgrowth, either reduced or enhanced. Imprinting disorders in whichobesity is one of the key features include Prader- Willi syndrome andPseudohypoparathyroidism (PHP) syndrome. They each exhibit apartfrom the obesity distinct clinical features and are associated withspeci�ic genetic loci. Prader-Willi syndrome is caused by the loss offunction of certain genes on chromosome 15q11-q13, see chap. 5. PHPis often caused by pathogenic variants or affecting the imprinting GNASlocated on chromosome 20q13.32. This gene encodes the alpha subunitof the stimulatory G protein, which plays a crucial role in transmittingsignals from certain G-coupled hormone receptors including the MC4R[19, 20]. The diagnosis of an imprinting disorders is made byidentifying abnormal methylation at the imprinting control regions ofthe chromosomal locus involved. A targeted, commonly used test forImprinting disorders is Methylation speci�ic Multiplex Ligation-dependent Probe Ampli�ication (MLPA). However, a genome widemethylation analysis approach can also be used to determine abnormalmethylation at imprinted loci.
5	 EpiSign™	 MethodThe incorporation of episignatures into diagnostics has been pioneeredby EpiSign™, a diagnostic test utilizing the Illumina microarray



(Illumina, CA, USA) as its primary platform for pro�iling DNAmethylation episignatures [21, 22]. Leveraging bioinformatic andmachine learning applications enables the assessment of DNAmethylation pro�iles simultaneously. In its latest version (version 5(February 2024), it can detect 96 different episignatures, 10 imprintingdisorders and the trinucleotide repeat expansion in males with FragileX syndrome. Disorders associated with episignatures, categorized bytheir function in the epigenetic machinery (writers, readers, erasersand remodelers) screened with the EpiSign™ test, are shown in Fig. 2.

Fig.	2 Episignatures detectable by EpiSign™ V3. Four distinct categories are delineated: reader,eraser, writer, and remodeler proteins. The outer circles represent inheritance patterns, with opencircles indicating recessive inheritance and closed circles signifying dominant inheritance.Disorder phenotypes are depicted in various colors: dysmorphic features (green), growth



retardation (blue), and intellectual disability (orange). (This �igure is added with permission fromvan der Laan et al. [1])
6	 Environmental	 FactorsAs described above, the epigenome is a highly dynamic molecularmechanism that regulates gene expression. It is controlled by geneticfactors and can also be affected by environmental in�luences, such aslifestyle and traumatic events. It has therefore been suggested thatepigenetics may represent the missing genetic variance (heritability)for common disease such as complex obesity and other non-communicable disease. In addition, accumulating evidence alsosuggests a role of epigenetic mechanisms in post-traumatic stresssyndrome and its related traits. Studying these multifactorial epigeneticmechanisms are however rather complex. Although, strong associationsbetween DNA methylation and disease have been reported is suchstudies [23–25], conclusions regarding whether such association iscausal or a consequence of the disease remains a challenge in moststudies for the following reasons. Firstly, the most commonly appliedstudy design follows a cross-sectional approach, wherein cases andcontrols express differential DNA methylation at only one time point.Secondly, epigenetics, by de�inition, is highly tissue-speci�ic, and moststudies typically rely on DNA extracted from whole blood rather thanthe diseased tissue of interest. A striking example of such causality orconsequence question is illustrated by the epigenome-wide associationanalysis of obesity traits that detected (among many others) aberrantDNA methylation of the ABCG1 gene. Follow-up translational studiesreported that this gene is indeed functionally active in fat storage andfat mass growth. However, whether the aberrant methylation is aconsequence of unfavourable lifestyle factors, or that it represents acausal link to be susceptible to become obese, remains so far unclear[26, 27].The role of the environment affecting the human epigenomeincludes more than just external factors such as lifestyle and traumaticevents. The microbiome, de�ined as a collection of bacteria, viruses, andfungi that inhabit a speci�ic part of the body, has also been shown tointeract with the human epigenome. The most commonly studiedmicrobiome in relation to the epigenome is that of the gut. For example,



several studies in obese subjects per	 se, or those who were following aweight loss intervention program, have demonstrated an associationbetween the epigenome and the gut microbiome [28, 29].In addition, in	 utero exposure to environmental stressors such asfamine has been associated with an increased susceptibility to highblood pressure, Diabetes Mellitus and obesity in later life [30].Epigenetic surveys in this context, based on genome-wide DNAmethylation pro�iles, have suggested that aberrant DNA methylationserves as a mediator for metabolic diseases, including obesity [31].Interestingly, all aforementioned studies suggest that the fetus isparticularly at risk during exposures in early gestation.Exposure to substances during pregnancy is a particularenvironmental exposure that may represent a phenotype comparablewith previously described rare disorders. Important examples of such
in	 utero exposures include Valproic acid and Alcohol. Alcohol, in thissense, is a known factor that impairs the folate pathway, which isinvolved in the general production of methyl groups, which also arerequired as an epigenetic mark, i.e., to methylate DNA [32–35].Similarly, Valproic acid is a known inhibitor of histone deacetylase andtherefore also directly affects epigenetic programming. In	 uteroValproic acid is linked to adverse effects in the foetus, but it also hasbeen reported to be associated with weight gain and insulin resistancein patients with neurological or psychiatric disorders [36]. The exactmolecular mechanism(s), linking valpoic acid administration toepigenetic aberrations and weight gain are poorly understood.However, recently it was shown that this compound was epigeneticallyand functionally associated with the FTO gene, an, from the early days,obesity-linked GWAS locus [37, 38].Altogether, there is substantial evidence that environmental factorsplay a signi�icant role in affecting the human epigenome and may, inturn, cause adverse affects like obesity.The future of episignatures in medicine holds great promise,particularly with the ongoing discovery of epigenetically activecompounds and their role in disease pathology. With more and morerapidly discovered episignatures becoming available in diagnostictesting, the power of episignature testing will increase accordingly. Aswe delve deeper into understanding how episignatures function within



the body, we anticipate not only improved diagnosis but also thedevelopment of tailored therapies that address the affected mechanismcausing the diseases. Moreover, advancements in epigenetic editingtechniques provide unprecedented opportunities to target and modifyspeci�ic epigenetic marks, potentially leading to the development ofnovel and more precise treatments [39]. Furthermore, we foresee ashift towards the integration of episignatures into routine medicalpractice, with clinicians utilizing them as diagnostic tools to predicttreatment responses and personalize patient care effectively. Insummary, the future of episignatures offers a wealth of opportunitiesfor advancing medical understanding, re�ining diagnostics, andrevolutionizing personalized treatment strategies for epigeneticdiseases to meet the unique needs of each patient [4, 16].
7	 ConclusionIn conclusion, DNA methylation analyses stands as a powerful andversatile tool in the realm of genomic diagnostics. Its capability toidentify a wide range of episignatures, including those associated withspeci�ic disorders such as imprinting defects and obesity-relatedconditions, underscores its strength in establishing precise diagnoses.
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diseases, depression, and various types of cancer. Several studies haveshown an association between higher BMI categories and the numberof years of life lost [1–3]. For example, in women and men with obesitybetween 20 to 29 years of age, life expectancy is predicted to bedecreased with 8.1–10.3 and 5.6–7.6 years, respectively [2]. This showsthat there is an urgent need for preventing the development of obesityas well as ef�icient treatments in patients who suffer from obesityalready.The cornerstone of obesity treatment, including genetic obesity, iscombined lifestyle interventions, focusing on nutrition and physicalactivity. In some treatment strategies, cognitive behavioural therapycan be included as well. In addition, children with genetic obesity andsevere hyperphagia, along with their families, frequently require amultidisciplinary team approach to tackle all associated problems. Thisteam typically comprises a paediatrician, dietician, physiotherapist,psychologist, or family therapist, who collaboratively guide and offeradvice on managing the extreme food-seeking behaviour. Theseconventional lifestyle treatments often have insuf�icient long-termeffects in patients with genetic obesity, as their hyperphagia remainsuntreated [4].Additional pharmacotherapy, speci�ically targeting the hyperphagia,is often needed. Reducing hyperphagia not only leads to weight loss andenhanced mobility, but also signi�icantly improves patients’ quality oflife [5–7]. Continuing with lifestyle guidance is essential, as multiplestudies have shown the additive value of lifestyle interventions inaddition to anti-obesity pharmacotherapy [8–10]. Importantly,treatment goals for patients with genetic obesity may differ from thosewith common (multifactorial) obesity. Firstly, achieving weightstabilization by halting the progressive weight gain can also beconsidered a treatment goal. Secondly, ameliorating the hyperphagiaand consequently improving their quality of life is already an importanttreatment goal on its own. Another treatment option would be bariatricsurgery, however, the long-term effects of bariatric surgery remainquestionable in patients with genetic obesity as it does not treat thehyperphagia [11, 12]. This demonstrates that non-invasive appetite-suppressing agents are needed in this groups of patients to induceweight loss, ameliorate hyperphagia, and improve their quality of life.



Several anti-obesity medications (AOMs) are available nowadays.The targeted pharmacotherapies, i.e., leptin replacement therapy andMC4R agonists, are only FDA and EMA approved and available forpatients with certain types of genetic obesity. Both leptin analogues andMC4R-agonists activate important receptors (the leptin receptor andmelanocortin-4 receptor) of the hypothalamic leptin-melanocortinpathway respectively. In case of a more upstream gene defect impairingthis pathway, these two receptors can be activated which on its turnrestore the function of the leptin-melanocortin pathway as it bypassesthe defect gene [13]. Additionally, it is suggested that it also affectsother neuronal populations of the dopaminergic reward system [14].Several non-targeted AOMs are approved for obesity, regardless ofthe underlying cause. Therefore, they can also be used for geneticobesity. Lipase inhibitors were �irst on the market. These agents induceweight loss by reducing the dietary fat absorption within the intestinaltract [15]. Subsequently, nervous system stimulants, such asphentermine and phentermine-topiramate, became available forobesity treatment. Phentermine is thought to mainly act on the rewardsystem, speci�ically the nucleus accumbens, by enhancing the release ofnorepinephrine, and to a lesser extent serotonin and dopamine [16,17]. By increasing these neurotransmitter concentrations they mediatethe reward value of food and, consequently, affect appetite [18]. Byadding topiramate, a carbonic anhydrase inhibitor and glutamatereceptor antagonist, to phentermine, the effects on appetitesuppression and increasing satiety seem to be enhanced [19].Naltrexone-bupropion is another anti-obesity agents which targetsboth the homeostatic leptin-melanocortin pathway and the hedonicreward-related pathway [20]. Bupropion is thought to act on thearcuate hypothalamic nucleus by stimulating the melanocortin-4receptor via the induced secretion of alpha-melanocyte stimulatinghormone (α-MSH) by proopiomelanocortin (POMC) neurons, whilenaltrexone blocks the POMC auto-inhibitory loop and hereby enhancesthe bupropion induced POMC activation [20]. Both naltrexone andbupropion also affect the reward system via increasing thecatecholamines dopamine and norepinephrine in the nucleusaccumbens [20].



Glucagon-like peptide-1 (GLP-1) analogues mimic the effects ofendogenous glucagon-like peptide-1, resulting in an increased glucose-dependent release of insulin. It inhibits the glucose-dependent releaseof glucagon, delays gastric emptying, and reduces appetite viahypothalamic neuronal pathways [11, 21]. Additionally, it has anti-in�lammatory, anti-addictive and protective cardiovascular effects [22–28]. Currently, two types of GLP-1 analogues, short-acting 3.0 mgliraglutide and long-acting 2.4 mg semaglutide, are available. Recently,tirzepatide has been approved by the FDA and EMA for obesitytreatment as the �irst long-acting dual glucose-dependentinsulinotropic polypeptide (GIP) and GLP-1 receptor agonist. Next tothe anorexigenic actions of GLP-1, activation of GIP improves glycaemiccontrol and insulin sensitivity, regulates glucagon release, enhancesclearing of dietary triglycerides by adipocytes, and enhances lipid-buffering capacity of the white adipose tissue [29]. Additionally, GIPappears to act centrally in the hypothalamus affecting appetite [29].In this chapter, we will discuss the effects of the currently EMA andFDA approved AOMs in patients with multifactorial obesity and inpatients with genetic obesity. Additionally, we provide a summary ofoff-label drugs which have been used in the past to treat thehyperphagia and obesity in patients with genetic obesity. Lastly, someof the new expected anti-obesity agents and their future role will bedescribed.
2	 Currently	 Approved	 Targeted	 Anti-obesity
AgentsTwo targeted AOMs, i.e. MC4R-agonist and metreleptin, that speci�icallytarget the leptin-melanocortin pathway are currently available. Onlysetmelanotide has been approved by the FDA and EMA and is currentlyavailable for patients with a selection of speci�ic genetic obesitydisorders (Table 1).
Table	1 Overview of available targeted anti-obesity agents



Anti-obesity
medication

Mechanism
of	 action

For	 genetic	 obesity
disorders

Approved	 age
categories	 by
EMA

Approved	 age
categories	 by	 FDA

Anti-obesity
medication

Mechanism
of	 action

For	 genetic	 obesity
disorders

Approved	 age
categories	 by
EMA

Approved	 age
categories	 by	 FDA

Metreleptin Leptinanalogue Congenital leptinde�iciency AdultsChildren ≥6 years AdultsChildren ≥6 years
Setmelanotide MC4Ragonist Biallelic POMC, LEPR,PCSK1 de�iciencyBardet Biedlsyndrome

AdultsChildren ≥6 years AdultsChildren ≥6 years
Abbreviations: MC4R melanocortin-4 receptor, POMC pro-opiomelanocortin, LEPR leptin receptor, PiCSK1 proprotein convertasesubtilisin and kexin type 1, EMA European Medicines Agency, FDA U.S.Food and Drug Administration
2.1	 LeptinLeptin replacement therapy was �irst reported in children withcongenital leptin de�iciency (CLD). These showed bene�icial effects onweight (ranges −3.4% to −24.8%), BMI (ranges −12.4% to −44.2%), fatmass (ranges −4.1% to −20.8%), metabolic parameters and appetiteafter six to 48 months of treatment [30–33]. Similar effects of leptintreatment were observed in a three-year-old patient with biologicallyinactive leptin [34]. Increased physical activity and improvement ofpsychological wellbeing were observed during four months of leptintreatment in seven children with CLD [35]. Also, adults with CLDrespond to leptin replacement therapy on the short-term (weight lossranges −11.9% to −13.9% after nineteen weeks of treatment) and long-term (weight loss ranges −41.7% to −55.3% after eightteen to72 months of treatment) [36–38]. So far, studies involving patients withCLD have not reported any side effects from leptin replacement therapy.Reported side effects in patients with lipodystrophy were nausea andhypoglycaemia, speci�ically in patients with type 2 diabetes ascomorbidity [39]. Importantly, neutralizing leptin antibodies have beenreported, leading to loss of ef�icacy [40]. Since fat cells secrete leptin,patients with multifactorial obesity have high leptin levels and leptinresistance. Consequently, leptin replacement therapy had minimalimpact on weight in patients with multifactorial obesity and, therefore,has no role in treatment of multifactorial obesity [41–43].



2.2	 MC4R	 AgonistThe MC4R agonist setmelanotide is approved by the European Medicalassociation for treatment of obesity and hunger in patients with POMC,PCSK1 and LEPR de�iciency, and Bardet Biedl syndrome. Althoughstudies in rodents with diet-induced obesity treated with MC4Ragonists have shown promising results, these were not observed inhumans with multifactorial obesity [44]. Additional studies followed inwhich speci�ically patients with certain types of genetic obesity weretreated. A phase three non-randomized controlled trial (NRCT),including twelve adults and nine children ≥6 years with POMC, PCSK1,and LEPR de�iciency, showed a mean weight decrease of −25.6% ± 9.9in all patients with POMC or PCSK1 de�iciency and −12.5% ± 8.9 in allpatients with LEPR de�iciency [45]. In children with POMC and LEPRde�iciency a decrease in BMI z-score was observed after twelve monthsof treatment, −1.6 ± 0.9 and −0.5 ± 0.4 (n = 3), respectively [45].Moreover, improved appetite regulation and quality of life werereported during setmelanotide treatment in these patients [46, 47].Setmelanotide might also be safe and effective to treat children withgenetic obesity younger than six years [48]. Two longer-term studiesshowed sustained weight-reducing effects of setmelanotide in bothPOMC de�iciency and LEPR de�iciency after at least four years oftreatment [49, 50]. Patients with Bardet-Biedl syndrome (BBS) andAlström syndrome (AS) that were treated with setmelanotide alsoshowed weight reductions. The phase three NRCT, including adults andchildren aged ≥6 years with BBS, showed a mean weight decrease of−7.6% ± 7.1 in the adults and a −17.3% ± 7.7 decrease in BMI percent ofthe 95th percentile (BMI%P95) in children, decreases in maximalhunger score, and improvements in health-related quality of lifemeasures [51, 52]. In patients with AS, the results of setmelanotidetreatment were inconclusive. Importantly, this weight-reducingpotential of setmelanotide was not observed in a study including ninepatients with heterozygous MC4R de�iciency (mean weight loss of−3.1% (95% CI of −4.11 to −2.04) after 29 days of treatment) [53]. Themost frequently reported side-effect is hyperpigmentation of skin, lips,and naevi, which is related to cross stimulation of the melanocortin-1receptor [54]. This has, until now, not evolved into increased risk ofmalignant lesions, however studies with longer follow-up are needed



[49]. Other reported side-effects are injection site reactions, such aspain, erythema and pruritus, nausea, and vomiting [45, 51, 53, 55, 56].Currently, multiple phase two and three trials are being performedto investigate the impact of setmelanotide treatment in patients withobesity due to defects in other genes that are part of the leptin-melanocortin pathway. These studies include patients with pathogenic
SH2B1 or SRC1 variants who have shown varying effects on weightduring setmelanotide treatment [57, 58]. The patients who continuedtreatment due to experienced clinical bene�it demonstrated a sustainedweight loss after twelve months of treatment (mean percent BMIchange of −10.1% ± 9.4 in SRC1 and −9.7% ± 8.0 in SH2B1) [59, 60].
3	 Currently	 Approved	 Non-targeted	 Anti-
obesity	 AgentsAn overview of the approved non-targeted anti-obesity agents by theEMA and FDA is shown in Table 2. The effects of these AOMs havemostly been described in observational studies, including case reports,case series and small cohort studies, which are prone to publicationbias. Consequently, long-term placebo-controlled randomizedcontrolled trials (RCT) are needed in future.
Table	2 Overview of available regular non-targeted anti-obesity agents
Anti-obesity
medication

Mechanism	 of	 action Approved
age
categories
by	 EMA

Approved
age
categories
by	 FDA

Lipase
inhibitors

Lipase inhibition Adults AdultsChildren≥12 years
Phentermine Noradrenergic sympathomimetic amine n.a. AdultsChildren≥16 years
Phentermine-
topiramate

Noradrenergic sympathomimetic amine(phentermine) and carbonic anhydrase inhibitorand glutamate receptor antagonist (topiramate) n.a. AdultsChildren≥12 years



Anti-obesity
medication

Mechanism	 of	 action Approved
age
categories
by	 EMA

Approved
age
categories
by	 FDA

Naltrexone-
bupropion

μ-opioid antagonist (naltrexone) and selectiveinhibitor of neuronal dopamine andnorepinephrine reuptake (bupropion) Adults Adults
Liraglutide GLP-1 receptor agonist, short-acting AdultsChildren ≥12years AdultsChildren≥12 years
Semaglutide GLP-1 receptor agonist, long-acting AdultsChildren ≥12years AdultsChildren≥12 years
Tirzepatide Dual GIP and GLP-1 receptor agonist, long-acting Adults Adults
Abbreviations: GLP-1 glucagon-like peptide-1, GIP glucose-dependentinsulinotropic polypeptide, EMA European Medicines Agency, n.a. notapproved, FDA U.S. Food and Drug Administration
3.1	 Lipase	 InhibitorOrlistat is the most well-known lipase inhibitor. Several meta-analysesreported modest effects of orlistat on weight in patients withmultifactorial obesity [61, 62]. The most recent meta-analysis,including 49,810 adults, showed a decrease in body weight of −3.16%(95% CI −3.53 to −2.78) at follow-up after twelve to 104 weeks oftreatment [61]. Similar results were observed in a long-term study offour years [63]. A meta-analysis of the effects of orlistat in children withobesity showed no signi�icant effect of orlistat on body weight, BMI ormetabolic parameters [64]. In these studies, a large proportion (ranges6.4% to 48.5%), discontinued treatment due to lack of therapeuticresponse and/or side-effects [61–63, 65]. One reported seventeen-year-old adolescent with heterozygous MC4R de�iciency did not showany weight loss during lifestyle changes, metformin, and orlistattreatment [66]. No other studies investigating the effect of orlistat inpatients with genetic obesity disorders are available. The side effectsinclude mainly gastrointestinal symptoms, such as �latulence,diarrhoea, mild steatorrhea, and faecal incontinence [67]. Furthermore,it is recommended to monitor fat-soluble vitamins levels, as these can



decrease due to the reduced fat absorption [67]. The combination ofminimal therapeutic response together with signi�icant side-effects, hasresulted in orlistat not being frequently prescribed in clinical practice.
3.2	 Short-Term	 PhentermineAdults with obesity were treated with phentermine for twelve weeks,which showed placebo-subtracted weight losses of −3.0 to −6.4 kg [19].Patients reported signi�icantly larger reduction of cravings for fats andsweets [68]. One study has investigated phentermine in six patientswith heterozygous MC4R de�iciency, showing a signi�icant mean weightloss of −15.5% ± 2.9 after six months of treatment [69]. Additionally,non-signi�icant improvements of percentage fat mass and muscle mass,several glucose indices, and leptin levels were observed [69]. Similarside-effects as in patients with multifactorial obesity were observed.Commonly reported side-effects are dry mouth, insomnia, dizziness,palpitations, constipation, and psychiatric adverse effects such asagitation, irritability and anxiety [19, 70].
3.3	 Phentermine-TopiramateThere are two large RCTs with phentermine-topiramate treatmentreported. Adults with obesity or overweight in combination with morethan two obesity-related co-morbidities who were treated withphentermine-topiramate for 56 weeks, showed placebo-subtractedweight losses at maximum dose of −9.3% and −8.6% [71, 72]. Asustained effect was observed in a long-term study of 106 weeks oftreatment [73, 74]. Children aged ≥12 years with obesity have also beentreated with phentermine-topiramate, demonstrating a −10.4% (95%CI of −13.9 to −6.9) decrease in BMI after 56 week of treatment atmaximum dose [75]. Interestingly, weight-related quality of life did notimprove. No literature is available about the effects of phentermine-topiramate treatment in patients with genetic obesity. Phentermine-topiramate might be effective as well for patients with genetic obesitydisorders, as the study of Salazar et al. showed bene�icial effects ofphentermine treatment as monotherapy in patients with heterozygousMC4R de�iciency [69]. Frequently reported side effects are constipation,paraesthesia, dry mouth, dysgeusia, and psychiatric adverse eventssuch as insomnia and anxiety [71–74].



3.4	 Naltrexone-BupropionA large study, including 1496 adults with overweight or obesity,revealed a −6.4% weight loss after 56 weeks of treatment withnaltrexone-bupropion [76]. Additionally, improvements incardiometabolic risk factors, such as waist circumference, lipids, andfasting insulin, weight-related quality of life and control of eating wereobserved [76]. The effects of naltrexone-bupropion in patients withgenetic obesity disorders have been investigated in two separatestudies. In the largest study, eleven patients with molecularly-con�irmed genetic obesity (speci�ic gene defects not reported) weretreated with naltrexone-bupropion. This study demonstrated a weightloss of −5.2% ± 5.8, a fat mass decrease of −3.9% ± 2.8, improved self-reported appetite in 90.9%, and improved obesity-relatedcomorbidities in signi�icant proportions of patients. There was noplacebo or control group [77]. Similar results were seen in 22 patientssuspected for a genetic obesity disorder, but without de�inite diagnosis[77]. This study includes the patient described in a separate case report[7]. Evidently, more research is needed to evaluate the effectiveness ofnaltrexone-bupropion on weight and hyperphagia in patients withgenetic obesity. Commonly reported side-effects were nausea,constipation, headache, insomnia, dry mouth, and dizziness [76].Importantly, possible psychiatric adverse effects, such as anxiety,depression and sleep disorders, can occur [78]. Naltrexone-bupropionis not approved by the FDA and EMA for obesity treatment in children(<18 years).
3.5	 Liraglutide	 and	 SemaglutideThe �irst RCT with once daily 3.0 mg liraglutide showed a meanreduction of −8.0% ± 6.7 of body weight after 56 weeks of treatment inadults with obesity [79]. Similar results were observed in a long-termstudy of 160 weeks in adults with prediabetes with obesity oroverweight combined with one or more obesity-related co-morbidity,including a 66% risk reduction for progression to type 2 diabetes [80].Also in children with obesity, these bene�icial effects have beenreported: after liraglutide treatment, the BMI SD-score decreased with−0.22 (95% CI, −0.37 to −0.08) with a relative BMI change of −4.64%(95% CI, −7.14 to −2.14), compared to placebo [81]. Studies with once



weekly 2.4 mg semaglutide followed, showing stronger effect on weightreduction. Mean body weight in adults with obesity decreased with−14.9% and −15.2% after resp. 68 and 104 weeks of treatment [82, 83].Additionally, semaglutide led to a sustained suppressed appetiteresulting in an improved control of eating and reduced food cravings inthe two years of treatment [84, 85]. In adolescents (aged twelve to<18 years) with obesity, similar weight reductions (−16.1%) wereobserved. In both adults and adolescents, improvements incardiometabolic risk factors, such as waist circumference, glycaemicindices and lipids, were reported during semaglutide treatment [23,86]. The cardioprotective potency of semaglutide was also shown intwo studies reporting a reduced incidence of death from cardiovascularcauses in patients with obesity who had pre-existing cardiovasculardisease and improved exercise function in patients with obesity-relatedheart failure with preserved ejection fraction [22, 24]. GLP-1 analoguesare the most studied non-targeted anti-obesity agents in patients withgenetic obesity. The largest real-world study was performed in 30adults with Alström syndrome, reporting a mean body weight decreaseof −5.4 kg (−6%) ± 1.7 and improved satiety using a VAS-score after sixmonths of treatment [87]. Another observational study in eighteenadults with molecularly con�irmed genetic obesity treated with 3.0 mgliraglutide for four months, demonstrated a −4.7% (IQR −6.0 to −1.5%)decrease in body weight, −0.9% ± 2.7 decrease in fat mass, improvedself-reported appetite in 83.3%, and improved obesity-relatedcomorbidities in signi�icant proportions of patients [77]. Similar resultswere seen in 59 patients suspected for a genetic obesity disorder, butwithout molecularly con�irmed diagnosis [77]. Another study inpatients with obesity, including fourteen adults with heterozygousMC4R de�iciency, treated with 3.0 mg liraglutide for sixteen weeksreported a weight loss of −5.7% ± 1.4 and improved cardiometabolicfactors, such as fat mass, waist circumference and fasting glucose [88].Similar weight-reducing effects and appetite suppressing potentialwere reported in smaller case series, including a case series of fouradults with 16p11.2 deletion syndrome (n = 2) and heterozygous MC4Rde�iciency (n = 2) and several case reports in children withheterozygous or homozygous MC4R de�iciency, an adult with biallelicMC4R de�iciency, and a patient with molecularly con�irmed BBS type 10



[5, 66, 89–91]. Frequently reported side effects of GLP-1 analogues aregastro-intestinal, such as nausea, vomiting, constipation, and diarrhoea[79, 81, 82, 86]. A severe but rare adverse effect of GLP-1 analogues ispancreatitis [92], which has not been observed in children so far.
3.6	 TirzepatideJastreboff et al. evaluated the effect of 15 mg tirzepatide for 72 weeks in2539 adults with obesity [93]. They showed a weight decrease of−20.9% (95% CI, −21.8 to −19.9), next to improvements incardiometabolic risk parameters, such as waist circumference, bloodpressure, insulin and lipids. In 95.3% of patients with prediabetes,tirzepatide was able to convert glucose levels to normoglycemia,compared to 61.9% patients in the placebo-treated group [93]. Noliterature is available yet about the effects of tirzepatide on weight ingenetic obesity, besides one conference paper reporting a −28.0 kg(−20%) decrease of excess body weight during three months oftreatment in an adult with a heterozygous VUS in MC4R [94].Commonly reported side-effects of tirzepatide were nausea, diarrhoea,constipation, dyspepsia, vomiting, and headache [93]. Episodes ofhypoglycaemia may arise when sulphonylurea, insulin, or metforminare used concurrently [95].
4	 Off-Label	 Use	 of	 Other	 Pharmacological
AgentsSeveral non-targeted pharmacological agents have been used off-labelfor obesity treatment in patients with genetic obesity. This isparticularly the case in paediatric obesity treatment, as for a long timeno anti-obesity agents were approved for children. The most describedoff-label pharmacotherapeutical agents are central nervous stimulants,such as dextroamphetamine, methylphenidate, sibutramine, and�luvoxamine. These are thought to affect the hedonic dopaminergicsystem and the homeostatic leptin-melanocortin pathway [96, 97].Multiple case series have described bene�icial effects of these agents onweight, BMI, and appetite in both children and adults [98–103].Clinicians should be aware of possible increase in blood pressure,



necessitating appropriate treatment. Future research is needed toevaluate the long-term ef�icacy and side effects of these agents.Metformin is also being used as off-label pharmacotherapeutical agentfor obesity treatment. On group level, metformin has modest effects onweight in both adults and children with obesity [104, 105]. There arethree case reports on the effect of metformin on weight and appetite inpatients with genetic obesity: one reports weight stabilization in a childwith POMC de�iciency and otherwise progressive weight gain, while thetwo other case reports, including two children with heterozygous orhomozygous MC4R de�iciency, report no effect [66, 90, 106]. Lastly,growth hormone has been used to effectively improve bodycomposition and reduce weight in patients with Prader Willi Syndrome,Temple syndrome and Schaaf- Yang syndrome [107–111].
5	 SummaryPatients with genetic obesity and/ or hyperphagia requirepharmacotherapy in addition to multidisciplinary lifestyleinterventions. In these patients, treatment aims may be differentcompared to patients with multifactorial obesity. Treatment may alsobe considered successful when the progressive weight gain halts orwhen hyperphagia is reduced leading to an improved quality of life.Since they suffer from chronic and relapsing obesity, a trial-and-errortreatment approach appears to be most appropriate. If a particularanti-obesity agent fails to yield the desired effects, the decision can bemade to switch to an alternative anti-obesity agent or to start anadditional anti-obesity agent. Great advances have been made inpharmacotherapeutical options for obesity in the last couple of years,with the availability of several anti-obesity agents as result. Currently,patients with certain genetic obesity disorders can be treated withtargeted pharmacotherapy, such as leptin replacement therapy andsetmelanotide. Now that these targeted pharmacotherapies areavailable, it is of utmost importance to test patients who are highlysuspected of these genetic obesity disorders. Additionally, non-targetedanti-obesity pharmacotherapies, such as GLP-1 analogues andnaltrexone-bupropion, are available for patients with obesity, with orwithout a molecularly con�irmed genetic obesity gene defects. In the



future, novel and innovative pharmacotherapeutical options, includinggene therapy, will emerge, offering promising and possibly long-termeffects on body weight, hyperphagia, and, most importantly, health andquality of life.
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1	 IntroductionSince obesity is a potential life threatening condition, it is of the utmostimportance to offer a sustainable treatment. Previous chapters shedlight on non-invasive obesity treatment options, such as improvementof physical activity, lower energy consumption, lifestyle changes andpharmacotherapy to induce weight loss and improve obesity associateddisorders. However, in some patients with severe (genetic) obesitythese adjustments lack the ability of achieving durable weight loss withrelapsing cardiovascular or metabolic complications as a result.Metabolic surgery (previously named bariatric surgery) is currently themost effective option for common (severe) obesity in adults. The resultsin genetic obesity disorders are less studied. This chapter will highlightthe working mechanisms of Metabolic Bariatric Surgery (MBS) andgives an overview of weight outcomes in patients with genetic obesity,as described in the other chapters.
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2	 Changing	 Normal	 AnatomyMBS involves procedures to the gastro-intestinal tract inducingmetabolic changes and thereby weight loss. The National Institutes ofHealth (NIH) and the International Federation for the Surgery ofObesity and Metabolic Disorders (IFSO) composed internationalguidelines for surgical obesity interventions. In 1991 the �irst NIHconsensus statement, con�ined MBS surgery to patients with a BMI of atleast 40 kg/m2 or a BMI of ≥35 kg/m2 and at least one obesityassociated condition such as type 2 diabetes mellitus or hypertension[1, 2]. Recently, the American Society for Metabolic and BariatricSurgery (ASMBS) and IFSO published new recommendations accordingthe eligibility for MBS (October 2022) [3]. These guidelines nowrecommend MBS for patients with a BMI ≥35 kg/m2 regardless ofpresence/absence or severity of obesity associated conditions. Also,patients with type 2 diabetes mellitus (T2DM) and a BMI ≥30 kg/m2are now regarded suitable to undergo MBS. Besides these numericalprerequisites, patients have to change their eating behavior andlifestyle for the rest of their lives. Combined lifestyle interventionbefore and after surgery, is recommended to improve lifestyle anddecrease body weight through professional guidance, is recommended[4].The choice of intervention depends on the evaluation of several(individual) patient characteristics and often on the patients’ andsurgeons’ preference and varies greatly regionally. Worldwide,approximately 90%, undergo either a Sleeve Gastrectomy (SG) or aRoux-en-Y Gastric Bypass (RYGB).
2.1	 Surgical	 TechniquesThe SG is currently the most performed procedure worldwide [5]. Byremoving 2/3 part (or 70–80%) of the greater curvature section of thestomach through a longitudinal resection, it restricts dietary intake(Fig. 1). The diameter of the ‘tube’ stomach that is left is calibratedalong a bougie, ensuring the possibility of food passage [6].



Fig.	1 Sleeve GastrectomyThe RYGB includes a restriction in dietary intake by the creation of agastric ‘pouch’ of approximately 30 cc (Fig. 2) [7]. The remnant stomachis left in situ but is disconnected from the normal route of ingestednutrients. This is combined with a change in the normal anatomy of thesmall bowel, by bypassing approximately 150 cm (varying between 50and 250 cm worldwide) of the distal part of the stomach, duodenumand proximal part of the small bowel. The actual digestion of ingestednutrients is theoretically delayed to the part of the small bowel wherethese nutrients are joined by the digestive peptides and cholic acids, i.e.in the (middle) jejunum [5, 7].



Fig.	2 Roux-en-Y Gastric Bypass
3	 Metabolic	 EffectsPreviously it was thought that the primary aim of a RYGB was to induceweight loss through mechanical restriction of dietary intake, combinedwith micronutrient malabsorptive aspects, which alter eatingbehaviours, such as volume and food choice [5, 8]. However, recentresearch has highlighted the signi�icant role of MBS in changingincretine levels, modifying complex gut-brain-endocrine and adipose-brain-endocrine signalling pathways that regulate hunger, satiety, bodyweight, as well as glucose- and immunometabolism [8].The postoperative changes in various components within thesepathways, including incretins, gut hormones, bile acids, and gutmicrobiota, have been extensively studied. Below is a brief overview,though not exhaustive, of these changes.1. Incretines and gut hormones



 Removing 2/3 part of the greater curvature section of the stomachduring SG surgery results in short-term lower levels of the hungerhormone ghrelin. An increased postprandial secretion of glucagon-like-peptide 1 (GLP-1), glucagon-like-peptide 2 (GLP-2), peptide YY (PYY)and cholecystokinin (CCK) is reported after both SG and RYGB [9, 10].GLP-1 and GLP-2 are produced by L-cells in the (distal) ileum, resultingin delayed gastric emptying, increased insulin secretion (by GLP-1),increased mucosal crypt depth and absorptive surface area of the gut(by GLP-2) [11–13].L-cells are an important part of the enteroendocrine cell populationof the lower gastrointestinal tract. CCK is produced by L-cells in theduodenum and proximal part of the intestines, regulating increasedfood satiety, energy expenditure and insulin secretion after SG. CCK alsostimulates gallbladder contraction and thereby bile acid production[14, 15]. PYY is produced by L-cells of the ileum and colon, regulatingincreased food satiety and decreased food intake [12, 16, 17]. All abovementioned effects induce a decrease in body weight and food intake,diabetes resolution and an increase in metabolic control.2. Bile acids In the normal situation, bile acids will be mixed with ingested nutrientsin the duodenum, i.e. after the papilla of Vater (major duodenal papilla).However, after RYGB surgery bile acids will be mixed with ingestednutrients in the common channel, after �lowing down thebiliopancreatic limb (BPL) (Fig. 3). Results from mice studies suggestedthat the bile acids in the BPL might have a signaling role. With a directeffect in insulin resistance by increasing energy expenditure in brownadipose tissue [18, 19]. Bile acid synthesis in the liver is regulated viaFarnesoid X receptor (FXR), G protein-coupled bile acid receptor−1(Gpbar-1, also known as TGR5), and Fibroblast Growth Factor 19 and21 (FGF-19 and FGF-21) [20, 21]. Besides the role in the negativefeedback loop, FGF-19 is thought to contribute to the increasedmetabolic rate and decreased adiposity seen after RYGB [22].



Furthermore, animal studies suggested that bile acids might have adirect and indirect effect on the gut microbiota [19, 22].

Fig.	3 Gut hormones, incretines. + anorexigenic by stimulating alpha-melanocyt-stimulatinghormone.—orexigenic by stimulating neuropeptide-Y. Peptide-YY anorexigenic by blockingneuropeptide-YThe role of bile acids in the improved metabolic state following MBSis not yet fully understood. However, it is likely that the combinedeffects of changes in bile acids and gut hormone levels/functions



contribute to the long-term metabolic bene�its seen after these surgicalprocedures.3. Gut microbiota The human gut is the host of more than trillions of microbes with acollective genome, also named the gut microbiome [23]. The gutmicrobiome is thought to be a linking factor between food intakeresulting in obesity, metabolic alterations such as insulin resistance andintestinal in�lammation [24]. For example, some microbes producelipopolysaccharides which are pro-in�lammatory molecules, affectingmetabolism by mediating the immune response [24, 25].Analysis of the gut microbiome of patients with (severe) obesityrevealed an alteration in composition with reduced microbial diversityand reduced gene richness compared to lean patients [26–31]. Bothdietary and surgically induced weight loss, have been reported to resultin an increase in microbial gene richness and a shift in the microbialcomposition towards a lean composition [26, 28, 32]. The gutmicrobiome also play an important role in bile acid regulation, via FXR(farnesoid X- receptor), and the glucose and lipid metabolism [23, 33].Further research is needed to explore the speci�ic interactionsbetween the gut microbiome and bile acids and their signi�icant role inmetabolism, particularly in cases following metabolic bariatric surgery.
4	 (Weight)	 OutcomeBoth SG and RYGB result in durable weight loss and remission ofobesity complications in the majority of patients. Weight loss after MBSis often reported as percentage Excess Body Weight Loss (%EWL), andpreferably as percentage Total Weight Loss (%TWL). The mean %TWLthat has been reported in the long term varies between 25–30% for SGand 30–35% for RYGB [4, 34–37]. As stated earlier in this chapter,obesity is associated with varying obesity complications, in particularT2DM. A large number of patients experience improvement or evenremission of their T2DM, i.e. discontinuation of anti-diabeticmedication, shortly after MBS, in particular after RYGB [4, 37]. Theremission rate depends on several factors, such as the duration and



severity of the T2DM and dependence on insulin treatment and iscorrelated with the amount of weight loss in the long term [38].Weight outcome after MBS varies widely and is thought to be adynamic process. The initial maximum weight loss response isgenerally achieved within the �irst 2 years after the procedure [39, 40].However, the majority of patients tend to regain 5–10% of their totalweight loss within the �irst decade [39, 41]. This is illustrated by largelong-term studies, such as the Swedish Obese Subjects (SOS) study,which reported a decrease in %TWL from 32 to 25% within 10 yearsafter RYGB [39]. Overall, it seems that some recurrent weight gain afterMBS is common. Previous mentioned weight loss percentages are theresult of studies among large metabolic bariatric cohorts worldwide.However, the percentage of patients with genetic obesity in thesecohorts is unknown. In 2020 a study was published reporting the �irstMBS cohort in which the prevalence of genetic obesity was established.It showed a proven molecular genetic obesity diagnosis of 3% [42].Since then, the �ield of genetic obesity research expanded enormously,with many ‘new’ genetic obesity diagnoses as a result. Given thesedevelopments, it is anticipated that the prevalence of genetic obesitydiagnoses in metabolic bariatric cohorts will be higher than previouslythought.
4.1	 Syndromic	 Obesity
4.1.1	 Prader-Willi	Syndrome	(PWS)Six studies investigated RYGB surgery outcomes in 11 patients withPrader-Willi syndrome (PWS) [43–47]. Their mean age was 25.1 years,and their initial BMI was 50.3 kg/m2 (ranging from 42.3 to 68.7 kg/m2).Among them, three pediatric patients, averaging 15 years of age, had amean baseline BMI of 55.9 kg/m2 (47.0 to 69.0 kg/m2). Within48 months after surgery, PWS patients showed signi�icantly less weightloss compared to controls (−7.0% (95% CI: −13·6 to −0·5%; p = 0.034).Adjustments for age, sex, and baseline T2DM did not alter theseoutcomes. Short-term complications, such as aspiration pneumonia andintestinal perforation, were reported in two patients, with no long-termcomplications noted. However, the resolution of obesity-associatedcomplications was not described.



Seven studies examined the effects of SG in 34 patients with PWS[48–54]. The majority of the patients were male (59%), with an averageage of 12.9 years (range 4.9–23 years) and baseline BMI of 49.3 kg/m2(range 30.1–80.9 kg/m2). In comparison to the control group, patientswith PWS showed lower %TBWL) (−12.9; 95% CI:-19.6 to −6.2;
p ≤ 0.001) within 36 months of follow-up.The rate of complications and (resolution of) obesity-relatedcomplications were not reported.
4.1.2	 16p11.2	Microdeletion	SyndromeRYGB surgery outcomes were documented in two individuals with16p11.2 microdeletion syndrome [55]. One of the patients died 2 daysafter surgery; the cause of death was not speci�ied. The other patientachieved a 37.5% weight loss after 1 year, maintaining a substantial27.2% decrease from baseline weight during a 10-year follow-upperiod.
4.1.3	 Bardet-Biedl	Syndrome	(BBS)Two case reports detailed uncomplicated RYGB surgery in twoindividuals with Bardet Biedl syndrome (BBS-gene variants notreported). In the �irst case, a 16-year-old boy had a BMI reduction from52.3 to 34.8 kg/m2 over 42 months, along with improved hypertensioncontrol and mobility [56]. Similarly, a 17-year-old BBS patientundergoing RYGB surgery achieved an excess weight loss (EWL) of28.1% after 12 months. The impact on comorbidity resolution was notdiscussed [57]. Additionally, the effects of SG were documented in threepatients with BBS [50, 58, 59]. These patients exhibited similarresponses to SG on weight-related parameters compared to controls,with one patient followed for 36 months after surgery. However, thereis limited data available following both types of MBS in genetic obesityregarding complication rates and the resolution of obesity-relatedcomplications.
4.2	 Monogenic	 Non-syndromic	 Obesity
4.2.1	 Leptin	Receptor	(LEPR)



A single case report outlined the weight loss trajectory of a 24-year-oldwoman with bi-allelic pathogenic LEPR variants and a baseline BMI of81 kg/m2 [60]. Following uneventful RYGB surgery, she achieved a 15%weight loss within 6 months but experienced a 5% weight regain overthe subsequent 12 months.Additionally, a case report details an eight-year-old girl with ahomozygous pathogenic variant in LEPR who underwent surgery twice,�irst at 11 months and subsequently at the age of eight [61]. By the ageof eight, she had developed hypertension, dyslipidemia, and T2DM,with a BMI of 35.2 kg/m2. Following surgery, her BMI decreasedsigni�icantly to 25.1 kg/m2 within 3 months and continued to declineover the 3-year follow-up, reaching 22.7 kg/m2. Notably, while she stillexhibited hypertension, she no longer had dyslipidemia or T2DM.
4.2.2	 Pro-opiomelanocortin	(POMC)—Obesity	Risk	FactorFifteen patients with (likely) pathogenic monoallelic POMC variantsundergoing RYGB surgery were studied across two case series [42, 62].Predominantly female (75%), this cohort held an average age of44.7 years and a BMI of 47.6 kg/m2 (ranging from 38.0 to 70.6 kg/m2).Over a follow-up period of up to 60 months, they achieved weight losssimilar to that of the control group. Comparative data on short- andlong-term complications and resolution of obesity complications post-surgery are lacking.Two patients (a 28-year-old female and a 57-year-old male) werepreviously reported with (likely) pathogenic monoallelic POMC variantswho underwent uncomplicated SG surgery [42]. After 24 months post-surgery, their BMI decreased from 43.2 to 28.5 kg/m2 and from 56.5 to28.3 kg/m2, respectively. No information on the resolution of obesity-related complications was available.
4.2.3	 Melanocortin-4	Receptor	(MC4R)One report described weight loss outcomes following RYGB surgery in afamily with pathogenic bi-allelic MC4R variants [63]. Two familymembers, aged 16 and 17, exhibited contrasting results with baselineBMIs of 40.8 kg/m2 and 81.1 kg/m2, respectively. While the �irst patientregained all the lost weight and reverted to baseline weight, the other



achieved a signi�icant weight loss of 30.9%. Post-surgery, hypertensionresolved in the �irst patient, and both remained free of complications.In seven publications 31 patients with (likely) pathogenicmonoallelic MC4R variants were reported [42, 62, 64–68]. Within thiscohort the majority was female (73%) with a mean age of 42.6 yearsand a baseline BMI of 48.8 kg/m2 (range 38.5–76.7 kg/m2). Weight lossoutcomes were comparable to those of the control group post-RYGBsurgery during the total follow-up period. Documentation of post-surgical complications was limited; however, three case reportsindicated no complications.Two case series report the effect of SG in �ive children (2 boys, 3girls) with bi-allelic pathogenic MC4R variants, with an average age of11.7 years (range 8–11 years) and BMI of 65.1 kg/m2 (range 52.0–73.0 kg/m2) [63, 69]. Within 1 year, they experienced a mean TWL of21.5%. However, this percentage decreased to a TWL of −1.9% after24 months. No information regarding the resolution of obesitycomplications post-surgery was provided.Three studies examined the weight outcomes of 12 patients whounderwent SG with a (likely) pathogenic monoallelic MC4R variant [42,65, 70]. Of these patients, 55% was female, with an average age of37 years at baseline. Their baseline BMI ranged from 37.3 to72.2 kg/m2, with a mean of 53 kg/m2. They reported a signi�icantlylower %TBWL compared to the control group (−35.5; 95% CI: −49.7 to−21.4; p ≤ 0.001). This effect was observed up to a 60-month follow-upperiod and remained consistent across other weight metrics.Adjustments for age, sex, and baseline T2DM did not alter these results.However, no information regarding complications or the post-surgicalresolution of obesity complications was provided.
5	 Discussion
5.1	 MBS	 in	 Syndromic	 Obesity	 (Prader	 Willi	 Syndrome	 and
Bardet	 Biedl	 Syndrome)Metabolic bariatric surgery in syndromic obesity, particularly inpatients with Prader-Willi syndrome (PWS), presents distinctchallenges. These patients are characterized by a profound hyperphagic



drive, which leads to early-onset obesity [71]. Cases have shown thatwhile procedures like RYGB and SG can help with weight loss, they tendto result in less weight loss for patients with PWS compared to commonobesity. In addition, the effects on hyperphagia and complications is notdescribed. This suggests that a more personalized treatment approachis needed.A review examining weight outcomes from various MBS proceduresin 104 cases of PWS showed that the most signi�icant weight lossoccurred at one-year after the procedure, regardless of the type ofsurgery [71]. However, the positive effects were not sustained overtime. After 5 years, there were no signi�icant changes compared tobaseline, indicating that while MBS may prevent further weight gain insome patients, it is not a long-term solution. The challenge of managinghyperphagia, especially when combined with the altered anatomy post-surgery, raises concerns about the risk of life-threatening complicationsassociated with surgical intervention. Despite this, advancements inpharmacological treatments for hyperphagia, as well as interventionslike dietary modi�ications and growth hormone supplementation, havehelped reduce the prevalence of class III obesity in this patient group[72].Similarly, Bardet Biedl Syndrome (BBS), is also associated withobesity in the majority of cases (72–86%) [73, 74]. MBS procedures,including RYGB and SG, have shown promise in addressing class IIIobesity and improving related complications in the short term for caseswith BBS. However, the long-term effectiveness of these surgeriesremains to be validated through further studies.
5.2	 MBS	 in	 Monogenic	 Non-syndromic	 ObesityThe impact of MBS in patients with monogenic non-syndromic obesityis mostly studied in those with (likely) pathogenic MC4R variants.MC4R is pivotal in regulating food intake and energy balance, withdysfunctions leading to hyperphagia and varying degrees of obesityseverity [75]. Bi-allelic pathogenic MC4R variants are rare andassociated with severe obesity phenotypes [75], resulting in less weightloss following both RYGB [63] and SG [63, 69] procedures compared tocontrol groups. The suitability of MBS for these patients remainsdebatable, although it may be considered in individual cases when



other interventions fail. Future research, particularly exploring newpharmacotherapeutic options, could help to bridge this therapeutic gap.In patients with (likely) pathogenic monoallelic MC4R variants,RYGB [42, 62, 64–68, 70] can induce weight loss comparable to thecontrol group in the short term, but long-term maintenance poseschallenges. Conversely, SG procedures show signi�icantly less weightloss compared to controls over the total follow-up period up to60 months [42, 65, 70]. Despite recurrent weight gain, RYGB surgerystill results in weight loss up to 6 years of follow-up, suggesting it maybe a preferable option for these patients. However, managingexpectations regarding long-term weight maintenance is crucial.Bi-allelic (likely) pathogenic LEPR variants are extremely rare andgive rise to an extreme obesity phenotype [60]. MBS, such as RYGB, canlead to initial weight loss in some individuals with this condition.However, maintaining this progress can be challenging, as seen in onecase report where the patient experienced a 5% recurrent weight gainafter losing 15% within a year following surgery [76]. Currently,investigational pharmacotherapeutic options, such as setmelanotide,are being explored in individuals with bi-allelic pathogenic LEPRvariants, showing promising weight reduction of up to 10% after 1 year[77]. These drugs, either as an addition to existing therapies or asstandalone options, have the potential to signi�icantly improveoutcomes for (these) patients [77]. Further research into noveltherapeutic strategies, including drugs targeting multiple receptors,remains crucial in the ongoing �ight against obesity.Initially, only bi-allelic (likely) pathogenic variants in genes like
POMC and PCSK1 were known to cause obesity, but (likely) pathogenicmonoallelic variants are now recognised as risk factors [78–81]. In twostudies, the weight outcomes following RYGB and SG surgeries wereexamined in 17 patients with monoallelic (likely) pathogenic POMCvariants [42, 62]. However, the �indings revealed no signi�icantdifference in weight loss compared to the control group, after a follow-up period of up to 60 months. Additional research is essential to betterunderstand and demonstrate the outcomes of MBS in this particularpatient group.



6	 SummaryMetabolic bariatric surgery has been shown to induce long-term,durable weight loss in the majority of the general population who sufferfrom obesity. However, for patients with molecularly con�irmed geneticobesity, the results are more variable, depending on the underlyingobesity gene defect—i.e. monogenic syndromic or non-syndromicobesity.In patients with syndromic obesity, MBS may play a modest role inweight reduction, especially in the long term. In the light of potentiallife threatening side effects, other interventions, such as lifestylecoaching and medication, should be considered as �irst line oftreatment in weight management for these individuals.For those with monogenic non-syndromic obesity, MBS may offeradditional bene�its, especially in certain cases where RYGB proceduresare performed in patients with mono-allelic (likely) pathogenic MC4Rvariants. However, it’s important to be mindful of a potential trendtoward weight gain over time, which could be mitigated byincorporating pharmacological interventions.In the case of patients with genetic obesity caused by rarer geneticvariants, such as bi-allelic MC4R or LEPR variants, it is anticipated thatfuture pharmacological treatments will play a crucial role in weightreduction. MBS, in this speci�ic group of patients, appears to have alimited effect on weight loss.
Take	 Home	 MessageMBS in patients with rare genetic variants, such as bi-allelic MC4Ror LEPR variants, appears to have a limited effect on weight loss. Itis anticipated that future pharmacological treatments will play acrucial role in weight reduction.In patients with (likely) pathogenic monoallelic MC4R variants,RYGB surgery is suggested to be a preferable option, compared toSG surgery. However, managing expectations regarding long-termweight maintenance is crucial.Promising pharmacotherapeutic agents like GLP1-agonists andsetmelanotide offer hope for expanded treatment options in



managing genetic obesity, as standalone therapy or in addition toexisting therapies, such as MBS.
References1. Consensus statement, NIH consensus development conference, gastrointestinal surgery forsevere obesity, March 25–27, 1991.2. Fried M, Yumuk V, Opperts JM, et al. Interdisciplinary European guidelines on metabolic andbariatric surgery. Obes Facts. 2013:449–68.3. Eisenberg D, Shikora SA, Aarts E, et al. 2022 American society for metabolic and bariatricsurgery (ASMBS) and International federation for the surgery of obesity and metabolicdisorders (IFSO): indications for metabolic and bariatric surgery. Surg Obes Relat Dis.2022;18:1345–56. https:// doi. org/ 10. 1016/ j. soard. 2022. 08. 013.[Crossref][PubMed]4. Mechanick JI, Apovian C, Brethauer S, et al. Clinical practice guidelines for the perioperativenutrion, metabolic, and nonsurgical support of patients undergoing bariatric procedures—2019 update. Obesity. 2020;28(4):1–58.5. Xu G, Song M. Recent advances in the mechanisms underlying the bene�icial effects of bariatricand metabolic surgery. Surg Obes Relat Dis. 2020;17(1):231–8.[PubMed][PubMedCentral]6. Angrisani L, Santonicola A, Ionovo P, et al. Bariatric surgery worldwide 2013. Obes Surg.2015;25:1822–32.[PubMed]7. Buchwald H. The evolution of metabolic/bariatric surgery. Obes Surg. 2014;24:1026–35.8. Sinclair P, Brennan DJ, Roux le CW. Gut adaption after metabolic surgery and its in�luences onthe brain, liver and cancer. Nat Rev Gastroenterol Hepatol. 2018;15:606–24.[PubMed]9. Le Roux CW, et al. Gut hormone pro�iles following bariatric surgery favor an anorectic state,facilitate weight loss, and improve metabolic parameters. Ann Surg. 2006;243:108–14.[PubMed][PubMedCentral]10. Albaugh VL, Flynn RC, Tamboli RA, et al. Recent advances in metabolic and bariatric surgery.F1000Res. 2016:5.11. Russell-Jones D, Gough S. Recent advances in incretin-based therapies. Clin Endocrinol.2012;77:489–99.12. le Roux CW, et al. Gut hypertrophy after gastric bypass is associated with increased glucagon-like peptide 2 and intestinal crypt cell proliferation. Ann Surg. 2010;252:50–6.[PubMed]13.

https://doi.org/10.1016/j.soard.2022.08.013
https://doi.org/10.1016/j.soard.2022.08.013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=36280539
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=33036939
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7769897
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=25835983
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=30181611
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16371744
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1449984
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=20562614


Romero F, et al. Comparable early changes in gastrointestinal hormones after sleevegastrectomy and Roux-En-Y gastric bypass surgery for morbidly obese type 2 diabeticsubjects. Surg Endosc. 2012;26:2231–9.[PubMed]14. Kellum JM, et al. Gastrointestinal hormone responses to meals before and after gastric bypassand vertical banded gastroplasty. Ann Surg. 1990;211:763–70.[PubMed][PubMedCentral]15. Cote CD, Zadeh-Tahmasebi M, Rasmussen BA, et al. Hormonal signaling in the gut. J Biol Chem.2014;289:11642–9.[PubMed][PubMedCentral]16. Sumithran P, et al. Long-term persistence of hormonal adaptations to weight loss. N Engl JMed. 2011;365:1597–604.[PubMed]17. Batterham RL, et al. Inhibition of food intake in obese subjects by peptide YY3–36. N Engl JMed. 2003;349:941–8.[PubMed]18. Brighton CA, et al. Bile acids trigger GLP-1 release predominantly by accessing basolaterallylocated G protein-coupled bile acid receptors. Endocrinology. 2015;156:3961–70.[PubMed][PubMedCentral]19. Watanabe M, et al. Bile acids induce energy expenditure by promoting intracellular thyroidhormone activation. Nature. 2006;439:484–9.[PubMed]20. Ding L, Sousa KM, Jin L, et al. Vertical sleeve gastrectomy activates GPBAR-1/TGR5 to sustainweight loss, improve fatty liver, and remit insulin resistance in mice. Hepatology.2016;64:760–73.[PubMed]21. Li K, Zou J, Song L, et al. Farnesoid X receptor contributes to body weight independentimprovement in glycemic control after Roux-en-Y Gastric bypass surgery in diet-inducedobese mice. Mol Metab. 2020;37:100980.[PubMed][PubMedCentral]22. Begley M, Gahan CGM, Hill C. The interaction between bacteria and bile. FEMS Microbiol Rev.2005;29:625–51.[PubMed]23. Brahe LK, Chatelier le E, Prifti E, Pons N, Kennedy S, Hansen T, Pedersen O, Astrup A, EhrlichSD, Larsen LH. Speci�ic gut microbiotica features and metabolic markers in postmenopausalwomen with obesity. Nutr Diabetes. 2015;5:e159.[PubMed][PubMedCentral]24. Tremaroli V, Backhed F. Functional interactions between the gut microbiota and hostmetabolism. Nature. 2012;489:242–9.[PubMed]25.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=22302537
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2192696
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1358133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=24577102
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4002074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=22029981
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12954742
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=26280129
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4606749
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16400329
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=27312543
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=32305491
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7182762
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16102595
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=26075636
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4491860
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=22972297


Cani PD, Amar J, Iglesias MA, et al. Metabolic endotoxemia initiates obesity and insulinresistance. Diabetes. 2007;56:1761–72.[PubMed]26. Palleja A, Kashani A, Allin KH, et al. Roux-en-Y gastric bypass surgery of morbidly obesepatients induces swift and persistant changes of the individual gut microbiota. Genome Med.2016;6:67.27. Ley RE, Backhed F, Turnbaugh P, et al. Obesity alters gut microbial ecology. Proc Natl Acad SciUSA. 2005;102:11070–5.[PubMed][PubMedCentral]28. Ley RE, Turnbaugh PJ, Klein S, et al. Microbial ecology: human gut microbes associated withobesity. Nature. 2006;444:1022–3.[PubMed]29. Turnbaugh PJ, Ley RE, Mahowald MA, et al. An obesity-associated gut microbiome withincreased capacity for energy harvest. Nature. 2006;444:1027–31.[PubMed]30. Turnbaugh PJ, Hamady M, Yatsunenko T, et al. A core gut microbiome in obese and lean twins.Nature. 2009;457:480–4.[PubMed]31. Le Chatelier E, Nielsen T, Qin J, et al. Richness of human gut microbiome correlates withmetabolic markers. Nature. 2013;500:541–6.[PubMed]32. Cotillard A, Kennedy SP, Kong LC, et al. Dietary intervention impact on gut microbial generichness. Nature. 2013;500:585–8.[PubMed]33. Ocana-Wilhelmi L, Martin-Nunez GM, Ruiz-Limon P, et al. Gut microbiota metabolism of bileacids could contribute to the bariatric surgery improvements in extreme obesity. Meta.2021;11(11):733.34. le Roux CW, Heneghan HM. Bariatric surgery for obesity. Med Clin North Am. 2018;108:165–82.35. Dogan K, Betzel B, Homan J, et al. Long-term effect of laparoscopic Roux-en-Y gastric bypasson diabetes mellitus, hypertension and dyslipidaemia in morbidly obese patients. Obes Surg.2014;24:1835–42.[PubMed]36. Homan J, Boerboom A, Aarts E, et al. A longer biliopancreatic limb in Roux-enY gastric bypassimproves weight loss in the �irst years after surgery: results of a randomized controlled trial.Obes Surg. 2018;28(12):3744–55.[PubMed]37. Peterli R, Wolnerhanssen BK, Vetter D. Laparoscopic sleeve gastrectomy versus Roux-en-Ygastric bypass for morbid obesity-3- year outcomes of the prospective randomized Swissmulticenter bypass or sleeve study (SMBOSS). Ann Surg. 2017;265:466–73.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17456850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16033867
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1176910
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17183309
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17183312
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19043404
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=23985870
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=23985875
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=25027982
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=30073496
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1	 IntroductionObesity is a multifactorial disease and to understand mechanismsunderlying the development of obesity, focus has been on energy intakeand energy expenditure as too much food and too little activitycontribute to weight gain. Evidence is emerging that not only totalintake or expenditure is an important factor for obesity developmentbut also the timing of energy intake and expenditure (thus when youeat or are active) can affect weight gain, and also affect weight losseffectiveness [1]. For example, eating late at night has been associatedwith weight gain whereas when in a weight loss program eating yourlunch late impairs the success of the weight loss therapy [2]. Alsopeople that regularly eat at night, like during shift work, are at
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increased risk of developing obesity [3]. It has been proposed that thelink between shift work and obesity is due to circadian disruption,when your internal biological clock is out of sync with the environment.
2	 Circadian	 RhythmsThe rotation of the earth around its own axis generates the day-nightcycle with a period length of exactly 24 h. To adjust to this environmentmost living organisms developed a temporal organization of theirbehavior, as well as their internal physiology. This internal temporalityallows an optimal adaptation to the environmental light-dark cycle, forinstance, by keeping the organisms awake and aroused at times of foodavailability and reduced risks from predators and other dangers,thereby increasing the chances of survival [4]. The internal cyclicchanges that happen in a cycle of about 24 h are known as ‘circadian’, aword which comes from Latin meaning around (circa) and day (dies).Within the body, nearly all processes exhibit circadian �luctuations.This includes metabolic processes, peptide and hormonal production,or gene expression [5, 6]. It’s important to note that these cellularrhythms are not operating independently; there is a cellsynchronization within tissues and among organs to regulate bothphysiology and behavior [7]. At the core of the circadian system’shierarchy is the suprachiasmatic nucleus (SCN), situated in thehypothalamus and often referred to as the central brain clock, whereasother brain areas and peripheral organs and tissues that displayrhythmic functions are known as peripheral oscillators. The SCN plays acrucial role in coordinating all the oscillators in other parts of the brainand body. This coordination among peripheral clocks results in aninternal synchronization, where various cycles are interconnected witheach other and synchronized with the SCN.When the internal rhythmicity is coupled to the external cyclicenvironment, it is called external synchronization [7]. This circadianrhythmicity of the SCN is synchronized to the exact 24 h rhythm of theexternal environment through different cues with light being the mostpotent stimulus [5]. These stimuli that are able to entrain circadianrhythms are referred to as Zeitgeber, which in German means: time-giver. Beyond light, other Zeitgebers such as temperature �luctuations,



fasting/feeding cycles, arousal and social cues also play a role insynchronizing circadian rhythms [8–11]. Maintaining propersynchronization between internal and external rhythms is crucial formaintaining a healthy state, while disruptions in this synchronization—whether internally among different organs or externally due to factorslike shift work or frequent jet lag—have been associated with anincreased susceptibility for various diseases including obesity, type 2diabetes and cardiovascular disease [12–14].The SCN generates its rhythm though a group of genes forming atranscriptional-translational feedback loop, known as clock-genes [15].It is not only the clock genes themselves that are expressed in acircadian fashion, but they also control the rhythmicity of many so-called clock-controlled genes, thereby modifying rhythmic geneexpression patterns throughout the whole organism including inmetabolic tissues such as muscle, liver, and adipose tissue. However, atthe same time, many non-photic environmental factors are also able toregulate the intrinsic expression patterns of the (non-SCN) peripheralclocks.In a simpli�ied model of the molecular clock, the core components ofthis system are represented by a positive and a negative limb that signaleach other. The positive limb of the loop includes the genes Clock and
Bmal1, whose protein products form a dimer in the cytoplasm (Fig. 1).This dimer moves to the nucleus and binds to the promoter region ofthe Per and Cry genes, which are part of the negative limb.Subsequently, these genes are translated into proteins in the cytoplasmthat form a dimer and enter back into the nucleus where they act as arepression signal to the different components of the positive limb.When PER/CRY dimers degrade, the transcription of Clock and Bmal1restarts [15]. Interestingly, the function of the canonical genes in thefeedback loop, i.e. Clock,	 Bmal1,	 Per and Cry, can be taken over byhomologue genes. For example, the Npas2 gene can substitute Clock inthe SCN when it is genetically knocked down [16], and there is evidenceof a hierarchy in clock-gene function dependent on the brain area. Inthe SCN, the proteins encoded from clock genes form a BMAL1/CLOCKdimer, although NPAS2 can substitute. In the forebrain, however, NPAS2has a more important role than BMAL1 in dimer formation [17].



Fig.	1 Simpli�ied model of clock-gene expression. CLOCK, BMAL1 and NPAS2 genes (rectangles)form the positive limb of the feedback loop, its proteins (ovals) form dimers in the cytoplasm andare translocated into the nucleus (the long blue dashed arrow). In the nucleus, the BMAL1/CLOCKor BMAL/NPAS2 dimer bind to the negative limb (the short blue arrow) elements of the clock-gene loop, PER and CRY genes (rectangles). The proteins PER and CRY will dimerize in thecytoplasm and translocate to the nucleus (the long red dashed arrow) and inhibit the expression ofthe clock-gene positive limb elements (the short red blind-ended dashed arrow). (Figure madewith Biorender)
3	 Genetic	 Defects	 in	 Clock	 GenesEvidence for functional connections between circadian clock genes andthe development of obesity and metabolic disorders is emerging. One ofthe �irst models to show this connection was that of mice with adisruption of the Clock gene which are prone to develop obesity withcharacteristics of the metabolic syndrome. Moreover, mutations in
Clock and Bmal genes are associated with impaired glucose toleranceand mutant mice show altered daily variation in feeding behavior with



higher intake during the inactive (light) period, glucose and triglyceridelevels [18–20].
4	 Human	 Polymorphisms	 in	 Clock	 GenesIn line with several animal models, genetic polymorphisms in humanclock genes have been associated with increased obesity incidence inepidemiological studies. PER2 variants were associated with abdominalobesity and different psycho-behavioral factors related to the success ofweight loss [21]. In a group of Brazilian individuals, a PER3 variantshowed a signi�icant association with extreme obesity and some PER3SNPs were more prevalent in a group of individuals with obesity [22].And, humans carrying the genetic variant C at the circadian gene CLOCK(3111 T/C) were more likely to be obese, had more dif�iculties incontrolling body weight than non-carriers (TT) and had a worseprognosis in dietary weight loss treatments [23–27]. Interestingly, oneparticular CLOCK 3111C SNP (rs1801260) was independentlyassociated with total weight loss in a dietary program with the Ccarriers loosing ~23% less with the same weight loss intervention thanT carriers) [24]. Importantly, the effect of this particular SNP on obesityhas also been demonstrated and replicated in several populations withdifferent environment and genetic background [23, 26, 28]. Given thatthe CLOCK 3111C SNP is present in half of the U.S. population [25], it isof great interest for public health to understand underlyingmechanisms how this genetic variation impacts obesity.
5	 ConclusionSeveral studies have shown evidence that circadian disruption cancontribute to the development of obesity and related metabolicdisorders. Genetic deletion experiments in animals have shown thefunctional role of different clock genes in obesity development. Inhumans, several clock gene polymorphisms have been shown tocorrelate with obesity and the effectiveness of weight loss therapy.
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derived from neighbouring cells, in the case of α-melanocytestimulating hormone (α-MSH), or the circulation, for example leptin.Once these molecules or ligands bind to their dedicated receptor on thecell surface, an intracellular signalling cascade is set in motion. Theactivated receptor will start to recruit and activate second messengers.These messenger molecules will carry the signal further down into thecell, amplifying the signal and affecting the activity of other proteinsand/or changing the ion balance in the cytoplasm. Eventually, thiscascade may affect a broad range of cellular outputs, from secretion ofneurotransmitters to alterations in gene expression.Three main classes of receptors reside at the cell membrane: ligand-gated ion channels, G-protein coupled receptors (GPCRs), and receptorkinases (RKs) [1]. As the name implies, ligand-gated ion channels areproteins that allow ions, such as Ca2+, Na2+, and K+, to pass the cellmembrane upon ligand binding. These proteins have been associatedwith obesity [2, 3], but their role in monogenetic obesity is minor. Moreimportant in relation to monogenic obesity are the receptor kinases,exempli�ied by the leptin receptor, but particularly the GPCRs, whichare the focus of this book chapter.
1.1	 G-Protein	 Coupled	 ReceptorsThe G-protein coupled receptor (GPCR) superfamily is one of the mostabundant protein classes, comprising approximately 800 membranebound cell-surface receptors in the human genome [4]. Dysfunction inGPCR signalling can cause diverse pathological conditions, and theirvital physiological functions make them important targets for drugdevelopment. In addition, variants in several GPCRs are reported to becausative or associated with monogenic obesity [4]. The most commoncause of monogenic obesity is due to variants in the MC4R gene thatencodes the melanocortin 4 G-protein coupled receptor [5, 6]. Genevariants affecting other GPCRs that regulate energy expenditure andmetabolism have also been found to be associated with obesity, such as
MC3R (melanocortin 3 receptor), ADRB3 (adrenoceptor β3), glucagonreceptors (eg. GCGR, GLP1R and GIPR) and HTR2C (5-hydroxytryptamine receptor 2c) (Table 1) [4, 7].
Table	1 Main GPCRs involved in energy homeostasis and associated in genetic obesity



GPCR Chromosome Ligand Canonical	 signaling

Body	weight	regulatory	GPCRs	with	variants	associated	with	obesity1

5-HT2CR	 [7] X Serotonin Gαq/11
MC3R	 [4,	 81] 20q13.2 MSH Gαs
MC4R	 [4,	 81] 18q21.3 MSH Gαs
Additional	GPCRs	involved	in	body	weight	regulation2

FFAR1	 (GPR40)	 [4] 19q13.1 Medium−/long-chain FFA Gαs/Gαq/11
FFAR4	 (GPR120)	 [4] 10q23.33 Medium−/long-chain FFA Gαq/11
GCGR	 [4,	 81] 17q25 Glucagon Gαs/Gαq/11
GHSR1a	 [4,	 81] 3q26.2 Ghrelin Gαq/11
GIPR	 [4,	 81] 19q13 GIP Gαs
GLP1R	 [4,	 81] 6p21 GLP-1 Gαs
MCHR1	 [82] 22q13 MCH Gαio/Gαq/11

1Variants found in these GPCRs have been associated with obesity inhumans2GPCRs involved in metabolic homeostasis and/or potential targets foranti-obesity treatmentAbbreviations: 5-HTR2C 5-hydroxytryptamine receptor 2 C, MC3Rmelanocortin 3 receptor, MC4R melanocortin 4 receptor, FFA free fattyacids, GHSR growth hormone secretagogue receptor, GCGR glucagonreceptor, GLP-1R glucagon-like peptide-1 receptor, GIPR glucose-dependent insulinotropic polypeptide, MCH1R melanin concentratinghormone receptor 1, MCH melanin concentrating hormoneGPCRs are structurally characterised as having seventransmembrane domains comprised of hydrophobic α-helices of 25–35amino acids with an extracellular amino-terminus and intracellularcarboxyl-terminus. The site at which ligands bind for many GPCRsoccurs within the transmembrane domain. GPCRs are alsocharacterized by their second messenger system. They are coupled viaa cytoplasmic crevice to a heterotrimeric G protein complex in aninactive state that is activated upon ligand binding [8]. The G-protein



complex consists of Gα and a Gβγ dimer, of which there are 15 Gα, 5 Gβ,and 11 Gγ subunits in humans. Based on the nature of the downstreamsignalling cascade, Gα subunits are divided into four families: Gαi/o, Gαs,Gαq/11, and Gα12/13 [9]. Each receptor-ligand combination has apreference for one or more of these Gα families, thereby showing asignalling bias. For example, the melanocortin 4 receptor (MC4R)mainly signals through Gαs when stimulated by α-MSH, but can alsosignal through Gαq upon α-MSH or pharmacological stimulation [10].Below, we describe GPCR signalling from membrane localization tothe Gα subunit-mediated signalling cascades that are initiated by GPCRactivation upon ligand binding, also illustrated in Fig. 1. The Gβγ dimercan also activate signalling pathways independently of Gα [11].However, in this chapter we will mainly focus on the Gα subunit-induced signalling cascade and β-arrestin signalling, because these arecurrently considered the main signalling pathways of GPCRs.

Fig.	1 Schematic	 diagram	 of	 the	 main	 GPCR	 signalling	 pathways. Activation of a GPCR uponligand binding leads to the dissociation of G protein subunits. The Gα subunit (e.g. Gαi, Gαs,



Gαq/11, and Gα12/13) activates downstream second messengers (e.g. cAMP or Ca2+) whicheventually bind to response elements of target genes and thereby regulate transcription of thesegenes. GPCR signalling is quenched by the recruitment of β-arrestins to the GPCR. β-arrestinsinternalize the receptors to either be recycled back to the cell surface or targeted for degradation
1.1.1	 Cell	Membrane	Traf�ickingAfter synthesis, GPCRs undergo a process of quality control beforebeing traf�icked to the cell membrane. This quality control takes placein the endoplasmic reticulum (ER), where GPCRs interact withchaperones, proteins that assist in folding the GPCR. These chaperonesare able to retain the GPCR in the ER when it is misfolded. There, it iseither refolded correctly or degraded. This means that variants thatresult in a misfolded protein can reduce cell membrane availability ofthe receptor, thereby reducing responsivity of the cell to a ligand [12].
1.1.2	 Ligand	BindingOn the cell membrane, the receptor can bind its ligand, present in theextracellular space. Ligands bind in a dedicated ligand binding pocketin the receptor. This pocket contains several amino acids that arecritical for ligand interaction and bind the ligand primarily throughionic and hydrogen bonds. Binding of the ligand results in aconformational shift of the receptor allowing the activation of the G-protein complex. Ligand binding to the receptor can be inhibited orprevented by the binding of high af�inity receptor antagonists, whichblock access to the ligand binding pocket [13]. Altogether, the bindingof ligands and other molecules from the extracellular space are pivotalfor GPCR function.
1.1.3	 G-Protein	SignallingThe Gα subunit plays an important role in mediating downstreamsignalling of the receptor through binding of either guanosinetriphosphate (GTP) or guanosine diphosphate (GDP). When inactive,the Gα-GDP and Gβγ complex are bound to the receptor. The GPCR canbe activated by ligand binding, but some receptors also showconstitutive activity, i.e. activity without a ligand present. Upon ligandbinding, a conformational change of the receptor induces the exchangeof GDP for GTP at the Gα subunit. The G-protein complex is no longer



bound to the receptor, and the GTP-bound Gα subunit dissociates fromthe Gβγ dimer and initiates an intracellular signalling cascade. The Gαsubunit possesses intrinsic GTPase activity causing hydrolysis of GTPback to GDP, and thereby reconstitution of the now inactiveheterotrimer.
Gαi	and	Gαs	SignallingGαi and Gαs are opposites in their effect on adenylyl cyclases, a group ofenzymes that convert ATP into cyclic AMP (cAMP). Whereas activationof the Gαi (“i” for inhibition) family of Gα proteins inhibits adenylylcyclases, Gαs stimulates their activity (“s” for stimulation). The resultingintracellular cAMP activates protein kinase A (PKA) and exchangeprotein activated by cAMP (EPAC). These proteins mediate thephysiological effects of cAMP, such as alterations in transcriptionthrough phosphorylation of cAMP response element binding protein(CREB) [14]. CREB is an example of a transcription factor, a protein thatbinds the DNA and modulates gene expression. Finally, cAMP bindscyclic nucleotide-gated ion channels, playing a role in the regulation ofmembrane potential in neurons and of other physiological processes[15].Defects in Gαs signalling, for example by pathogenic variants in
GNAS, can therefore cause monogenetic obesity because it impactsdownstream receptor signalling, such as MC4R signalling. However, asGαs mediates signalling of other GPCRs as well, patients withpathogenic GNAS variants also present additional phenotypes, such asdelayed growth and developmental delays [16].
Gαq/11	SignallingGαq/11 proteins activate phospholipase C (PLC)-β. This enzymecatalyses the synthesis of diacylglycerol (DAG) and inositol-1, 4, 5-triphosphate (IP3). DAG, in turn, activates protein kinase C (PKC). PKC isa serine-threonine kinase that phosphorylates a range of proteins thatare involved in cellular function. IP3 binds its receptor on theendoplasmic reticulum (ER), resulting in the release of Ca2+ from theER [17]. This increase in cytoplasmic Ca2+ concentration, as well as PKC



activity, results in changes in transcription through the activation of thetranscription factor nuclear factor of activated T cells (NFAT).
Gα12/13	SignallingGα12/13 proteins affect a multitude of signalling pathways, of which Rhoactivation has been best described [18]. Activated Gα12/13 directlyactivates Rho-guanine nucleotide exchange factors (Rho-GEFs), which,in turn, regulate Rho activity. Rhos are a family of GTPases, of whichRhoA is the main member involved in Gα12/13 signalling. Signaling viathis pathway regulate energy homeostasis and glucose metabolismcontribute to the physiology and pathogenesis of metabolic disease [19,20].
Non-canonical	Gα	SignallingBesides triggering their canonical signalling cascades, such as cAMP orcalcium (Fig. 1), GPCRs can signal via other routes. For example, inaddition to activating PLC, GPCR activated Gq signaling can lead to theactivation of the mitogen-activated protein kinase(MAPK)/extracellular regulated-signal kinase (ERK) pathway [21, 22].Gq can also interact with Gα12/13 signalling by activating RhoGEFs [23].Finally, Gα12/13 subunits can activate not only RhoA, but also PLC,adenylyl cyclase, and MAPK/ERK signalling pathways [18]. This overlapbetween canonical and non-canonical signalling of the different Gαsubfamilies, presents an additional layer of complexity in GPCRsignalling. This complexity emphasizes the value of functionallyassessing multiple pathways when analysing the impact of variants inGPCRs.
1.1.4	 Termination	of	Signalling	and	β-ArrestinsTo terminate signalling, GPCR kinases (GRKs) phosphorylate thereceptor. The effects of this phosphorylation are two-fold: (1) itdesensitizes the receptor, and (2) it enables β-arrestins to bind theGPCR. These β-arrestins block G proteins from interacting with thereceptor, simply by physical obstruction. In addition, β-arrestins alsoactivate various signalling pathways on their own, such as RhoA.



Through these pathways, β-arrestins alter the transcriptional activity ofcells [24].
1.1.5	 Internalization	and	RecyclingTermination of GPCR signaling is accompanied by receptorphosphorylation and β-arrestin-binding which initiates theirinternalization (Fig. 1). During internalization, receptors aretransported back into the cell through endocytosis: i.e. the cell formsvesicles, which will detach from the plasma membrane, taking thereceptor along into the cell. Here, the content of the endocytoticvesicles, including the GPCRs, are sorted by Rab proteins. Theseproteins will designate the GPCR for degeneration in lysosomes or forrecycling to the membrane. Recycled receptors are dephosphorylatedprior to membrane allocation, to allow ligand-induced re-activation[25].
2	 Functional	 Analysis	 of	 GPCR	 SignallingOne of the key players in the regulation of body weight and energyexpenditure is MC4R. Pathogenic variants in MC4R are the mostcommon cause of monogenetic obesity and numerous variants in MC4Rhave been reported. Because MC4R encodes a GPCR, the second part ofthis chapter will provide an overview of recent methodologies used tostudy the function of GPCRs, emphasizing assays used to study theimpact of receptor variants on ligand binding, cell surface expression, Gprotein interaction, intracellular second messengers levels, and β-arrestin recruitment, as summarised in Fig. 1.
2.1	 Expression	 Plasmids	 and	 Mutagenesis
In	 vitro cell based models require expression of the WT or variantreceptor together with appropriate reporter genes. Therefore, one ofthe �irst steps to functionally analyse GPCR gene variants is to insert acDNA of the gene into a plasmid that is capable of expressing theprotein in mammalian cells. Plasmids that are capable of doing thiscarry a constitutively active promoter sequence upstream of the gene,such as the cytomegalovirus (CMV) promoter. Plasmids such aspcDNA3.1 are commonly used for this purpose. Next, it is necessary to



introduce the variant into the wild type receptor cDNA using site-directed mutagenesis [26]. The modi�ied genes are then veri�ied bySanger sequencing of the isolated plasmid DNA.Depending on the cell-based assay used, the wild type and variantreceptor cDNAs may need to be cloned into plasmids that tag theexpressed protein with speci�ic �luorescent or luminescent proteins.Epitope tags (short amino acid sequences recognised by commerciallyavailable antibodies, such as FLAG and HA) can also be added to thegene at this stage to allow, for example, localisation of the receptorwithin the cell. Tags can also be added that allow assessment ofprotein-protein interactions, for example recruitment of β-arrestins bya receptor. These include, for example, split �luorescent or luminescentpeptides, which will become functional if the expressed proteins comeinto close contact with each other in or at the surface of the cell or inresponse to binding of a signalling molecule such as cAMP.
2.2	 Expression	 in	 Mammalian	 CellsScreening of GPCR function relies for a large part on cell-based assaysthat assess changes in intracellular levels of second messengers uponligand binding to the receptor. Once the relevant plasmid constructshave been prepared, they can then be introduced into mammalian cellsusing a process called transfection [27, 28]. These methods allow forthe transient expression of WT and mutated genes in cells.Human immortalized cell lines, such as the human embryonickidney cell line (HEK293), are common in	 vitro cell models to studyGPCR signalling [28]. HEK293 cells are easy to transfect and express thedownstream GPCR machinery necessary for GPCR signalling, but do notexpress many of the obesity-related GPCRs. This makes them a suitablemodel to compare signalling of the wild type and variant receptor upontransfection. A limitation of this method is that transfection may resultin levels of expression of the GPCR that are considerably greater thanfound in	 vivo. A further limitation of such a cell model is that it may notfully represent the tissue-speci�ic environment of obesity-relatedGPCRs and thus lack important cofactors that modulate GPCRsignalling. However, human hypothalamic cell lines are not available,and therefore HEK293 cells are commonly used, also in the analysis ofMC4R variants.



2.3	 Assessment	 of	 Receptor-Ligand	 Binding
2.3.1	 Radio-Labelled	LigandsRadioligand binding assays are used to determine GPCR expression,af�inity of the receptor for ligands, as well as the kinetics of binding.These assays require the radioactive labelling of the ligand. Theconcentration of unlabelled ligand to replace 50% of the speci�icbinding of the radioligand (IC50) can be used to determine the af�inityof ligand for the receptor. By comparing WT and variant receptor it canbe determined whether a variant alters the af�inity. For MC4R, a �ixedconcentration of radiolabelled 125I-NDP-MSH is used to be competed offwith increasing concentrations of unlabelled α-MSH. Iodinated NDP-MSH is used because iodination of α-MSH disrupts receptor binding.For the MC4R D126Y variant, it was shown that this variant completelydisrupts ligand binding, while there are also variants (D146N) thatcause reduced maximal binding and increased af�inity [29].Radioligand binding assays have been the gold standard for GPCRbinding assays. However, radiolabelling can destabilize the ligandthrough radiolysis or prevent receptor binding, as has been shown forα-MSH. Furthermore, radioactive compounds are hazardous, requiringsafety measures and appropriate disposal procedures.
2.3.2	 Fluorescent	and	Luminescent	Labelled	LigandsThe development of �luorescence and luminescence-based methods hasprovided good alternatives to radioligand binding assays, and are betterapproaches for high-throughput screening of experimental ligands orvariant receptors since optical microplate readers can be used tomeasure output of these assays in high density plate formats [30, 31].Fluorescently tagged ligands allow a number of different approaches tobe used to assess their ability to bind to GPCRs such as MC4R including�luorescence anisotropy [28], �luorescence polarization [32], and othermore quantitative methods [33, 34].Tagging the receptor with either �luorescent (eg. green �luorescentprotein) or bioluminescent (eg. nanoluciferase /Nanoluc) proteinsallows an alternative, more speci�ic, approach that uses the physicaleffect of resonance energy transfer (�luorescence and bioluminescenceenergy transfer, or FRET and BRET) [31]. On ligand binding, energy



from the tag on the receptor, emitted either as �luorescence orbioluminescence, is transferred to the �luorescent tag on the ligandcausing light emission at a different wavelength that can be detected ina plate reader or by microscopy. A BRET-based approach has been usedto assess binding of a �luorescently labelled α-MSH analogue to MC4Rtagged at its N-terminus with Nanoluc [35]. The CRISPR/Cas9 systemcan also be used to tag endogenous receptors with Nanoluc preservingnatural levels of expression of the GPCR and allow assessment ofbinding of a �luorescently labelled ligand [36].The split Nanoluc (NanoBiT) system has also been used to examineligand binding to the ghrelin receptor (GHSR), variants of which havebeen associated with obesity [37]. It consists of two fragments (SmBiTand LgBiT) of Nanoluc which are tagged onto different proteins. Whenthey come into close proximity, as occurs when a ligand binds to areceptor, the luminescent properties of Nanoluc are reconstituted.SmBiT and LgBiT have low af�inity for each other to prevent non-speci�ic recombination from occurring. In this example the ligandghrelin was labelled with SmBiT and GHSR was tagged at itsextracellular N-terminus with LgBiT. The amount of ghrelin bound wasproportional to the level of bioluminescence from the reconstitutedNanoluc.
2.3.3	 Label-Free	MethodsAs previously alluded to, the tagging of ligands can have an impact ontheir binding properties. To try to circumvent this problem a number ofbiophysical methods have been developed to assess the binding ofuntagged ligands to their receptors. For example, these includemethods such as surface plasmon resonance and related approaches,mass spectrometry, nuclear magnetic resonance and thermodynamicbinding assays. These approaches tend to require specialist expensiveequipment and are therefore less commonly used.
2.4	 Cell	 Surface	 Expression	 and	 Intracellular	 Traf�icking
2.4.1	 Epitope-Tagged	ReceptorsA commonly used approach to determine levels of expression ofreceptors at the cell surface is to express the receptor with an epitopetag on the extracellular N-terminus. Epitope tags are short peptide



sequences that are recognised with high speci�icity by commerciallyavailable monoclonal antibodies [38]. Cells expressing N-terminallytagged receptors can be grown in, for example, 96-well plates and�luorescently labelled antibodies are used to measure levels of cellsurface receptor by �low cytometry or in a microplate reader [26, 39]. Asimilar approach can be used to examine traf�icking of receptors, witheither an epitope tag and �luorescently labelled antibodies [40] or a�luorescent protein tag [41], into cells following ligand treatment usingconfocal microscopy.
2.4.2	 Nanoluciferase-Based	ApproachesThe split Nanoluc approach described in Sect. 2.3.2 can also be used tomeasure cell surface expression of receptors. In this approach Nanolucfragments with high af�inity for each other are used: HiBiT, which isused to tag the receptor, and LgBiT, which is added to the cells toreconstitute bioluminescent Nanoluc on binding to HiBiT on thereceptors. LgBiT cannot enter intact cells, thus ensuring thatreconstituted Nanoluc is only detectable at the cell surface [42, 43]. Thelevel of luminescence generated is proportional to the amount of HiBiT-fused target GPCR present in the cell membrane [42]. Because LgBiTcannot enter the cell, it is possible to follow ligand-inducedinternalisation of the receptor from the cell surface by continuouslymeasuring luminescence following treatment of the cells with ligand.Additionally, lysis of the cells with detergent allows access of LgBiT toboth surface and intracellular receptors allowing the measurement oftotal levels of receptor expression using this system. Such an approachhas been used to assess cellular localisation of variants of MC4R [6, 44].
2.4.3	 Bystander	BRETAn approach to monitor the position of the receptor in the cell isbystander BRET [45]. As described brie�ly in Sect. 2.2 of this chapter,BRET occurs when energy is transferred from a receptor tagged with abioluminescent donor, such as Nanoluc, to a �luorescent acceptor suchas green �luorescent protein (GFP). Bystander BRET uses luminescentdonors and �luorescent acceptors that have moderate af�inity for eachother, which improves energy transfer and signal to noise ratio. Taggingthe acceptor �luorophore with a peptide sequence that localises them in



speci�ic membrane compartments allows one to monitor the proximityof receptors in the same subcellular compartment. Such tags includethe CAAX box of KRas which localises speci�ically to the plasmamembrane and the FYVE domain of endo�in which localises inintracellular vesicles. Therefore, this approach can be used to assesscell surface levels of receptor as well as ligand-induced traf�icking intothe cell, as has been shown for MC4R [6, 46].
2.5	 Gα-Protein–Receptor	 Interactions	 and	 ActivationThe split luciferase NanoBiT system has been developed not only toexamine ligand-receptor interactions (Sect. 2.2) but also to study theinteraction between GPCRs and the G proteins [47, 48]. For example,Laschet et al. fused SmBiT into the C terminus of GPCRs and LgBiT atinternal sites or at the N-terminus of several members of the family ofGα proteins and demonstrated their ligand-induced recruitment to avariety of GPCRs [48, 49]. Brouwers et al. used this approach to assessagonist-dependent binding of Gαs to variants of MC4R [6].In addition, several BRET-based assays have been developed toassess G-protein recruitment by GPCRs, including MC4R. In this assaythe receptor is tagged with a bioluminescent energy donor, such as
Renilla luciferase (RLuc), and the G protein is tagged with a �luorescentacceptor based on GFP, such as Venus [50, 51]. Recruitment of the Gprotein by the receptor allows BRET to occur and the level of�luorescence correlates with the degree of interaction.Ligand binding to a GPCR leads to separation of Gα from the dimericG-βy complex bound to its cytoplasmic tail. This property ofdissociation of the trimeric G-protein complex has been exploited toproduce biosensors of G protein activation. Recently, a set of BRET-based G protein activity sensors for all four major families of G proteinswere developed, known as the G-CASE (G protein tri-cistronic activitysensors). G-CASE consists of a single plasmid that expresses all three Gprotein subunits, which improves sensitivity and removes the need toco-transfect several plasmids into the cells [48, 52]. The Gα subunit istagged with Nanoluciferase as the energy donor, and the Gγ subunit istagged with the variant GFP, cpVenus [52]. At basal state (nostimulation), the G proteins form a trimeric complex allowing BRET tooccur. However, upon ligand stimulation of the receptor the complex



dissociates which decreases the BRET signal, indicating activation ofGPCR signalling.
2.6	 Second	 Messenger	 Assays
2.6.1	 cAMP	Reporter	SystemsAgonist-induced cAMP levels in cells can be measured using manydifferent techniques and initially was measured directly usingantibodies in cell lysates by radioimmunossay and ELISA.Immunoassays using time resolved �luorescence energy transfer (TR-FRET; Lance), homogeneous time resolved �luorescence (HTRF) andampli�ied luminescent proximity homogeneous assay (Alphascreen) arealso available from Perkin-Elmer. Although these assays are designedfor high-throughput applications, they can be scaled down, exempli�iedby a study of MC4R variants using the Alphascreen assay [44].A different method to measuring cAMP is to use a plasmid-basedreporter gene approach. A common example of a reporter gene is insectluciferase whose coding region is joined to a promoter element thatresponds transcriptionally to cAMP, in this case the cAMP responseelement (CRE). Once expressed in cells, the bioluminescent enzymaticactivity of the luciferase reporter can be measured in the presence of itssubstrate luciferin [53, 54]. The level of cAMP correlates with themeasured bioluminescent output, and this approach has been usedextensively to assess the activity of variants of MC4R (e.g [55]). Thepossible disadvantage of this approach is that several hours oftreatment are required to allow suf�icient production of the luciferasefor its agonist-induced activity to become measurable.Finally, bioluminescent biosensors of agonist-induced cytosoliccAMP responses are available which, unlike the previously describedapproaches, have the advantage of being able to measure the kinetics ofthe cAMP response in real-time immediately following activation of areceptor by its ligand. An example of this type of biosensor is theGloSensor cAMP assay (Promega). It is based on �ire�ly luciferase whichhas been engineered to contain the cAMP binding domain of theregulatory subunit of protein kinase A, which without cAMP is in aninactive state [56]. On binding cAMP the binding domain undergoes aconformational shift reconstituting the luciferase activity and catalysingthe oxidation of the substrate luciferin, generating luminescence. Here,



the level of cAMP in the cell corresponds with the magnitude ofluminescence signal. This biosensor has been used to assess ligand-induced cAMP responses of MC4R variants in several studies (e.g [6, 46,57]).Gαs/cAMP is the main signalling pathway for MC4R making thecAMP response the �irst endpoint to measure when assessing theeffects of MC4R variants. Many obesity-associated MC4R variants areframeshift or missense variants, mostly resulting in a partial orcomplete loss of cAMP signalling. For example two MC4R variantsidenti�ied in patients with obesity, N97D and R165Q, resulted in acomplete and partial loss of cAMP response respectively [58]. The lowlevels of cAMP response seem to be linked with the obesity phenotypeof the patients, indicating that disruption of this pathway could lead toobesity. Although MC4R signals mainly through the Gαs/cAMP pathway,studies have suggested that MC4R can also signal through other Gproteins. MC4R increases calcium levels through the Gq-dependentsignalling pathway in GT1–1 cells, a mouse hypothalamic cell line [59],and in other immortalized cell lines such as HEK293 cells [44]. MC4Rvariants associated with a lean phenotype, V103I and H158R, showedan increase in Gαq signalling in	 vitro [44]. MC4R variants associatedwith obesity have also shown normal Gαs signalling, but impaired Gαqactivation, suggesting that Gαq signalling may also be an importantaspect of MC4R signalling for the regulation of body weight [35]. Thefollowing procedures are used to measure the downstream signalling ofGαq protein.
2.6.2	 Calcium-Reporter	AssaysAs described in the Introduction, a wide variety of GPCRs couple withGαq proteins that lead to signalling through mobilisation of the secondmessenger, Ca2+, from stores in the ER.A relatively direct approach to measuring changes in mobilisation ofintracellular calcium stores induced by stimulation of GPCRs is to loadcells with one of the many available small molecule calcium indicators,each one providing different bene�its. Recently developed indicators,such as Rhod-2 and Fluo-4 [60], provide a number of advantages overearlier versions including better signal to noise ratios and improved



cell permeability and stability. Fluorescence levels correlate withintracellular Ca2+ levels and �luorescence can be captured using either aplate reader or �luorescence microscopy. This approach has been usedto measure calcium responses generated by variants of MC4R [61].Like cAMP, there are also luciferase-reporter plasmids available thatrespond to changes in cytoplasmic Ca2+ and can be used to measuretheir levels. The most commonly used version of these contains theNFAT response element, as has been reported for MC4R [35, 44, 54].An alternative approach is to measure Ca2+ levels using geneticallyencoded biosensors, of which there are several [62–64]. In this chapterwe will focus on one of these, the photoprotein aequorin which has, forexample, been used to examine GHSR signalling [40, 41, 65]. Aequorinis a Ca2+-sensitive photoprotein that was �irst isolated from thebioluminescent jelly�ish Aequorea	 victoria [66]. When complexed withthe cofactor coelenterazine it emits blue light when bound Ca2+ ionswith a stoichiometry that allows accurate measurement of intracellularcalcium [67]. Aequorin can be expressed in mammalian cells usingtransfected plasmid expression constructs (the protein form ofaequorin is called apoaequorin, and its complex with coelenterazine isknown as aequorin). Interestingly, constructs are available in whichaequorin has been tagged with peptides that direct it to differentcompartments of the cell, such as the plasma membrane andmitochondria, so that site-speci�ic changes in Ca2+ can be measured[68]. Mitochondrially directed aequorin is often used for studies withGaq-coupled GPCRs [40]. Unlike �luorescent indicators, Ca2+-boundaequorin can be detected without illuminating the sample, therebyeliminating interference from auto�luorescence. The response of Ca2+upon ligand stimulation is rapid and transient (seconds after ligandstimulation), therefore an immediate measurement is necessaryrequiring the use of a microplate reader with an injector. This allowsmeasurement of the bioluminescence immediately following injectionof ligand onto cells transfected with a receptor and an aequorinexpression construct. This can also be performed in reverse, byinjecting transfected cells into a ligand-containing buffer.Gαq protein signalling can also be analysed by measuring IP1 (seeIntroduction, Gaq/11 signalling). IP1 is a relatively stable metabolite of



inositol trisphosphate (IP3) which stimulates release of Ca2+ fromstores in the ER. The accumulation of IP1, for example followingtreatment of cells with agonist, can be measured using a commerciallyavailable homogeneous time resolved �luorescent assay (IPOne HTRF,Perkin-Elmer) [69]. This assay is a reliable and stable technique forassessing Gq/11 activation that has been used for assessing variants ofMC4R and function of GHSR [70].
2.6.3	 Measuring	MAP	Kinase	Levels	and	ActivitySince speci�ic high af�inity antibodies are available for both total (willdetect both phospho and non-phospho forms) as well asphosphorylated forms of ERK (e.g. from Cell Signaling Technology), oneof the most direct ways to assess effects of variants on signallingthrough this pathway is to use antibody-based approaches. Of theavailable methods, Westerns are most commonly used for low-throughput applications. Westerns involve the isolation of proteinsfrom cells transfected with receptor that have been treated with ligandfor speci�ic periods of time. The proteins are then separatedelectrophoretically on polyacrylamide gels and transferred tomembranes that can be screened using anti-ERK antibodies usingeither luminescent or �luorescent methods. Scanners are available tomeasure the level of luminescence/�luorescence to assess the level ofphospho- and non-phospho ERK. The ratio of phospho/total ERK givesan estimate of the degree of activation. This approach has been used forseveral types of GPCRs, including MC4R [6, 71, 72].Another approach, which is more quantitative than Westerns aswell as being more high-throughput, is to use a reporter-luciferaseplasmid construct, as described for cAMP and Ca2+ measurements.These constructs make use of the serum response element (SRE)promoter to drive luciferase expression [54].
2.6.4	 Beta-Arrestin	RecruitmentAs described in the Introduction, ligand-induced cellularinternalisation, or endocytosis, is an important regulator of receptorresponsiveness through alteration of cell surface density. Arrestins aremaster regulators of GPCR endocytosis, acting as bridges between thereceptor and proteins that facilitate cellular internalisation. The



recruitment of arrestins to the receptor is therefore an important stepin this process, and this can be measured in several ways includingBRET and Nanoluc-complementation (NanoBiT) based methods [44,73, 74]. Direct co-localisation of �luorescently tagged receptor and β-arrestin by confocal microscopy can also be used, since β-arrestin canshow a change in distribution from the cytoplasm to the plasmamembrane on treatment of cells with agonist [73]. This is a direct wayof looking at β-arrestin localisation/recruitment but is less easy toquantify and is of low throughput.BRET-based approaches are very similar to those described in Sects.2.2 and 2.4 for ligand-receptor and G-protein-receptor interactions.They involve co-expression in cells of the (variant) receptor tagged atthe C-terminus with a bioluminescent energy donor, such as Nanoluc,and either β-arrestin-1 or β-arrestin-2 tagged with an energy acceptor,usually a GFP variant such as Venus [74]. Similarly, the NanoBiT-basedβ-arrestin recruitment assay requires co-expression of C-terminalNanoBiT tagged receptor and either C- or N-terminally NanoBiT taggedβ-arrestin. The orientation of tagging (N- or C-terminal on β-arrestin)and the use of LgBiT or SmBiT on the receptor or β-arrestin may haveto be assessed empirically, although for several receptors, includingMC4R [6], this is already described in the literature. Importantly, bothBRET and luciferase complementation techniques allow assessment ofagonist dose-dependent responsiveness of variant receptors whichprovides quantitative data on the effects of variants. Moreover, theyalso give the opportunity to make real-time measurements of β-arrestinrecruitment following agonist treatment which can provide clues topossible mechanisms by which variants could modulate β-arrestinrecruitment [75].Studies have identi�ied MC4R variants that alter β-arrestinrecruitment. β-arrestin recruitment of MC4R variants has beenassociated with leanness in the general population. V103I, a commonEuropean MC4R variant, showed signi�icantly increased levels of β-arrestin-2 recruitment (as well as cAMP response and cell surfaceexpression) and has been associated with a lean phenotype. However,many MC4R variants show decreased levels of β-arrestin-2 recruitmentalongside low levels of cAMP response, for example the pathogenicvariant V95I which has been associated with obesity. Interestingly,



studies have identi�ied MC4R variants, for example L325F and R236C,with normal cAMP production and low recruitment of β-arrestins,suggesting an important role for β-arrestin-2 in MC4R signalling [46].Furthermore, the �indings indicate the importance of the interactionbetween the receptor and the β-arrestins in the regulation of foodintake and body weight [46].
3	 Limitations	 and	 Future	 PerspectivesThis chapter is not an exhaustive review of GPCR signalling andmethodology. However, some of the methods summarised here aredescribed in more detail in a recent compilation by Martins et al. [28].The methods described in this chapter have shown some limitationsthat need to be acknowledged. Tagging the target proteins withrelatively large proteins such as green �luorescent protein and itsderivatives, could affect the interaction dynamics of the receptor with Gprotein and/or β-arrestin recruitment [76]. Furthermore, geneticallyencoded biosensors, such as the Ca2+ indicators, may cause deleteriousand off-target effects in cells, by inhibiting cellular survival, signalling,and metabolism [77]. These limitations indicate the importance ofvalidating the �indings and a second method is obligatory in order tocon�irm the �indings.The investigation of exogenous GPCRs in immortalized cell lines haslimitations as well. Immortalized cell lines are a useful model system tostudy GPCR signalling because they contain all the necessarycomponents of GPCR signalling but lack most of the receptors ofinterest in obesity research. This means one can relatively easilyexamine the effects of variants of a receptor using plasmid transgeneswithout interference from endogenously expressed receptors.Moreover, these cell lines are easy to maintain and transfect. However,in recent years, many questions have arisen about the use of exogenousuncontrolled overexpression of target receptors which may lead to falsepositive measurements, particularly since many of these receptors areexpressed at relatively low levels in	 vivo [78]. Investigating thesignalling of hypothalamic GPCRs, such as MC4R in HEK293 cells hasthe additional limitation that they can lack important components forthe proper regulation of GPCR signalling. MC4R has been shown to be



regulated by an accessory protein known as melanocortin 2 receptoraccessory protein 2 (MRAP2). Immortalized cell lines may have low orzero amounts of MRAP2 expression, lacking an important componentfor the regulation of MC4R [44]. Furthermore, these immortalized celllines also have a homogeneous genetic background [78], therefore thegenetic background of patients with the investigated disease is notproperly represented.The limitations of immortalized cell lines point to the need for newscienti�ic technologies to study GPCR signalling and diseases caused byvariants in genes that encode these GPCRs. A signi�icant breakthroughin science is the use of induced pluripotent stem cells (iPSCs). Thesehave been used for disease modelling, cell therapy development, anddrug discovery [79]. iPSCs are produced from somatic cells and havethe capacity to generate almost any cell type. These cells can be used togenerate human disease models in-a-dish by obtaining patient-derivediPSCs containing the disease-causing variant [79]. Importantly, thisallows the study and measurement of GPCR signalling at their naturalexpression levels [78]. iPSCs could prove to be a powerful tool todevelop personalized medicine for people with obesogenic variants ofGPCRs, since they can mimic the characteristics of cells within thepatient [80].
4	 ConclusionIn this chapter, we show the importance of experimental approachesfor the identi�ication and characterization of pathogenic variants inGPCRs through in	 vitro studies. These approaches not only aid in theidenti�ication of pathogenic variants in different aspects of GPCRsignalling but also enable future personalized treatment using existingdrugs or through drug discovery.
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1	 IntroductionSince the publication of the human genome sequence in 2000, manynew genetic tests have been developed, enabling an increasing numberof DNA-tests, amongst others, for patients with developmentalproblems and/or severe obesity. The indication of the DNA-test is that agenetic or syndromal origin is suspected. Whether or not a syndrome isdiagnosed, many patients will need medication sooner or later in life. Itmight be useful to report not only the gene variants that might causedevelopmental problems or severe obesity, but also thepharmacogenomic variants. Genetic counselling on developmentalproblems and severe obesity is done by clinical geneticists, often
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specialized in dysmorphology or developmental problems. Theexpertise in pharmacogenomics often lies with (clinical) pharmacists.Sharing expertise between these professionals is essential to move theimplementation of pharmacogenomics in daily medical care forward. Arecent publication of the Global Alliance for Genomics & Health(GA4GH) can be seen as a bridge between these �ields [1].
2	 How	 Can	 Information	 on	 DNA-Variants
Guide	 Prescription?Medication is often metabolized by the liver. Liver enzymes canmetabolize a pro-drug to the active metabolite. In other cases, thebreakdown and excretion take place via liver enzymes. If an enzyme isless active in one person compared to many other persons, then thedrug would be less effective, or it might stay active for a much longerperiod. With a DNA medication pass we can offer personalizedprescriptions, tailored to the individual patient’s needs. This mightimply the need for a different dosage or a different drug.Liver enzymes are proteins encoded in genes in the DNA. Genes cancontain variations, which may be small, e.g. a single nucleotide variant,and lead to a protein with somewhat increased or decreased activity.Apart from these small variations, genes coding for enzymes canharbour copy number variants: different people can have differentnumbers of gene copies. The usual number of gene copies is two (onecopy of the gene at each chromosome), however, four, three, one ornone also occurs. More copies of the gene implies more enzyme activity,while less copies implies less enzyme activity. Depending on the copynumber and the variants patients can be strati�ied to poor,intermediate, normal, rapid and ultra-rapid metabolizers [2]. A personwith more than two copies of an active gene variant could be an(ultra-)rapid metabolizer. If the gene is involved in modifying a pro-drug to an active metabolite, the effect in an (ultra-)rapid metabolizerwould be fast and occur already at a relatively low dose. A person withgene variants that are less active could be a poor metabolizer, whowould not experience a rapid effect, and might need a higher dose or adifferent drug.



In pharmacogenetics the gene variants are often indicated withstars. The �irst few variants recognized, often rather frequent variants,are indicated with *1 and *2. The combination of variants found in twoalleles (on two chromosomes) is a combination of (at least) two starnumbers. The numbers do not have a meaning but simply refer to a listof known variants for a speci�ic gene. In this list the activity of thevariants can be annotated.Pharmacogenetic tests can be ordered at different moments inrelation to the prescription of (new) medication. If it is ordered rightbefore prescription or delivery of a speci�ic drug, it is a companiondiagnostic (Fig. 1) [3]. If it is ordered after an adverse effect, it is areactive test. For pre-emptive testing, the test results are generatedindependently of a prescription, so that the information is available atany moment in the future when medication is needed. Usingsequencing information to generate a report on secondarypharmacogenomic variants will often be independent of a prescriptionand, therefore, be pre-emptive testing. Maintaining the information inthe health record of the patient is important.

Fig.	1 Possible timing of pharmacogenetic testing in relation to prescription [3]
3	 Examples	 of	 Medication	 Frequently	 Used	 in
PaediatricsFor some drugs that are frequently used in paediatric patients withsyndromes, drug labels already include pharmacogenetic advice. Thegenes involved however differ. The tests are now often ordered as acompanion diagnostic.



4	 OmeprazoleProton pump inhibitors such as omeprazole may be prescribed inchildren for the indication of gastro-esophageal re�lux. The regulatoryauthorities from four regions around the world (the US Food and DrugAdministration (FDA), Health Canada (HC), European MedicinesAgency (EMA), and Pharmaceuticals and Medical Devices Agency inJapan) all consider that pharmacogenetics information about CYP2C19is relevant for the dosage of omeprazole [1]. If the patient is a rapidmetabolizer, they may be at risk for therapeutic failure at standarddoses, and increasing the dose by 50–100% should be considered. If thepatient is a poor metabolizer, a 50% lower dose should be consideredafter ef�icacy has been achieved to minimize the risk of adverse effects[4].
5	 Valproic	 AcidPersons with genetic syndromes causing epilepsy often getantiepileptic drugs prescribed. Hepatotoxicity potentially leading toliver failure may occur if children carry certain POLG variants andreceive valproic acid [5]. Acute hyperammonaemia may occur due tovalproic acid in patients with ornithine transcarbamylase (OTC)de�iciency. Testing for speci�ic POLG variants is required by FDA and adiagnosis of OTC de�iciency is considered “actionablepharmacogenomics”.
6	 CarbamazepineCarbamazepine is an antiepileptic drug for which HLA-B*15:02 andHLA-A*31:01 testing is required or recommended by the FDA, HC andEMA. These speci�ic star alleles of the HLA genes are associated withspeci�ic side effects. Patients positive for HLA-B*15:02 may be atincreased risk of severe skin reactions such as Stevens Johnsonsyndrome/toxic epidermal necrolysis [6]. HLA-A*31:01-positivepatients are at increased risk for carbamazepine-inducedhypersensitivity syndrome or maculopapular exanthema.



7	 How	 Can	 Pharmacogenetic	 Variants	 Be
Reported	 and	 Recorded?Many health systems have a way to order pharmacogenetic tests, andsubsequently report the test-result. The exact procedure differsbetween countries and health services. Orders from physicians forpharmacogenetic tests may go to a laboratory, followed by a letter backto the ordering physician reporting the results. Such a letter could beuploaded in the Electronic Patient Record. However, to make theinformation easily accessible, it would be better to create a speci�ic �ieldin the record where medication monitoring is possible. This �ield mightbe used, for instance, to generate a pop-up or even an interruptive alertif a relevant genetic variant would require a different prescription [7].Decision support systems should support physicians when prescribingmedication with potential pharmacogenetic advice. Similar systems arein place for allergy information or decreased kidney function.Since data sharing between Electronic Patient Records in differenthealth services is not optimal, one might also give a DNA medicationpass to the patient containing the relevant information. Thus, a patientcan show this DNA medication pass at the next prescription and sharethe information with physicians or pharmacists. Also, they can monitorpotential pharmacogenetic effects of their own (new) medication, iftheir DNA medication pass is linked to a database with variant speci�icalert texts. The Amsterdam University Medical Center together withLeiden University Medical Center, for instance, use a“mijnDNAmedicatiepas” (my DNA medication pass) which contains aQR code that refers to an online database with pharmacogenetic advicelinked to speci�ic gene variants (www. mijndnamedicatie pas. nl). Thepatient’s gene variants are encrypted in the QR code.
8	 From	 Pharmacogenetic	 Panel-Based	 Testing
Towards	 Whole	 Exome/Genome	 SequencingMore than 99% of people carry at least one actionable genomic variant[2]. The implementation of pharmacogenetics in clinical care howeverprogresses slowly. Often applications today are reactive (to explain anadverse effect) or pharmacogenetic tests are used as a companion

http://www.mijndnamedicatiepas.nl/


diagnostic (a speci�ic DNA test at the moment of prescribing a certaindrug). Should pre-emptive testing be performed, the results will not berelevant for the person in the short run. Thus, often, the(cost)effectiveness has been questioned.A recent cluster-randomized trial in adults implemented a 12-genepharmacogenetic panel [8]. Whenever a drug was prescribed for whicha relevant gene should be tested, all 12 genes were reported. The studyshowed a 30% reduction in the incidence of clinically relevant adversedrug reactions within a 12-week follow-up period. Although a broadanalysis of many pharmaco-genes from whole exome/genomesequencing would be even more effective, such studies have not (yet)been performed. Analysis of existing sequencing data might be cheaper,but at the same time, not all relevant variants can be detected bystandard sequencing techniques. This is especially true for CYP2D6,which has a repetitive structure [1]. Additional testing might forinstance be performed in case of the prescription of codeine.For patients with obesity whose sequencing data is available,secondary analysis might generate information on pharmacogeneticvariants. Clinical geneticists and other clinicians might collaborate withclinical pharmacists to stimulate the secondary use of this data. Thisinformation could be provided to (parents of) patients with obesity ona DNA medication pass, and be integrated in the Electronic PatientRecord.
9	 ConclusionFor children or adults with obesity who undergo whole exome/genomesequencing, data is generated that might also be analyzed to identifypharmacogenomics variants. As long as data in health records are notautomatically shared between primary care, hospitals and pharmacies,parents could carry a DNA medication pass for themselves or theirchild. Thus, they would be empowered to share the informationwhenever a new drug is prescribed. In due time, decision supportsystems will be available in the Electronic Patient Records, and datasharing will become more common. But for now, a DNA medicationpass may support personalized medicine for patients with obesity.
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1	 IntroductionResearch of genetic factors in disease have traditionally focused on�inding rare, highly penetrant gene variants with a high risk of disease.For obesity, many such causes have now been identi�ied [1] (Fig. 1).These ‘monogenic’ causes of obesity are characterised by variantswithin the coding sequences of the genome (i.e. exons) that often followa Mendelian inheritance pattern in families (e.g. dominant or recessive,see also Chapter “General Introduction to Obesity Genetics andGenomics”). However, in recent years the scope in the search of genesfor obesity has expanded to common genetic variants (i.e. variantspresent in >1% of the population) through large collaborative genome-
wide	 association	 studies [2] (GWAS). Individual common geneticvariants such as single-nucleotide	 polymorphisms	 (SNPs) have only a
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minor effect on obesity risk, however their abundance in thepopulation lead to a substantial contribution of these variants to theoverall heritability of obesity [3]. Developments in polygenic	 risk
scoring	 (PRS) have provided new tools to capture and quantify anindividual’s genome-wide risk of disease based on a multitude of riskvariants observed in GWAS. These PRS have promising applications inboth public health and clinical settings to better understand who ismost at risk of obesity and may bene�it most from interventions. In thischapter, we discuss the role of common genetic variation in obesity, ashas been explored through GWAS. We explain several methods thatbuild forth on GWAS to understand the biological factors involved inobesity, and use information from common variants to understand itscauses and consequences, such PRS and Mendelian	 Randomization
(MR).

Fig.	1 Overview of the spectrum of frequencies and effect sizes of genetic variation involved inobesity
2	 Genome-Wide	 Association	 StudiesThe predominant focus in (clinical) genetics has historically been onthe rare gene variants that an individual carries [4], even though thelarge majority of the genetic variants are common variants with apopulation frequency greater than 1%. Genome-wide	 association	 studies



(GWAS) aim to link common genetic variants (also referred to as single-
nucleotide	 polymorphisms (SNPs)) to an outcome of interest bystatistically testing associations of each variant across the entiregenome in a hypothesis-free approach [5, 6]. For each gene variant, it ispossible to identify groups in the population: (1) homozygous for thereference allele (often the most common allele); (2) heterozygous forthe alternative allele; (3) homozygous for the alternative allele (see Fig.2). It can then be tested whether an increase in the number ofalternative alleles is signi�icantly associated with the outcome ofinterest (e.g. BMI).

Fig.	2 Methods of a genome-wide association study (GWAS) to identify common genetic variantsfor obesity. The left side shows three single-nucleotide polymorphisms (SNPs) that differ betweenindividuals. The right side shows linear regression analyses that can be carried out per SNP,calculating an effect on a continuous outcome of interest (e.g. BMI) per additional copy of therisk allele “A” (0, 1 or 2)
2.1	 GWAS	 of	 ObesityEarly GWAS studies of obesity, for the �irst time gathering thousands ofparticipants, pinpointed the FTO gene as the �irst susceptibility locus in2006 [7]. However, it soon became apparent that much larger samplesare necessary to provide suf�icient statistical power to detect commonvariants of small effect. GWAS studies have thus far mainly focused onBMI as an indicator of obesity, since it is an easily obtainable measureand allows for the collection of obesity in large samples required forGWAS. Subsequently, large-scale GWAS studies of BMI have been highly



successful in discovering large numbers of genetic variants thatpredispose to obesity. Collaborative efforts have now found over 700genetic loci related to BMI through meta-analyses of different cohorts[8]. Effects of these individual variants are typically small, with anincrease of 0.1 BMI points (kg per m2) for each risk SNP3. However, theeffects of genetic variants from GWAS combined explain around ~14	 of
the	 variation	 in	 obesity in the population [8].
2.2	 From	 SNP	 to	 HypothesisBy mapping these GWAS results to various multi-omics data sets, it ispossible to identify mechanisms explaining how identi�ied geneticvariants in�luences a phenotype across different biological dimensions(Fig. 3) [9]. SNPs that are signi�icantly associated with obesity in GWAScan �irst be mapped to genes in which they are located (or closelylocated to). This enables the analysis of whether genes are enriched forcertain gene-functions or pathways using gene-set analysis [10].Moreover, it can be tested whether these genes are higher or lowerexpressed in certain organs, tissues or cell-types such as neurons byusing gene-expression analyses, or whether their expression interactswith other genes at the protein level, by using protein-proteininteraction (PPI) data. A couple of notable �inding from GWAS studiesare that obesity-associated genes are highly enriched for geneexpression in the brain [1, 3], and less so in other organs, suggestingthat common variants have an effects through brain-relatedmechanisms. Identi�ied regions con�irm known brain areas ofimportance, such as the hypothalamus and pituitary, but also areasinvolved in cognition, including the hippocampus and frontal corticalareas [1, 3]. On an even more �ine-grained resolution, studies usingsingle-cell RNA sequencing (scRNA-seq) have been able to �ind links ofobesity genes with speci�ic brain cell types of the hypothalamus,subthalamus and midbrain, among others [11].



Fig.	3 GWAS analysis and possible follow-up analyses using different types of omics data
3	 Polygenic	 Risk	 Scores	 (PRS)Among the many applications of GWAS results is the identi�ication ofindividuals who are genetically most at risk of developing obesity, andwho may thus bene�it from prevention and personalized interventionplans. Based on recent large GWAS, it has become possible to estimatean individuals’ overall genetic predisposition based on large sets ofgenetic variants observed in GWAS. Polygenic	 risk	 scores	 (PRS) arescores that include the cumulative effects of large number of riskvariants found in GWAS [12, 13]. The rationale of PRS is that individualGWAS variants only explain a fraction of risk, but since obesity is inmost cases a highly ‘polygenic’ trait, these effects combined in agenome-wide score more accurately re�lect its complex polygenicarchitecture.In its simplest form, a PRS is a score that indexes how many riskvariant an individual carries in total, weighted by the size of the effectof the risk variant [14]. Calculation of PRS is a relatively straightforwardprocess that includes three important steps (Fig. 4):1. Obtain statistics of associations of genetic variants (effect sizes, P-values) from GWAS studies of a trait of interest (e.g. BMI). Theseare often publicly available or obtainable through consortiumwebsites.  



2. Obtain SNP genotype data of participants in whom PRS should becalculated.  
3. Run one of the many PRS algorithms that are available [15].  For interpretability, PRS can be subsequently standardised to have azero mean and standard deviation of 1 (i.e. Z-scored), as the resultingPRS often approach a normal distribution in a suf�iciently large sample.

Fig.	4 Steps required for the calculation of polygenic risk scores (PRS)A PRS can then be tested for an association with any outcome ofinterest in a statistical model, by either including PRS as a continuousvariable, or by stratifying groups in low and high genetic risk (e.g.through percentiles). PRS has shown to be a value tool for studyinggenetics of obesity across a wide array of possible study designs [16].We here highlight several domains where PRS can provide a valuabletool to study obesity (Fig. 5).



Fig.	5 Possible applications of obesity PRS in various study designs. G: genes; E: environment;GxE: gene-environment interaction
3.1	 Predicting	 ObesityIt is estimated that the current best predicting PRS can explain almost15% of the variation in BMI in the population [8]. This estimated isexpected to increase as more SNPs for BMI are discovered. This meansthat PRS of BMI is among the best predicting PRS of any humanphenotype. PRS of BMI can be used to investigate a link between genesand weight	 trajectories across the lifespan, that may not be captured bya cross-sectional design. These data can identify speci�ic time windowswhere the in�luence of genetic predisposition is the strongest, andduring which targeted intervention may be most bene�icial. Suchlongitudinal analyses showed that differences in BMI at baseline wererelatively small in different PRS groups, but during a multi-year follow-up, young adults in the high BMI PRS group had over 15% risk ofdeveloping severe obesity over time, compared to only ~1% in the lowPRS group (lowest vs highest 10% of PRS) [17]. Interestingly, studiesinvestigating weight trajectories within PRS categories for adult obesity(i.e. adult BMI PRS) in children, found that children with a higher PRSgain weight more rapidly in their early years (between 0 and 10 years[18, 19]) than those with more favourable PRS pro�iles. This shows that



weight trajectories in different PRS groups diverge as early as in thepreschool age. Moreover, studies found that an unfavorable BMI PRSrelates to a more chronic and persistent trajectory of obesity duringlife, and half of the PRS-obesity association at an adult age is shown tobe mediated by adiposity that is already present during childhood [20].
3.2	 Gene-Environment	 InteractionRecognizing that genes do not operate in a vacuum is fundamental tothe study of gene-environment interactions (G × E) [21], which takesenvironmental in�luences that modulate genetic risk into account. PRSprovide a useful tool to study G × E interactions, which can be tested asstatistical interactions between the PRS and the environment onobesity outcomes. These interactions provide information about thecontext in which these genetic effects are attenuated or enhanced [22].Distinguishing between G × E interactions and G × E correlations(correlation between genetic risk and environmental factors) in obesityresearch can be challenging. For example, individuals with a highobesity PRS may show a stronger association with a high BMIspeci�ically in those who are less physically active. While this patterncould re�lect a gene–environment interaction (physical activityattenuating the expression of genetic risk) it might also result fromgene–environment correlation, if the same genetic factors that increaseobesity risk also reduce an individual’s predisposition to engage inphysical activity.PRS G × E studies show an important role of ‘obesogenic’environments that can in�luence the phenotypic expression of obesity-associated risk variants: individuals with a higher obesity PRS are moresensitive to obesity-related environmental stimuli, such local fast-foodchains near the home environment [23] with the PRS having a strongerassociation with BMI when these factors are present. Such modulatinginteractions have previously been observed for various otherenvironmental factors, including healthy lifestyle factors [24],environmental air pollution [25], stress exposure during childhood[26], socioeconomic background [27] and immigration [28]. Suchmodulation may suggest a relevant role for epigenetics which canin�luence gene-expression based on the presence of (harmful)environmental factors.



Furthermore, G × E interaction effects are not con�ined to externalfactors but can exist with comorbid conditions as well. Conditions suchas depressive symptoms [29] and sleep deprivation [30] have beenshown to interact with the effects of PRS on obesity, showing strongerPRS-obesity associations when these conditions are indeed present.This highlights the complex interaction between polygenicpredisposition to obesity, the environment and concurrent conditions(Fig. 6).

Fig.	6 Diagram showing the complex links between PRS, the environment and obesity outcomes.(From Jansen et al. 2024)
3.3	 EndophenotypesBeyond prediction of obesity, PRS offers a powerful tool to �indmechanisms that bridge genetic predisposition to the manifestation ofobesity, by relating genetic risk to potential mediating factors. Bycombining genetic and neuroimaging data, previous studies haveinvestigated what neuronal mechanisms explain how geneticpredispositions for obesity leads to a more obesity-prone brain [31].MRI research suggests that higher polygenetic risk for BMI relates tolower cortical volume and thickness in the frontal [31] and temporalareas [32] compared to lower PRS individuals. These brain areas play a



fundamental role in executive function, reward processing, and controlof eating behavior and cognitive processes previously linked to eatingpatterns and weight regulation [33]. On a behavioral level, the effects ofPRS are shown to be partially mediated by more unhealthy eatingbehavior, as well as through obesogenic environments that provokeweight gain. Adolescents with a more unfavorable obesity PRS are morelikely to show frequent snacking [34], overeating [35] and binge eating[36], suggested to result from a loss of control in eating behavior [35]and/or an altered satiety response [37]. Conversely, a healthy diet canmitigate the effects of PRS on obesity measured in young individuals[38]. In adults, higher rates of snacking behaviour [34], fried-foodintake [39] and poorer workplace food choices [40] are observed inindividuals with higher BMI PRS, underlining the potential of targetedinterventions on these behaviors to mitigate the consequences of a highpolygenetic risk.
3.4	 Clinical	 ApplicationsThe potential to predict obesity from genetic data when obesity is not(yet) present, suggest that PRS may be a useful clinical tool to stratifyhigh and low risk individuals [12], contributing to personalizingprevention and treatment. Such clinical implementation may be withinreach across several (pre)clinical settings:
Personalized	 prevention: PRS associations with obesity trajectorieswithin speci�ic time windows allow the development ofindividualized health advice and follow-up plans based on PRS, whichcan optimize prevention and management strategies in those thathave not (yet) developed obesity (e.g. in general practitionersettings). Given decreasing costs of SNP genotyping for PRS (as lowas 20–30$ [41]) combined with the potential savings through moreeffective prevention of obesity and its health consequences, PRS insuch a prevention setting may thus prove to be cost-effective.
Personalized	 treatment: in those that have developed obesity, PRSmay contribute in predicting persistent or refractory obesity, andidentify those most likely to bene�it from early (pharmacological)treatment. New pharmacological anti-obesity treatments such asGLP-1 agonist (Liraglutide, Semaglutide) are promising, yet cansometimes only be prescribed in the Dutch healthcare system if strict



criteria are met, such as the identi�ication of a proven monogeniccause (See also Chapter “General Introduction to Obesity Geneticsand Genomics”). Given comparable relative risks of monogenicdisease forms and unfavorable PRS [17], one may argue that policiesfrom monogenic disease risk should be extended to unfavorablepolygenic disease risk as well.
Predicing	 therapy	 response: PRS has been explored as a predictor ofpersistent weight-loss during follow-up after bariatric surgery. Thesestudies showed that the predictive value of PRS for therapy responseis mixed, as some studies indicate that obesity-related PRS do notpredict weight loss after gastric bypass surgery, nor are theyassociated with weight regain post-surgery [42, 43]. However, otherresearch found that a higher BMI and waist-hip ratio (WHR) PRSnegatively impacts weight loss post-procedure and during follow-up[44, 45]. Further, one study revealed that a lower obesity PRS wasassociated with improved metabolic outcomes, such as lowerglycemia, triglycerides, and total cholesterol following bariatricsurgery [46]. As such, while these results are promising, moreresearch is needed to clarify the role of PRS in stratifying post-surgical outcomes, alongside clinical predictors [47].
Diagnostic	 testing: PRS can be a useful addition to the arsenal ofclinical diagnostic testing (e.g. array testing, next-generationsequencing) for patients referred to a clinical geneticist for asuspected genetic obesity. In a signi�icant number of cases where amonogenic cause is suspected but not found, an unfavorable PRS,consistent with multiple risk variants, may offer an alternativeexplanation. At our national expertise center for genetic obesity(Amsterdam UMC/Erasmus MC, the Netherlands) [48], we indeedfound a signi�icantly higher BMI PRS in clinically referred patientssuspected for a genetic obesity disorder, who were tested negativefor a monogenetic cause, (unpublished data). This may provide analternative explanation for their obesity. Moreover, we observed thatindividuals with explanatory monogenic obesity gene variantsidenti�ied by sequencing tests have a signi�icantly lower PRScompared to those without an identi�ied pathogenic obesity genevariant. This may mean that a PRS as a �irst-tier test could select



patients in whom costly and time-consuming sequencing is mostlikely to identify a genetic cause.
4	 Mendelian	 RandomizationMendelian Randomization (MR) is a powerful analytical tool to infercausal relationships between phenotypes using genetic variants asinput. This technique uses the natural random assortment of allelesduring gamete formation as an instrumental variable [49], therebycircumventing reverse causation that often complicates epidemiologicalstudies. By comparing the occurrence of obesity-related traits acrossdifferent genetic pro�iles, MR enables researchers to isolate causaleffects of speci�ic factors on obesity and vice versa, providing insightsinto (potential preventable) risk factors and underlying mechanisms.These methods use genetic variants found in GWAS of e.g. BMI asinstrumental variables. Developments in these statistical methods haveallowed causal inference between traits based on GWAS data alone (Fig.7).

Fig.	7 Assumptions in Mendelian Randomization (MR) analysis based on GWAS data. I:instrumental variable; R: risk factor; D: disease; C: confounderVariants that show clear pleiotropy (i.e. signi�icant associationsbetween a variant and both the risk factor (R) and disease (D)) areremoved from the analyses. Also, variants used as instrumental variableshould not in�luence the outcome through a confounder (C). All effects



of the variant on the outcome of interest are then through the causalrisk factor (R).MR analyses have been used to explore causal relationships inpreviously identi�ied epidemiological associations between obesity andvarious health outcomes. Through MR, it has been found that obesity isa suggested causal factor for type 2 diabetes and coronary arterydisease [50], cardiac rhythm disturbances [13], kidney disease [51],certain types of cancers [52] whereas no causal link was found withstroke [53]. Moreover, MR analyses have found previously less exploredrelationships including BMI predisposing to multiple sclerosis (MS)[54]. For non-disease phenotypes, it was found that ahigher educational level causally reduces the risk of obesity [55] as wellas coffee consumption [56]. Although developments in statisticalmethods to derive causality are ongoing rapidly, it is important to notethat experimental validation is still required to prove causality. Also,most MR methods cannot distinguish between direct causal effectsbetween phenotypes and the possibility of confounders that associatewith both. By making use of genetic variants related to certainbiochemical markers, such as metabolite levels, blood markers, andproteins, MR studies are able to identify (suggested) causal biologicalmechanisms related to obesity. For example, it has been shown thatBMI causally lowers vitamin D levels [57], but no such causal link wasfound of vitamin D levels in�luencing BMI .
5	 Limitations	 and	 Future	 DirectionsWhile ongoing developments in GWAS and PRS have strongly improvedunderstanding of obesity etiology, several challenges remain:
Euro-centered: Current PRS are derived predominantly frompopulations of European ancestry [58], raising concerns about theirapplicability in other ethnic groups and limiting insights into geneticfactors across diverse populations. In the latest GWAS of BMI, allapproximately 700,000 investigated participants were of Europeanancestry [8], showing the need for expanding such investigations toinclude diverse ancestries in these studies. Newer generationpopulation biobanks, such as the All of Us [59] program, are designedwith the aim to prioritize diversity and re�lect the multiethnic



makeup of the population, promising to further close this knowledgegap.
Modest	 predictive	 power: the modest predictive power of the obesityPRS [60, 61] indicates that a large proportion of the variation inobesity remains unexplained (i.e. ‘missing heritability’ [62]).However, it is important to realize that, akin to many other types ofDNA-tests, PRS should not be viewed as a single de�initive test fordeveloping obesity; rather, it can serve as a biomarker that helpsstratifying low and high-risk individuals and help identifying thosemost at risk. Beyond merely including signal from common variants,integration of information from both common (through PRS) andrare variants (through sequencing and/or chromosomal tests) in asingle risk model is expected to lead to more optimal predictions, aswas recently shown in a large exome sequencing study combiningcommon and rare variants [1]. With increasingly lower costs, whole-genome sequencing (WGS, including copy number variant (CNV)analysis) [63] will become more readily available, which can capturethe whole spectrum of both rare coding variants and common non-coding variants in a single assay, leading to most precise riskestimates.
Integrating	 genes/environment: current prediction accuracies ofobesity PRS contain noise due to a lack of insight into the complexgene-environment interactions and correlations, including theirpotential to amplify or attenuate the effects of PRS, requiring morecomplex statistical models and larger and more diverse datasets thancurrently available.
Integrating	 genetics/epigenetics: Along these lines, PRS andepigenetics (typically in�luenced by environmental factors) may alsobe integrated, as a higher BMI prediction has been obtained by thecombined use of PRS and epigenetics than either data type alone[64], and the addition of epigenetics to genetics should beinvestigated more thoroughly.Importantly, while PRS of obesity show promise for personalizedmedicine, caution is necessary in their clinical application in dailypractise, given the ethical implications, and its potential formisinterpretation, misuse [65] or even discrimination [66].



6	 ConclusionThe study of common variants has emerged as invaluable area ingenetic obesity research in the past years, enabling a betterunderstanding of the causes and consequences of obesity through awide array of study designs. Despite current limitations, the clinicalpotential of PRS to inform personalized interventions is on the nearhorizon. As these areas of analysis continue to evolve, they have thepotential to signi�icantly advance both mechanistic insights andeventually (personalized) strategies for managing obesity.
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