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Preface

Dear colleagues,

With great pleasure, we introduce the first edition of the Clinical
Obesity Genetics textbook. Obesity is one of the most pressing public
health challenges of the twenty-first century. While environmental
factors such as sedentary behavior and high-calorie diets play
undeniable roles, it has become increasingly clear that genetic
predisposition exerts a profound influence on individual susceptibility
to obesity.

The study of obesity genetics has evolved from early family-based
studies 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 descriptive
epidemiology to biologically grounded mechanisms. Although the
heritability of body mass index (BMI) is estimated to be as high as 40-
70%, we still cannot explain the majority of cases with suspected
genetic obesity.

In this textbook, we provide a comprehensive overview of the
rapidly expanding genetic technologies and their practical implications
in clinical medicine. This first edition explores how genetic insights can
guide risk prediction, prevention strategies, therapeutic decisions, and
personalized care. The chapters are organized around key genetic
pathways, syndromic and non-syndromic obesity, methodologies in
genetic discovery, and future applications such as genetic therapies and
pharmacogenomics also visualized in Figure 1.

As we have entered a new era of precision healthcare,
understanding the genetic contribution to obesity disorders is no
longer an academic task; it is a clinical skill! This book provides
clinicians, 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 fingers (polydactyly) can be indicative of
syndromic obesity. The DNA code in the book on the patient’s lap and the Erlenmeyer flask
containing DNA strands at the top-left corner symbolize the search for genetic causes. The ‘locked
refrigerator’ symbolizes the extreme insatiability (hyperphagia) caused by gene defects affecting
the leptin receptor. While gastric bands have long been a known metabolic surgery treatment, an
increasing 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 Book

This book provides a concise and practical overview of clinical obesity
genetics for both clinicians and scientists in need of a single resource
on the topic. Clinical genetic obesity disorders, genetic analysis, clinical
treatment, and future directions are discussed in detail, with new

insights and approaches to personalized medicine highlighted
throughout the book.
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1 Introduction

Genetic studies of obesity have a long history that range from early twin
studies to recent gene identification studies that successfully found
genetic variants influencing body weight [1] (Fig. 1). Predisposition to
develop obesity is often a combination of environmental, behavioural
and 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 its
aetiology. Advances in DNA technologies, such as genotyping arrays and
next-generation sequencing (NGS), have allowed researchers to identify
genetic variants that predispose to obesity and molecular mechanisms
through which these variants affect body weight regulation. It is now
known that genetic predisposition for obesity covers a spectrum that
can be subdivided in common genetic variation (e.g. genetic variants
with a frequency of >1% in the population) with typical small
individual effects on obesity, and rare variants with strong effects on
obesity that follow a Mendelian inheritance pattern. These rare
monogenic variants play an important role in current genetic
diagnostics in the clinic, which can help in individual risk assessment,
counselling of family members, improve acceptance by the patient and
his or her environment and facilitate personalized treatment options.
Research on both ends on this variant frequency spectrum hold
promises to better understand the biological factors underlying obesity
pathophysiology. With the development of larger genetic datasets and
more accurate genetic technologies, it is expected that we will identify
even more variants that contribute to obesity, elucidate how genetics
and the environment shape obesity, and develop more effective
interventions tailored to an individual’s genetic profile.

1956 1972 1986 1997 20102012 2020
Established number of BMI term Modem twin  Leptin receptor First PRS FDA approval
chromosomes (46) coined twin obesity  (LEPR) mutations studies obesity GLP-1 agonists
2003
Completion
HGP
o — O+
Past 1950 1960 1970 1980 1990 2000 2010 2020 Future
Mid 2000s
NGS
1955 1967 1977 1994 2007 2021
Role hypothalamus Gastric Sanger Discovery of First BMI GWAS Exome study
obesity in mice bypass sequencing leptin (FTO locus) BMI in N>500k

Fig. 1 Timeline of major milestones in obesity genetics research. BMI body-mass index, HGP
Human 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 by
Watson and Crick [3] marks an important milestone in genetics. Not
only does this iconic structure account for a mechanism for both
storing and replicating genetic information, it also finally gave
geneticist an ‘organ’ to study and explain the long-known heredity of
disease. Understanding the structure of the genome from largest to
smallest scale is vital in understanding how genetic variation relates to
obesity through different dimensions of system biology.

2.1 Chromosomes

A term first coined by German scientist Wilhelm Waldeyer in 1888 [4],
chromosomes are structures found in the nucleus of each cell that
contain the genetic material of an organism. Chromosomes are made up
of long strands of DNA that are tightly coiled and packaged into a
compact structure (chromatin). Each chromosome contains hundreds
or thousands of genes, which are the instructions for producing
proteins that serve several functions in the human body. Chromosomes
can be subdivided into autosomes 1 to 22 (same for both sexes), largely
ordered by chromosome length, and sex chromosomes (X and Y).

2.2 DNA

Deoxyribonucleic acid, or DNA4, is the genetic material that carries the
instructions for the development and function of all living organisms.
DNA is a long, linear molecule made up of nucleotides (Fig. 2), which are
themselves composed of a sugar (deoxyribose), a phosphate group, and
a nitrogenous base (adenine (A), cytosine (C), guanine (G), or thymine
(T)). The DNA backbone is composed of alternating sugar and
phosphate groups. The arrangement of the sugar-phosphate backbone
and the nitrogenous bases gives DNA its characteristic double helix
structure [3].
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Fig. 2 Structure of the DNA molecule

2.3 Epigenetic Regulation

Epigenetics concerns the regulation of gene expression without
changing the underlying DNA sequence. Together with genetic
variation, epigenetic differences have shown to be an important
mechanism that contributes to obesity susceptibility [1]. Epigenetic
regulation has effects on gene-expression through histone
modifcations and DNA modification. Histones are the proteins that
package DNA into open or dense structures. Through addition or
removal of chemical groups, such as acetyl, ubiquitin, methyl, or
phosphate groups, the accessibility of the DNA for transcription is
altered by opening and closing of the chromatin. There are several
mechanisms that are responsible for epigenetic regulation (Fig. 3),
including:



e Methylation: The most common epigenetic modifications include
DNA methylation and histone methylation. DNA methylation adds a
methyl group (CH3) to cytosine (C) bases of the DNA, typically at
cytosine bases that are followed by a guanine base (G), known as CpG
dinucleotides. Methylation of the promoter region of a gene usually
leads to a lower expression of the gene. Alternatively, gene
expression can be influenced by methylation of specific histones
(histone methylation). Methylation also plays an important role in
imprinting, a physiological process that causes genes to be silenced
depending on the parent of origin. Environmental exposures such as
smoking [5], stress [6]) have also been associated with
characteristic changes in DNA-methylation patterns, for example at
specific CpG sites [7].

e Acetylation: adds an acetyl group (C2H30) to the histone, which
activates gene expression by making chromatin more accessible for
transcription factors.

e Phosphorylation: adds a phosphor group (PO4) to the histone which
makes chromatin more- or less accessible for gene-expression.

» Ubiquitination: involves attaching ubiquitin to other proteins.
Ubiquitination regulates gene expression by modifying proteins
involved in the transcription of genes or signalling them to be
degraded. It can also modify histones to change to a more open and
transcription-accessible chromatin formation.
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Fig. 3 Epigenetic regulation of gene-expression by histone modification through methylation,
acetylation, ubiquitination and phosphorylation

3 From DNA to Protein
3.1 Transcription

The sequence of DNA stores information about the structure of well
over 20,000 proteins. Transcription is the first step to convert this
information into synthesis of proteins, through the intermediate step of
producing messenger RNA (mRNA) from DNA. In contrast to DNA, RNA
molecules are single-stranded instead of double-stranded, have a
different sugar (ribose) in their nucleotide units and contains uracil (U)
instead of thymine (T).

Transcription starts at a specific site on the DNA molecule, known
as the transcription start site (TSS). Promoters are specific sequences of
DNA that are recognized by transcription factors, which bind to DNA
and form a complex to initiate transcription. The RNA polymerase
enzyme subsequently moves along the DNA template, synthesizing RNA
that complements the DNA template, until termination is reached at the
transcription stop site. Before mRNA is used for translation into
proteins, the pre-mRNA needs to undergo RNA modifications to



become mature mRNA (Fig. 4): splicing removes intronic RNA, capping
adds a cap to the mRNA 5’ ends, and polyadenylation adds a large string
of adenine (poly-AAA tail) to the 3’ end for stability. Mature RNA can
now be transported to the ribosomes to start the translation process
into proteins.

TSS

Exon Intron
5= = - I RN,
Enhancer Promoter
pre-mRNA —JEIl—— — —IE
5 ) a
Start ¢ Stop
codon codon
mature mRNA O h d
I
5’UTR 3'UTR

Protein ~/\ 7N\ \

Post-translational modification

Fig. 4 From DNA to protein: transcription and translation

3.2 Translation

Translation is the next step to produce protein from the intermediate
mRNA at the ribosomes, small organelles composed of ribosomal RNA
(rRNA). Translation starts at a specific 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 molecule
specifies the sequence of amino acids in the protein. A ribosome moves
along the mRNA and adds a new amino acid to the chain that makes up
the protein, using transfer RNA (tRNA) molecules that carry the amino
acids to be incorporated. Every three bases of the mRNA form a codon
which codes for one of many amino acids, and is complementary to a
codon on the tRNA. Translation is terminated at a stop codon (coded by
either UAA, UAG or UGA). The ribosome releases the newly synthesized
protein, which is now ready to perform its various functions in the cell.



3.3 DNA Replication

In addition to protein synthesis, DNA replication is the process that
leads to an accurate duplication of DNA information from one cell to the
other. Replication at specific locations called origins of replication,
where the double helix is unwound by helicase enzymes, creating a
replication fork (Fig. 5). The leading strand is synthesized continuously
in the 5’ to 3’ direction by DNA polymerase. In contrast, the lagging
strand is synthesized discontinuously in short segments called Okazaki
fragments, also in the 5’ to 3’ direction, but moving away from the
replication fork. These fragments are later joined together by the
enzyme DNA ligase, creating a continuous strand. After successful
replication, the complete set of genetic information can be transferred
to the new cell, containing a nearly identical copy of the set of genes.



: ' 5 Leading strand

5 DNA polymerase

[ 5
L <— O DNA helicase
DNA polymerase
% Lagging strand

Continuous double-stranded DNA

3 Okazaki fragments Ligfse
[ ] [ ] 3,

15’

Fig. 5 The process of DNA replication

4 From Gene to Disease
4.1 Inheritance

The inheritance of disease (e.g. the transmission of risk alleles across
generations) has traditionally been divided into monogenic and
polygenic inheritance, based on the number, frequency and effect of risk
genes involved. On one end of the spectrum, monogenic disorders have
a straightforward Mendelian pattern of inheritance, and the risk of
inheriting the disorder can often be accurately predicted based on a
single gene mutation. The search for monogenic disease genes has been



highly successful [8], with over 3000 monogenic disorders genes that
have been identified for diseases such as cystic fibrosis, sickle cell
anaemia, and Huntington’s disease. On the other end, complex or
polygenic disorders refers to a group of traits or disorders in which
multiple genes are involved. These genes interact with each other and
with environmental factors, and collectively determine disease risk.
According to the common disease-common trait hypothesis, any common
disorder has, at least partially, such a polygenic component. These
common genetic variants (most often single-nucleotide
polymorphisms, or SNPs) involved in complex traits such as BMI almost
always have a low relative risk per individual SNP. This correlation of
lower effect-sizes for more frequent variants results in part from
negative selection pressures on deleterious alleles that affect fitness
and transmission in the population, pushing them to the rarer end of
the frequency spectrum. In practise, the monogenic-polygenic
distinction is in fact much less clear, since disease risk of monogenic
disease (i.e. penetrance) can be modified by common variants [9]. For
obesity, this picture is shown to be equally complex, with both rare
single coding variants and multiple common variants having been
identified. Common genetic variants for obesity have shown to
influence risk from monogenic causes of obesity [10] (such as MC4R),
or interact with relevant environmental factors [11]. In this chapter, we
further focus on (the diagnosis of ) monogenic genetics of obesity,
whereas in Chapter 23 we further discuss the role of common variation
in obesity.

4.2 Mendelian Inheritance

Based on an individual’s family history and family tree, a clinician can
recognize a certain inheritance pattern for certain traits or disorders in
the family. Some of these patterns were first described by Mendel based
on pea plant experiments, where he observed that certain traits
reappeared 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):

e Autosomal dominant: having a disease predisposing (e.g. pathogenic)
DNA variant on one of the two alleles is sufficient to develop the
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disorder. The particular genetic disorder appears in subsequent
generations.

» Autosomal recessive: the disease only occurs when a pathogenic
variant is present in both alleles of the gene. Healthy parents of the
index are often carriers. The risk for offspring of a carrier couple is
25%. The probability that two individuals are both a carrier of the
same disease is elevated when they are related (consanguineous).
Family history in previous generations is often negative for the
disorder.

e X-linked: the pathogenic variant is located on the X-chromosome.
Females are often asymptomatic, but can transmit the gene variant to
males 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 and
no affected females.

e Mitochondrial: In mitochondrial disorders, the pathogenic variant is
present in the mitochondrial DNA (mtDNA) located in the
mitochondrium. This mtDNA is transmitted through the oocyte of the
female. Thus females will transmit the genetic predisposition to all of
their children, and males will not transmit the disease.
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Fig. 6 Different types of inheritance patterns based on an individual’s family history. Filled circles
and squares represent affected individuals, whereas dots represent (asymptomatic) carriers of a

pathogenic variant

4.3 Monogenic Variants

Gene variants can change the DNA sequence of a gene that can result in
changes to the protein that is produced. There are several types of
monogenic gene variants depending on how they change the DNA

sequence, including:

e Single nucleotide variants (SNVs): are single base pair changes in the
DNA sequence. Point mutations can be missense, nonsense or
synonymous, depending on whether they change the amino acid
sequence of the protein (Fig. 7). In missense variants, the point
mutation causes one amino acid to be replaced by another amino
acid. In nonsense mutations, the amino acid is replaced by a stop
codon, causing translation of the protein to terminate, possibly



resulting in a truncated protein. The abnormal mRNA containing a
premature stop codon is often degraded through nonsense-mediated
decay, leading to no protein at all from that specific allele.
Synonymous mutations cause the amino acid to be replaced by the
exact same amino acid. Although synonymous mutations thus do not
alter the amino acid sequence of the codon, they may still lead to
abnormal splicing of the mRNA and thus still affect the final protein
product.

 [nsertions/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 by
three, the mutation results in a frame-shift. The reading frame in the
translation process is shifted, and often a new stop codon is created,
causing both an abnormal and shortened composition of the
protein. When the reading frame is not affected, this results in a
inframe deletion or insertion.

e Copy number variants: are large-scale deletions or duplications
within chromosomes approximately larger than 50 basepairs, often
spanning multiple or large sets of genes.

Loss-of-function mutations are mutations that result in the complete or
partial loss of function of a gene. Loss-of-function mutations are often
truncating mutations (such as deletions or nonsense mutations) that
can result in the complete absence of a protein or a reduction in its
function (Fig. 7). If the loss-of-function leads to insufficient normal
functioning protein, there is haploinsufficiency of that gene. Gain-of-
function mutations are mutations that result in the acquisition of a new
function or an increase in the function of a gene. These types of
mutations 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.
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4.4 Epigenetic Mutations

Beyond alterations in the sequence of the genome, changes in
epigenome are responsible for epigenetic disorders. These epigenetic
mutations, which include both hyper- and hypomethylation, are typically
not inherited from one of the parents (unless caused by a DNA
mutation), as the methylation parental gametes transmitted via the
sperm- or egg cell undergo a reset of the epigenetic profile during
gametogenesis. Disruptions in epigenetic processes are linked to a wide
variety of diseases and syndromes, ranging from developmental
disorders [12] to complex diseases such as cancer [13]. There are
specific obesity disorders that are resulting from imprinting
disturbances. One example is Temple syndrome, characterized by intra-
uterine growth restriction, early puberty and childhood obesity. Temple
syndrome mostly originates from two copies of a chromosome from
one parent in the child (uniparental disomy, UPD), in this case of
chromosome 14 (UPD14), causing loss of expression of genes on the
paternal allele and overexpression of genes on the maternal allele [14].



Alternatively, methylation disorders can be caused by DNA variants in
genes involved in epigenetic processes such as methylation and histone
modification. This can disrupt the enzymes or regulatory factors
responsible for these processes and the normal pattern of gene
expression, leading to developmental abnormalities. Examples include
mutations in DNMT3A which codes for a DNA methyl transferase
protein, causing Tatton-Brown-Rahman syndrome, of which obesity is a
feature. Epigenetic alterations caused by genetic variants involved in
epigenetic regulation can be identified by methylation profiling (see
Sect. 5.3).

4.5 Variant Interpretation

Every person carries on average five million genetic variants [15] (i.e.
variants that differ from a reference genome), of which up to a 100 are
not inherited from one of both parents (i.e. de novo) [16]. The vast
majority of genetic variants have no known impact on health, however
a small proportion of variants can have significant consequences. It can
be challenging to determine which genetic variants are likely to be
pathogenic (disease-causing) and which are benign (harmless). Variant
interpretation is a complex process that requires a good understanding
of the human genome and the potential impacts of genetic variations on
an individual’s health. The American College for Medical Genetics
(ACMG) have provided criteria that aid in classifying genetic variants in
genetic diagnostics [17], classifying variants in five scales along an
increasing likelihood of pathogenicity: class 1 (‘benign’), class 2 (‘likely
benign’), class 3 (‘uncertain significance’), class 4 (‘likely pathogenic’),
and class 5 (‘pathogenic’).

Several variant characteristics are in use in clinical practise that
support the categorisation of variants:

e Domain: certain gene domains are more sensitive to genetic variants
or have a domain-specific effect (e.g. certain gain-of-function
mutations) which can make pathogenicity more likely.

e (Conservation: variants located in conserved sequences of DNA that
are relatively unchanged through evolution history are more likely to
be pathogenic.

e Biochemical change: missense variants that lead to amino acid
changes with large differences in biochemical properties are more



likely to be pathogenic. These changes are expressed in Grantham
score [18] (range: 5-215).

* Prediction algorithms: several prediction algorithms have been
developed that can suggest pathogenicity based on variant
characteristics, such as SIFT [19] and PolyPhen [20].

e Population frequencies: genetic variants that appear in higher
frequencies in population databases such as gnomAD [21] are less
likely to be pathogenic.

The classification of these variants is a dynamic process during which
certain variants can switch between categories (e.g. a class 3 variant
can be upgraded to class 4 or vice versa), as is the case for MC4R
variants, an important monogenic obesity gene. For this gene (and
other genes), online databases register whether known variants can be
classified as pathogenic or benign (or even protective), such as the
MCR4 website https://www.mc4r.org.uk/. Other regularly used
databases that register pathogenicity of gene variants are GnomAD [21]
and ClinVar [22]. More recently, artificial intelligence (Al) tools are
being developed that can possibly aid in the interpretation of variants
and automating this process [23].

5 Genetic Diagnostics

5.1 Chromosomal Diagnostics

Chromosomal abnormalities are changes in the number or structure of
chromosomes that can have serious consequences for an individual’s
health. Chromosomal abnormalities can be associated with a range of
health problems, including birth defects, developmental delay and
intellectual disability. For obesity, deletions such as 16p11.2 are known
syndromes associated overweight and obesity [24]. There are several
diagnostic techniques that are used to detect chromosomal
abnormalities, including:

* Karyotyping: A karyogram is a visual representation of all 46
chromosomes arranged in order according to size, shape, and band
patterns. A karyotype can be used to identify abnormalities in the
number or structure of chromosomes, such as missing or extra
chromosomes (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 by
chromosome analyses using e.g. SNP array. Klinefelter syndrome (46,
XXY karyotype) is among the disorders that can be detected by
karyotyping.

Fluorescent in situ hybridization (FISH): uses fluorescent probes to
detect specific chromosomal regions or genes. FISH can be used to
identify chromosomal abnormalities, such as missing or extra copies
of specific genes, and can be performed on cells from a variety of
tissues, including blood, bone marrow, and amniotic fluid. The
16p11.2 deletions are among the abnormalities that can be detected
by FISH probes for this region, which are often too small to be
detected by regular karyotyping.

SNP array/array CGH: Single-nucleotide polymorphism (SNP) array
technique and comparative genomic hybridization (CGH) arrays are
techniques designed to detect small chromosomal abnormalities,
including deletions and duplications. These array techniques were
developed and implemented in the early to mid 2000s and provided
a much higher resolution than karyotyping chromosomal
abnormalities. The size of CNVs that array technologies can detect,
are from the 5-50 kb range up to whole-chromosome level
abnormalities. This means that we can now identify abnormalities
(microdeletions or duplications) that were missed by regular
karyotyping. For detection of deletions related to obesity (16p11.2
deletions, Prader-Willi syndrome) these are often first detected using
SNP array testing.

NIPT/NIPD: Chromosomal analysis can be done in the prenatal
setting as well. Non-invasive techniques such as NIPT (non-invasive
prenatal test) are specifically developed to test the unborn foetus for
chromosomal abnormalities, detected from cell-free DNA in the
blood circulation of the pregnant mother. NIPD (non-invasive
prenatal diagnostics) is an extension of NIPT, where the circulating
foetal DNA is tested for specific mutations. NIPT and NIPD provide
non-invasive alternatives to more invasive procedures chorion
biopsy or amniocentesis, and it is expected that more information
can be derived from cell-free DNA when these techniques develop
further. This more recent prenatal test sometimes leads to the



potential detection of CNVs related to obesity already in the prenatal
phase (e.g. 2q37 deletions) as a secondary finding.

5.2 Sequencing Technologies

Sequencing technologies are used to determine the order of nucleotide
bases A,C,T and G of DNA. These technologies have greatly advanced the
field of genomics by allowing researchers and clinicians to quickly and
accurately determine the sequence of DNA, which has important
contributions to gene discovery and more rapid genetic diagnosis.
Several different types of sequencing technologies that are used in daily
clinical practise, including:

e Sanger sequencing: the traditional method of DNA sequencing,
developed in 1977, initially used to sequence single genes. Sanger
sequencing is still being used to sequence shorter fragments and is
considered a gold standard for mutation detection. In obesity
diagnostics, Sanger sequencing may be used to confirm genetic
variants found by more rapid sequencing techniques.

e Next-generation sequencing (NGS): NGS technologies (also called
second generation sequencing) can sequence multiple DNA
fragments simultaneously, which allows for rapid and cost-effective
sequencing of large amounts of DNA. NGS has revolutionized the
identification of disease genes by enabling the rapid analysis of entire
genomes and discover novel mutations and variants associated with
genetic disorders. NGS has become available in the mid 2000s, and
can be used to sequence the full coding region of the genome (whole-
exome sequencing (WES)) or the entire genome (whole-genome
sequencing, WGS). Often, NGS is used to sequence specific gene-
panels, which contain sets of genes related to a specific symptom or
disorder. NGS with an obesity gene-panel in patients with suspected
monogenic obesity (caused by a single pathogenic variant in an
obesity gene) characterized by early onset obesity, currently leads to
a 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 to
300 base pairs (bp) in length). These technologies are highly



accurate and can quickly and at a low cost produce large mounts of
sequence data.

» Third generation sequencing: Whereas second generation sequencing
is based on short read sequencing, long-read sequencing technologies
(sequenced fragments up to one million bp reads) have the
advantage of producing long uninterrupted reads, which can be
useful for certain applications. Examples include difficult to sequence
regions of the DNA, improving identification of certain variations,
such as large insertions/deletions, inversions and DNA repeats.
Although short-read sequencing is established in genetic diagnostics,
the benefit of long read sequencing in obesity over short read has yet
to be fully established.

5.3 Epigenetic Tests

Epigenetic abnormalities, such as abnormal DNA methylation patterns
can be detected by epigenetic tests, including:

e Epigenetic signature testing: Several disease genes are known to
influence the methylation and expression pattern of other genes (see
Sect. 4.4). Variants in these genes lead to certain ‘epigenetic
signatures’: characteristic patterns of methylated genes. These
methylation patterns can be detected using an epigenetic signature
test (‘episignature’, Fig. 8, see also Chapter “Anti-obesity
Pharmacotherapy 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 to
methylation signatures of patients with confirmed genetic
syndromes. An episignature test can aid in solving a case when no
DNA variant is found or help interpret variants of unknown
significance (VUS). In obesity diagnostics, mutations in the GNAS
gene associated pseudohypoparathyroidism type IA/B (obesity,
endocrine abnormalities) can lead to methylation patterns of other
genes, which are detectable by episignature testing or detected using
GNAS gene sequencing.

e Methylation-Specific Multiplex Ligation-dependent Probe Amplification
(MS-MLPA): This technique combines the principles of MLPA
(detection of variants by using oligonucleotide probes) and
methylation-specific analysis to detect and quantify methylation of




specific gene regions, often used for diagnosis disorders like Prader-
Willi and Angelman syndromes (both in the 15p region).
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Fig. 8 Epigenetic signature test to detect patterns of methylation anomalies. Methylation patterns
of the index case are compared with patient cases and controls. The methylation of the index case
can then be detected by clusters of patients and controls on the main axes of variation in
methylation. If a pattern is observed that resembles cases, a suspicion of this particular syndrome
in the index cases is raised (for more in depth discussion see also Chapter “Anti-obesity
Pharmacotherapy for Patients with Genetic Obesity Disorders”)

6 Conclusions



In conclusion, advancements in genetic technologies have
tremendously expanded our ability to study the genome at the smallest
scale. These innovations have facilitated a deeper understanding of the
genetic underpinnings of obesity, allowing for more precise
identification of genetic variants associated with this complex
condition. Understanding these genetic factors requires a foundational
knowledge of genetics and genomics, highlighting the importance of
integrating these disciplines into obesity research. Ultimately, an
improved knowledge of these genetic factors will contribute to an
improved risk prediction and treatment of obesity, and eventually
improved patient outcomes.
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1 Obesity as a Global Health Challenge

Obesity is a chronic, relapsing disease characterized by excessive
adiposity that impairs health. It has emerged as a global health
challenge, with its prevalence escalating significantly over the past
decades. 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 2
people) among adults and 37% (~1 in 3) among children with around
half of them being obese [2]. Especially in adolescents, the increase is
notable 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 is
low; 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 of
obesity among Dutch adults, doubled from 6.1% in 1990 to 16.0% in
2024 and in children (<18 years) rose from 2.5% in 2009 to 3,7% in
2024, with a notable increase among adolescents aged 12-17 years [5].
Despite its widespread impact, many countries remain inadequately
prepared to address the rising health burden of obesity.
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Fig. 1 Increase in the number of children and adolescents affected by obesity over more than four
decades. (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 2416
population-based measurement studies in 128.9 million children, adolescents, and adults. Lancet
390, 2627-2642 (2017) reprinted under a CC-BY-4.0 licence. Steinbeck et al. [3])

2 Definition and Diagnosis of Obesity

The diagnosis of obesity is traditionally established by using body mass
index (BMI). BMI is calculated by weight in kilograms divided by height
in meters squared (kg/m?). For adults, a healthy BMI ranges from 18.5
to 24.99 kg/m?. Higher BMI values are categorized as overweight (BMI
of 25.0 to <30.0 kg/m?), obesity grade 1 (BMI of 30.0 to <35.0 kg/m?),
obesity grade 2 (BMI of 35.0 to <40.0 kg/m?), and obesity grade 3 (BMI



of 240 kg/m?). In children 2-18 years of age, BMI is adjusted for age
and sex, resulting in BMI standard deviation scores (BMI-SDS) that
align with adult obesity categories. For children <2 years of age, World
Health Organization definition of obesity is defined by a weight-for-
height SDS of 3.0 or above [6].

While BMI provides an easy screening method with a high
correlation to fat mass, it should be noted that it does not account for
variations fat distribution, muscle mass, and metabolic health. Recently,
the Lancet Diabetes & Endocrinology Commission proposed a new
diagnostic framework [7]. To increase diagnostic accuracy, this
commission advised to incorporate additional measures of body fat
(distribution) to BMI, such as waist circumference or a direct
assessment for example by using a DEXA scan. For individuals with a
BMI grade 3 (i.e., >40 kg/m?), excess adiposity can pragmatically be
assumed without further confirmation.

Further, this report proposed to make a distinction between
“preclinical” and “clinical” obesity. Clinical obesity is characterized by
ongoing organ dysfunction due to excess adiposity, and “preclinical
obesity,” is associated with elevated health risks. The commission
suggests that the diagnosis of ‘clinical obesity’ requires evidence of
reduced organ or tissue function due to obesity (i.e., signs, symptoms,
or diagnostic tests showing abnormalities in the function of one or
more tissue or organ systems) or substantial, age-adjusted limitations
of daily activities reflecting the specific effect of obesity on mobility and
other basic activities of daily living (e.g., bathing, dressing, toileting,
continence, and eating). The recommendations in this report are a start
of an important conversation on how these will be conferred to clinical
practice.

3 Etiology of Obesity and Its Health Burden

Obesity arises from a complex interplay of environmental, genetic,
behavioral, and biological factors (Fig. 2). Environmental factors such
as high-calorie diets, rich in processed foods and sedentary lifestyles
are primary drivers of obesity by dysregulating energy homeostasis.
Genetic predisposition can influence appetite regulation, energy
expenditure, and fat storage. Excess caloric intake leads to adipocyte



hypertrophy and hyperplasia. Adipose tissue dysfunction triggers
chronic low-grade inflammation and hormonal imbalances that
contribute to insulin resistance, dyslipidemia, and systemic
complications such as cardiovascular disease. Thus, the accumulation
of excess fat in obesity is associated with numerous health risks (Fig. 3).
First, obesity is a disease in itself, leading to complaints of shortness of
breath, tiredness, joint pain, reduced quality of life by impairing
physical activity, sleep, and mental health. Additionally, obesity
significantly increases the risk of non-communicable diseases (NCDs)
such as type 2 diabetes, cardiovascular disease, certain cancers, and
musculoskeletal disorders. These risks are exacerbated in higher body
mass index (BMI) categories, leading to a reduction in life expectancy.
For instance, life expectancy is predicted to decrease by 8.1-10.3 years
for women and 5.6-7.6 years for men with obesity aged 20-29 years.
Consequently, there is an urgent need for effective prevention and
treatment strategies to mitigate these health risks.
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4 Individual Underlying Causes and

Contributing Factors

Obesity typically has a multifactorial etiology, resulting from the
combined effects of environmental factors (the obesogenic
environment), genetic predisposition, and lifestyle behaviors.
Unhealthy lifestyle factors such as poor dietary habits, reduced physical
activity, inadequate sleep, stress, and socioeconomic and cultural
factors, act together with genetic predisposition and environmental
factors. Less common causes include weight-inducing medication,
endocrine disorders, hypothalamic dysfunction and rare genetic obesity
disorders. Identifying potential underlying medical causes is crucial for



understanding obesity, reducing stigmatization, and providing
personalized treatment advice. Recently the open access tool www.
checkcausesobesity.com was launched, a digital open access tool,
supporting health care professionals to identify potential underlying
causes of obesity. This webtool contains a questionnaire that can be
filled in by a person with obesity. The results can be downloaded or
printed to be taken to their doctor or nurse specialist, providing an
overview of possible underlying causes and contributing factors to the
obesity of this individual.

5 Obesity Treatment

Individuals with obesity should receive timely, evidence-based
treatment aimed at improving clinical manifestations of obesity and
preventing progression to end-organ damage. The treatment of obesity
has evolved significantly over the past few decades, from incorporating
a combination of lifestyle intervention, to pharmacotherapy and
surgical interventions [8].

The cornerstone of obesity treatment is, and remains lifestyle
interventions, which consists of a multidisciplinary integrative
approach aimed towards healthier lifestyle behaviors. These include
dietary adjustments, increased physical activity, and behavioral
counseling to address psychological barriers to weight loss. Effective
dietary strategies often focus on reducing caloric intake, improving
nutritional quality, and promoting sustainable healthy eating habits.
Physical activity recommendations typically include both aerobic and
resistance exercises to enhance weight loss and improve metabolic
health. The impact of these lifestyle modifications extends beyond
weight loss, promoting long-term health benefits both physical and
mental wellbeing. The efficacy of these interventions differs per
individual, acknowledging the unique needs and challenges faced by
each individual. Therefore, a personalized strategy has the best chance
to achieve sustainable lifestyle changes on long term. A weight loss of
>5% is associated with significant improvements in cardiometabolic
risk factors. Weight loss targets should be defined individually based on
clinical profiles, with progress measured in the context of health
outcomes rather than weight loss alone.
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Pharmacotherapy has become an increasingly important
component of obesity management, particularly for individuals who do
not achieve sufficient weight loss through lifestyle modifications alone.
Several medications have been approved for long-term use in obesity
treatment (Fig. 4).

>35%
Roux en-Y gastric bypass
30%
Sleeve gastrectomy
25%
Tirzepatide 15 mg*
20%
15% O ® Semaglutide 2.4 mg, tirzepatide 5 mg*
10% O ® phentermine/topiramate 15 mg/92 mg**
O ® Liraglutide 3 mg
O ® Naltrexone/buproprion 32 mg/360 mg
5%
0, ® Lifestyle interventions

Fig. 4 Lifestyle intervention, Pharmacotherapy and Metabolic surgery show variable effect on
BMI% reduction in adults with obesity. (Figure licensed under CC-BY 4.0) Future therapies for
obesity Article in Melson [8])

Pharmacological interventions targeting that have proved to be
effective are GLP-1 Receptor agonists,: liratglutide, semaglutide,



tirzepatide, show significant reduction of body weight (~5%, 10%,
20%) by mimicking the gut hormone GLP-1, which regulates appetite
and food intake. Dual agonists, which are medications combining
different mechanisms of action, such as phentermine-topiramate and
naltrexone-bupropion, or GLP-1ra and GIP offer additional options for
patients. Semaglutide and tirzepatide do not only promote weight loss
but also reduce cardiovascular risks (See Chapter 15 Anti-obesity

Surgical interventions. For patients with severe obesity or those
who have not responded to other treatments, metabolic (bariatric)
surgery can be highly effective (~ 35% weight loss). Although little is
know about the effect in patients with genetic obesity, procedures such
as gastric bypass or sleeve gastrectomy, have demonstrated substantial
and sustained weight loss, along with improvements in obesity-related
comorbidities (See Chapter 16 Metabolic Bariatric Surgery).

The landscape of obesity treatment continues to evolve with
ongoing research and development. Emerging therapies include
advanced behavioral interventions and many novel pharmacological
agents for obesity in the pipeline [REF]. The integration of personalized
medicine, based on genetic and metabolic profiling, holds promise for
more tailored and effective obesity treatments in the future.

6 Future Challenges

Obesity represents one of the biggest public health challenge of the
twenty-first century. Advances in understanding its pathophysiology,
decrease stigmatization, redefine diagnostic criteria, and warrants
innovative treatments [9]. However, addressing the root causes of
obesity requires prevention which needs a coordinated systems
approach. Policy makers face significant challenges when addressing
this topic. A “whole-of-society” approach involving governments,
healthcare systems, industries, and communities is urgently needed to
tackle this epidemic effectively.

In conclusion, the management of obesity requires a
comprehensive, structured, multidisciplinary approach that combines
lifestyle modifications, pharmacotherapy, and surgical interventions.
Prevention and care with a deeper understanding of the underlying



pathogenicity of obesity and continued advancements in treatment
options will be crucial in addressing this global health challenge.
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1 Introduction

In 1956, Andrea Prader, Alexis Labhart and Heinrich Willi, were the
first to describe a group of patients with the Prader-Willi phenotype
[1]. Diagnostic criteria for PWS were developed, based on clinical
findings. In 1976, an abnormal karyotype with a 15/15 Robertsonian
translocation, was found in a patient who was clinically diagnosed with
PWS [2]. We now know that PWS is caused by the lack of expression of
the paternally inherited genes of the PWS critical region, located on
chromosome 15q11.2-q13 [3] (Fig. 1).
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Fig. 1 PWS-region on chromosome 15; yellow: paternally expressed genes; green: maternally
expressed genes; black: non-imprinted genes

Currently, the estimated prevalence of PWS is 1 in 10.000-30.000
births and affects both genders equally [4, 5].

2 Aetiology and Pathophysiology

PWS is categorized as a genomic imprinting disorder. Due to the
process of genomic imprinting, genes are expressed in a parent-of-
origin manner. Some genes are expressed from maternally inherited
chromosomes and others from paternally inherited chromosomes [6].
In healthy subjects, the PWS region on the maternally inherited
chromosome 15 is silenced by imprinting. The PWS critical region
contains multiple genes and the loss of expression of these genes
results in PWS [7] (Fig. 1).

The PWS region spans several genes, namely MKRN3, MAGELZ2, NDN,
PWRN2Z, PWRN1, NPAP1, SNURF-SNRPN, and several non-coding small
nucleolar RNA genes; SNORD 107, 64, 108, 109A and B, 116, 115 and
IPW [7].

The imprinted domain at 15q11-13 contains two imprinting
centres, the PWS Imprinting Centre (PWS-IC), and the Angelman
Imprinting Centre (AS-IC). The latter is implicated in the rare
neurodevelopmental disorder Angelman syndrome, which is caused by
the absence of expression of the UBE3A gene. The PWS-IC is maternally
methylated and paternally unmethylated and located at the SNURF-
SNRPN promotor/exon 1. The AS-IC does not have a parent-specific
imprint and is located 31 kB centromeric to the PWS-IC [8]. The PWS-IC
and AS-IC cooperate in regulating the epigenetic status and gene
expression at the locus [8].



2.1 Molecular Genetics
2.1.1 Deletion (50-75%)

The 15q11.2-q13 region is highly vulnerable to structural
rearrangements due to the presence of low-copy repeats (LCRs) in the
region [9, 10]. These LCRs also flank the breakpoints of the deletions. A
type 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 Il deletions extends from BP2 to BP3 and
includes 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 missing
entirely and both chromosomes are inherited from the mother. There
are several mechanisms that can lead to a UPD, (1) gamete
complementation; (2) trisomic zygote rescue; (3) monosomic rescue;
and (4) postzygotic errors, such as somatic recombination. The
mechanisms can lead to either a heterodisomy, isodisomy, regions of
both iso- and heterodisomy, and/or segmental disomy [11] (Fig. 2).

Gamete Trisomic rescue Monaosomic Somatic
complementation rescue recombination

Somatic cells

i @b

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 “Methylation
Analysis in Diagnostics; the Episignature”). The imprinting defects are
thought to be random errors in the imprinting process or in early
embryogenesis [12]. A small number of patients with an imprinting
defect have a very small deletion in the PWS-IC region.

PWS is usually a de novo disorder. However, familial cases can occur
in imprinting defects when the deletion is inherited from the unaffected
father with a deletion on his maternally inherited chromosome 15 [13]

(Fig. 3).
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Fig. 3 Example of a family with a pathogenetic variant in the PWS critical region, showing PWS
due to paternal transmission of the variant

2.2 Genotype-Phenotype Correlation

PWS patients with deletions, specifically atypical deletions (different
from the typical type I and type II deletion), have been studied to
attempt to gain insight into phenotype-genotype correlations. Several
case reports have suggested that disruptions of the SNORD-116 gene
cause the primary characteristics of the PWS phenotype [14-19].
Patients with only a small SNURF-SNPRN deletion [20-22] or point
mutation [23, 24] can also present with a PWS phenotype. These
patients 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 occur
exclusively in either one of the genetic subgroups. Particularly, obesity
and hyperphagia occurs equally across the genetic subgroups. Some



studies have found, however, that some features are more common in
patients with either a deletion or UPD(15)mat. Post-term delivery,
higher verbal IQ, psychosis and the occurrence of an autism spectrum
disorder 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 deficits
[27].

3 Molecular Diagnosis

Most cases of Prader-Willi syndrome (>99%) can be easily identified by
DNA methylation analysis through methylation-specific multiplex
ligation-dependent probe amplification (MS-MLPA) (see Chapter
“Methylation Analysis in Diagnostics; the Episignature”). With this
technique, a maternal-only imprint at the PWS locus will be identified,
confirming the clinical diagnosis. It can also assess the approximate
size of a deletion and distinguish between a type 1 and 2 deletion [7].
Often, it can also identify mosaicism. However, it can not distinguish
UPD(15)mat from an imprinting defect caused by an epimutation.

It is generally advised to perform a SNP-array as well, to determine
the exact size of the deletion or to identify a UPD(15)mat due to
isodisomy. In patients with an abnormal MS-MLPA of the locus, without
a deletion, a SNP-array of both the patient and parents is recommended
to identify an epigentic imprinting defect, or a UPD(15)mat due to
heterodisomy (Fig. 4).
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Fig. 4 Molecular analyses in children with a Prader-Willi phenotype

Alternative diagnostic methods would include multilocus
methylation test, which includes detection of other imprinting
disorders as well, such as Silver-Russell syndrome and Temple

Episignature”).

4 Clinical Presentation

Providing that diagnostic testing is available, Prader-Willi syndrome is
usually already diagnosed during infancy. Occurrence of hypotonia and



subsequent neonatal feeding problems, possibly together with small for
gestational age (SGA) birth and cryptorchidism in boys, is often the
main reason for targeted PWS diagnostics. Thus, when comparing
children with PWS, the clinical presentation during infancy is often
comparable. However, when the children become older, the phenotype
diverges and leads to a spectrum of clinical features. At the age of
approximately 2 years, appetite often increases, leading to hyperphagia
later in childhood. During childhood and adulthood, the phenotype of
PWS varies significantly between individuals. Taking this into account,
we will describe the most common clinical features of PWS, which are
mostly caused by hypothalamic dysfunction.

5 Features and Treatment

Many features of Prader-Willi syndrome are related to hypothalamic
dysfunction. For example hyperphagia, disturbed temperature
regulation and sleeping problems. Also various pituitary endocrine
deficiencies can be present.

5.1 Dysmorphic Features

Prader-Willi syndrome is characterized by specific facial features. Holm
et al. published guidelines in 1993 for clinical diagnosis of PWS and
described the “typical facies” of PWS: dolichocephaly (long, narrow
skull shape) during infancy, a narrow face with narrow forehead,
almond shaped eyes, and a small, downturned mouth with a thin upper
lip [28]. Hypopigmentation (fair hair and blue eyes) has been
frequently observed in PWS patients with a paternal deletion [29].
Furthermore, patients with PWS often have small hands and feet.

5.2 Appetite Dysregulation

Hyperphagia is one of the most distinctive features of PWS, and occurs
in 64% of Prader-willi patients [30]. At this moment, hyperphagia in
PWS is not fully understood. It is thought to be caused by several
mechanisms, such as hypothalamic abnormality, altered orbitofrontal
cortex responses, abnormal brain reward system activity, and abnormal
levels of ghrelin and oxytocin [31]. The characteristic course of eating
behaviour and appetite in PWS has been previously described using



different nutritional phases [32]. Starting with a period with failure to
thrive after birth because of feeding difficulties, followed by periode
with normal growth and without feeding problems. After this, around
the age of 18-36 months, children start to gain excessive body weight
without a particular interest in food or increase in calorie intake.
Thereafter, appetite increases abnormally and turns into a state of
hyperphagia [32].

At this moment several studies are being (and have been)
performed with regard to hyperphagia treatment. Currently there is no
consistent treatment regime, other than behavioural treatment of the
individual with PWS, and offering advice to the caregivers on, for
example, a structured daily routine.

5.3 Obesity

Obesity and its complications are the most common causes of
morbidity and mortality in PWS. Obesity is often the consequence of
hyperphagia, however other features of PWS, such as hypotonia,
behavioural issues and related medication, reduced energy
expenditure, and scoliosis can also play a role. Furthermore, body
composition is often altered in PWS, with patients having increased
adiposity and reduced muscle mass, independent of the presence of
obesity. Although growth hormone treatment improves body
composition, (abdominal) adiposity remains present. Usually, at time of
diagnosis, obesity is not yet present. As PWS is currently often
diagnosed during infancy and hyperphagia and subsequent obesity
typically occurs at a later age.

Optimal lifestyle intervention and multidisciplinary care including
psychological /parental guidance, also with regard to eating behaviour,
is essential to prevent obesity-related comorbidities. Early diagnosis of
Prader-Willi syndrome leads to appropriate intervention and guidance
at a younger age, which causes obesity to develop at a later age [33].

5.4 Development/Cognitive Impairment

Patients with PWS usually have a mild intellectual disability with an 1Q
ranging approximately between 60 and 70 [34]. Part of the patients
with PWS has an IQ in the lower-normal range. However, also with a
borderline disability or low-normal intelligence, the authors’



experience is that patients with PWS often struggle to finish regular
education, for example due to their impaired socio-emotional
development and/or a disharmonic intelligence profile.

5.5 Behaviour and Socio-emotional Development

Patients with PWS often have a similar behavioural profile, including
autistic features with cognitive rigidity, behavioural outburst, anxiety,
skin-picking and obsessive compulsive behaviour. The challenging
behaviour in PWS centers mainly around hyperphagia and early
(dietary) intervention. Clear agreements about food in and outside of
the home, can be helpful for management of food related behaviours
throughout life.

Furthermore, there is an increased risk for psychosis, which usually
becomes evident in young adulthood, especially In those who have a
UPD(15)mat as the underlying cause of PWS. In case of sudden
behavioural changes without a clear substrate, one should be aware of
the possibility of psychosis.

5.6 Neurologic and Neuromuscular Symptoms

5.6.1 Hypotonia

One of the main features of PWS is neonatal hypotonia. This is one of
the 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, physical
therapy is already started at a young age to increase muscle mass.
Growth hormone treatment also increases muscle mass and is
subsequently thought to improve motor development in PWS.

5.6.2 Sleep Disorders

Circadian rhythm abnormalities often result in sleeping problems in
PWS, which is thought to be caused by hypothalamic dysfunction.
Furthermore, patients with PWS have increased risk for narcolepsy
with or without cataplexy [36]. Sleep-disordered breathing is more
prevalent in PWS. Including both central- and obstructive sleep apnea,
with central sleep apnea mainly being present in infancy. This often
results 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, medical
history with regard to sleep and fatigue during the day, should be
reviewed frequently and overnight polysomnography (PSG) should be
performed if needed, in order to evaluate the presence of
hypoventilation and/or central—or obstructive apnoea. Growth
hormone treatment is regarded safe, but surveillance for obstructive
sleep anoea is important, and adenotonsillectomiy is sometimes
indicated before start or during growth hormone treatment [37].

5.6.3 Epilepsy
In Prader-Willi syndrome, seizures occur more often than in children

without PWS, mainly during childhood. Epilepsy in PWS is often
transient. Some children do need anti-epileptic medication.

5.7 Endocrine Deficiencies

5.7.1 Growth Hormone Deficiency

Some features of subjects with PWS resemble those seen in growth
hormone deficiency, and growth hormone treatment partly resolves
these issues. Previous studies have shown an increased prevalence of
reduced growth hormone response to stimulation tests, as well as low
IGF-1 levels and low free IGF-1 levels [38]. However, after reaching final
height, the prevalence of growth hormone deficiency is low [39].

Nonetheless, growth hormone treatment is beneficial for children
and adults with PWS, as it improves body composition, lineair growth,
physical strength and cognitive function. Therefore, treatment with
growth hormone is strongly advised to patients with PWS, regardless of
presence of growth hormone deficiency. According to expert opinion,
prevalence of obesity in PWS has decreased considerably the last
decades as a result of growth hormone treatment, in addition to the
multidisciplinary care [40] (Fig. 5).
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Fig. 5 Multidisciplinary care, early diagnosis [33] and pharmacological treatment lead to decrease
in prevalence of obesity in PWS

5.7.2 Pubertal Development and Hypogonadism

Previous research showed that almost all males and a large proportion
of females with PWS, have hypogonadism at an adult age [41, 42].
Hypogonadism is therefore one of the main features of PWS. This is
already apparent in male infants, who often have cryptorchidism at
birth. Furthermore, sexual maturation usually starts at a normal age in
boys with PWS, but in most cases it stops in early to mid-puberty [43].
Girls with PWS also have insufficient sexual maturation, although it is
clinically les obvious as many cases do have breast development, partly
because of the aromatization of androgens in the fat tissue [44, 45].
However, spontaneous menarche and regular periods in females with
PWS are rare [44].



Because of stagnation of puberty progression in both boys and girls,
they do not reach a sufficient blood level of sex hormones. Sex hormone
substitution is highly relevant and important for the overall health and
quality of life. It is essential to prevent osteopenia and osteoporosis,
lower the risk for cardiovascular diseases and it improves body
composition, energy level and general wellbeing [46]. All these aspects
are in particular important in patients with PWS, who are already at
increased risk for osteoporosis [47] and cardiovascular disease, and
almost all have pre-existing hypotonia and fatigue.

In contrast with hypogonadism in later childhood, some children
with PWS have precocious puberty and many have premature
adrenarche [48].

5.7.3 Hypothyroidism

Central hypothyroidism has been described in patients with PWS.
Furthermore, some patients have a mild and transient central
hypothyreoidism during early childhood. Thyroid hormone suppletion
is not always necessary in these cases as the hypothyreoidism often
spontaneously resolves. Growth hormone use is a possible contributor
to this finding. Many patients with PWS use growth hormone
treatment, and growth hormone might interact with the thyroid
hormone axis. Some studies reported low fT4 levels in growth hormone
treated children with PWS [49]. Because of the possibility of central
hypothyreoidism and additional effects of growth hormone treatment,
thyroid function should be monitored in all patients with PWS, with or
without growth hormone treatment.

5.7.4 Adrenal Insufficiency

Central Adrenal Insufficiency (CAI) has been described in patients with
PWS, in particular during childhood. This could be an explanation for
the described increased prevalence of sudden and unexpected deaths,
and clinical deterioration in case of mild viral infections in children
with PWS. Complete adrenal insufficiency is very rare, also in PWS, and
children usually do not need daily treatment with corticosteroids. CAI
has been described during acute stress, and data suggests that children
with PWS have a delayed stress response, indicating that in some
patients stress dosing with corticosteroids is beneficial [50]. Therefore,



clinical symptoms should be evaluated and hypothalamic-pituitary-
adrenal axis testing and/or corticosteroids stress dosing should be
considered in children with PWS, in particular in cases of severe illness
or during surgery and anesthesia. In contrast, in adults with PWS, CAI
seems to bo very rare [51]. This suggests that there could be a
component of delayed maturation of the hypothalamic-pituitary-
adrenal axis in PWS.

5.8 Orthopedic Manifestations

The majority of patients with PWS develops scoliosis, which might be
even more frequent in patients with a paternal deletion than a mUPD
[52]. Repeated imaging is therefore necessary during growth in
childhood in order to monitor progression of scoliosis. Physical therapy
can be initiated and in more severe cases a corset or surgery can be
indicated. Studies have shown that scoliosis in PWS is not related to
growth hormone therapy [53, 54].

Also, hip dysplasia occurs more often in patients with PWS.
Therefore, there should be a low threshold to perform imaging when
hip dysplasia is suspected.

5.8.1 Gastrointestinal

Patients with PWS can have disordered pharyngeal and oesophageal
swallowing. Furthermore, gastric emptying is often delayed and
vomiting is rare. This, together with hyperphagia, can lead to
abdominal distention and other gastro-intestinal problems, which can
even be life-threatening [55].

5.8.2 Other Symptoms

Physical illness can be masked in patients with PWS, because of an
increased pain threshold, absence of fever (because of temperature
dysregulation), and/or inability to vomit due to hypotonia [56]. This is
important to consider when examining a patient with PWS.

Patients with PWS can have ophthalmologic manifestations, in
particular strabismus, but myopia and hyperopia are also common.

6 Differential Diagnosis



Prader-Willi syndrome is often diagnosed relatively early, because of its
symptoms during infancy. However, some conditions show overlap with
the features of Prader-Willi syndrome, these conditions are often
labelled as ‘Prader-Willi-like’ or as part of the ‘Prader-Willi spectrum’
[57]. These patients have, for example developmental delay/intellectual
disability, speech problems, overweight/obesity, hypotonia and
psychobehavioural problems.

The most common genetic causes of a Prader-Will-like phenotype
are: Temple syndrome, Schaaf-Yang syndrome, and PHIP
syndrome/Chung-Jansen syndrome [57].

7 Follow-Up Advices

Surveillance of patients consists of a multidisciplinary approach, with
particular focus on supporting a healthy and structured lifestyle, with
for example involvement of a dietician, psychologist, physiotherapist,
endocrinologist, neurologist, geneticist, ENT specialist, ophthalmologist
and an ortopedist. (Fig. 5) Growth hormone suppletion is advised, in
particular because of beneficial metabolic effects, and substitution of
other hormones is prescribed on indication.

8 Family Screening

In 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 significant recurrence risk. For
example, if the patient has an imprinting defect, caused by a point
mutation, it could be inherited from the unaffected father, which would
result in a recurrence risk of 50%. The recurrence risk assessment
therefore starts with determining the underlying genetic mechanism of
PWS in the patient and should be followed by parental testing to assess
the presence of an underlying genetic alteration in the parents, such as
a balanced translocation or an imprinting center mutation.

Take Home Message
Prader-Willi syndrome is characterized by distinct dysmorphic
features in early life, such as muscular hypotonia and neonatal



feeding difficulties often requiring nasal tube feeding. Because of the
new genetic techniques that are directly available in the neonatal
period, diagnosis is usually genetically confirmed in infancy. And
because of the course of the symptoms with hyperphagia not being
present during infancy/early childhood, obesity is rarely the main
feature in first presentation.

From around the age of 2 onwards, children with PWS often
present with increased appetite and in a later stage hyperphagia,
neurobehavioral problems and mild to moderate cognitive
impairement. Furthermore, hypothalamic dysregulation can result in
endocrine deficits, such as growth hormone deficiency,
hypothyroidism, hypogonadism, and adrenal insufficiency. Other
frequent symptoms are, for example, temperature dysregulation, ear
infections, dental problems, gastro-intestinal complaints, scoliosis
and strabismus.

Many of the symptoms can be attributed to hypothalamic
dysfunction. Growth hormone suppletion is an important part of
treatment strategy. Furthermore, multidisciplinary follow-up is
essential, with particular focus on supporting a healthy and
structured lifestyle. With this treatment strategy, together with
availability of early genetic diagnostic techniques and subsequent
early diagnosis and start of treatment, progress has been made to
improve body composition of patients with PWS.
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1 Introduction

Chung-Jansen syndrome (CHUJANS), also known as PHIP-related
disorder is a rare genetic disorder caused by haploinsufficiency of the
Pleckstrin Homology domain Interacting Protein (PHIP). The PHIP gene
is located on chromosome 6q14. The syndrome was first identified in
the 2016. Patients mainly present with developmental delay, learning
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difficulties or intellectual disability, behavioral abnormalities, obesity
and typical facial features. In 2022, only 67 patients with CHUJANS have
been described in the literature [1]. It is likely that the actual number of
patients is higher than currently reported. At our outpatient clinic in
the Amsterdam UMC, we have seen about 30 patients with CHUJANS.

2 Aetiology and Pathophysiology

Heterozygous pathogenic PHIP variants cause CHUJANS. The PHIP gene
encodes through alternative splicing for the PHIP protein and neuronal
differentiation-related protein. Their function is linked to
neurodevelopment processes. Reported PHIP alterations encompass a
spectrum of variants, including truncating variants, missense
substitutions, splice variants, and larger deletions. There appears to be
no clear clustering of variants or specific hotspots for pathogenic
variants [2]. Although, many of the reported missense variants are
located in the WD40 repeat regions of the PHIP gene [3].

CHUJANS has an autosomal dominant inheritance pattern. The
variant often occurs de novo in the patient, but there are several familial
cases known and mosaicism has been described [3].

2.1 Obesity

In cellular experiments, it was shown that PHIP regulates
proopiomelanocortin (POMC) transcription. Rare loss-of-function
variants in PHIP showed a decrease of POMC transcription. For some
variants, the POMC transcription was shown to be rescuable by leptin
stimulation, suggesting a potential therapeutic target [4].

3 Clinical Presentation

CHUJANS is usually diagnosed in children with developmental delay.
Patients can also initially present with obesity when the learning
problems are mild. The clinical characteristics are summarized in Table
1. The largest published cohort included 47 patients, with a median age
of 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 Reported Reported
frequency frequency frequency
(n=47)[3] (n=23)[5] (n=23)[1]

Developmental delay 85.1% 100% 95.7%
Overweight/obesity 55.8% 74% 69.6%
Behavioral challenges (such as 70.2% 78% 87%
ADHD, autism, anxiety and
depression)
Sleep issues 42.6% 18% 26.1%
Constipation 48.9% 8% 34.8%
Gastroesophageal reflux 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 tractinfection 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 finger) 14.9% 64% 30.4%

Syndactyly 14.9% 30% 26.1%

3.1 Obesity

The prevalence of obesity in CHUJANS differs in the published cohorts,
partly dependent on age. Birth weight is usually normal. About half of
the patients have initial feeding problems. Overweight or obesity is
reported 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 the
cases [1], but starts at a later age as well [3]. Obesity appears to be
more prominent in older individuals. Hyperphagia without obesity can

also 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 and
are diverse. Many patients are diagnosed with autism spectrum
disorder or attention deficit hyperactivity disorder. Anxiety occurs in
around 50% of the patients and depression in almost 30%. Depression
is more common in patients who are overweight or have obesity [3].

3.3 Hearing and Vision

Sensory processing problems are reported in many patients with
CHUJANS. Visual problems are diverse but mostly relatively mild. The
common visual problems are myopia, hyperopia, strabismus,
amblyopia, and astigmatism. Frequent ear-nose-throat problems
include otitis media and inflamed tonsils and adenoids [3]. Hearing
problems (usually conductive hearing loss) already start at a young age
and occur in 12.8% of the patients [3].

3.4 Neurological Problems

In the largest cohort study to date, hypotonia is present in the majority
(80%) of patients, which is a higher frequency compared to the smaller
cohort studies (approximately 30%). Other neurological problems are
less frequent but could involve uncoordinated movements, hypertonia,
tics or seizures [3].

3.5 Other Characteristics

Approximately 40% of patients experience sleep issues [3].
Constipation (48.9%), gastroesophageal reflux disease (23.4%),
asthma/reactive airway disease (27.7%), urinary tract infection
(29.8%) and cryptorchidism (39.1%) can occur. Other features have
been described in fewer patients: hypothyroidism (2.1%), heart defects
(4.3%; e.g. ventricular septal defect) and renal involvement (horseshoe
kidney, unilateral kidney, small kidneys) [3, 6].

3.6 Dysmorphic Features

CHUJANS has a distinct associated facial gestalt [7]. The most
characteristic facial features are large ears and earlobes, prominent
eyebrows, and anteverted nares. A round face, short nose with broad
nasal 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 fifth finger have been
reported as well [8].

3.7 Case

A 42-year-old man was referred to the obesity genetics clinic with the
suspicion of a genetic obesity disorder. He was born at 36 weeks of
gestation after un eventful pregnancy with a birth weight of 2400
grams (p10-p50). There was no history of neonatal feeding problems.
His development was delayed: to stimulate motor development, he had
received physiotherapy at the age of 10 months, after which his
development progressed. He was able to walk at approximately

14 months of age. He learned to read and write, but later than average.
He followed special education, where he was diagnosed with Pervasive
Developmental Disorder-Not Otherwise Specified. There were no
further behavioral problems. He underwent surgery for
cryptorchidism. Now, at an adult age, he works as a waiter. His motor
skills are not impaired although he is still a bit clumsy. His hearing is
impaired (perceptual hearing loss) due to recurrent otitis media
infections. He wears glasses (mild myopia) but has no other eye
problems. Because of constipation he sometimes uses high-fiber
sachets. Until the age of 12 years he was slim, but since then his weight
increased and he became obese. He has an increase appetite since
childhood and ate the food of his siblings if they did not like it. At the
moment he still suffers from hyperphagia; he can continue to eat unless
he is stopped. He also sometimes binge-eats without an apparent
reason. The increased weight caused comorbidities such as
hypertension, dyslipidemia and sleep apnea. There are no people in the
family with an intellectual disability or childhood onset obesity.

On physical examination, his height was 180.5 cm (-0.5 SD), weight
110.6 kg, BMI 34 kg/m? (+3.3 SD) and head circumference 56,0 cm (-1
SD). Apart from his truncal obesity, he has upslanted palpebral fissure,
synophrys, attached earlobes, thin upper lip, dorsocervical fat pad,
some breast development (mostly fat tissue) and cubitus valgus of the
elbows (Fig. 1).



Fig. 1 Photographs of the patient: upslanted palpebral fissure, synophrys, attached earlobes, thin
upper lip, dorsocervical fat pad

Genetic testing in the patient showed a heterozygous likely
pathogenic PHIP variant ((Chr6: NM_017934.7) c.4159_4162del p.
(Leu1387Phefs*19)). His mother’s DNA was analysed and the PHIP
variant was not identified. His father is not tested, but it was suspected
that he did not have the same variant since he did not have a similar

phenotype.

Genotype-Phenotype Correlation
No 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 confirmed by identification of a
heterozygous (likely) pathogenic variant in the PHIP gene. There are no
official diagnostic criteria established for a clinical diagnosis. Patients
are often diagnosed via broad genetic tests such as whole exome or
genome sequencing or episignature testing. In the Amsterdam UMC a
Next-Generation Sequencing (NGS) based obesity gene panel is
available which includes the PHIP gene. When there is a high suspicion
of CHUJANS, one could also order a single-gene analysis of PHIP.

4.1 Episignature Testing

Episignature testing for CHUJANS is also offered as a diagnostic test in
het laboratory of the Amsterdam UMC. This test can help confirm a high
suspicion of CHUJANS in patients where no DNA variant in PHIP was
found. Episignature analysis can also be helpful to classify variants of
unknown significance in the PHIP gene. In particular when the
methylation pattern fits the suspicion for CHUJANS it can help further
interpret 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 definitively confirm CHUJANS a (likely)
pathogenic DNA variant in het PHIP gene has to be located.

5 Differential Diagnosis

There are many syndromic forms of obesity that share overlapping
features with CHUJANS. For many patients, Prader-Willi syndrome is
considered as a differential diagnosis [1], but severe neonatal
hypotonia 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 genetic
obesity disorders have similar features as well as overlapping
methylation signatures [9]. Cornelia de Lange syndrome also has some
overlapping characteristics such as prominent eyebrows. The other
striking Cornelia de Lange syndrome features (skeletal anomalies,
severe intellectual deficiency) are however lacking in CHUJANS [10].



6 Therapy and Follow-Up Advice

At the moment, there is no specific cure for CHUJANS and no formal
guideline for the syndrome exists.

There are also no specific guidelines for obesity treatment in
CHUJANS syndrome. Management is done according to standard
guidelines for obesity. However, because of the syndromic aspects,
patients need a tailored program to support their combined lifestyle
intervention by a multidisciplinary team with specific expertise on
hyperphagia and intellectual deficit. The effect of untargeted obesity
pharmacotherapy is unknown for CHUJANS. Preliminary results of a
phase 2 clinical trial with MC4R-agonist Setmelanotide show that over
50% of the patients achieved a BMI reduction greater than 5% [Rhythm
Pharmaceuticals Announces Updates on MC4R Pathway Programs at
R&D Event | Rhythm Pharmaceuticals, Inc. (rhythmtx.com)].

Doctors should be aware of weight gain when prescribing
psychotropic medications such as anti-epileptic or anti-depressive
drugs. This is particularly important for people with CHUJANS who are
already at a significantly increased risk of developing obesity.

Further management of this syndrome should be tailored to each
individual case, although general concepts e.g. for people with
intellectual disabilities can be applied. Often speech and/or physical
therapy is required. The behavioral problems can require
neuropsychological / psychiatric evaluation. Because of visual
problems in ~65% of the patients, we recommend ophthalmological
surveillance for CHUJANS patients [3].

7 Family Screening

Parents of an index with a (likely) pathogenic variant in PHIP are
offered testing. Since most cases of CHUJANS are de novo, further family
screening is often not necessary. The chance of the parents having
another child with CHUJANS, when their child has a de novo variant, is
small, but a bit higher than the population risk due to the change of
germline mosaicism (the presence of a pathogenic variant in only the
ovaries or testes of a parent). Since CHUJANS is an autosomal dominant


http://rhythmtx.com/

condition, affected individuals with a proven molecular diagnosis have
a 50% chance of passing the PHIP variant on to their children.

Take Home Message

e Chung-Jansen syndrome (CHUJANS) is an autosomal dominant

obesity disorder

[t is caused by a heterozygous genetic defect in the PHIP gene
The main characteristics are developmental delay, behavioral
problems, obesity and hypotonia

Facial features include large earlobes and prominent eyebrows
For obesity treatment, patients need a tailored program for
combined lifestyle intervention supported by a multidisciplinary
team with specific expertise on hyperphagia and intellectual
deficit. The effect of untargeted obesity pharmacotherapy or
bariatric surgery is currently unknown.

An Episignature analysis can further interpret variants of
uncertain significance in the PHIP gene to confirm a clinical
diagnosis
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1 Introduction

The 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 psychiatric
problems. The deletions and duplications also lead to contrasting
clinical phenotypes, often referred to as a “mirror phenotype”.
Deletions of 16p11.2 have been linked to increased frequency of
macrocephaly, whereas individuals with the duplication more often
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have microcephaly. Another striking aspect of this mirror phenotype is
the impact on body weight. Individuals with 16p11.2 deletions are
more likely to have obesity and associated metabolic concerns, such as
insulin resistance. In contrast, individuals with 16p11.2 duplications
tend to be underweight.

Recurrent chromosome 16p11.2 deletions are among the most
common genetic causes of neurodevelopmental problems and obesity.
The most frequently reported recurrent 16p11.2 deletion subtypes are
the ‘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].
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Fig. 1 Anoverview of chromosome 16. Part of the 16p11.2 region is shown in more detail and the
most common deletions of this region, the typical 16p11.2 BP4-BP5 deletion and the distal
16p11.2 BP2-BP3 deletion, are depicted, together with their breakpoints. (Figure adapted from
Vos etal. [3])

2 Molecular Mechanisms

The chromosome 16p11.2 region consists of low-copy repeats (LCR).
Misalignment of these LCRs can lead to non-allelic homologous
recombination and so recurrent deletions and duplications can occur
[4], Fig. 2.
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Fig. 2 Anllustration of the biological mechanism that can result in 16p11.2 deletions and
16p11.2 duplications. (Credit: Figure made by Lotte Kleinendorst)

The ‘typical’ 16p11.2 deletion (OMIM #611913) affects the
breakpoint 4-5 (BP4-BP5) ~29.6-30.2 Mb (size ~600 kb; reference
genome 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) region
of chromosome 16 and comprises 9 genes. Distal 16p11.2 BP2-BP3
deletions occur de novo in ~33% of cases [2, 5, 8]. Additionally, various
typical and distal 16p11.2 region overlapping deletions have been
reported [9].

2.1 SH2B1

Some genes in these typical and distal 16p11.2 regions have been
linked to specific clinical features.



The SHZB1 gene is particularly noteworthy in the context of genetic
obesity. It encodes the SH2B adapter protein 1, which plays a role in the
regulation of energy balance and body weight. This gene is implicated
in the control of appetite, metabolism, and insulin signaling. SH2B1
serves as an adapter protein that interacts with various signaling
molecules involved in metabolic pathways, including those triggered by
leptin. Patients with single nucleotide variants in SHZB1 have been
shown to present with obesity and severe insulin resistance [10, 11].

3 Clinical Presentation

The amount and severity of clinical features varies between individuals
with 16p11.2 deletion, even within the same family. This is important to
keep in mind in consultation, especially of young children whose
parents might wonder what the developmental and overall clinical
outlook is. The observed clinical heterogeneity requires a personalized
approach for all individuals with 16p11.2 deletion, see 5.6 Therapy and
follow-up. Most is currently known about the clinical presentation of
individuals with a typical 16p11.2 BP4-BP5 deletion.

3.1 Typical 16p11.2 BP4-BP5 Deletion

3.1.1 Perinatal Period

The first reported typical 16p11.2 BP4-BP5 deletion case, in 2002, had
intra-uterine growth retardation and multiple severe congenital
anomalies (cardiovascular, skeletal, genitourinary and ocular), as well
as dysmorphic features [12]. Ever since, severe congenital anomalies
have rarely been reported and pregnancy is typically uneventful. In
comparison to the general population, however, there is an increased
rate of congenital anomalies. Vertebral anomalies are most frequent
(20%) and can lead to scoliosis later in life [5, 13]. Various congenital
cardiac (6%), urogenital (8%) and other malformations have been
reported with low frequencies [13]. Neonatal feeding problems (34%)
and neonatal hypotonia (12%) are seen in part of individuals with
typical 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 a
delayed speech and/or language development. Half of individuals with
this deletion have motor difficulties [5, 13, 14]. Hypotonia, in
combination with hypermobility and clumsiness, likely contribute to
this [5, 15].

Large differences in school performance and full-scale 1Q (FSIQ) are
seen. Overall, a ~26.8 point lower FSIQ compared to familial controls is
reported for individuals with typical 16p11.2 BP4-BP5 deletion
(average FSIQ ~82.5) [5, 14]. 1Q profiles are often disharmonic and
verbal 1Q is typically lower than non-verbal 1Q [14, 16]. Intellectual
disability (ID) is reported in 20-30% of individuals with typical
16p11.2 BP4-BP5 deletion [7, 13].

Autistic features are common and approximately 20-25% of
individuals with this deletion are officially diagnosed with autism
spectrum disorder (ASD). Attention Deficit Hyperactive Disorder
(ADHD) is seen in a similar percentage (30%) of cases [7]. Other
behavioral and psychiatric symptoms, like anxiety, obsessive
compulsive disorder (OCD), tics and mood disorders have also been
described, yet less frequently [7]. Currently ongoing large mental health
studies will provide more detailed information on development and
mental health of cases with typical 16p11.2 BP4-BP5 deletion
syndrome.

Epilepsy is reported in 16-24% of cases, of which half are
considered benign infantile epilepsy [5] and absence epilepsy is
reported in 33% [15]. Even though limited information is available in
current literature, individuals with typical 16p11.2 BP4-BP5 deletion
seem to have a higher risk of sleep disturbances than the general
population [17]. In our own clinical cohort, there is a lower prevalence
of epilepsy (10%) and sleep problems are reported in 32% [3].

3.1.3 Weight and Growth

Obesity, often the result of hyperphagia or eating in the absence of
hunger, impacts both mental and physical health and is one of the
cardinal features of typical 16p11.2 BP4-BP5 deletion syndrome [18,
19]. The combination with the aforementioned neurocognitive
problems, can further complicate obesity treatment. Onset of obesity is



typically early in childhood. The typical 16p11.2 BP4-BP5 deletion
cases’ risk of developing obesity is estimated to be 43 times higher than
non-carriers [13, 20]. Eventually, approximately 75% of adults with
typical 16p11.2 BP4-BP5 deletion develop obesity (45% morbid
obesity) [5, 13].

Occipitofrontal circumference (OFC) is generally larger than OFC of
non-carrier relatives. Approximately 17% of cases have macrocephaly
(OFC standard deviation score; SDS or z-score 22) [13, 15]. Final height
of individuals with typical 16p11.2 BP4-BP5 deletion is slightly below
average [13]. Height SDS is —=0.8 SD in our own cohort, consisting of
children and adults [3].

3.1.4 Other

Imaging 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/vision
problems have been reported; ptosis, deep-set and downslant of eyes,
hypertelorism, strabismus hyperopia and myopia [22, 23]. Even though
various dysmorphic features have been described, no specific
dysmorphic features stand out as disorder-specific.

3.2 Distal 16p11.2 BP2-BP3 Deletion

3.2.1 Perinatal Period

Less large clinical cohorts of individuals with distal 16p11.2 BP2-BP3
deletions have thus far been published. Non-specific congenital
anomalies have been reported in a few cases [24]. In our own clinical
cohort of 19 individuals, neonatal feeding difficulties and hypotonia
were reported in 5% and 40%, respectively [3].

3.2.2 Neurodevelopmental and Psychiatric Features

The penetrance of distal 16p11.2 BP2-BP3 deletions for
neurodevelopmental issues is estimated to be less than that of typical
16p11.2 BP4-BP5 deletions. However, developmental delay is observed
in 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% and
speech/language development in 73% of individuals with distal



16p11.2 BP2-BP3 deletion. FSIQ information in literature and our own
cohort is incomplete. Approximately half of individuals with distal
16p11.2 BP2-BP3 deletion in our own cohort had an IQ test (average
FSIQ 83) and of those individuals, 40% have ID [3]. ASD is reported in
20-26% and ADHD in 33% [3, 25, 26]. Mental health studies,
previously mentioned for individuals with typical 16p11.2 BP4-BP5
deletions are also aiming at clarifying the cognitive functioning and
prevalence of mental health disorders in individuals with distal
16p11.2 BP2-BP3 deletions. Approximately 14-16% of individuals have
a form of epilepsy [3, 25].

3.2.3 Weight and Growth

The distal 16p11.2 BP2-BP3 deletion is associated with hyperphagia
and a strongly increased risk of developing obesity from early
childhood and obesity-related comorbidities such as type 2 diabetes
[24-26]. In our own cohort, 61% of individuals with distal 16p11.2
BP2-BP3 deletion report hyperphagia and 74% have obesity [3]. On
average, individuals with this 16p11.2 deletion had a BMI SDS of 3.2 in
our 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 typically
normal [3, 27].

4 Diagnosis (Index Case)

The diagnosis is typically established by chromosomal microarray
(CMA) analysis. However, other diagnostic techniques with CNV
analysis (e.g. Whole Exome Sequencing (WES), Next-Generation
Sequencing (NGS) obesity gene panel) are increasingly used in cases
with developmental delay, ASD, obesity and/or epilepsy. Future
diagnostic 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 identification of a pathogenic 16p11.2 deletion in an index
patient, relatives can be referred for counseling and targeted
chromosome 16p11.2 analysis. Our recommendation is to first perform
this 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, risk
for (future) siblings of the index patient is low (1-2%) and testing is
only recommended if siblings have clear symptoms. If the 16p11.2
deletion is identified in one of the parents, the (future) siblings of the
index patient have a 50% chance of having the 16p11.2 deletion as well,
see Fig. 3.

Determine risk for
siblings of index:

Option 1: parental
Referral of parents for carrier: >50% chance
genetic counseling for their offspring

16p11.2 deletion

identified in index
patient

and targeted Option 2: de novo
chromosome 16p11.2 16p11.2 deletion: <1-
analysis 2% chance for their
oftspring --> testing
recommended in case
of clear symptoms

Fig. 3 Flow chart of recommendations for testing of relatives after initial diagnosis of 16p11.2
deletion in index patient

6 Therapy and Follow Up

Currently, no 16p11.2 deletion syndrome guideline exists and a
generalized approach is difficult due to the observed clinical
heterogeneity. Therapy and follow-up of individuals with 16p11.2
deletion should be tailored to the individual case. Knowledge of this
disorder and early detection of associated features can help optimizing
guidance and treatment.

These individuals, particularly with typical 16p11.2 BP4-BP5
deletion, are at increased risk of having congenital anomalies. In case a
congenital anomaly is suspected (e.g. heart murmur), cardiac, renal,
spinal and brain imaging can be considered.



Monitoring of milestones is important for all individuals with
16p11.2 deletion, as speech and/or physical therapy might be required.
In case of developmental delay, learning difficulties and/or behavioral
problems, a full neuropsychological evaluation is advised and should
ideally be repeated prior to or during transitional phases. In case of
psychiatric features, a psychiatric evaluation might be required. Caution
is required when prescribing psychotropic (and for example anti-
epileptic) medication, as these drugs might lead to weight gain and
these individuals already have a strongly increased risk of developing
obesity. If, however, psychotropic medication is required, extra
attention is needed for weight gain, which often accompanies their use.
Clinicians can consider starting metformin in an early stage in order to
prevent medication induced weight gain [30].

Neurological evaluation can be considered in cases with suspected
epilepsy or other neurological features.

Monitoring of weight and growth is recommended due to the
increased risk of early onset obesity and potential benefits of early
detection and intervention. Individuals with 16p11.2 deletion often
require a more specialist and multidisciplinary approach, as obesity is
often therapy resistant. Medication trials targeted at specific genetic
obesity disorders, in which the efficacy of setmelanotide (an MC4R
agonist) is being evaluated, provide hope of an anti-obesity remedy for
certain cases with genetic obesity. The SHZ2B1 gene, located within the
‘distal’ 16p11.2 BP2-BP3 region, is considered a component of the
leptin-melanocortin pathway, making individuals with a ‘distal’ 16p11.2
BP2-BP3 deletion eligible for these medication trials. Unfortunately,
individuals with ‘typical’ 16p11.2 BP4-BP5 deletions are currently not
included in these studies. Alternative non-targeted pharmacological
options are being evaluated and liraglutide, a glucagon-like peptide 1
(GLP-1) analogue was shown to be effective in one case with distal
16p11.2 BP2-BP3 deletion and one case with typical 16p11.2 BP4-BP5
deletion [31]. In case of abnormal growth, endocrine evaluation,
including hormonal status and bone age, should be considered to
determine whether additional treatment or diagnostics are required. In
case of atypical or severe symptoms, additional genetic testing should
be considered to search for a potentially underlying second genetic
diagnosis.



Current research is aimed at further understanding clinical
heterogeneity, by assessing the role of polygenic and epigenetic
contribution. Additionally, pharmacogenetic profiles or passports can
aid in providing an optimized and personalized treatment for
individuals with 16p11.2 deletion syndrome.

7 Summary/Take Home Message

A 16p11.2 deletion, whether ‘typical’, ‘distal’ or overlapping, makes an
individual susceptible to various neurodevelopmental issues,
hyperphagia and childhood onset obesity. Clinical heterogeneity, also
within families, requires a personalized and often multidisciplinary
approach. Therapeutic anti-obesity options, like currently in medical
trials for individuals with a ‘distal’ 16p11.2 BP2-BP3 deletion and
obesity, are needed for individuals with a ‘typical’ 16p11.2 BP4-BP5
deletion and obesity. Research focusing on further understanding
interindividual differences and prediction of clinical trajectories is
currently ongoing.
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1 Introduction

Schaaf-Yang syndrome (SYS) is a rare genetic disorder that affects
neurodevelopment. It was first described in 2013 and currently over
250 cases have been published [1]. The syndrome is caused by
heterozygous pathogenic variants on the paternal allele of the MAGELZ
gene. This gene is located within the Prader-Willi critical region,
chromosome locus 15q11.2, see Fig. 1. Large deletions or methylation
defects of this region lead to Prader-Willi syndrome (Chapter “16p11.2
Deletion Syndrome”). There are many clinical similarities between SYS
and PWS. In both disorders, the patients typically present with neonatal
hypotonia and feeding problems. All patients have developmental delay,
which can lead to intellectual disability ranging from mild to severe. An
important distinctive feature of SYS is the presence of joint
contractures, which can range in severity from mild contractures in the
fingers to lethal arthrogryposis multiplex congenita or foetal akinesia.
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Fig. 1 Prader-Willi critical region (chromosome locus 15q11.2) including the MAGELZ gene
shown in red

2 Aetiology and Pathophysiology

Schaaf-Yang syndrome is caused by heterozygous (likely) pathogenic
variants on the paternal MAGELZ allele. Since MAGELZ is maternally
imprinted, only the paternally derived allele is expressed. Therefore,
maternal pathogenic variants will not lead to a phenotype. The
penetrance for paternal pathogenic variants is considered to be 100%

[1].

2.1 Obesity

The MAGELZ gene is involved in the food-satiety centre in the
hypothalamus. Magel2 null-mice have obesity and are less active than
normal mice. These mice show a progressive loss of leptin sensitivity,
probably caused by decreased LepR trafficking to the cell surface in the
POMC neurons [2]. This reduced POMC activity would lead to
hypoactivation of downstreaming MC4R expressing neurons, causing
hyperphagia and obesity. In addition, people with Schaaf-Yang
syndrome are likely more prone to obesity due to other factors, such as
a lack of physical activity because of the developmental delay. Similarly
to Prader-Willi syndrome, the low muscle tone (hypotonia) and low
amount of muscle mass (low lean body mass) in people with SYS could
also lead to a low resting energy expenditure [3]. The contractures and
other skeletal abnormalities such as scoliosis could also cause patients
with SYS to perform less exercise.

3 Clinical Presentation



SYS is usually diagnosed in the neonatal period because of generalized
hypotonia and feeding problems. The muscular hypotonia is present in
all cases, but can be variable in severity. Similar to PWS, almost all new-
borns with SYS have feeding problems, with many of them needing
nasogastric tube feeding.

Many children with SYS have difficulty breathing at birth and about
half need respiratory support. In the majority of cases, pregnancy is
without abnormalities, but decreased fetal movement and
polyhydramnios can occur [4]. Some patients have very severe joint
contractures that can be detected during pregnancy. Most patients have
less severe distal joint contractures.

All patients have neurodevelopmental delay and around 75% have
autistic behaviour [4]. The severity of intellectual disability differs:
there are cases with low-normal intellectual performance, but there are
also patients that never acquire speech or walking. Seizures and
epilepsy is present in around 30-40% of the patients [1].

Various endocrine problems can be seen in SYS, such as growth
hormone deficiency, hypopituitarism, and hypogonadism.

3.1 Dysmorphic Features

The reported dysmorphic features are non-specific and include a
prominent forehead, low-set ears, and prognathism with a squared-off
chin [5]. Other physical features reported are small hands, short feet,
scoliosis, and kyphosis.

3.2 Obesity

In Schaaf-Yang syndrome, obesity and excessive hunger (hyperphagia)
tend to appear later in childhood than they do in Prader-Willi
syndrome [1, 6]. Because of high variability between the patients, there
is no clear age-of-onset for the obesity in SYS. About 40% of people
with Schaaf-Yang syndrome experience significant weight gain or
obesity [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 cognitive
impairment compared to those with severe cognitive impairment [6].
One reason why people with SYS may be less prone to obesity in
childhood compared to those with PWS could be that SYS patients



generally have lower cognitive ability and are often not able to
independently obtain food. This may contribute to the development of
obesity later in life as cognitive skills improve.

4 Clinical Diagnosis

The diagnosis SYS is established by identification of a (likely)
pathogenic variant in the paternally derived MAGELZ allele. There are
no official criteria for a clinical diagnosis. Neuroimaging can be
considered at diagnosis, which can show delayed myelination,
abnormalities of the corpus callosum, and an abnormal pituitary gland

[4].

5 Differential Diagnosis

The differential diagnosis of SYS is highly dependent on the age of the
patient because the neonatal presentation differs from the clinical
features later in life.

Differential diagnosis for neonatal presentation (hypotonia and
feeding problems)

Prader-Willi syndrome

Temple syndrome

Spinal muscular atrophy
Arthrogryposis multiplex congenita
Congenital Myasthenic Syndromes
Congenital myotonic dystrophy

Differential diagnosis childhood/adulthood presentation (developmental
delay, autistic features, short stature, obesity).
Syndromic obesity disorders such as

Prader-Willi syndrome
GNAS-inactivating disorders
Temple syndrome
Chung-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 exome
sequencing or genome sequencing. The majority of the cases can be
found with sequencing analysis, as only single cases of small deletions
have been described [1, 8].

Virtually all pathogenic variants are truncating variants [4]. After
detection of a (likely) pathogenic MAGELZ variant, testing for the
parental origin is needed by methylation-sensitive sequencing.

7 Genotype-Phenotype Correlation

There are some MAGELZ variants with well-described genotype-
phenotype correlations. The ¢.1996delC variant is described in multiple
perinatal lethal cases. The ¢.1966dupC variant is the most common
described pathogenic variant, which is found in about half of the SYS
cases [1]. Patients with this variant have a severe SYS phenotype with a
more profound intellectual disability. Interestingly, this subgroup of
patients shows less hyperphagia and less excessive weight gain than
patients with SYS caused by other pathogenic variants [9]. There is no
specific MAGELZ variant reported that clearly gives a more pronounced
hyperphagia or obesity phenotype.

8 Management

Currently, there is no specific cure for Schaaf-Yang syndrome, and
management is primarily supportive in nature. Early intervention
services, such as speech and language therapy and occupational
therapy, are important to maximize the functional outcomes and quality
of 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 the
severe respiratory distress [1]. Periodic polysomnography is needed to
assess for apnea, which can be both central and obstructive [4].

Another important symptom in the neonatal phase are the severe
feeding problems. Many infants will need nasogastric tube feeding.



Prolonged feeding problems can lead to the placement of a gastrostomy
tube in a significant part of the patients.

For all patients, the assessment of development and behavioural
problems is needed. As autism spectrum disorder is often diagnosed in
SYS, we recommend testing when the parents see signs of autism in
their child. There are screening questionnaires and checklist especially
designed to test for autism in toddlers.

Evaluation of height and weight is very important in SYS because of
the possibility of growth hormone deficiency and to monitor the
development of overweight and obesity.

When prescribing psychotropic medication or antiepileptic drugs,
healthcare professionals should consider the obesogenic effects of
these drugs because of the increased risk for obesity in SYS patients.

8.1 Clinical Trials

Studies with rapamycin are proposed and might influence the
neurodevelopmental problems in SYS [10].

9 Therapy

Children with SYS and growth retardation can be treated with
recombinant human growth hormone. A clear increase in height and a
decrease in BMI have been reported. Moreover, the parents of the
patients report improved muscle strength and some even improved
motor and cognitive development during the treatment [11]. One
person with SYS who was receiving growth hormone therapy reported
a worsening of their sleep apnea. It is therefore recommended to
perform a polysomnography before starting growth hormone therapy
[1]. Other than growth hormone therapy, there are currently no specific
treatment options for the obesity in SYS, but Magel2-null mice appear
to be very responsive to setmelanotide, a melanocortin 4 receptor
agonist [12]. Further research will have to show whether setmelanotide
also has a clinical effect in SYS patients.

10 Family Screening



In approximately 50% of patients with SYS, the pathogenic MAGELZ2
variant is inherited from an unaffected father. In the other half of the
patients, the variant occurred de novo on the paternal allele.

Paternal germline mosaicism of a MAGELZ variant is also reported
[13].

When the father carries the MAGELZ variant, the recurrence risk for
siblings is 50%.

For other family members, it is important to test the paternal
grandmother of the proband for the presence of the MAGELZ variant.
Paternal aunts of the proband will not have children with SYS if they
carry the pathogenic variant, but their sons do have an increased risk of
having a child with SYS.

Take Home Message

Schaaf-Yang syndrome is a neurodevelopmental disorder closely
related to Prader-Willi syndrome. The obesity and hyperphagia in
Schaaf-Yang syndrome generally develop later than in Prader-Willi
syndrome and appear to be less severe. Approximately 40% of the
reported patients have excessive weight gain or obesity.
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1 Introduction

Bardet-Biedl syndrome (BBS) is a pleiotropic genetic disorder that
affects multiple organ systems such as the eyes, kidneys and central
nervous system. It is caused by (likely) pathogenic variants in genes
that are important for the structure and/or function of the cilia, and is
therefore 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 multiple
organ systems are involved in BBS [1]. The main characteristics of BBS
are retinal dystrophy, obesity, urogenital anomalies, polydactyly and
learning disabilities (see Fig. 1).



clinical features

learning
disabilities

rod-cone
dystrophy

kidney
central disease
obesity

polydactyly hypogonadism &

genitourinary
abnormalities



Fig. 1 Diagram of the main characteristics of Bardet-Bield syndrome

Bardet-Biedl syndrome is named after the French physician Georges
Bardet who in 1920 described several patients with retinitis
pigmentosa, polydactyly and obesity [2], and a Hungarian physician
Artur Biedl who 2 years later described siblings with similar
characteristics [3] and recognized the overlap with Bardet’s patients.

The prevalence of BBS varies between geographical areas, with the
highest report of 1:3700 on the Danish Faroe Islands [4], followed by
the Canadian island Newfoundland with a prevalence of 1:18,000 [5]
and La Réunion Island with a prevalence between 1:45,000 and
1:66,000 [6]. In consanguineous populations such as the Bedouin
population of Kuwait the prevalence of BBS is also high (1:13,500) [7].
These high prevalences are caused by the geographical isolation and
founder effects. In Spain an estimated prevalence of 1:407,000 was
described in 2015 [8]. The prevalence in the United Kingdom and North
America is estimated to be around 1:100,000 [9]. Epidemiological
studies on BBS from Asia and Africa are limited. A nationwide survey in
Japan in 2015 identified only seven BBS patients [10], with variants in
the BBS2, BBS5 and BBS7 gene.

2 Aetiology and Pathophysiology

BBS is a ciliopathy. Ciliopathies are divided into two groups: motile and
immotile. Immotile cilia are primary cilia and, as the name suggests,
lack the ability to move actively but play an important role in cell
signaling. In BBS the nonmotile cilia are affected. They are present on
most cell types, including the photoreceptors, neurons, renal tubular
cells, kinocilia (inner ears) and osteocytes [1].

At least 26 genes are known to be associated with BBS. Eight of
them encode highly conserved BBS proteins (BBS1, BBS2, BBS4, BBS5,
BBS7, BBS8/TTC8, BBS9, and BBS18/BBIP1) that form an octameric
complex called the BBSome, which is important for the function of the
cilium. The formation of the BBSome is established by Chaperonin-like
BBS proteins (BBS6, BBS10 and BBS12) and small GTPases [11]. The
BBSome has ciliary functions as well as intracellular functions such as
vesicular trafficking, cell cytoskeleton dynamics, gene expression, and



cellular and organelle homeostasis [11]. The pathophysiology of the
retinal dystrophy in BBS involves changes in the structure of the
photoreceptor, including mislocalization of rhodopsin, and apoptosis
[12].

2.1 Obesity

The pathogenicity of the obesity and hyperphagia phenotype in BBS is
not completely understood. The BBSome appears to be a regulator of
energy balance by influencing the hypothalamic leptin-melanocortin
pathway (see Chapter “Non-syndromic Leptin Melanocortin Pathway
Disorders”). The BBsome plays a role in localizing the leptin and insulin
receptor on the plasma membrane. In mice with a targeted BBS1 gene
deletion, the impaired BBSome in both the proopiomelanocortin
(POMC) and agouti-related peptide (AgRP) neurons leads to obesity
and hyperphagia [13].

2.2 Inheritance

BBS is inherited in an autosomal recessive manner and is caused by
biallelic (likely) pathogenic variants in any of the 26 BBS associated
genes. There is significant intra- and interfamilial phenotypic
variability. In most cases, both parents of an affected patient are healthy
heterozygote carriers. In some cases, uniparental disomy and de novo
occurrence of one variant has been described [14]. While oligogenic
inheritance of BBS was proposed, this has not been substantiated in
recent studies [15].

3 Clinical Presentation

Apart from obesity, multiple organ systems such as the eyes, kidneys
and central nervous system are affected in BBS. Although the
presentation of polydactyly in combination with genital and/or kidney
anomales can lead to a pre- or neonatal diagnosis of BBS, the diagnosis
is usually established in childhood or early adulthood, coinciding with
the onset of the visual deterioration. Common characteristics of BBS
are 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 Obesity

Obesity is present in up to 89% of patients and usually develops in the
first year of life. Birth weight is within normal range in the majority of
cases. The highest median BMI z-scores in childhood is seen at the age
of two to five [16]. As children progress to adolescence the fat
distribution is typically centrally located; also known as truncal obesity
[15, 16]. Metabolic syndrome is more prevalent in individuals with BBS
compared with matched controls [17].

Obesity can lead to an earlier onset of puberty and therefore
patients with BBS can be taller during childhood compared to other
children their age. The final height at adulthood is normal [16].
Excessive hunger (hyperphagia) is frequently reported and associated
with the obesity [18]. Comorbidities of obesity are common and include
type 2 diabetes mellitus, cardiovascular morbidities, non-alcoholic fatty
liver disease (NAFLD), sub-clinical hypothyroidism, polycystic ovary
syndrome (PCOS) and skin conditions such as striae and acanthosis
nigricans.



3.2 Retinal Dystrophy

Retinal degeneration is seen in approximately 94% of all BBS patients
and is therefore the most prominent characteristic of BBS [15]. There is
significant variation in the age of visual deterioration. The lack of
retinal dystrophy in the absence of molecular confirmation should
prompt the clinician to consider differential diagnoses. Night blindness
in the first decade of life is often the initial sign of visual deterioration
in patients. After that, peripheral vision will progressively decrease and
often patients are registered legally blind between the second and third
decade of life. Patients also experience diminution of color
discrimination and visual acuity [12]. BBS patients typically have a rod-
cone dystrophy with early macular involvement.

3.3 Cognitive Impairment

Learning disabilities and developmental delay are present in 66% of
the BBS patients [15], equally affecting females and males.

3.4 Genital Anomalies

Males with BBS may present with a micropenis, small-testicular volume
and/or cryptorchidism (9%) [15]. Females with BBS can have
structural genital anomalities such as a hypoplastic uterus, ovaries or
fallopian tubes. Relatively few men and women with BBS have been
reported in the literature to have biological offspring [15, 19]. This may
in part be due to subfertility but for many it may also relate to personal
choice and developmental delay.

3.5 Kidney Disease

Kidney disease and/or malformations occur in 52% of the BBS patients
[15]. A wide spectrum of structural renal anomalies have been reported
including hydronephrosis, vesicoureteral reflux, horseshoe kidney,
kidney cysts and ectopic, duplex, or absent kidneys. Less than 10% of
patients need a kidney transplantation due to end stage renal failure.

3.6 Skeletal Abnormalities

The most frequent congenital malformation seen in patients with BBS
is polydactyly (79%) [15]. The extra digits are typically postaxial.



BBS17 is associated with mesoaxial polydactyly [20]. Brachydactyly is
frequently reported. Syndactyly can be present but is less common.

3.7 Facial Dysmorphic Features

The facial dysmorphic features are not very distinct and may also be
completely absent. Typical features include brachycephaly,
macrocephaly, narrow forehead, deep-set eyes, hypertelorism,
downslanted palpebral fissures, a flat midface, flat nasal bridge, long
and smooth philtrum, dental crowding or hypodontia, high-arched
palate and retrognathia [21]. Figure 2 shows photographs of a patient
with BBS illustrating some of the dysmorphic features.

Fig. 2 Photographs of a patient with Bardet-Biedl syndrome with homozygous pathogenic
variants in MKKS: arched eyebrows, upturned nose tip, retrognathia, brachydactyly and
polydactyly (extra digits have been resected)

3.8 Other Medical Problems

There are many other physical problems that can be associated with
BBS. Examples include: epilepsy, ataxia/poor coordination,
anosmia/hyposmia, oral/dental abnormalities, Hirschsprung disease,
hearing loss due to recurrent otitits media and laterality defects such as
situs inversus [15].

3.8.1 Prenatal Diagnosis



Since whole exome sequencing is increasingly performed during
pregnancy and the availability for ultrasounds and fetal MRIs increases,
itis likely that BBS will be diagnosed antenatally more often in the
future. Typical ultrasound findings include postaxial polydactyly,
enlarged and hyperechogenic kidneys or absent or cystic kidneys [22-
25]. Urogenital malformations can sometimes also be detected by
prenatal ultrasound or after birth.

3.8.2 Genotype-Phenotype Correlation

A meta-analysis of 899 BBS patients analysed genotype-phenotype
correlations and indicated that frameshift or splicing BBS gene variants
are typically associated with a more severe phenotype than those with
single amino acid subsitutions or short in-frame deletions [26].
Pathogenic variants in BBS1, BBSZ en BBS10 were most frequently
reported with BBS1 cases showing a milder phenotype. All pathogenic
BBS gene variants were associated with a high penetrance of retinal
degeneration. Polydactyly is more frequently observed in BBSZ2. Renal
anomalies are more frequent in BBS2, BBS7, or BBS9. Kidney disease is
more frequent and manifests itself at a younger age in patients with
pathogenic variants in SDCCAG8 [27]. Interestingly, pathogenic BBSZ2
gene variants are considered to lead to a less obese subtype, while
cases with pathogenic BBS4 variants display severse early-onset
obesity. However, there was (mostly) no conclusive difference between
the different BBS genes for the feature obesity [15, 26].

4 Clinical Diagnosis

Revised diagnostic criteria for BBS have been published in 2024 and
include the age of the patient, (primary and secondary) clinical criteria
and molecular diagnosis (Table 2) [28].

Table 2 Revised diagnostic criteria for BBS [28]

Age Primary clinical Secondary clinical |Requirements for BBS diagnosis
criteria criteria




Age Primary clinical Secondary clinical |Requirements for BBS diagnosis
criteria criteria
In utero |Polydactyly Hydrometrocolpos |Diagnosis with high level of
Hyperechogenic Situs inversus confidence:
kidneys Foetus BBS genetic testing positive
+ at least 1 primary criteria
Diagnosis with moderate level of
confidence:
Affected sib BBS genetic testing
positive
+ at least 1 primary criteria
OR
2 primary +1 secondary criteria
Urgent foetus genetic testing is
recommended
0- Polydactyly Hydrometrocolpos |Diagnosis with high level of
16 years | go11y obesity Micropenis confidence:
Early onset retinal Neurodevelopmental |  Child’s BBS genetic testing positive
dystrophy disability + at least 1 primary criteria
Kidney Anosmia/hyposmia |OR

anomalies/dysfunction

If genetic testing is not available for
the patient at least 4 primary criteria

OR

If genetic testing is not available for
the patient at least 3 primary criteria

+ at least 2 secondary criteria

Diagnosis with moderate level of
confidence:

If genetic testing is not available for
the patient

Affected sib BBS genetic testing
positive

+ at least 2 primary criteria




Age Primary clinical Secondary clinical |Requirements for BBS diagnosis
criteria criteria

2 Polydactyly Hypogonadism Diagnosis with high level of

16 years Obesity Micropenis confidence:
Retinal dystrophy Neurodevelopmental | BBS genetic testing positive
Kidney disability (NDD) Retinal dystrophy
anomalies/dysfunction | Anosmia/hyposmia + at least 1 other primary criterion

OR

If genetic testing is not available for
the patient

Retinal dystrophy
+ at least 3 other primary criteria
OR

If genetic testing is not available for
the patient

Retinal dystrophy
+ at least 2 other primary criteria
+ at least 2 secondary criteria

Diagnosis with moderate level of
confidence:

If genetic testing is not available for
the patient

Affected sib with BBS (proven by
genetic testing)

+ at least 2 primary criteria

5 Differential Diagnosis

The differential diagnosis of BBS varies depending on the phenotype of
the patient. Possible differential diagnoses include:

e Alstrom syndrome
e Joubert syndrome
e Meckel syndrome

e Senior-Lgken syndrome

e Laurence-Moon syndrome
e Type 2 Biemond syndrome
e Carpenter syndrome

e Cohen syndrome




e Prader-Willi syndrome

6 Molecular Diagnosis

The diagnosis is established by identification of disease-causing
variants in one of the 26 genes known to be associated with BBS (Table
3) [28]. It is likely that more BBS genes will be discovered in the future
as the identification of novel BBS genes has increased in recent years.
As an example, in 2010 there were only 14 genes known to be
associated with BBS, while now there are 26. FBN3 is an newly

proposed 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) 3929 Unknown

SCAPER (BBS24) |15q24.3 Unknown

CEP164 (BBS25) [11qg23.3 <1%

SCLT1 (BBS26) 4q28.2 <1%

Certain populations have a high prevalence of BBS and some have
known founder mutations. A founder splice site variant
(c.1091 + 3G > C) in BBS1 was identified on the Faroe Islands [4]. In
Newfoundland and Pakistan variants in the MKKS/BBS6 gene [5, 30]
and in South Africa a specific variant (K2431fsX15) in BBS10 [31] were
more commonly found. In patients with a European/Caucasian descent
most variants are found in BBS1 and BBS10, while the BBS3 and BBS9
gene are affected more often in patients with an Asian descent. In
general, most variants are found in de genes affecting the BBSome [1].

When BBS is suspected, a multigene panel can be requested
including all the BBS genes. If the clinical diagnosis is less certain
broader diagnostic testing such as whole exome sequencing or whole
genome sequencing may be considered. Broader genetic testing
introduces the risk of finding variants of uncertain significance and
incidental findings, but makes it possible to find (potential) new BBS
genes. Recently a likely pathogenic variant in a noncoding region of
BBS10 was indentified [32].

7 Management

There is no cure for BBS. The treatment is aimed at reducing symptoms
and preventing complications. Management is personalised and varies
between patients based on their phenotype and is often
multidisciplinary. Healthcare providers may include the paediatricians,
ophthalmologists, nephrologists, endocrinologists, psychologists,
dietitians and clinical geneticists. The general practitioner usually has a
coordinating and supportive role.



Surveillance in patients with BBS varies between countries. An
international consensus statement about the management of BBS [28]
describes the importance of early detection of congenital
abnormalities. Polydactyly is usually surgically corrected by a plastic
surgeon in the first year of life. Since developmental problems and
obesity are common, developmental milestones and weight should be
monitored from birth. Physiotherapy or speech therapy are often
beneficial. Regular ophthalmological examination including ERG and
OCT is useful especially whilst residual vision remains. Regular renal
examination is advised to monitor for deteriorating renal function,
especially in the context of potentially nephrotoxic and/or medication
that is excreted via the kidneys [28]. The potential obesogenic effects of
some drugs such as some antiepileptics or antidepressants should be
considered.

7.1 Management of Obesity

Healthy nutrition and sufficient physical activity are the first steps in
the treatment of obesity in patients with BBS. Guidance by a dietician
and/or physiotherapist is advisable. The dietician should have
experience with hyperphagia, as this can be the underlying cause of the
obesity in patients with BBS. Possible learning disabilities and visual
impairment must also be taken into account due to the potential impact
on mobility. Healthcare providers with a specialist interest in
monogenic obesity are usually best placed to provide support.

When lifestyle modifications have not achieved adequate weight
management, other treatment options such as medication or bariatric
surgery can be considered. The effect of bariatric surgery in people
with BBS is not clear. Bariatric procedures may include an adjustable
gastric band, sleeve gastrectomy and Roux-en-Y gastric bypass [9].
More recently, the MC4 receptor agonist, setmelanotide, has been
approved for BBS in patients aged 2 years and older. Setmelanotide
targets the melanocortin 4 receptor pathway and induces weight loss
by decreasing appetite. The first study of setmelanotide in patients with
BBS was only recently published [33], and long term outcomes are still
pending. A short term outcome study identified at least a 10%
reduction in bodyweight in 32.3% of the BBS patients after 1 years of
setmelanotide use [34]. Frequently reported side effects of



setmelanotide are injection site reactions, skin hyperpigmentation and
nausea/vomiting. Glucagon-like peptide-1 (GLP-1) receptor agonists
can also be prescribed to patients with BBS. The effect of GLP1 receptor
agonists specific in patients with BBS has not been studied extensively.
It has been suggested that GLP-1 receptor agonists might not be as
effective in treating disorders such as BBS that adversely impact the
MC4 pathway in the hypothalamus [35].

7.2 Advances in Gene Therapy

A clinical trial for gene therapy targeting retinal dystrophy in patients
with disease causing variants in BBS1 is expected to commence start in
the near future. Since gene therapy for some other causes of retinal
dystrophy have been proven effective, there is hope this treatment will
in the future also be effective for patients with BBS.

8 Genetic Screening of Family Members

BBS is inherited in an autosomal recessive manner. In the majority of
cases, both healthy parents of an affected child carry one copy of the
pathogenic 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 on
request. This may be particularly relevant for family planning. Pre-
implantation genetic testing and prenatal genetic testing can be offered
to parents who are both carriers of a variant in the same BBS gene. On
taking a family history it is advisable to note consanguinity and
ethnicity.

9 Summary

Take Home Messages
Bardet-Biedl syndrome (BBS) is

e an autosomal recessive ciliopathy
e caused by biallelic disease-causing variants in one of the 26 BBS
associated genes




e the main characteristics include retinal dystrophy, obesity,
urogenital anomalies, postaxial polydactyly and learning
disabilities

Truncal obesity is present in around 89% of patients and usually

begins in the first year of life.
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1 Introduction

Albright et al. first described pseudohypoparathyroidism (PHP) in 1942
as a novel hormone resistance disorder characterized by hypocalcemia
and hyperphosphatemia due to decreased responsiveness to
parathyroid hormone (PTH) combined with other features such as
neurocognitive, endocrine and growth disorders [4]. PHP was later
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found to have several subtypes which all share a common defect in the
cAMP signaling pathway of G-couples protein receptors. Despite a
common cause, there are several subtypes of this disease with
important clinical and molecular overlap as well as variation between
them (Fig. 1).

PHP1A: neurocognitive impairment, calcifications
PHP1A: adult short stature PHP1B: calcifications

PHP1B: macrosomia, adult brain PPHP:?
normal stature

PPHP/POH: SGA, short stature growth

PHP1A: 100%
PHP1B: 30-100%

PHP1A: early onset PPHP: rare cases
PHP1B: early onset
PPHP: normal weight/lean

POH: normal weight/lean obesity
PHP1A: 70-80%

71
PHP1B: 15-33%

PPHP: 70-80% brachydactyly,

PHP1A: 70-80% %
PHP1B: 15-33%

PPHP: ? advanced bone age

PHP1A: 100%
PHP1B: 100%

PTHr PPHP: rare cases
(progressive)

PHP1A: 30-70%
PHP1B: 0-40%
PPHP: 18-100%

ectopic ossification
POH: 100%

Fig. 1 Main clinical features of PHP related disorders

PHP is characterized by a wide range of clinical manifestations,
including PTH resistance: hypocalcemia, hyperphosphatemia, and
elevated PTH levels. PHP can also present as part of Albright’s
hereditary osteodystrophy (AHO), which is a constellation of skeletal
abnormalities which include defects in chondrocyte and osteoblast
differentiation, early closure of growth plates, brachydactyly (Fig. 2a, b),
adult short stature, and the development of ectopic ossifications (Fig. 3)
[11].



Fig. 2 Brachydacyly. (a) Brachydactyly meaning ‘short digits, in PHP is typically a shortening of
digit I11, IV and or V metacarpals or the distal phalanx of digit I due to disturbed bone growth of the
metacarpals(hand) or metatarsals (foot). (b) Shortening of metacarpal II1, IV and V of the right
hand and IV and V of the left hand. On physical examination, the knuckles of these digits are absent
when making a fist



Fig. 3 Ectopic ossification of the skin, located on the elbow. This sign is very specific for PHP

PHP is classified into several subtypes: PHP type 1A (PHP1A) and
PHP type 1B (PHP1B). Pseudohypoparathyroidism type 1 (PHP1) is a
rare hereditary disorder characterized by end-organ resistance to the
actions of parathyroid hormone (PTH), resulting in a clinical phenotype
resembling hypoparathyroidism. Despite the presence of elevated or
normal levels of PTH in the blood, affected individuals exhibit
hypocalcemia and hyperphosphatemia due to impaired PTH signaling.

2 Aetiology and Pathophysiology
2.1 PHP Subtypes and Genetic Mechanisms

PHP1A. PHP1A is an autosomal dominant condition characterized by
loss-of-function GNAS variants on the maternal alelle. GNAS encodes the
alpha subunit of the stimulatory G protein (Gsa), which is crucial for
PTH signaling in bone and kidney. Inactivating GNAS mutations reduce
intracellular cyclic AMP (cAMP) production, impairing downstream
PTH effects. Other G-protein coupled receptors that can show



resistance are thyrotropin stimulating hormone (TSH) receptor, growth
hormone releasing hormone (GHRH) receptor, and gonadotropin
releasing hormone (GnRH) receptor [9]. Other receptors, such as MC4R,
B2- and $3-adrenoceptors, and corticotropin-releasing hormone
receptor, 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 have
been 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 elements
rather than the GNAS gene itself.

PHP1B has the receptor resistance phenotype but lacks the skeletal
abnormalities (AHO) and is associated with imprinting defects at the
GNAS locus, leading to reduced Gsa expression from the maternal allele.

PPHP (Pseudo-pseudohypoparathyroidism) is a subtype where only
paternally transmitted GNAS variants lead to AHO without affecting
PTH or serum calcium levels. The unaltered maternal allele preserves
renal responsiveness to PTH, resulting in normal calcium homeostasis.

2.2 PHP and Obesity

Several mechanisms contribute to excessive drive for eating
(hyperphagia) and fat mass accumulation in PHP. Defects in the Gsa-
dependent melanocortin signaling pathway, possibly cause the
increased appetite and decreased resting energy expenditure compared
to obese controls [1]. In addition, a low sympathetic nervous system
activity, decreased lipolysis and GH-releasing hormone resistance in the
pituitary can play a role. Dysregulation of GNAS signaling in adipose
tissue could impair lipolysis and adipogenesis, promoting fat
accumulation. Additionally, altered PTH and calcium signaling may
impact adipocyte function and energy homeostasis. Leptin resistance,
possibly induced by GNAS mutations, could further exacerbate obesity
in PHP patients.

2.3 Clinical Presentation

PHP presents with a wide range of clinical manifestations, including
PTH resistance: hypocalcemia, hyperphosphatemia, and elevated PTH
levels. PTH resistance is progressive and therefore it can present in the



first months of life, but can also develop in later years. In addition to
these classic endocrine features, PHP is often accompanied by
Albright’s Hereditary Osteodystrophy (AHO), a constellation of skeletal
abnormalities which include defects in chondrocyte and osteoblast
differentiation, early closure of growth plates, brachydactyly, adult
short stature, and the development of ectopic ossifications. Other
symptoms can result from resistance to other hormones such as
thyroid-stimulating hormone (TSH) leading to hypothyroidism,
gonadotropins leading to hypogonadism, growth-hormone-releasing
hormone leading to (partial) growth hormone deficiency [11].

Obesity or overweight is associated with all types of PHP and
related disorders, except progressive osseous heteroplasia (POH) which
is an ultrarare genetic condition of progressive ectopic ossification and,
pseudopseudohypoparathyroidism (PPHP). Patients with PHP1A and
1B often develop early-onset obesity, typically within the first 2 years of
life, with an average age of onset of 0,9 years [2]. This may be the initial
and sole symptom until a diagnosis is made during adolescence or
adulthood.

PHP and related disorders are primarily diagnosed clinically and
based on biochemical abnormalities. Diagnosis can be confirmed
through genetic testing. Distinguishing between PHP subtypes is
crucial, as it determines monitoring strategy.

PHP1a: Individuals with PHP1a typically present with PTH
resistance leading to hypocalcemia (in 86.7%), thyroid stimulating
hormone (TSH) resistance leading to hypothyroidism or
hyperthyroitropinemia (in 75.5%), early onset obesity, developmental
delay and a combination of symptoms known as Albright hereditary
osteodystrophy (AHO in 87,5%), such as round facies, short stature in
adulthood, brachydactyly (especially of III, IV,V metacarpal bones) and
subcutaneous ossifications [7]. Children can be born small for
gestational age and usually grow within the normal range. However,
final height is short due to a (severely) advanced bone age leading to
early termination of growth. SGA (prevalence 30%) or growth hormone
(GH) deficiency (prevalence 50-60%) can be an indication for the use
of recombinant human GH (rhGH) therapy. Recently it was shown that
GH treatment may improve final height substantially (+1,9SD) No
difference in BMI was found compared to controls [6].



Furthermore individuals with PHP 1a can demonstrate partial
resistance gonadotropin releasing hormones: leading
hypogonadotropic hypogonadism, delayed puberty or disturbed
menstrual cycles. Melanocortin-4 receptor dysfunction leads to
hyperphagia and early onset obesity as part of the phenotype. Growth-
hormone-releasing hormone resistance leads to (partial) growth
hormone deficiency [11].

PHP1B usually presents with PTH resistance without the AHO
phenotype, thus with hypo calcemia, hyperphosphatemia, and elevated
PTH.

PPHP patients with pseudo-pseudohypoparathyroidism have AHO
features despite normal PTH responsiveness. One of the characteristics
of PPHP patients is that they are often born small for gestational age.

Patients with POH or osteoma cutis have varying degrees of
heterotopic ossifications and brachydactyly. Expert consensus
recommendations on diagnosis [11]:

Diagnosis of PHP and Related Disorders Should Be Based on
Clinical, Biochemical Characteristics and, in Some Cases, the
Family History

Major diagnostic features include PTH resistance and/or ectopic
ossifications, early-onset (before 2 years of age) obesity associated
with TSH resistance, and/or AHO.

Supporting features include unexplained primary
hypothyroidism, hypercalcitoninemia, hypogonadism, growth
hormone (GH) deficiency, cognitive impairment, hearing
impairment, craniosynostosis and neurosurgical features, and/or
CNS calcifications, sleep apnea, ear infections, and being born small
for gestational age.

Genetic Testing: Genetic testing plays a pivotal role in confirming
the diagnosis of PHP.

2.3.1 Clinical Evaluation

Medical 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, pubertal
development, 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, head
circumference, (also in both parents) blood pressure, pulse,
dysmorphologic examination (including metacarpal length valuation),
pubertal status, skin examination for ectopic ossifications and growth
chart analysis.

Biochemical and hormonal evaluation: assessment of blood:
calcium, phosphorus, PTH, kreatinine, 250HVitD, 1,250HVitD, Thyroid
function (TSH, FT4), growth factors (in case of growth deceleration),
fasting glucose and insulin or oral glucose tolerance test, lipid profile,
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 Diagnosis

The following conditions should be considered in the differential
diagnosis 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 decrease
of thyroid hormone levels and elevated TSH compared to PHP1a.
Nowadays, many countries have a neonatal screening test that pick up
congenital primary hypothyroidism very early in life. In children with
PHP1a, this screening test can also be abnormal due to TSH resistance.
The hyperthyreotropinemia or mild primary hypothyroidism is often
transient in the first months of life but can come back at later age.
Therefore clinicians should look for signs of PHP in a newborn child
with an abnormal neonatal thyroid screening test.

Other forms of syndromal obesity such as:

Prader-Willi (Like) Syndrome (PWS). PWS is characterized by
hypotonia and feeding difficulties in infancy, followed by



hyperphagia, obesity, and developmental delays in early childhood
(after 2 years of age). The onset of hyperphagia and obesity is usually
later than in PHP1a. Patients with PWS do not have hypocalcemia or
PTH resistance.

Bardet-Biedl Syndrome (BBS). The overlapping features between
BBS and PHP1a include early onset obesity, hyperphagia,
developmental delay. However BBS specific features are: retinal
dystrophy, polydactyly, and renal anomalies.

Other Types of Pseudohypoparathyroidism: including PHP1b, PHP1c,
which may have overlapping features but differ in genetic mutations
and biochemical profiles.

Multifactorial Obesity. Gsa deficiency is an underappreciated cause of
early-onset, severe obesity. Therefore, screening children with
unexplained, severe obesity for GNAS defects is recommended [3, 5].

4 Molecular Diagnosis

Molecular Testing is essential for genetic counseling and diagnosis,
particularly when clinical features overlap. The primary subtypes of
PHP and related disorders arise from either de novo or autosomal
dominant inherited inactivating genetic variants or epigenetic
alterations at the imprinted GNAS gene. The GNAS locus features four
distinct differentially methylated regions (DMRs): the paternally
methylated region (GNAS-NESP:TSS-DMR) and three maternally
methylated regions (GNAS-AS1:TSS-DMR, GNAS-XL:Ex1-DMR, and GNAS
A/B:TSS-DMR).

Genetic Counseling: Crucial for patients with GNAS variants, who
have a 50% chance of transmitting the molecular defect. Depending on
the parental sex, their offspring will develop PPHP, osteoma cutis, or
POH (if the transmitting patient is male) or PHP1A (if the transmitting
patient is female).

Detection Methods: Single-nucleotide variants can be detected by
sequence analysis, Methylation defects can be detected through various
methods, such as methylation-sensitive MLPA (MS-MLPA). This test
allows simultaneous detection of methylation defects at different GNAS
DMRs 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 a
paternal uniparental disomy, which can be detected using microsatellite
typing or SNP array.

5 Therapy

Treatment of PHP includes offering appropriate genetic counselling,
screening, treatment of the endocrine deficits, providing supportive to
prevent weight gain and complications. A lifelong, coordinated, and
multidisciplinary approach is recommended, beginning as early as
possible in infancy and continuing through adulthood, with a smooth
transition from pediatric to adult care.

Obesity and weight management: To provide supportive care and
advice to promote a healthy lifestyle and prevent weight gain should be
offered as early as possible. If hyperphagia and obesity are present,
provide a multidisciplinary intervention with the approach tailored to
the patient needs. Lifestyle modifications, dietary interventions, and
tailored exercise regimens should be offered as well as psychologic
support and parental coaching. As second step, obesity medication or
bariatric surgery can be considered. However, the effectiveness of
obesity interventions in PHP-related obesity requires further
investigation.

Endocrine treatment: Screen and treat endocrine deficits:
Hypocalcemia or hyperphosphatemia due to PTH resistance. The
cornerstone of managing hypocalcemia in PHP involves active
vitamin D supplementation. Calcium supplementation until
normalisation of calcium. Phosphate binders: If hyperphosphatemia
is present, phosphate binders may be prescribed to reduce the
absorption of dietary phosphorus, helping to normalize phosphate
levels. If a patient is on anti-epileptic drugs, these can often be
stopped after normalization of calcium levels.

Hypothyroidism due to TSH resistance is treated with hormone
suppletion of thyroxine.

Growth hormone therapy is indicated when growth hormone
deficiency is diagnosed. Evidence is lacking that growth hormone
treatment is effective to influence final height in the absence of
growth hormone deficiency.



Hypogonadism. Hormone replacement therapy (estrogen for females
and testosterone for males) is indicated when hypogonadism is
present.

6 Follow-Up Advices

Follow-up management aims at early detection of disorders and
prevention of complications. The frequency of follow up depends on the
subtype diagnosis, endocrine deficits and age. In PHP1A a schedule of
monthly follow up in the first year, 3 monthly follow up in infancy and
6-12 month follow up in childhood or adulthood is advised for
screening and treatment of endocrine deficits and monitoring of
growth, BMI and puberty.

Endocrine Monitoring: Regular monitoring of calcium, phosphate,
thyroid function, gonadal hormones, and other relevant endocrine
parameters is essential to initiate appropriate treatment on time. If
PTH resistance is present, careful monitoring is necessary to avoid
complications of hypercalcemia such as nephrocalcinosis. Therefore
monitoring of urine calcium excretion and ultrasound of the kidneys is
performed with large intervals.

Bone Health: Optimizing bone health is crucial. Physical therapy and
weight-bearing exercises can help improve bone density and alleviate
musculoskeletal symptoms.

Psychological support and educational programs should be
provided early. Skeletal abnormalities can impact physical functioning
and self-esteem, influencing patients’ psychosocial well-being.

Sleep apnea, a common complication of obesity, is more frequent in
patients with PHP1A and may also be present in acrodysostosis. These
patients often have round faces, a flattened nasal bridge, and/or
maxillary hypoplasia, which, combined with obesity, contribute to sleep
and respiratory disturbances. Screening for restless sleep, snoring,
inattentiveness, and daytime somnolence is recommended, with
polysomnography if symptoms are present.

Metabolic Syndrome. Regular monitoring of blood pressure, lipid
profile, and glucose metabolism parameters is recommended within
the multidisciplinary follow-up of patients with PHP. Postprandial
hyperglycemia and dysglycemia is frequent in children with PHP1A and



PHP1B [14]. Decreased insulin sensitivity and type 2 diabetes are
common in adult PHP1A patients and may not be solely related to
obesity [11]. The lipid profile is generally not profoundly affected in
PHP1A patients. Although hypertension has been reported, the
incidence of cardiovascular diseases is not increased compared to
controls.

Dental checkup. PHP is frequently linked to various dental and oral
conditions, including: delayed tooth eruption, hypodontia, enamel
hypoplasia, malocclusion, gingival hyperplasia, gingivitis with
spontaneous bleeding and pain. Therefore, regular dental check-ups
every 6-12 months are advised, especially during childhood.

Registries. Given the lack of strong evidence-based data, particularly
for patient management, there is a need for filling data to large
international registries such as the initiatives within the European
Reference Networks (ERN) EuRREB registry, which recruit data on
cohorts of patients to better understand the natural history, and
develop novel disease-specific therapies. The ERN centers of expertise
can enroll patients after informed consent.

7 Family Screening

The advice for family screening varies per PHP subtype. In case of an
autosomal dominant inheritance, family members that show a similar
phenotype can be tested for the underlying (epi) genetic cause that was
identified, as this can have implication for screening and treatment.

8 Summary

Patients with PHP and related disorders may display a highly
heterogeneous and progressive clinical picture over their lifespan,
necessitating a lifelong multidisciplinary approach. Each clinical aspect
and potential complication should be managed by healthcare
professionals with expertise in these disorders, preferably at referral
centers. The complex genetic and epigenetic GNAS defects underlying
these disorders require a specialized approach to establish a correct
molecular diagnosis, which can be time-consuming for both patients
and their families but is crucial for appropriate management.



Take Home Message

PHP presents with a wide range of clinical manifestations, including
PTH resistance: hypocalcemia, hyperphosphatemia, other hormone
resistances and osteodystrophy.

The association between PHP and obesity has significant clinical
implications. Obesity can exacerbate the metabolic and orthopedic
complications already present in PHP patients, leading to reduced
quality of life. Therefore, early intervention and management of
obesity are crucial.

9 Conclusion

Pseudohypoparathyroidism is a rare genetic disorder with a complex
clinical presentation that extends beyond the classic endocrine
manifestations. The intriguing association between PHP and obesity
sheds light on the intricate interplay between metabolic and endocrine
pathways. Further research into the molecular basis of this association
may unravel novel therapeutic avenues for managing obesity and
improving the overall health of individuals with PHP.
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1 Introduction

Body weight is strongly influenced by underlying genetic factors [1, 2].
Twin and family studies have estimated that the heritability of BMI is as
high as 40-70% [3]. In most individuals living with obesity,
multifactorial obesity, also called common or polygenic obesity, is
present. In these individuals, the small effects of hundreds of genetic
polymorphisms interact with environmental factors to contribute to
their obesity [4]. Currently, over 1000 loci are associated with
multifactorial obesity [1], and polygenic risk scores based on large-
scale genome-wide association studies can explain around 20% of the
variability in BMI on a population level [5]. However, in a minority of
individuals with obesity, the obesity phenotype can be explained by
disturbances in the leptin-melanocortin pathway, the hypothalamic
pathway that regulates body weight, appetite, and energy expenditure
[6]. It is estimated that 3-7% of children with obesity who visit a
specialized obesity clinic, and up to 3% of adults with obesity [7-10],
have an underlying genetic disturbance of the leptin-melanocortin
pathway that causes their obesity. These leptin-melanocortin pathway
disorders can be caused by rare defects in a single gene or rare copy
number variations (CNVs) involving one or more genes and are
typically inherited in a Mendelian pattern (autosomal dominant or
recessive) or occur de novo. Leptin-melanocortin pathway disorders are
generally subdivided into (1) non-syndromic genetic obesity disorders,
in which hyperphagia and early-onset severe obesity are the main
clinical characteristics, and (2) syndromic genetic obesity disorders, in
which the obesity is accompanied by intellectual disability,
developmental delay, and/or presence of congenital anomalies or
dysmorphic features.

This chapter provides a general overview of the most important
clinical, biochemical and genetic features of non-syndromic leptin-
melanocortin pathway disorders. The most important individual
disorders, namely melanocortin 4 receptor (MC4R) deficiency, leptin
(LEP) and leptin receptor (LEPR) deficiency, pro-opiomelanocortin
(POMC) deficiency and proprotein convertase subtilisin/kexin type 1
(PCSK1) deficiency, are described in more detail in the following
chapters.



2 Aetiology and Pathophysiology

2.1 Leptin-Melanocortin Pathway

Body weight is tightly regulated by complex systems mainly involving
homeostatic neural circuits as well as cognitive-emotional processes
that receive information by various hormones and messenger
substances [2, 11]. The hypothalamic leptin-melanocortin pathway is
the main regulator of homeostatic energy balance, satiety and energy
expenditure (Fig. 1). It receives peripheral afferent input from various
organs as well as the brainstem and limbic system. These include
signals for both short-term and long-term regulation of satiety and
weight. The short-term signals mostly derive from the gastrointestinal
tract signalling acute changes in hunger and satiety right before and
after a meal and include ghrelin produced by the stomach, insulin and
amylin 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 which
produces the hormone leptin, the most important indicator of the
body’s reserve energy stores [12]. Leptin is produced proportional to
the amount of adipose tissue present. Upon activation of its receptor,
leptin signalling leads to activation of POMC-expressing neurons in the
arcuate nucleus of the hypothalamus. This activation leads to the
production of POMC, a prohormone that is cleaved by PCSK1 into
different hormones, including adrenocorticotropic hormone (ACTH)
and a-melanocyte stimulating hormone (MSH). This a-MSH
subsequently stimulates the MC4R in the paraventricular nucleus of the
hypothalamus. Activation of the MC4R is a critical step which through
various downstream signalling pathways ultimately leads to increased
satiety and energy expenditure [13]. Disturbances at any level of this
leptin-melanocortin pathway lead to decreased MC4R signalling, which
results in impaired satiety and decreased energy expenditure.
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Fig. 1 Schematic overview of the leptin-melanocortin pathway. The adipose tissue produces the
hormone leptin. Leptin activates its receptor, after which anorexic pro-opiomelanocortin (POMC)
neurons in the arcuate nucleus of the hypothalamus produce the hormone POMC. POMC is
subsequently cleaved by proprotein convertase subtilisin/kexin type 1 (PCSK1) into melanocyte
stimulating hormone (MSH). This MSH activates downstream melanocortin 4 receptor (MC4R)
neurons in the paraventricular nucleus of the hypothalamus resulting in increased energy
expenditure and satiety signals. Moreover, leptin decreases the activity of the orexigenic



neuropeptide Y (NPY)/ Agouti-related peptide (AgRP) neurons in the arcuate nucleus of the
hypothalamus. SH2B1 acts as an adaptor protein at the level of the leptin receptor, enhancing
leptin sensitivy. SIM1 is required for the development of PVN neurons that express MC4R.
Abbreviations: AGRP Agouti-related peptide, ARC arcuate nucleus of the hypothalamus, BDNF
brain-derived neurotrophic factor, LEPR leptin receptor, MC4R melanocortin 4 receptor, MSH
melanocyte-stimulating hormone, NPY neuropeptide Y, PCSK1 proprotein convertase
subtilisin/kexin type 1, POMC pro-opiomelanocortin, PVN paraventricular nucleus of the
hypothalamus, SIM1 Single-minded homolog 1. (Credit: Figure made by Lotte Kleinendorst and
Ozair Abawi)

2.2 Molecular Genetics

Tables 1a and 1b summarise some of the important genes known to
cause non-syndromic obesity disorders that are associated with the
leptin-melanocortin pathway, also shown in Fig. 1. In general, patients
with 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 rather
an increased risk of having obesity [14-16]. A recent exome sequencing
study of 640,000 individuals, showed that heterozygous carriers of
loss-of-function variants in LEP, POMC, PCSK1, or MC4R have a
significantly higher BMI. However, heterozygous carriers of loss-of-
function variants in LEPR in this study did not have a significantly
higher BMI. This suggests that LEPR deficiency only results from
biallelic pathogenic variants following an autosomal recessive
inheritance pattern [17].

Table 1a Overview of most important genes associated with non-
syndromic genetic obesity

Gene |Inheritance OMIM number

LEP AR 164160
Heterozygous LoF variants risk factor

LEPR |AR 601007

MC4R | AR and AD 155541

PCSK1| AR 162150
Heterozygous LoF variants risk factor

PoOMC AR 176830
Heterozygous LoF variants risk factor




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 or
less studied genes associated with non-syndromic genetic
obesity, 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 Presentation

The key clinical features of all non-syndromic leptin-melanocortin
pathway disorders are hyperphagia and early-onset severe obesity.
Although there is no uniform definition of hyperphagia, it generally
presents as an extreme and insatiable increase in appetite, even when
having consumed sufficient amounts of food [18]. Early-onset obesity is
defined in current international guidelines as obesity occurring before
age 5 years [19, 20]. Depending on the specific genetic obesity disorder,
it is estimated that around 80% of patients present with hyperphagia
whereas early-onset obesity before the age of 5 years is typically found
in 90-95% of pediatric patients [8, 21]. Recently, we proposed that
early-onset obesity should be defined as obesity onset before the age of
3.9 years due to the secular trend of increasing obesity worldwide [21].
In adult patients, obesity age of onset is often more difficult to define
and 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 Increased risk of childhood infections, pituitary hormone disturbances,

and leptin receptor |e.g. growth hormone deficiency (GHD), hypogonadotropic

deficiency hypogonadism (HH), and central hypothyroidism (CeH) [23, 24]

(biallelic)

POMC deficiency Hyperphagia, red hair, and adrenal insufficiency due to ACTH deficiency

(biallelic) [25]

PCSK1 deficiency Severe neonatal malabsorptive diarrhea, central diabetes insipidus,

(biallelic) pituitary hormone disturbances, e.g. GHD, HH, CeH [26]

MC4R deficiency Increased linear growth and increased bone mass, macrocephaly,

(both mono- and hyperinsulinemia disproportionate to the degree of obesity [27]

biallelic) Biallelic more severe phenotype than monoallelic

SH2B1 deficiency |Early onset of diabetes with poorer glycaemic control than patients
without this deletion, despite higher use of medication. Variable presence
of behavioral problems and delayed (speech) development [28]

SIM1 deficiency Variable presence of learning and behavioral problems. In some cases, a
Prader-Willi-like phenotype is described [29]

Table 2b Additional clinical features of some of the newly discovered or less studied genes
associated with non-syndromic genetic obesity, which are not extensively discussed in this

chapter

Disorder Clinical features beside obesity

ADCY3 Anosmia or hyposmia, type 2 diabetes mellitus [30, 31]

deficiency

ASIP Red hair, hyperinsulinemia [32]. For further information, see paragraph
deficiency |“differential diagnosis” in the chapter on POMC deficiency

BDNF Behavorial or psychiatric problems [33, 34]

DYRK1B Type 2 diabetes mellitus [35]

deficiency

KSR2 Low heart rate, reduced basal metabolic rate, severe insulin resistance [36]
deficiency

3.1 Clinical Evaluation

A comprehensive clinical evaluation is warranted in all cases with a
suspected non-syndromic genetic obesity disorder. This includes:

- Detailed medical history: focusing on eating behaviors, signs of
hyperphagia, age of onset of obesity, periods of rapid weight gain, a




history of developmental delays or intellectual disability and other
associated health issues. A three-generation family history
documenting instances of (early-onset) obesity and related
metabolic disorders, e.g. diabetes, hypertension, dyslipidemia, and
cardiovascular diseases, should be obtained. Comprehensive growth
charts analysis can further increase the suspicion of specific genetic
obesity disorders and guide genetic testing [21, 37].

- Physical examination: measurement of height (or recumbent length
in infants), weight, and head circumference, blood pressure, as well
as a thorough dysmorphologic examination. Furthermore, signs of
endocrine imbalances should be evaluated, e.g. signs of Cushing
syndrome, thyroid or gonadal disfunction, and insulin resistance
(acanthosis nigricans). When available, measurement of body
composition and energy expenditure can aid in patient-tailored
treatment advices, but does not contribute to establishing a
diagnosis of a genetic obesity disorder.

- Measurement of parental height, weight, and head circumference.

- Biochemical evaluation: assessment of fasting glucose and insulin,
lipid profile, liver enzymes, thyroid function and vitamin D levels is
warranted in all patients. If indicated, additional evaluation of
adrenal function, growth hormone/IGF-1 axis, gonadal function,
white blood cell count and leptin levels are indicated.

4 Clinical Diagnosis

The diagnosis of a non-syndromic genetic obesity disorder is
established by identifying (likely) pathogenic (American College of
Medical Genetics and Genomics class 4 or 5, see Chapter “General
Introduction to Obesity Genetics and Genomics”) variants in one of the
aforementioned obesity-associated genes (Tables 1a and 1b) in
combination with a matching clinical phenotype. There are no formal
criteria established for a clinical diagnosis. However, there are patients
with a typical phenotype of a non-syndromic genetic obesity disorder
without a (presently known) genetic diagnosis, for which future genetic
testing might help to pinpoint a diagnosis as new obesity genes and
variants in established obesity genes are still regularly discovered [8].




5 Differential Diagnosis

5.1 Multifactorial or Environmental Obesity Including Use
of Obesogenic Medication

One of the most difficult problems in the differential diagnosis is to
determine whether an environmental cause is the most likely origin of
obesity. One should carefully examine the weight course of the patient
in relation to lifestyle and environmental factors. Health-care
professionals should also ask the patient and/or the parents what they
regard as the most likely cause of obesity. A later age-of-onset of obesity
and psychosocial problems are more often seen in patients without an
underlying genetic cause of obesity [8]. Use of medication can play an
important role in multifactorial obesity. Many drugs, such as
antidepressants, antipsychotics, and antiepileptics can have an
obesogenic effect.

5.2 Polygenic Obesity

Polygenic obesity is a form of obesity influenced by the combined
effects of a large amount of genetic variants in numerous genes, each
contributing a small amount to an individual’s predisposition to gain
weight. See Chapter “Genome-Wide Association Studies and Polygenic
Risk Prediction in Obesity Research” for extensive information on
polygenic obesity.

5.3 Syndromic Obesity

In syndromic obesity, the patient typically also has congenital
malformations, organ anomalies, and dysmorphic features.
Developmental delay or intellectual disability are often present. Many
of these syndromes are discussed elsewhere in this book, with Prader-
Willi syndrome as the most well-known syndromic genetic obesity
disorder.

5.4 Overgrowth

Genetic obesity syndromes should further be distinguished from
overgrowth syndromes such as Beckwith-Wiedemann syndrome [38].
In genetic obesity, the anthropometrics at birth are usually normal. In
overgrowth syndromes, patients have macrosomia, tall stature, and a



large head circumference. Moreover, patients with an overgrowth
syndrome do not typically have the hyperphagia reported in many
patients with genetic obesity disorders.

5.5 Hypothalamic Obesity

A non-genetic cause of severe obesity with hyperphagia is
hypothalamic obesity. This rare type of obesity results from dysfunction
or damage to the hypothalamus. When the hypothalamus is damaged, it
can lead to abnormal and often uncontrollable weight gain. This
condition can be caused by a variety of factors, including tumors,
radiation or surgery of the hypothalamic area [39]. A well-known cause
of hypothalamic obesity occurs after the surgical removal of a
craniopharyngioma. In addition to weight gain and hyperphagia, other
symptoms may be present, depending on the underlying cause of the
hypothalamic dysfunction. These can include severe fatigue, pituitary
hormone deficiencies, growth problems, disturbances in the regulation
of body temperature and decreased energy expenditure.

5.6 Endocrine

Hypothyroidism and Cushing syndrome should be considered as
potential medical causes of obesity.

In adults with obesity, overt hypothyroidism is present in 14% of
the patients [40]. Therefore, it is recommended that thyroid function is
tested in all adult patients with obesity [41]. In children with obesity,
the prevalence of hypothyroidism is unknown, but should be
considered in children with decelerating height velocity (endocrine
cross) [19, 20]. In adults with obesity, hypercortisolism is present in
only 0.9% of patients [40], therefore, testing for Cushing syndrome in
patients with obesity is recommended only in patients with additional
signs of endogenous hypercortisolism [41]. In children, Cushing
syndrome is extremely rare and presents with rapid weight gain
coinciding with decelerating height velocity (endocrine cross) [42].

6 Molecular Diagnosis

When patients are suspected of a non-syndromic genetic obesity
disorder, 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 consider
whole exome sequencing or whole genome sequencing, although this
increases the risk of incidental findings or carrierships that do not
explain the phenotype. In cases where it is unclear whether there could
also be syndromic component, SNP-array can also be considered, for
example to identify the 16p11.2 deletion. Some gene panels incorporate
CNV analysis to identify obesity-associated CNVs.

7 Therapy

An individualized tailored treatment plan should be made for every
patient with obesity that is appropriate for age, culturally sensitive, and
family-centered. The cornerstone treatment is a combined lifestyle
intervention (CLI) that focuses on physical activity and dietary advice
as well as psychosocial and behavioral interventions. This however
rarely suffices in genetic obesity disorders [43], and additional
pharmacologic treatment, or in specific cases bariatric surgery might
be needed. Several drugs are available in general for obesity without an
identified underlying cause. However, data on treatment outcomes in
patients with non-syndromic genetic obesity disorders are confined to
case reports and case series describing positive results with GLP-1
agonist treatment, naltrexone /bupropion, and central stimulants
including methylphenidate and dextroamphetamine [44, 45].

Additionally, targeted drug therapy is available for biallelic POMC,
PCSK1, and LEPR deficiency, i.e. MC4R agonist therapy, as well as LEP
deficiency, i.e. recombinant leptin therapy. Furthermore, treatment and
follow-up of patients with non-syndromic genetic obesity disorders
affecting the leptin-melanocortin pathway should include genetic and
reproductive counselling and organ system surveillance in specific
syndromes (e.g. adrenal insufficiency in POMC deficiency; thyroid,
puberty and growth screening in LEP and LEPR deficiency). Moreover,
tailored advice pertaining outcomes of bariatric surgery outcomes in
genetic obesity should be provided (see Chapter “Metabolic Bariatric
Surgery’) [46, 47].



8 Follow-up Advices

Management of genetic obesity disorders often requires
multidisciplinary, long-term care and varies depending on the specific
disorder. There is no uniform surveillance plan for all patients with
leptin-melanocortin pathway disorders. Follow-up recommendations
that could be considered are:

e Monitoring of adherence to healthy lifestyle

e Monitoring of height, weight, and puberty

e Biochemical evaluation including endocrine evaluation for hormonal
disturbances and screening for comorbidities (thyroid function,
gonadal hormones, signs of hepatic steatosis, lipid profile). Monitor
glucose levels and insulin sensitivity as an increased rate of type 2 is
described for some disorders, such as SH2B1 haploinsufficiency [28]

e Evaluation of treatment of syndrome-associated hormonal
deficiencies (e.g. growth hormone therapy in LEPR deficiency,
hydrocortisone to treat adrenal insufficiency in POMC deficiency)

e Measurement of body composition and of resting energy expenditure
to guide tailored dietary advice

e (Cardiovascular assessment: according to severity of the obesity and
presence of comorbidities. As of yet, no specific screening strategies
are available for genetic obesity disorders

9 Family Screening

The advice for family screening varies per disorder within the leptin-
melanocortin pathway.

In case of an autosomal dominant disorder, family members that
show a similar phenotype can be tested for the pathogenic variant that
was identified in the family, as this can have implication for the follow-
up and treatment of obesity. In case of a recessive disorder, it is
important to determine the recurrence risk for future siblings of the
proband.

10 Summary



Non-syndromic leptin-melanocortin pathway disorders are the most
well-known group of monogenic obesity disorders. They typically
present with severe obesity with early-onset and marked hyperphagia,
generally lacking intellectual disability, neuropsychiatric problems, or
congenital anomalies. The inheritance pattern can be autosomal
dominant or recessive. The most prevalent condition is heterozygous
melanocortin-4 receptor (MC4R) deficiency. Many of the recessive
forms of the leptin-melanocortin pathway disorders exhibit associated
hormonal imbalances, impacting hormones like adrenocorticotropic
hormone (ACTH) and growth hormone. Treatment development is
advancing, especially with the recent approval for the use of a specific
MC4R agonist.

Take Home Message

The leptin-melanocortin pathway is crucial for the regulation of
satiety and body weight. Pathogenic variants in genes involved in
this pathway typically lead to a phenotype of hyperphagia and
consequently early-onset severe obesity.
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1 Introduction

Leptin deficiency and leptin receptor deficiency are two distinct genetic
disorders, both discovered in the mid-1990s, that have significantly
advanced our understanding of appetite regulation and energy balance.
Leptin deficiency results in the absence or insufficient levels of the
hormone leptin, leading to severe hyperphagia and early-onset obesity.
The deficiency of the leptin receptor disrupts the body’s ability to
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respond to leptin signals, resulting in similar, less severe, clinical
features.

Leptin deficiency is ultra rare, with an estimated global prevalence
of 1 in 4.4 million people [1].

Leptin receptor deficiency is less rare, it has a predicted prevalence
in Europe of 1 in 750,000 people [2]. The prevalence of these disorders
is higher in consanguineous populations as they have an autosomal
recessive 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-function
variant do not have a significantly higher BMI [3].

2 Aetiology and Pathophysiology

2.1 Leptin-Melanocortin Pathway

Leptin, a hormone produced by white adipose tissue, plays a key role in
the regulation of appetite, metabolism, and energy balance. Its
production is correlated to the number of adipocytes present and
functions as the most important indicator of the body’s reserve energy
stores [4]. The hypothalamic leptin-melanocortin pathway integrates
the leptin signal, as well as other peripheral afferent input from various
organs as well as other brain areas, and is the main regulator of
homeostatic energy balance, satiety and energy expenditure (see
Chapter “Non-syndromic Leptin Melanocortin Pathway Disorders”).
Hypothalamic leptin signalling leads to the production of POMC, a
precursor hormone that is cleaved into different hormones, including
a-melanocyte stimulating hormone (MSH). This a-MSH subsequently
activates the MC4R, which through various downstream signalling
pathways ultimately leads to increased satiety and energy expenditure
[5, 6]. Leptin signalling is also involved in the expression of thyrotropin
releasing hormone (TRH) in the paraventricular nucleus of the
hypothalmus, 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 the
hypothalamic and pituitary level [9], and has several important
immune functions [10]. Disruptions of leptin signalling can have
diverse causes, e.g. through absent or insufficient levels of leptin [11],



leptin isoforms functioning as antagonists of the leptin receptor [12], or
defective leptin receptors [13]. These disruptions lead to a phenotype
characterised by hyperphagia and severe, early-onset obesity which can
be accompanied by thyroid, gonadal and immune dysfunction, as well
as decreased linear growth. It is hypothesized that leptin resistance
explains why leptin values in people with obesity are elevated without
leading to increased satiety and decreased food intake, but the exact
molecular mechanisms are yet to be elucidated [14].

2.1.1 Molecular Genetics

Both in the LEP and LEPR gene, pathogenic variants can include
frameshift, nonsense, missense, or splice variants. For LEPR deficiency,
it is suggested that there might be a genotype-phenotype correlation
reflecting residual leptin receptor function, but this is not proven yet
[2].

SNPs or common variants in LEP and LEPR associated with an
increase in BMI have been described, but these effects on body weight
are small [15]. [t is suggested that there might also be protective SNPs
in LEP and LEPR that could reduce the obesity risk. There is also a case
report published about a mother and son with underweight who both
had a rare heterozygous missense variant in LEP [16]. The mother and
son had reduced appetite and BMI, combined with delayed puberty.

LEP and LEPR deficiencies show complete penetrance, meaning that
all individuals with biallelic pathogenic variants (autosomal recessive
inheritance) will develop the disorder. However, the expressivity can
vary, particularly with regards to the presence of the hormonal
disturbances and immune issues. Within families, the presence and
type of pituitary hormone deficiency seems to be comparable between
family members. However, interfamilial variability has been reported:
five unrelated subjects from Reunion Island who were homozygous for
the same exon 6-8 deletion in LEPR, did not present with a similar
phenotype (1 with central hypothyroidism, 3 with growth hormone
deficiency, 3 with hypogonadism) [17].

3 Clinical Presentation



The first reported cases with leptin and leptin receptor deficiency were
published in the 1990s.

In 1997, two cousins from a highly consanguineous Pakistani family
with severe, early-onset obesity were found to have a homozygous
pathogenic LEP variant. The cousins had very low leptin levels, close to
the detection limits [18]. A year later, in 1998, three sisters from a
consanguineous Algerian family with comparable severe early-onset
obesity were discovered to have LEPR deficiency based on a
homozygous LEPR defect [19]. These sisters also did not undergo
spontaneous puberty development, and they had hypothyroidism and
mild growth delay because of decreased growth hormone secretion.
These first patients highlight the key clinical features of leptin and
leptin receptor deficiency, which highly overlap. Consanguinity is
present in about 90% of cases, as fitting with the autosomal recessive
inheritance [20]. Besides hyperphagia and severe-early onset obesity,
patients with LEP and LEPR deficiency can also have pituitary hormone
deficiencies, i.e. central hypothyroidism, hypogonadotropic
hypogonadism, or growth hormone deficiency [2, 20]. Hyperphagia can
be described as an extreme and insatiable increase in appetite, even
when having consumed sufficient amounts of food [21]. Hyperphagia is
known to negatively impact quality of life [22]. The age of onset of
obesity is usually within the first 2 years of life [20, 23]. The pituitary
hormone deficiencies were present in 34% of patients with LEPR
deficiency [2]. In patients with LEP deficiency, hypothyroidism is
described in 17% and hypogonadism in up to 83% of patients [20]. The
clinical phenotype, including obesity severity and age of onset of
obesity, seems to be a bit more pronounced in patients with LEP
deficiency than LEPR deficiency [20].

People with leptin deficiency can be more prone to infections,
mostly pulmonary or upper-airway infections. It is reported that they
have a lower circulating CD4+ T cell count, impaired proliferation of T
cells and less cytokine release [24]. When treated with recombinant
leptin, these measurements improve. In patients with leptin receptor
deficiency, lymphocyte counts showed a modest decrease in CD4+ T-cell
count and a compensatory higher B-cell count, and frequent infections
are described in ~50% of published patients [2, 13]. A retrospective
study reported a high mortality rate in children with LEP deficiency



(26%) or LEPR deficiency (9%), mainly due to severe pulmonary and
gastrointestinal infections [25]. It should be noted that this study was
performed in Pakistan, and it is unknown whether this increased
mortality due to infections is also present in other countries or
populations [2]. Resting energy expenditure is comparable to age-, sex-
and weight matched controls [26, 27]. In patients with leptin deficiency,
recombinant leptin therapy does not increase energy expenditure, but
it prevents the reduction in energy expenditure that is associated with
weightloss [11, 28].

4 Differential Diagnosis

Other non-syndromic genetic obesity disorders, for example MC4R
deficiency, should be considered when there is early-onset severe
obesity. Furthermore, consider multifactorial or environmental obesity
including use of obesogenic medication, polygenic obesity, syndromic
obesity, overgrowth disorders, hypothalamic obesity, and endocrine
obesity. For more details regarding the differential diagnosis, see the
differential diagnosis paragraph in Chapter “Non-syndromic Leptin
Melanocortin Pathway Disorders”.

4.1 Endocrinopathies

The diverse endocrinopathies that can be seen in LEP and LEPR
deficiency all have their own differential diagnoses, which fall beyond
the scope of this book. The combination of pituitary hormone
deficiencies and early-onset severe obesity makes a defect in the leptin-
melanocortin pathway most likely. POMC deficiency and PCSK1
deficiency can also present with (some of) these endocrinopathies, see
Chapters “MC4R Deficiency” and “PCSK1 Deficiency”.

5 Molecular Diagnosis

The molecular diagnosis of leptin and leptin receptor deficiency can be
made by sequencing of the LEP and LEPR gene. Because of the genetic
heterogeneity of genetic obesity disorders, especially when the child is
young and there are no other features than early-onset obesity and
hyperphagia, larger gene panels might be more effective. LEP and LEPR



deficiency result from biallelic (homozygous or compound
heterozygous) pathogenic variants following an autosomal recessive
inheritance pattern. Monoallelic loss-of-function LEP variants are likely
risk factors for obesity, but monoallelic LEPR variants do not appear to
increase BMI [3].

6 Therapy

In general, an individualized tailored treatment plan should be made
for every patient with non-syndromic genetic obesity, including LEP
and LEPR deficiency, that is appropriate for age, culturally sensitive,
and family-centered. The cornerstone treatment is a combined lifestyle
intervention (CLI) that focuses on physical activity and dietary advice
as well as psychosocial and behavioral interventions. This however
does not treat the hyperphagia and therefore rarely suffices in LEP and
LEPR deficiency [22], and additional pharmacologic treatment, or in
specific cases bariatric surgery might be needed. Both for LEP and
LEPR deficiency, target treatment is available in the form of
recombinant leptin therapy and MC4R agonist therapy, respectively.

6.1 Targeted Therapy for Leptin Deficiency

The treatment for leptin deficiency primarily revolves around leptin
replacement therapy. Synthetic recombinant leptin, such as
metreleptin, is administered through subcutaneous injections to
restore physiological leptin levels. Leptin replacement therapy has
demonstrated notable efficacy in improving appetite regulation,
metabolic control, reversal of endocrine and immunological
disturbances, and body weight management in patients with leptin
deficiency [26, 29, 30]. Leptin substitution treatment also shows
improvement in psychological traits such as mood and behaviour [31].
In patients with severe obesity, but without biallelic pathogenic
variants in LEP, leptin levels are increased and leptin treatment does
not result in weight loss. This is attributed to central leptin resistance
[26]. Anti-metreleptin antibodies have been described in many patients
treated with recombinant leptin, some of which, but not all, can have
neutralizing activity resulting in inhibition of endogenous leptin action
and loss of treatment efficacy [26]. Therefore, it is recommended to test



for the presence of these neutralizing antibodies in cases with loss of
drug efficacy or severe infections [26].

To our knowledge, there are no published reports on effects of other
commonly used anti-obesity medications, such as GLP-1 agonist
treatment, naltrexone/bupropione, phentermine, or central stimulants
such as methylphenidate or dexamphetamine in patients with LEP
deficiency. Moreover, there are no published reports on the effect of
bariatric surgery in patients with LEP deficiency, although mice with
leptin deficiency (ob/ob mice) show weight regain over the pre-surgery
level [32]. Targeted gene therapy using CRISPR has been shown to
restore the production and physiological functions of leptin in ob/ob
mice and might provide a future therapeutic option [33].

6.2 Targeted Therapy for Leptin Receptor Deficiency

Setmelanotide, a MC4R agonist, is available as treatment for several
leptin-melanocortin pathway deficiencies including leptin receptor
deficiency. This is currently administered through subcutaneous
injections. In a phase 3 trial with 11 patients with LEPR deficiency,

1 year treatment with setmelanotide resulted in an average weight loss
of -12.5%, as well as improvements in satiety and hunger feelings and
metabolic parameters [34]. The most important side effects are
injection side reactions, gastro-intestinal side effects, which usually
resolve over time, and skin hyperpigmentation [34, 35]. Qualitative
studies also show that treatment with setmelanotide improves quality
of life in patients with LEPR deficiency through reduction of the
hyperphagia [22, 36]. Neutralizing anti-drug antibodies have not yet
been reported.

To our knowledge, no reports have been published on effects of
GLP-1 agonist treatment, naltrexone /bupropione or phentermine in
patients with LEPR deficiency. There is one study on methylphenidate
in children with LEPR deficiency, leading to improved BMI trajectories
and decreased appetite [37]. There have been incidental reports of
bariatric surgery in LEPR deficiency showing initial weight loss
followed by substantial weight gain [38, 39]. It is unknown if there is a
preferred type of bariatric surgery for patients with LEPR deficiency.
Adenoviral gene therapy has been shown to restore leptin receptor
signalling in the arcuate nucleus of the hypothalamus of leptin



receptor-deficient mice and might become available as future treatment
option [40].

7 Follow-Up Advices

Follow-up of LEP and LEPR deficiency requires multidisciplinary long-
term care. There is no uniform follow-up or screening recommendation.
Follow-up advices that could be considered are:

e Repeat visits to monitor adherence to healthy lifestyle

e Monitoring of height, weight, and puberty

e Monitoring of associated endocrine deficiencies and evaluation of
treatment (growth hormone/IGF1 axis, thyroid function, gonadal
hormones)

e Biochemical evaluation including endocrine evaluation for
comorbidities (signs of hepatic steatosis, lipid profile, glucose levels,
insulin sensitivity). When measuring leptin levels, one should be
aware of the possibility of bioinactive leptin

e Upon clinical indication, measurement and follow-up of immune
function including CD4+ T cell count

¢ Measurement of body composition and of resting energy expenditure
to guide tailored dietary advice

e Cardiovascular assessment: according to severity of the obesity and
presence of comorbidities.

8 Family Screening

Leptin and leptin receptor deficiency follow an autosomal recessive
inheritance pattern. The siblings of an affected child have 25% chance
of being affected if both parents are carrier. Carriership of a
heterozygous pathogenic variant in LEP might increase obesity risk.
Prenatal diagnostics can be considered in families with known leptin
(receptor) deficiency.

9 Summary



LEP (leptin) and LEPR (leptin receptor) deficiencies are genetic
disorders that disrupt the leptin-melanocortin pathway, which is
crucial for regulating appetite, and energy balance. These ultra rare
disorders are most seen in consanguineous populations. They have an
autosomal recessive inheritance pattern and are caused by biallelic
pathogenic variants in either the LEP gene or the LEPR gene. The
clinical characteristics are severe early-onset obesity caused by
hyperphagia and diverse hormonal deficiencies (hypothyroidism,
hypogonadotropic hypogonadism, growth hormone deficiency). In the
case of LEP deficiency, leptin replacement therapy (such as with
recombinant leptin) has shown success in reducing hunger and
achieving weight loss. LEPR deficiency can be treated with an MC4R
agonist, which also leads to a decrease in hunger and weight loss.
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1 Introduction

Proopiomelanocortin (POMC) deficiency is a rare autosomal recessive
disorder characterized by impaired processing of the POMC protein,
which leads to dysfunctional production of various biologically active
peptides involved in the hypothalamic leptin-melanocortin pathway.
The main clinical features of the disorder are early-onset obesity,
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adrenal insufficiency, red hair (mostly apparent in white patients), and
a lack of skin pigmentation.

In 1998, biallelic (homozygous or compound heterozygous)
variants in the POMC gene were first identified in two unrelated
patients who had severe obesity and adrenal dysfunction. Their distinct
features included red hair and a pale skin color [1]. The inheritance
pattern of POMC deficiency is autosomal recessive. We currently
estimate the prevalence of POMC deficiency to be 1 in 1.9 million
people, based on carrier frequency data from the Genome Aggregation
Database (gnomAD) [2, 3]. The prevalence of this disorder is higher in
consanguineous populations. Heterozygous loss-of-function variants in
POMC lead to a slightly higher BMI [4].

2 Aetiology and Pathophysiology

2.1 Leptin-Melanocortin Pathway

POMC is a key protein in the leptin-melanocortin pathway that is
strongly expressed in the arcuate nucleus of the hypothalamus and
pituitary gland [5]. It plays a crucial role in the regulation of several
physiological processes, including metabolism and response to stress.
The hypothalamic leptin-melanocortin pathway is the main regulator of
homeostatic energy balance, satiety, and energy expenditure (see
Chapter “Non-syndromic Leptin Melanocortin Pathway Disorders”).
Leptin signalling through the leptin receptor leads to the production of
POMC-expressing neurons. This leads to the production of POMC in the
arcuate nucleus of the hypothalamus, which is subsequently cleaved
into different hormones such as adrenocorticotropic hormone (ACTH),
alpha-melanocyte-stimulating hormone (a-MSH), 3-MSH, and y-MSH
[5]. These hormones are involved in several physiologic processes
including skin pigmentation, adrenal cortisol production, and, through
the MC4R receptor in the paraventricular nucleus of the hypothalamus,
satiety and energy expenditure. Biallelic (homozygous or compound
heterozygous) defects of the POMC gene disrupt the normal post-
translational processing of POMC, impairing the formation of bioactive
peptides such as ACTH, a-MSH, 3-MSH, and y-MSH, and subsequent
downstream signalling. The deficiencies in the ligands and subsequent
lack of activation of the melanocortin receptors lead to the different



aspects of the phenotype. Lack of MC1R activation leads to the red hair
pigmentation and pale skin. Lack of MC2R activation leads to the
central adrenal insufficiency. Lack of activation of the MC4R leads to the
hyperphagia and severe obesity phenotype.

2.2 Molecular Genetics

Complete POMC deficiency is caused by biallelic loss-of-function POMC
variants.Several pathogenic variants in POMC have been described,
including missense variants. Depending on the location of the variant in
the POMC gene, different functions of the gene can be affected. For
example, there were two sisters reported with a homozygous POMC
variant who only showed obesity, hyperphagia and hypocortisolism,
but no red hair of pale skin. Their specific POMC defect did not impair
the activity of MC1R by (3-MSH, leading to normal pigmentation [6].

A recent exome sequencing study showed that heterozygous
carriers of POMC loss-of-function variants have a significantly higher
BMI [7]. There is likely reduced penetrance and variable expressivity
for patients who carry a heterozygous loss-of-function variant in POMC.
Biallelic POMC deficiency shows complete penetrance.

3 Clinical Presentation

The first reported cases with molecularly confirmed POMC deficiency
were published in 1998 [1]. Both patients presented with obesity, red
hair pigmentation and pale skin, and ACTH deficiency. Interestingly, an
earlier-born sibling of the first patient had died in infancy and was
found to have adrenal insufficiency in the post-mortem examination
[1]. This first report highlights the key clinical features of POMC
deficiency and shows the importance of recognizing the disease,
enabling timely glucocorticoid replacement therapy. The commonest
presenting sign, in 72% of patients, is neonatal hypoglycemia with or
without convulsions, prompting additional laboratory tests leading to
the diagnosis of adrenal insufficiency [8]. The clinical presentation in
the first years of life is often characterized by hyperphagia, severe
obesity, and adrenal insufficiency due to the lack of melanocortin
signalling. Hyperphagia is characterized by an extreme and insatiable
increase in appetite, even when having consumed sufficient amounts of



food [9], which negatively impacts quality of life [10]. The age of onset
of obesity is usually within the first two years of life [11, 12]. Additional
endocrine disturbances can be present, such as central hypothyroidism,
hypogonadotropic hypogonadism, type 1 diabetes and growth hormone
deficiency [8]. A pitfall can be that not all patients exhibit the typical
pale skin and red hair. Depending on their ethnicity and exact genetic
variant, about 55% of patients have red hair, 30% have reddish-brown
hair and 25% have brown or dark hair [8]. The first two patients with
POMC were reported to have a lower resting energy expenditure (REE)
than predicted [1], but this has not subsequently been reported [13].

4 Differential Diagnosis

Other non-syndromic genetic obesity disorders, for example LEP and
LEPR deficiency, should be considered when there is early-onset severe
obesity. Furthermore, consider multifactorial or environmental obesity
including use of obesogenic medication, polygenic obesity, syndromic
obesity, overgrowth disorders, hypothalamic obesity, and endocrine
obesity. For more details regarding the differential diagnosis, see the
differential diagnosis paragraph in Chapter “Non-syndromic Leptin
Melanocortin Pathway Disorders”.

The most important key symptoms for the differential diagnosis of
POMC deficiency are red hair or hypopigmentation and central adrenal
insufficiency. A comprehensive overview of the differential diagnoses
associated with these symptoms falls beyond the scope of this book.
Non-exhaustive examples of important diagnoses to consider are given
below.

4.1 Red Hair and Obesity

e Melanocortin-1 receptor: MC1R is one of the most important
regulators of human skin and hair color. Red hair can be an indication
of biallelic inherited POMC deficiency but can also coincidentally
occur with obesity.

e Ectopic ASIP expression: In 2022, a novel genetic obesity disorder
typically associated with red hair was published [14]. It is caused by
a specific genetic rearrangement where the ASIP gene is placed under
control of the promoter of the ITCH gene, which results in ectopic



ASIP expression. This causes red hair because ASIP functions as an
antagonist at MC1R in the skin and hair. As ASIP also works as an
antagonist on MC4R, patients will develop hyperphagia and obesity.

4.2 Central Adrenal Insufficiency and Obesity

o PCSK1 deficiency: overlapping phenotype of obesity and adrenal
failure [15]. See Chapter “PCSK1 deficiency” on the further clinical
features of this disorder (severe diarrhoea in the first year of life,
other endocrinopathies).

e TBX19: This gene is involved in the gene transcription of POMC.
Patients with biallelic pathogenic variants in TBX19 present with
congenital isolated adrenocorticotropic hormone deficiency [16].

e As part of a multiple pituitary hormone deficiency. For example,
PROP1, HESX1 [17].

5 Molecular Diagnosis

POMC deficiency is caused by biallelic defects of the POMC gene. Both
pathogenic truncating and missense variants are described. Over the
years, there has been a debate about a potential dominant inheritance
pattern, where it was thought that heterozygous pathogenic POMC
variants could lead to obesity with hyperphagia. A recent study
assessed this association in 190,000 exomes from the UK Biobank [4].
They found that these heterozygous pathogenic variants did not
significantly elevate the risk of obesity, but that they did increase BMI.
Therefore, heterozygous POMC variants could still be considered as a
risk factor for obesity, but not as a typical genetic obesity disorder.

6 Therapy

In general, an individualized tailored treatment plan should be made
for every patient with non-syndromic genetic obesity, including POMC
deficiency, that is appropriate for age, culturally sensitive, and family-
centered. Because of the pale skin, one could consider advising to be
cautious with sun exposure.

The cornerstone obesity treatment is a combined lifestyle
intervention (CLI) that focuses on physical activity and dietary advice



as well as psychosocial and behavioral interventions. This however
rarely suffices in POMC deficiency [18], and additional pharmacologic
treatment, or in specific cases bariatric surgery might be needed.
Setmelanotide, an MC4R agonist, is available as treatment for several
leptin-melanocortin pathway deficiencies including POMC deficiency.
This is currently administered through subcutaneous injections. In a
phase 3 trial with 9 patients with POMC deficiency and 11 patients with
LEPR deficiency, 1 year treatment with setmelanotide resulted in an
average weight loss of —25.6%, which was more than double the effect
size seen in the patients with LEPR deficiency. Moreover, improvements
in satiety and hunger feelings and metabolic parameters were clearly
seen [19]. The most important side effects are injection side reactions,
gastro-intestinal side effects, which usually resolve over time, and skin
hyperpigmentation [19, 20]. During setmelanotide treatment, red hair
and blue eye color can also change to brown [8]. Qualitative studies also
show that treatment with setmelanotide improves quality of life in
patients with POMC deficiency 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 of
GLP-1 agonist treatment, naltrexone /bupropione, phentermine, or
central stimulants such as methylphenidate and dexamphetamine in
patients with POMC deficiency. There have been incidental reports of
bariatric surgery in homozygous POMC deficiency showing initial
weight loss followed by substantial weight gain [21] and heterozygous
POMC variants showing similar weight loss as patients without a
heterozygous POMC variant [22]. It is not known whether the type of
bariatric surgery can influence weight loss in patients with POMC
deficiency. To our knowledge, no gene therapy possibilities restoring
POMC function in vivo have yet been reported.

7 Follow-up Advices

Follow-up of POMC deficiency requires multidisciplinary long-term
care. There is no uniform follow-up or screening recommendation.
Follow-up advices that could be considered are:

e Monitoring of height, weight, and puberty



e Monitoring of associated endocrine deficiencies and evaluation of
treatment. People with POMC deficiency are generally treated with
oral hydrocortisone or another glucocorticoid to treat adrenal
insufficiency.

* Biochemical evaluation including endocrine evaluation for hormonal
disturbances and screening for comorbidities (thyroid function,
gonadal hormones, signs of hepatic steatosis, lipid profile, glucose
levels, insulin sensitivity)

e Measurement of body composition and of resting energy expenditure
to guide tailored dietary advice

e Cardiovascular assessment: according to severity of the obesity and
presence of comorbidities.

8 Family Screening

Since POMC deficiency is associated with autosomal recessive
inheritance, siblings of an affected child have 25% chance of being
affected if both parents are moleculary confirmed carrier. After the
genetic diagnosis of a child with POMC deficiency, prenatal diagnostics
are available to assess whether the future child of the same parents is at
risk for POMC deficiency. If the future child is affected, glucocorticoid
therapy can be started shortly after birth.

9 Summary

e POMC deficiency is a rare genetic obesity disorder with an autosomal
recessive inheritance pattern. It is caused by pathogenic biallelic
(homozygous or compound heterozygous) POMC variants

e Key clinical characteristics are hyperphagia and early-onset obesity,
hypopigmentation (leading to red hair or pale skin in around 50% of
the cases), and adrenal insufficiency.

Growth hormone deficiency and central hypothyroidism can also
be part of the disorder.

e Heterozygous (monoallelic) carriers of pathogenic loss-of-function
POMC variants are at risk to develop a higher BMI, but they do not
have the other phenotypic features of POMC deficiency.



Hyperphagia and obesity caused by biallelic POMC deficiency can be
treated with MC4R agonist setmelanotide. Setmelanotide does not
work for the adrenal insufficiency, therefore these patients should be
treated with oral glucocorticoids.
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1 Introduction

Melanocortin-4 receptor deficiency (MC4R deficiency) is the most
common genetic disease that influences appetite regulation and energy
balance [1]. The clinical phenotype of MC4R deficiency can be seen as a
spectrum, from moderate obesity to severe early-onset forms with
hyperphagia, often accompanied by metabolic disturbances and
increased linear growth (Fig. 1). The MC4R gene codes for a G-protein
coupled receptor that is a key element of the hypothalamic leptin-
melanocortin pathway, which regulates satiety and energy expenditure
[2]. MC4R deficiency can be inherited through both recessive and
dominant patterns, with the recessive form representing the severe
side of the spectrum. There are typically no other endocrinopathies
associated with MC4R deficiency, in contrast to LEP, LEPR or POMC
deficiency. The disorder was first described in 1998 as the earliest
known genetic form of obesity with autosomal dominant inheritance
[3]. Currently, there are large patient cohorts described and the
prevalence in the general population is estimated at around 1 in 500-
2000. In cohorts of adults with obesity, the prevalence of MC4R
deficiency has been estimated at around 1% [4, 5]. In our Dutch center
of expertise for genetic obesity, in the pediatric cohort, we found a



prevalence of 3.2% [6]. A Spanish early-onset obesity cohort showed a
prevalence of 1.5% [7].

2 Aetiology and Pathophysiology

2.1 Leptin-Melanocortin Pathway

The hypothalamic leptin-melanocortin pathway is the main regulator of
homeostatic energy balance, satiety and energy expenditure (see
Chapter “Non-syndromic Leptin Melanocortin Pathway Disorders”). It
receives peripheral afferent input from various organs as well as other
brain areas. The adipose tissue is involved in long-term signalling of
satiety and energy expenditure by producing the hormone leptin, the
most important indicator of the body’s reserve energy stores [3].
Hypothalamic leptin signalling leads to the production of POMC, a
prohormone that is cleaved into different hormones, including a-
melanocyte stimulating hormone (MSH). This a-MSH subsequently
activates the MC4R, which through various downstream signalling
pathways ultimately leads to increased satiety and energy expenditure
[2, 9]. Stimulation of the MC4R expressed on sympathetic preganglionic
cholinergic neurons also leads to increased sympathetic tone, which
mediates its effects on heart rate, blood pressure and glucose
homeostasis [9]. Furthermore, MC4R signalling influences gastric
emptying [10].

2.2 Molecular Genetics

The MC4R gene encodes for the MC4R receptor. Variants with complete
loss-of-function (for example caused by a frameshift) and missense
variants have been described as pathogenic. The website www.mc4r.
org.uk shows an overview of the current data about the pathogenicity
of the rare variants and the specific cellular mechanisms that are
affected by the variant [5]. The MC4R signal is mainly conveyed through
activation of the Gsa protein, however, recent studies show evidence for
biased signalling through other intracellular pathways, e.g. intracellular
calcium signalling, receptor trafficking and [3-arrestin recruitment [11,
12]. The variants do not appear to cluster at a specific 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 a
lower BMI and less obesity in the UK biobank cohort [13].

2.3 Common Variants

Besides rare MC4R variants, large genome-wide association studies
(GWAS) have identified several common single nucleotide
polymorphisms (SNPs) near the MC4R gene that are associated with
increased BMI and fat mass [14]. These SNPs are highly prevalent in the
general 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 Penetrance

The severity of obesity caused by rare MC4R mutations can vary greatly
due to different genetic and environmental factors. It is known that
polygenic susceptibility influences the impact of pathogenic MC4R
variants on BMI [15]. In some families, these influences can also
decrease the impact of the mutation. This means that not everyone with
the MC4R variant will have the same degree of obesity, and in some
cases, they might not develop obesity at all. These phenomena are
called variable expressivity and reduced penetrance, where variable
expressivity refers to variability of the phenotypic features, and
reduced penetrance refers to individuals who have the genetic defect
but do not show the phenotype.

3 Clinical Presentation

The key clinical features of MC4R deficiency are hyperphagia and early-
onset obesity [11, 16]. Hyperphagia is characterized by an extreme and
insatiable increase in appetite, even when having consumed sufficient
amounts of food [17]. The age of onset of obesity can be variable but is
typically before the age of 4-5 years [18]. Patients with biallelic MC4R
deficiency have a more severe phenotype with typically more
hyperphagia and an earlier age of onset of obesity, often before the age
of 2 years [18]. In a UK birth cohort, the mean difference in
anthropometrics between carriers and non-carriers of MC4R LoF
variants increased throughout childhood [19]. The largest difference



was seen at age 18 years, where carriers of MC4R LoF variants weighed
on average 17.8 kg more (BMI +4.8 kg/m?).

Other features of MC4R deficiency include increased linear growth
and head circumference, hyperinsulinemia disproportionate to the
severity of the obesity, and increased bone mineral density and bone
mineral content [11, 20]. The largest difference in height between
carriers of MC4R LoF variants and non-carriers is found at age 12 years
(on average + 6.5 cm) [19]. Furthermore, carriers of MC4R variants
have relatively lower blood pressure compared to controls with obesity
[21]. Although decreased resting energy expenditure in MC4R
deficiency has been reported in individual cases, it is not present more
often than in control patients with obesity [22].

3.1 Clinical Evaluation

A comprehensive clinical evaluation is warranted in all cases with
suspected or established MC4R deficiency. This includes:

e Detailed medical history: focusing on eating behaviors, signs of
hyperphagia, age of onset of obesity, periods of rapid weight gain,
and other associated health issues. A three-generation family history
documenting consanguinity, instances of (early-onset) obesity,
increased linear growth and head circumference and related
metabolic disorders, e.g. diabetes, hypertension, dyslipidemia, and
cardiovascular diseases, should be obtained. Comprehensive growth
charts analysis can further increase the suspicion of MC4R deficiency
[18].

e Physical examination: measurement of height (or recumbent length
in infants), weight, and head circumference, blood pressure and heart
rate. Furthermore, physical signs of insulin resistance (acanthosis
nigricans) should be evaluated. When available, measurement of
body composition and energy expenditure can aid in patient-tailored
treatment advices.

e Measurement of parental height, weight, and head circumference.

* Biochemical evaluation: assessment of fasting glucose and insulin,
lipid profile, liver enzymes, thyroid function and vitamin D levels is
warranted in all patients.



4 Differential Diagnosis

Other non-syndromic genetic obesity disorders such as LEPR deficiency
should be considered when there is a suspicion of MC4R deficiency.
Furthermore, consider multifactorial or environmental obesity
including use of obesogenic medication, polygenic obesity, syndromic
obesity, overgrowth disorders, hypothalamic obesity, and endocrine
obesity. For more details regarding the differential diagnosis, see the
differential diagnosis paragraph in Chapter “Non-syndromic Leptin
Melanocortin Pathway Disorders”.

5 Molecular Diagnosis

Sanger sequencing for MC4R is a relatively easy and affordable test to
identify pathogenic variants in MC4R. Because of the genetic
heterogeneity of genetic obesity disorders, using a larger obesity gene
panel might be a more effective strategy. For more information on the
genetic testing, see Chapter “Non-syndromic Leptin Melanocortin
Pathway Disorders”.

6 Therapy

In general, an individualized tailored treatment plan should be made
for every patient with non-syndromic genetic obesity, including MC4R
deficiency, that is appropriate for age, culturally sensitive, and family-
centered. The cornerstone treatment is a combined lifestyle
intervention (CLI) that focuses on physical activity and dietary advice
as well as psychosocial and behavioral interventions. This however
rarely suffices in MC4R deficiency [23], and additional pharmacologic
treatment and/or in specific cases bariatric surgery might be needed.
Several case series show short-term positive results of GLP-1 agonist
treatment in adults with heterozygous MC4R deficiency [23-25], with
an average weight loss of -5% (ranging from -2% to -13%) after

4 months of treatment [25]. For children with MC4R deficiency, only
case reports are published to date, with one reporting -11% weight
loss after one year of treatment with semaglutide in heterozygous
MC4R deficiency [26], and one reporting stabilisation of BMI percentile



after 1 year of treatment with liraglutide in homozygous MC4R
deficiency [27].

Other treatment options include naltrexone-buproprione and
phentermine in adults with heterozygous MC4R deficiency showing
modest weight loss [25, 28, 29] and methylphenidate in children with
MCA4R deficiency showing improved BMI trajectories and decreased
appetite [30]. Treatment with setmelanotide, an MC4R agonist
(currently approved for treatment of biallelic POMC, PCSK1 and LEPR
deficiency) led to a slight reduction of body weight (-2.6% over
placebo) in a small phase 1 trial of adults with heterozygous MC4R
deficiency, but it is not established as a treatment option as of yet [31].
Bariatric surgery in MC4R deficiency is efficacious in the short term,
but more variable in the long term [32, 33]. Furthermore, the type of
bariatric surgery can influence weight loss in patients with MC4R
deficiency, with Roux-en-Y gastric bypass showing larger effects than
sleeve gastrectomy [34]. Mean total body weight loss after 2 years was
33.7% for MC4R heterozygotes who underwent Roux-en-Y gastric
bypass; for the sleeve gastrectomy in MC4R heterozygotes total body
weight loss after 2 years was 21.5% [34]. Targeted gene therapy using
CRISPR has already been shown to revert the obesity phenotype in
heterozygous Mc4r deficient mice and might become available as future
treatment option [35].

7 Follow-up Advices

There is no uniform follow-up plan for all patients with MC4R
deficiency, but management often requires multidisciplinary, long-term
care. Some follow-up recommendations that could be considered are:

e Repeat visits to monitor adherence to healthy lifestyle

e Monitoring of height, weight, head circumference, and puberty

e Biochemical evaluation including endocrine evaluation for hormonal
disturbances (e.g. thyroid function, hypogonadism) and screening for
comorbidities (signs of hepatic steatosis, lipid profile, glucose levels,
insulin sensitivity)

e Measurement of body composition and of resting energy expenditure
to guide tailored dietary advice



e Cardiovascular assessment: according to severity of the obesity and
presence of comorbidities

8 Family Screening

MC4R deficiency is associated with both dominant and recessive
inheritance of obesity. Siblings can be tested when they have an obesity
phenotype. Because of the known variable expressivity and reduced
penetrance of the disorder, it is possible that family members with the
genetic defect have a different phenotype than the index patient.

9 Summary

Melanocortin-4 receptor deficiency (MC4R deficiency) is the most
common genetic obesity disorder that influences appetite regulation
and energy balance, with an estimated prevalence of around 1% of
people with obesity. The inheritance pattern can be autosomal
dominant or autosomal recessive. The main clinical features are
hyperphagia and early-onset obesity. Patients can also have increased
linear growth and a large head circumference. Treatment options
include GLP-1 receptor agonists, naltrexone-buproprione, phentermine,
methylphenidate, and tailored advices regarding bariatric surgery
types and outcomes.
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1 Introduction

Proprotein convertase subtilisin/kexin type 1 (PCSK1) deficiency is a
very rare genetic disorder that affects the function of the enzyme
proprotein convertase 1 (also known as prohormone convertase 3 or
PC1/3). This hormone is critical for the processing of various precursor
proteins, including prohormones and neuropeptides in the
hypothalamic leptin-melanocortin pathway [1]. Because of the diverse


https://doi.org/10.1007/978-3-032-04095-4_13
mailto:L.kleinendorst@amsterdamumc.nl
mailto:o.abawi@erasmusmc.nl

roles of PCSK1, the patients do not only have hyperphagia and severe
obesity, but also suffer from severe gastrointestinal problems in
childhood and diverse complete or partial hormonal deficiencies
including growth hormone deficiency, hypocortisolism,
hypothyroidism, arginine vasopressine (AVP) deficiency, low levels of
sex hormones or diabetes mellitus [1, 2].

The first patient diagnosed with PCSK1 deficiency was published in
1997 [3]. She had compound heterozygous pathogenic variants in
PCSK1, which led to a phenotype of severe early-onset obesity and
impaired glucose tolerance with postprandial hypoglycemia. She also
had adrenal insufficiency and hypogonadotropic hypogonadism. After
the publication of three more cases, which had a phenotype of severe
intestinal malabsorption, the medical history of the first published case
was reviewed and it was found that she had also suffered from frequent
diarrhea in the first decade of her life [1].

PCSK1 deficiency is an autosomal recessive disorder. Many of the
currently described patients are from highly consanguineous
populations. There is a suggestion of a higher prevalence in males
versus 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 increased
risk of obesity [5]. We currently estimate the prevalence of PCSK1
deficiency to be 1 in 3.8 million, based on carrier frequency data from
the Genome Aggregation Database (gnomAD) [6, 7].

2 Aetiology and Pathophysiology

2.1 Leptin-Melanocortin Pathway

PCSK1 is an enzyme involved in the proteolytic cleavage and activation
of various precursor molecules, in particular proopiomelanocortin
(POMC) and proinsulin (Fig. 1). These precursor molecules are crucial
for the production of various hormones, neuropeptides, and other
bioactive substances. In the leptin-melanocortin pathway, it is
particularly important in the conversion of pro-opiomelanocortin
(POMCQ), after stimulation of POMC-neurons by leptin signaling, into
ACTH, alpha-melanocyte-stimulating hormone (a-MSH), 3-MSH, and y-
MSH [8]. Alpha-MSH is a key agonist for the melanocortin 4 receptor



(MC4R) involved in regulating appetite and energy expenditure.
Deficiencies in PCSK1 can lead to impaired cleavage of POMC, resulting
in reduced levels of a-MSH and, consequently, decreased MC4R
activation. This subsequently leads to hyperphagia and early-onset
obesity [1, 8].

LEPR

!

POMC peptide

Leptin

Proprotein convertase

,e‘,u..,‘.ﬁj_f_l_: Proprotein convertase
a-MSH

*|

MC4R

Fig. 1 Simplified overview of prohormone processing by proprotein convertase 1, the enzyme for
which the PCSK1 gene encodes. As an example, the processing of POMC to alpha-MSH is shown via
the cleavage of POMC into (among others) ACTH. Similar processing is performed by PCSK1 to
produce other hormones, e.g. insulin from pro-insulin (see full text for details). Abbreviations:
LEPR leptin receptor, POMC proopiomelanocortin, PCSK1 proprotein convertase subtilisin/kexin
type 1, ACTH adrenocorticotropic hormone, a-MSH alpha-melanocyte stimulating hormone, MC4R
melanocortin-4-receptor

The PCSK1 gene is also expressed broadly in other areas of the
hypothalamus such as the supraoptic nucleus (SON) and peripheral
tissues such as the adrenal medulla, pituitary gland, thyroid gland,
endocrine pancreas and small intestine [1], where it is involved in many
metabolic processes beyond the leptin-melanocortin pathway.
Therefore, PCSK1 deficiency leads to a broad phenotype characterized
by endocrine deficiencies and gastro-intestinal symptoms, such as



severe neonatal diarrhea. In the hypothalamus, PCSK1 deficiency leads
to impaired cleavage of pro-TRH (thyrotropin-releasing hormone) into
TRH, leading to central hypothyroidism [1, 12]. In the SON, PCSK1
deficiency leads to aberrant processing of provasopressin, resulting in
AVP deficiency (formerly known as central diabetes insipidus) [1]. In
the pituitary gland, reduced production of pro-ACTH and ACTH from
POMC lead to a phenotype of central adrenal insufficiency [1, 9].
Moreover, impaired activation of pro-GnRH (gonadotropin-releasing
hormone) and kisspeptin can ultimately cause hypogonadotropic
hypogonadism [1, 10]. Moreover, PCSK1 is needed for the processing of
pro-growth hormone releasing hormone (GHRH) to GHRH, and PCSK1
deficiency can lead to growth hormone deficiency [1, 11]. In the
endocrine pancreas, reduced cleavage of proinsulin into insulin causes
abnormal glucose metabolism characterized by hyperglycemia followed
by reactive hypoglycemia hours after meals and ultimately diabetes
mellitus [1, 13, 14]. In the small intestine, defective processing of
several gut hormones and gut peptides involved in digestion, especially
in the enteroendocrine cells, results in intestinal malabsorption and
severe congenital diarrhea [1, 4].

2.2 Molecular Genetics

Complete PCSK1 deficiency is caused by biallelic (homozygous or
compound heterozygous) loss-of-function PCSK1 variants. Several
pathogenic variants in PCSK1 have been described, including missense
variants. There appears to be no clear genotype-phenotype correlation
[15]. Heterozygous carriers of a complete loss-of-function PCSK1
variants have an increased risk of developing obesity [5]. Rare
heterozygous 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 9.3
compared to non-carriers) and higher BMI (on average + 4.7 kg/m?),
whereas missense variants with residual activity in vitro did not show a
clear association with obesity [5]. Common variants in PCSK1 are
associated with increased BMI and slightly increased odds of having
obesity, and with increased circulating proinsulin levels and alterations
in glucose homeostasis [1, 16].



There is one case report of a child with PCSK1 deficiency caused by
a maternal uniparental isodisomy (UPD) with a homozygous
pathogenic variant in the PCSK1 gene [17].

3 Clinical Presentation

The clinical manifestations of PCSK1 deficiency can vary greatly
between patients. The patients generally are born at full term with a
normal birth weight, but typically present in the neonatal period or
shortly thereafter with early-onset severe malabsorptive diarrhea
and/or severe hypoglycemia [1]. The gastrointestinal symptoms can
last for several months, and prolonged hospital admission is often
needed [1]. Over 90% of the patients need parenteral nutrition in early
childhood [2]. Early-onset obesity and hyperphagia are reported in
79% of the published cases [2].

To our knowledge, 30 patients, with complete PCSK1 deficiency
have been described in literature. The most recent overview of the
clinical phenotypes was published in 2021 by Duclaux-Loras et al,,
which included data on 28 patients [2]. The clinical features are shown
in Table 1 sorted by frequency.

Table 1 Clinical features of PCSK1 deficiency and their frequency in cases reported
in literature

Feature Frequency in reported cases [2]
Diarrhea 96%
Receiving parenteral nutrition 92%
Polyuria-polydipsia 86%
Early-onset obesity 79%
AVP deficiency (central diabetes insipidus) [ 61%
Hypocortisolism 57%
Hypothyroidism 56%
Growth hormone deficiency 44%

Hypogonadism 44%




4 Differential Diagnosis

Other non-syndromic genetic obesity disorders, for example LEP and
LEPR deficiency, should be considered when there is early-onset severe
obesity. Furthermore, consider multifactorial obesity including use of
obesogenic medication, polygenic obesity, syndromic obesity,
overgrowth, hypothalamic obesity, and endocrine obesity. For more
details regarding the differential diagnosis, see the differential
diagnosis paragraph in Chapter “Non-syndromic Leptin Melanocortin
Pathway Disorders”.

The most important key symptoms for the differential diagnosis of
PCSK1 deficiency are neonatal diarrhea and the various hormonal
deficiencies. A comprehensive overview of the differential diagnoses
associated with these symptoms falls beyond the scope of this book.
Non-exhaustive examples of important diagnoses to consider are given
below.

4.1 Neonatal or Congenital Diarrhea

For the neonatal phase with malabsorptive diarrhea, other genes that
are involved in the enteroendocrine development should be considered.
For example, NEUROG3 and PERCC1 [18].

4.2 Endocrinopathies

The diverse endocrinopathies that can be seen in PCSK1 deficiency all
have their own differential diagnoses. However, the combination with
congenital diarrhea and early-onset obesity makes many of these
diagnoses less likely. Some diagnosis to consider are:

* LEP and LEPR deficiency: Patients with leptin or leptin receptor
deficiency can also have hypogonadism, growth hormone deficiency,
and hypothyroidism. Adrenal insufficiency, however, is not seen in
LEP and LEPR deficiency. See Chapter “Leptin and Leptin Receptor
Deficiency” for more information.

e POMC deficiency: overlapping phenotype of obesity and adrenal
failure. See Chapter “POMC Deficiency” for further clinical features of
this disorder (such as pale skin and red hair)




5 Molecular Diagnosis

PCSK1 deficiency is caused by biallelic loss-of-function (likely)
pathogenic variants in the PCSK1 gene. The molecular diagnosis of
PCSK1 deficiency can be made by sequencing of the PCSK1 gene. In the
neonatal phase, NGS gene panels for congenital diarrhea can lead to
this diagnosis. PCSK1 is also included in many gene panels for early-
onset obesity, but the disease is rarely diagnosed in children with only
early-onset obesity as their main or only complaint. Heterozygous
carriers of a complete loss-of-function variant in PCSK1 have an
increased risk of developing obesity [5].

6 Therapy

An individualized tailored treatment plan should be made for every
patient with genetic obesity including PCSK1 deficiency. It should be
appropriate for age, culturally sensitive, and family-centered. Adhering
to a healthy diet can be especially challenging for children with
complete PCSK1 deficiency because of their intestinal symptoms. For
example, there is a case report on a 2-year-old child with PCSK1
deficiency who had a diet without fruit and vegetables to prevent
diarrhea. At that time, he had a BMI of 19 kg/m? (+3SD) [5].

Little is known about the effectiveness of anti-obesity medication
for PCSK1 deficiency, probably because of the rarity of the disorder.
MCA4R agonist setmelanotide is approved for patients with PCSK1
deficiency and obesity. The approval application for PCSK1 deficiency
was combined with data from POMC deficiency because of their
overlapping mechanisms and the very low prevalence of PCSK1
deficiency. The phase 3 trial included only 1 patient with PCSK1
deficiency [19, 20]. He initially lost 7.1% body weight on setmelanotide.
During the placebo-controlled withdrawal phase, he regained weight
and developed depression, for which the obesogenic drug risperidone
was prescribed. After restarting the setmelanotide at the end of the
withdrawal phase, the researchers noted that he did not lose any
additional weight, even when his risperidone was eventually stopped.
After study completion, the patient had a 2.4% weight reduction from
baseline owing to the initial rapid weight loss at the start of the study. It



is unknown whether the loss of effect of setmelanotide treatment was
caused by the depression and risperidone treatment, or by the placebo-
controlled withdrawal phase. As far as we are aware, there are no
publications on the effects of other anti-obesity drugs, such as GLP-1
agonist treatment, naltrexone/bupropione, phentermine, or central
stimulants (methylphenidate and dexamphetamine) in patients with
PCSK1 deficiency. 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 deficiency
that underwent bariatric surgery. He underwent a Roux-en-Y gastric
bypass with good effect, resulting in >25% body weight loss and
reversal of his type 2 diabetes [1]. Five patients with heterozygous
complete or partial loss-of-function variants in PCSK1 who underwent
bariatric surgery have also been described in literature. They appear to
have similar weight loss results two years after bariatric surgery as
patients who do not have genetic obesity [21]. No long-term data are
available as of yet.

In addition to the obesity treatment, it is important to treat the
associated endocrinopathies by supplementing the hormonal
deficiencies. As an example, desmopressin is used to treat the AVP
deficiency, while the adrenal insufficiency is treated with oral
glucocorticoids. Recombinant growth hormone may be given in
patients with growth hormone deficiency, as well as levothyroxine and
insulin to treat the hypothyroidism and diabetes mellitus, respectively.
In patients with stagnating pubertal development, sex hormone
replacement therapy is given.

7 Follow-up Advices

Management of PCSK1 deficiency requires multidisciplinary long-term
care. There is no uniform follow-up or screening recommendation.
Follow-up monitoring that could be considered:

e Height, weight, and puberty

e (Gastrointestinal symptoms and dietary status

¢ Associated endocrine deficiencies and evaluation of hormonal
treatment



e Endocrine evaluation for hormonal disturbances and screening for
comorbidities (signs of hepatic steatosis, lipid profile, hyperglycemia,
and/or postprandial hypoglycemia)

* Body composition and of resting energy expenditure to guide
tailored dietary advice

e Cardiovascular screening according to severity of the obesity and
presence of comorbidities

8 Family Screening

Since PCSK1 deficiency is an autosomal recessive genetic disorder,
siblings of an affected child have a 25% chance of having the same
condition. Because heterozygous carriers of loss-of-function variants
are likely more at risk to develop obesity, one could consider family
screening for heterozygotes as well, especially if available treatment
options depend on the genetic diagnosis.

Take Home Messages

e PCSK1 deficiency is a rare genetic obesity disorder with an
autosomal recessive inheritance pattern.

» Key clinical characteristics are severe diarrhea and failure to
thrive in infancy, followed by hyperphagia and obesity in
childhood. Several hormonal disturbances (complete or partial),
such as AVP deficiency, growth hormone deficiency, and adrenal
insufficiency are also associated with PCSK1 deficiency.

» Heterozygous carriers of pathogenic loss-of-function variants in
PSCK1 are at risk to develop obesity, but they do not have the
complete (severe) phenotype of hormonal deficiencies seen in
PCSK1 deficiency.

e PCSK1 deficiency can be treated with MC4R agonist
setmelanotide. If indicated, hormonal deficiencies should be
treated with hormone replacement therapy.
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1 Principles of Epigenetics

Epigenetic changes are reversible alterations that modify the activity of
a gene without changing the genetic code. They are chemical
modifications to the DNA and the protein structures around which the
DNA is wound, called histones. DNA and histones together form
nucleosomes, the basic unit that makes up chromatin. The epigenetic
modifications regulate whether the chromatin becomes more or less
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condensed or ‘folded’, thus regulate accessibility of genes and thereby
expression of genes. An open DNA structure is associated with
increased gene activity, while a closed DNA structure is associated with
reduced gene activity. The most commonly studied epigenetic change is
the attachment of a methyl group to the cytosine base in the DNA. Other
epigenetic features involve chemical changes possible at the histone
tails, such as acetylation, phosphorylation, and methylation, which can
occur at many different positions on the histone tail. The collective
epigenetic changes to the genome are referred to as the epigenome.
Epigenetic changes are reversible, modifications are actively added or
erased, and therefore the epigenome is more flexible than the genome.
The epigenome is also responsive to environmental factors, such as diet
and stress or exposure to chemicals [1-3].

2 Epigenetic Signatures

Numerous genes are intricately connected to epigenetic regulation,
specifically those associated with the epigenetic machinery. These
genes encode proteins categorized as writers, erasers, readers, and
remodelers, with writers modifying specific regions of the genome,
erasers removing epigenetic marks, readers recognizing these marks
and recruiting other enzymes, and remodelers facilitating access to
chromatin regions and aiding in protein-DNA interactions [1]. Variants
in such genes that affect normal function affect the epigenome and
results in specific consistent and reproducible DNA methylation
patterns, also detectable in peripheral blood, called episignatures [4].
In recent years, numerous epigenetic signatures based on DNA
methylation have been discovered by various research groups. Among
the first known episignatures published were those associated with
Floating-Harbor syndrome (SRCAP), Claes Jensen syndrome (KDM5C),
Kabuki syndrome 1 & 2 (KMTZ2D, KDM6A), Helsmoortel-Van der Aa
syndrome (ADNP) and Charge syndrome (CHD7) [5-10]. The number of
disorder linked episignatures continues to grow annually, with today
over 100 episignatures identified, spanning more than 120 genes or
genomic regions [11]. The more episignature are established, the more
is 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 of
BAFopathies (ARID1A, ARID1B, SMARCB1, SMARCA4, SMARCAZ) and
Borjeson-Forssman-Lehmann, Chung-Jansen and White-Kernohan
syndromes (resp. PHF6, PHIP DDB1) [12, 13]. It has also been shown
that some genes have multiple episignatures, or that only certain
regions of the gene exhibit episignatures. For instance, Rubinstein-
Taybi syndrome has two episignatures RTS1 and RTSZ2, caused by loss
of function variants in CREBBP or EP300. However, patients with
Menke-Hennekam syndrome, caused by variants in the [D4 regions of
these two genes have a different phenotype, each associated with a
different but specific episignature. Similarly, for Helsmoortel-van der
AA syndrome, caused by in ADNP variants, two distinct and partially
opposing episignatures have been identified [14, 15]. In addition to
variants in genes affecting the epigenetic machinery, environmental
factors can also result in specific episignatures [16].

Episignatures can serve as highly sensitive and specific biomarkers
that can be used in diagnostics. They have been shown to be a valuable
tool in resolving Variants of Uncertain Significance (VUS) that are being
identified 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 of
the patient. The presence of a specific epigenetic signature in a patient
can subsequently supports the associated diagnosis and provides
evidence for pathogenicity of the variant. However, it is important to
note that a negative episignature, can not be considered as conclusive
evidence for lack of pathogenicity. As highlighted before, multiple
episignature profiles may exist for a single gene, related to different
protein domains or variant types. In case of a negative result, it can not
be completely ruled out that the variant results in another, yet
undiscovered episignature [16, 17]. In addition, episignatures can be
used in cases where standard genetics testing for example WES, did not
reveal a causal variant. They can even be used as first tier test for
patients with a striking phenotype suggestive of a syndrome diagnosis
of whom parental samples are unavailable or when parents do not have
queries regarding recurrence risks for future children. In such cases, an
episignature can help provide personalized care. Even without a
positive episignature, it offers clues about which genes to analyze in



more detail, potentially leading to the identification of the causal
variant without needing parental samples when a VUS is identified
through regular Sanger sequencing.

3 Case Example Episignature

Exome sequencing in a 17-year-old boy presenting with intellectual
deficit (ID), obesity, and behavior problems revealed a VUS in PHIP
(c.2200A > G, p.Ser734Gly). Pathogenic variants in this gene cause
Chung-Jansen syndrome (OMIM #617991).

PHIP encodes the Pleckstrin homology domain-interacting protein.
This protein is integral to an epigenetic modifier protein complex. PHIP
is also associated with for ID-overweight syndromes [18]. A combined
episignature for Borjeson-Forssman-Lehmann (BFLS), Chung-Jansen
(CHUJANS) and White Kernohan (WHIKERS) syndromes (PHF6, PHIP,
DDB1) has recently been identified. These syndromes also show
overlapping clinical features and manifests as neurodevelopmental
disorders marked by intellectual disability, behavioural issues, obesity,
and distinctive dysmorphic features.

The DNA methylation profile in peripheral blood of our overlapped
with the BFLS/CHUJANS/WHIKERS combined episignature and with
this CHUJANS (PHIP) sub-signature we could subsequently, reclassify
the VUS to a likely pathogenic PHIP variant (Fig. 1).
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Fig. 1 Confirmed episignature for our case with three different methods. (a) Euclidean

hierarchical 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 0

and 1, with scores close to 1 indicating a high probability of a methylation pattern for the target
syndrome (CHUJANS), and scores close to 0 indicating a methylation profile similar to controls.
Our case is showing a high MVP score, indicating the presence of the CHUJANS episignature

4 Imprinting Disorders

1



Another group of disorders where epigenetics plays an important role
are imprinting disorders. Imprinting disorders are a group of rare
genetic conditions characterized by abnormal gene expression of genes
that are subject to genomic imprinting. Genomic imprinting describes
the that the difference in expression of some genes depending on
parental origin. Some genes are expressed only from the paternal or the
maternal allele. At present there are around 100 imprinted genes
known and they tend to be clustered in the genome. An epigenetic
methylation mark can identify an allele as being maternally or
paternally inherited. This mark is set during gametogenesis and
remains throughout the development of the individual. Imprinting
disorders typically arise from deletions or uniparental disomy (UPD)
(see Chap. 5). At times, defects in imprint establishment or
maintenance can disrupt parent-of-origin-specific gene expression
patterns. Phenotypes of most imprinting disorders include abnormal
growth, either reduced or enhanced. Imprinting disorders in which
obesity is one of the key features include Prader- Willi syndrome and
Pseudohypoparathyroidism (PHP) syndrome. They each exhibit apart
from the obesity distinct clinical features and are associated with
specific genetic loci. Prader-Willi syndrome is caused by the loss of
function of certain genes on chromosome 15q11-q13, see chap. 5. PHP
is often caused by pathogenic variants or affecting the imprinting GNAS
located on chromosome 20q13.32. This gene encodes the alpha subunit
of the stimulatory G protein, which plays a crucial role in transmitting
signals from certain G-coupled hormone receptors including the MC4R
[19, 20]. The diagnosis of an imprinting disorders is made by
identifying abnormal methylation at the imprinting control regions of
the chromosomal locus involved. A targeted, commonly used test for
Imprinting disorders is Methylation specific Multiplex Ligation-
dependent Probe Amplification (MLPA). However, a genome wide
methylation analysis approach can also be used to determine abnormal
methylation at imprinted loci.

5 EpiSign™ Method
The incorporation of episignatures into diagnostics has been pioneered
by EpiSign™, a diagnostic test utilizing the [llumina microarray



(Illumina, CA, USA) as its primary platform for profiling DNA
methylation episignatures [21, 22]. Leveraging bioinformatic and
machine learning applications enables the assessment of DNA
methylation profiles simultaneously. In its latest version (version 5
(February 2024), it can detect 96 different episignatures, 10 imprinting
disorders and the trinucleotide repeat expansion in males with Fragile
X syndrome. Disorders associated with episignatures, categorized by
their function in the epigenetic machinery (writers, readers, erasers
and remodelers) screened with the EpiSign™ test, are shown in Fig. 2.
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retardation (blue), and intellectual disability (orange). (This figure is added with permission from
van der Laan et al. [1])

6 Environmental Factors

As described above, the epigenome is a highly dynamic molecular
mechanism that regulates gene expression. It is controlled by genetic
factors and can also be affected by environmental influences, such as
lifestyle and traumatic events. It has therefore been suggested that
epigenetics may represent the missing genetic variance (heritability)
for common disease such as complex obesity and other non-
communicable disease. In addition, accumulating evidence also
suggests a role of epigenetic mechanisms in post-traumatic stress
syndrome and its related traits. Studying these multifactorial epigenetic
mechanisms are however rather complex. Although, strong associations
between DNA methylation and disease have been reported is such
studies [23-25], conclusions regarding whether such association is
causal or a consequence of the disease remains a challenge in most
studies for the following reasons. Firstly, the most commonly applied
study design follows a cross-sectional approach, wherein cases and
controls express differential DNA methylation at only one time point.
Secondly, epigenetics, by definition, is highly tissue-specific, and most
studies typically rely on DNA extracted from whole blood rather than
the diseased tissue of interest. A striking example of such causality or
consequence question is illustrated by the epigenome-wide association
analysis of obesity traits that detected (among many others) aberrant
DNA methylation of the ABCG1 gene. Follow-up translational studies
reported that this gene is indeed functionally active in fat storage and
fat mass growth. However, whether the aberrant methylation is a
consequence of unfavourable lifestyle factors, or that it represents a
causal link to be susceptible to become obese, remains so far unclear
26, 27].

The role of the environment affecting the human epigenome
includes more than just external factors such as lifestyle and traumatic
events. The microbiome, defined as a collection of bacteria, viruses, and
fungi that inhabit a specific part of the body, has also been shown to
interact with the human epigenome. The most commonly studied
microbiome in relation to the epigenome is that of the gut. For example,



several studies in obese subjects per se, or those who were following a
weight loss intervention program, have demonstrated an association
between the epigenome and the gut microbiome [28, 29].

In addition, in utero exposure to environmental stressors such as
famine has been associated with an increased susceptibility to high
blood pressure, Diabetes Mellitus and obesity in later life [30].
Epigenetic surveys in this context, based on genome-wide DNA
methylation profiles, have suggested that aberrant DNA methylation
serves as a mediator for metabolic diseases, including obesity [31].
Interestingly, all aforementioned studies suggest that the fetus is
particularly at risk during exposures in early gestation.

Exposure to substances during pregnancy is a particular
environmental exposure that may represent a phenotype comparable
with previously described rare disorders. Important examples of such
in utero exposures include Valproic acid and Alcohol. Alcohol, in this
sense, is a known factor that impairs the folate pathway, which is
involved in the general production of methyl groups, which also are
required as an epigenetic mark, i.e., to methylate DNA [32-35].
Similarly, Valproic acid is a known inhibitor of histone deacetylase and
therefore also directly affects epigenetic programming. In utero
Valproic acid is linked to adverse effects in the foetus, but it also has
been reported to be associated with weight gain and insulin resistance
in patients with neurological or psychiatric disorders [36]. The exact
molecular mechanism(s), linking valpoic acid administration to
epigenetic aberrations and weight gain are poorly understood.
However, recently it was shown that this compound was epigenetically
and functionally associated with the FTO gene, an, from the early days,
obesity-linked GWAS locus [37, 38].

Altogether, there is substantial evidence that environmental factors
play a significant role in affecting the human epigenome and may, in
turn, cause adverse affects like obesity.

The future of episignatures in medicine holds great promise,
particularly with the ongoing discovery of epigenetically active
compounds and their role in disease pathology. With more and more
rapidly discovered episignatures becoming available in diagnostic
testing, the power of episignature testing will increase accordingly. As
we delve deeper into understanding how episignatures function within



the body, we anticipate not only improved diagnosis but also the
development of tailored therapies that address the affected mechanism
causing the diseases. Moreover, advancements in epigenetic editing
techniques provide unprecedented opportunities to target and modify
specific epigenetic marks, potentially leading to the development of
novel and more precise treatments [39]. Furthermore, we foresee a
shift towards the integration of episignatures into routine medical
practice, with clinicians utilizing them as diagnostic tools to predict
treatment responses and personalize patient care effectively. In
summary, the future of episignatures offers a wealth of opportunities
for advancing medical understanding, refining diagnostics, and
revolutionizing personalized treatment strategies for epigenetic
diseases to meet the unique needs of each patient [4, 16].

7 Conclusion

In conclusion, DNA methylation analyses stands as a powerful and
versatile tool in the realm of genomic diagnostics. Its capability to
identify a wide range of episignatures, including those associated with
specific disorders such as imprinting defects and obesity-related
conditions, underscores its strength in establishing precise diagnoses.
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1 Introduction

Reducing weight is essential in obesity treatment as it is associated
with numerous co-morbidities, such as cardiovascular and metabolic
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diseases, depression, and various types of cancer. Several studies have
shown an association between higher BMI categories and the number
of years of life lost [1-3]. For example, in women and men with obesity
between 20 to 29 years of age, life expectancy is predicted to be
decreased with 8.1-10.3 and 5.6-7.6 years, respectively [2]. This shows
that there is an urgent need for preventing the development of obesity
as well as efficient treatments in patients who suffer from obesity
already.

The cornerstone of obesity treatment, including genetic obesity, is
combined lifestyle interventions, focusing on nutrition and physical
activity. In some treatment strategies, cognitive behavioural therapy
can be included as well. In addition, children with genetic obesity and
severe hyperphagia, along with their families, frequently require a
multidisciplinary team approach to tackle all associated problems. This
team typically comprises a paediatrician, dietician, physiotherapist,
psychologist, or family therapist, who collaboratively guide and offer
advice on managing the extreme food-seeking behaviour. These
conventional lifestyle treatments often have insufficient long-term
effects in patients with genetic obesity, as their hyperphagia remains
untreated [4].

Additional pharmacotherapy, specifically targeting the hyperphagia,
is often needed. Reducing hyperphagia not only leads to weight loss and
enhanced mobility, but also significantly improves patients’ quality of
life [5-7]. Continuing with lifestyle guidance is essential, as multiple
studies have shown the additive value of lifestyle interventions in
addition to anti-obesity pharmacotherapy [8-10]. Importantly,
treatment goals for patients with genetic obesity may differ from those
with common (multifactorial) obesity. Firstly, achieving weight
stabilization by halting the progressive weight gain can also be
considered a treatment goal. Secondly, ameliorating the hyperphagia
and consequently improving their quality of life is already an important
treatment goal on its own. Another treatment option would be bariatric
surgery, however, the long-term effects of bariatric surgery remain
questionable in patients with genetic obesity as it does not treat the
hyperphagia [11, 12]. This demonstrates that non-invasive appetite-
suppressing agents are needed in this groups of patients to induce
weight 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 and
MC4R agonists, are only FDA and EMA approved and available for
patients with certain types of genetic obesity. Both leptin analogues and
MC4R-agonists activate important receptors (the leptin receptor and
melanocortin-4 receptor) of the hypothalamic leptin-melanocortin
pathway respectively. In case of a more upstream gene defect impairing
this pathway, these two receptors can be activated which on its turn
restore the function of the leptin-melanocortin pathway as it bypasses
the defect gene [13]. Additionally, it is suggested that it also affects
other neuronal populations of the dopaminergic reward system [14].

Several non-targeted AOMs are approved for obesity, regardless of
the underlying cause. Therefore, they can also be used for genetic
obesity. Lipase inhibitors were first on the market. These agents induce
weight loss by reducing the dietary fat absorption within the intestinal
tract [15]. Subsequently, nervous system stimulants, such as
phentermine and phentermine-topiramate, became available for
obesity treatment. Phentermine is thought to mainly act on the reward
system, specifically the nucleus accumbens, by enhancing the release of
norepinephrine, and to a lesser extent serotonin and dopamine [16,
17]. By increasing these neurotransmitter concentrations they mediate
the reward value of food and, consequently, affect appetite [18]. By
adding topiramate, a carbonic anhydrase inhibitor and glutamate
receptor antagonist, to phentermine, the effects on appetite
suppression and increasing satiety seem to be enhanced [19].
Naltrexone-bupropion is another anti-obesity agents which targets
both the homeostatic leptin-melanocortin pathway and the hedonic
reward-related pathway [20]. Bupropion is thought to act on the
arcuate hypothalamic nucleus by stimulating the melanocortin-4
receptor via the induced secretion of alpha-melanocyte stimulating
hormone (a-MSH) by proopiomelanocortin (POMC) neurons, while
naltrexone blocks the POMC auto-inhibitory loop and hereby enhances
the bupropion induced POMC activation [20]. Both naltrexone and
bupropion also affect the reward system via increasing the
catecholamines dopamine and norepinephrine in the nucleus
accumbens [20].



Glucagon-like peptide-1 (GLP-1) analogues mimic the effects of
endogenous glucagon-like peptide-1, resulting in an increased glucose-
dependent release of insulin. It inhibits the glucose-dependent release
of glucagon, delays gastric emptying, and reduces appetite via
hypothalamic neuronal pathways [11, 21]. Additionally, it has anti-
inflammatory, anti-addictive and protective cardiovascular effects [22-
28]. Currently, two types of GLP-1 analogues, short-acting 3.0 mg
liraglutide and long-acting 2.4 mg semaglutide, are available. Recently,
tirzepatide has been approved by the FDA and EMA for obesity
treatment as the first long-acting dual glucose-dependent
insulinotropic polypeptide (GIP) and GLP-1 receptor agonist. Next to
the anorexigenic actions of GLP-1, activation of GIP improves glycaemic
control and insulin sensitivity, regulates glucagon release, enhances
clearing of dietary triglycerides by adipocytes, and enhances lipid-
buffering capacity of the white adipose tissue [29]. Additionally, GIP
appears to act centrally in the hypothalamus affecting appetite [29].

In this chapter, we will discuss the effects of the currently EMA and
FDA approved AOMs in patients with multifactorial obesity and in
patients with genetic obesity. Additionally, we provide a summary of
off-label drugs which have been used in the past to treat the
hyperphagia and obesity in patients with genetic obesity. Lastly, some
of the new expected anti-obesity agents and their future role will be
described.

2 Currently Approved Targeted Anti-obesity

Agents

Two targeted AOMs, i.e. MC4R-agonist and metreleptin, that specifically
target the leptin-melanocortin pathway are currently available. Only
setmelanotide has been approved by the FDA and EMA and is currently
available for patients with a selection of specific genetic obesity
disorders (Table 1).

Table 1 Overview of available targeted anti-obesity agents



Anti-obesity |Mechanism |For genetic obesity |Approved age Approved age

medication ofaction |disorders categories by categories by FDA
EMA
Metreleptin Leptin Congenital leptin Adults Adults
analogue deficiency Children 26 years | Children =6 years
Setmelanotide | MC4R Biallelic POMC, LEPR, | Adults Adults
agonist PCSK1 deficiency Children 26 years | Children =6 years
Bardet Biedl
syndrome

Abbreviations: MC4R melanocortin-4 receptor, POMC pro-
opiomelanocortin, LEPR leptin receptor, PiICSK1 proprotein convertase
subtilisin and kexin type 1, EMA European Medicines Agency, FDA U.S.
Food and Drug Administration

2.1 Leptin

Leptin replacement therapy was first reported in children with
congenital leptin deficiency (CLD). These showed beneficial effects on
weight (ranges -3.4% to -24.8%), BMI (ranges -12.4% to -44.2%), fat
mass (ranges -4.1% to -20.8%), metabolic parameters and appetite
after six to 48 months of treatment [30-33]. Similar effects of leptin
treatment were observed in a three-year-old patient with biologically
inactive leptin [34]. Increased physical activity and improvement of
psychological wellbeing were observed during four months of leptin
treatment in seven children with CLD [35]. Also, adults with CLD
respond to leptin replacement therapy on the short-term (weight loss
ranges -11.9% to -13.9% after nineteen weeks of treatment) and long-
term (weight loss ranges -41.7% to —-55.3% after eightteen to

72 months of treatment) [36-38]. So far, studies involving patients with
CLD have not reported any side effects from leptin replacement therapy.
Reported side effects in patients with lipodystrophy were nausea and
hypoglycaemia, specifically in patients with type 2 diabetes as
comorbidity [39]. Importantly, neutralizing leptin antibodies have been
reported, leading to loss of efficacy [40]. Since fat cells secrete leptin,
patients with multifactorial obesity have high leptin levels and leptin
resistance. Consequently, leptin replacement therapy had minimal
impact on weight in patients with multifactorial obesity and, therefore,
has no role in treatment of multifactorial obesity [41-43].



2.2 MC4R Agonist

The MC4R agonist setmelanotide is approved by the European Medical
association for treatment of obesity and hunger in patients with POMC,
PCSK1 and LEPR deficiency, and Bardet Biedl syndrome. Although
studies in rodents with diet-induced obesity treated with MC4R
agonists have shown promising results, these were not observed in
humans with multifactorial obesity [44]. Additional studies followed in
which specifically patients with certain types of genetic obesity were
treated. A phase three non-randomized controlled trial (NRCT),
including twelve adults and nine children 26 years with POMC, PCSK1,
and LEPR deficiency, showed a mean weight decrease of -25.6% * 9.9
in all patients with POMC or PCSK1 deficiency and -12.5% + 8.9 in all
patients with LEPR deficiency [45]. In children with POMC and LEPR
deficiency a decrease in BMI z-score was observed after twelve months
of treatment, -1.6 + 0.9 and -0.5 * 0.4 (n = 3), respectively [45].
Moreover, improved appetite regulation and quality of life were
reported during setmelanotide treatment in these patients [46, 47].
Setmelanotide might also be safe and effective to treat children with
genetic obesity younger than six years [48]. Two longer-term studies
showed sustained weight-reducing effects of setmelanotide in both
POMC deficiency and LEPR deficiency after at least four years of
treatment [49, 50]. Patients with Bardet-Biedl syndrome (BBS) and
Alstrom syndrome (AS) that were treated with setmelanotide also
showed weight reductions. The phase three NRCT, including adults and
children aged =26 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 of
the 95th percentile (BMI%P95) in children, decreases in maximal
hunger score, and improvements in health-related quality of life
measures [51, 52]. In patients with AS, the results of setmelanotide
treatment were inconclusive. Importantly, this weight-reducing
potential of setmelanotide was not observed in a study including nine
patients with heterozygous MC4R deficiency (mean weight loss of
-3.1% (95% CI of —4.11 to -2.04) after 29 days of treatment) [53]. The
most frequently reported side-effect is hyperpigmentation of skin, lips,
and naevi, which is related to cross stimulation of the melanocortin-1
receptor [54]. This has, until now, not evolved into increased risk of
malignant lesions, however studies with longer follow-up are needed



[49]. Other reported side-effects are injection site reactions, such as
pain, erythema and pruritus, nausea, and vomiting [45, 51, 53, 55, 56].
Currently, multiple phase two and three trials are being performed
to investigate the impact of setmelanotide treatment in patients with
obesity due to defects in other genes that are part of the leptin-
melanocortin pathway. These studies include patients with pathogenic
SHZ2B1 or SRC1 variants who have shown varying effects on weight
during setmelanotide treatment [57, 58]. The patients who continued
treatment due to experienced clinical benefit demonstrated a sustained
weight loss after twelve months of treatment (mean percent BMI
change of -10.1% * 9.4 in SRC1 and -9.7% * 8.0 in SHZB1) [59, 60].

3 Currently Approved Non-targeted Anti-
obesity Agents

An overview of the approved non-targeted anti-obesity agents by the
EMA and FDA is shown in Table 2. The effects of these AOMs have
mostly been described in observational studies, including case reports,
case series and small cohort studies, which are prone to publication
bias. Consequently, long-term placebo-controlled randomized
controlled trials (RCT) are needed in future.

Table 2 Overview of available regular non-targeted anti-obesity agents

Anti-obesity |Mechanism of action Approved |Approved
medication age age
categories |categories
by EMA by FDA
Lipase Lipase inhibition Adults Adults
inhibitors Children
212 years
Phentermine |Noradrenergic sympathomimetic amine n.a. Adults
Children
216 years
Phentermine- | Noradrenergic sympathomimetic amine n.a. Adults
topiramate (phentermine) and carbonic anhydrase inhibitor Children
and glutamate receptor antagonist (topiramate) >12 years




Anti-obesity |Mechanism of action Approved |Approved
medication age age
categories |categories
by EMA by FDA

Naltrexone- |p-opioid antagonist (naltrexone) and selective Adults Adults

bupropion inhibitor of neuronal dopamine and

norepinephrine reuptake (bupropion)

Liraglutide GLP-1 receptor agonist, short-acting Adults Adults
Children 212 | Children
years 212 years

Semaglutide |GLP-1 receptor agonist, long-acting Adults Adults
Children 212 | Children
years 212 years

Tirzepatide |Dual GIP and GLP-1 receptor agonist, long-acting | Adults Adults

Abbreviations: GLP-1 glucagon-like peptide-1, GIP glucose-dependent
insulinotropic polypeptide, EMA European Medicines Agency, n.a. not
approved, FDA U.S. Food and Drug Administration

3.1 Lipase Inhibitor

Orlistat is the most well-known lipase inhibitor. Several meta-analyses
reported modest effects of orlistat on weight in patients with
multifactorial 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 of
treatment [61]. Similar results were observed in a long-term study of
four years [63]. A meta-analysis of the effects of orlistat in children with
obesity showed no significant effect of orlistat on body weight, BMI or
metabolic parameters [64]. In these studies, a large proportion (ranges
6.4% to 48.5%), discontinued treatment due to lack of therapeutic
response and/or side-effects [61-63, 65]. One reported seventeen-
year-old adolescent with heterozygous MC4R deficiency did not show
any weight loss during lifestyle changes, metformin, and orlistat
treatment [66]. No other studies investigating the effect of orlistat in
patients with genetic obesity disorders are available. The side effects
include mainly gastrointestinal symptoms, such as flatulence,
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 of
minimal therapeutic response together with significant side-effects, has
resulted in orlistat not being frequently prescribed in clinical practice.

3.2 Short-Term Phentermine

Adults 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 significantly larger reduction of cravings for fats and
sweets [68]. One study has investigated phentermine in six patients
with heterozygous MC4R deficiency, showing a significant mean weight
loss of —=15.5% * 2.9 after six months of treatment [69]. Additionally,
non-significant improvements of percentage fat mass and muscle mass,
several glucose indices, and leptin levels were observed [69]. Similar
side-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 as
agitation, irritability and anxiety [19, 70].

3.3 Phentermine-Topiramate

There are two large RCTs with phentermine-topiramate treatment
reported. Adults with obesity or overweight in combination with more
than two obesity-related co-morbidities who were treated with
phentermine-topiramate for 56 weeks, showed placebo-subtracted
weight losses at maximum dose of -9.3% and -8.6% [71, 72]. A
sustained effect was observed in a long-term study of 106 weeks of
treatment [73, 74]. Children aged 212 years with obesity have also been
treated with phentermine-topiramate, demonstrating a -10.4% (95%
CI of -13.9 to —-6.9) decrease in BMI after 56 week of treatment at
maximum dose [75]. Interestingly, weight-related quality of life did not
improve. 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 obesity
disorders, as the study of Salazar et al. showed beneficial effects of
phentermine treatment as monotherapy in patients with heterozygous
MC4R deficiency [69]. Frequently reported side effects are constipation,
paraesthesia, dry mouth, dysgeusia, and psychiatric adverse events
such as insomnia and anxiety [71-74].



3.4 Naltrexone-Bupropion

Alarge study, including 1496 adults with overweight or obesity,
revealed a -6.4% weight loss after 56 weeks of treatment with
naltrexone-bupropion [76]. Additionally, improvements in
cardiometabolic risk factors, such as waist circumference, lipids, and
fasting insulin, weight-related quality of life and control of eating were
observed [Z6]. The effects of naltrexone-bupropion in patients with
genetic obesity disorders have been investigated in two separate
studies. In the largest study, eleven patients with molecularly-
confirmed genetic obesity (specific gene defects not reported) were
treated with naltrexone-bupropion. This study demonstrated a weight
loss of =5.2% * 5.8, a fat mass decrease of -3.9% * 2.8, improved self-
reported appetite in 90.9%, and improved obesity-related
comorbidities in significant proportions of patients. There was no
placebo or control group [77]. Similar results were seen in 22 patients
suspected for a genetic obesity disorder, but without definite diagnosis
[77]. This study includes the patient described in a separate case report
[7]. Evidently, more research is needed to evaluate the effectiveness of
naltrexone-bupropion on weight and hyperphagia in patients with
genetic 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-bupropion
is not approved by the FDA and EMA for obesity treatment in children
(<18 years).

3.5 Liraglutide and Semaglutide

The first RCT with once daily 3.0 mg liraglutide showed a mean
reduction of -8.0% * 6.7 of body weight after 56 weeks of treatment in
adults with obesity [79]. Similar results were observed in a long-term
study of 160 weeks in adults with prediabetes with obesity or
overweight 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 beneficial effects have been
reported: 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 weight
reduction. 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 appetite
resulting in an improved control of eating and reduced food cravings in
the two years of treatment [84, 85]. In adolescents (aged twelve to

<18 years) with obesity, similar weight reductions (-16.1%) were
observed. In both adults and adolescents, improvements in
cardiometabolic risk factors, such as waist circumference, glycaemic
indices and lipids, were reported during semaglutide treatment [23,
86]. The cardioprotective potency of semaglutide was also shown in
two studies reporting a reduced incidence of death from cardiovascular
causes in patients with obesity who had pre-existing cardiovascular
disease and improved exercise function in patients with obesity-related
heart failure with preserved ejection fraction [22, 24]. GLP-1 analogues
are the most studied non-targeted anti-obesity agents in patients with
genetic obesity. The largest real-world study was performed in 30
adults with Alstrom syndrome, reporting a mean body weight decrease
of -5.4 kg (-6%) = 1.7 and improved satiety using a VAS-score after six
months of treatment [87]. Another observational study in eighteen
adults with molecularly confirmed genetic obesity treated with 3.0 mg
liraglutide 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, improved
self-reported appetite in 83.3%, and improved obesity-related
comorbidities in significant proportions of patients [77]. Similar results
were seen in 59 patients suspected for a genetic obesity disorder, but
without molecularly confirmed diagnosis [77]. Another study in
patients with obesity, including fourteen adults with heterozygous
MC4R deficiency, treated with 3.0 mg liraglutide for sixteen weeks
reported a weight loss of =5.7% #* 1.4 and improved cardiometabolic
factors, such as fat mass, waist circumference and fasting glucose [88].
Similar weight-reducing effects and appetite suppressing potential
were reported in smaller case series, including a case series of four
adults with 16p11.2 deletion syndrome (n = 2) and heterozygous MC4R
deficiency (n = 2) and several case reports in children with
heterozygous or homozygous MC4R deficiency, an adult with biallelic
MCA4R deficiency, and a patient with molecularly confirmed BBS type 10



[5, 66, 89-91]. Frequently reported side effects of GLP-1 analogues are
gastro-intestinal, such as nausea, vomiting, constipation, and diarrhoea
[79, 81, 82, 86]. A severe but rare adverse effect of GLP-1 analogues is
pancreatitis [92], which has not been observed in children so far.

3.6 Tirzepatide

Jastreboff et al. evaluated the effect of 15 mg tirzepatide for 72 weeks in
2539 adults with obesity [93]. They showed a weight decrease of
-20.9% (95% CI, -21.8 to —19.9), next to improvements in
cardiometabolic risk parameters, such as waist circumference, blood
pressure, 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]. No
literature is available yet about the effects of tirzepatide on weight in
genetic obesity, besides one conference paper reporting a -28.0 kg
(-20%) decrease of excess body weight during three months of
treatment 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 of
hypoglycaemia may arise when sulphonylurea, insulin, or metformin
are used concurrently [95].

4 Off-Label Use of Other Pharmacological
Agents

Several non-targeted pharmacological agents have been used off-label
for obesity treatment in patients with genetic obesity. This is
particularly the case in paediatric obesity treatment, as for a long time
no anti-obesity agents were approved for children. The most described
off-label pharmacotherapeutical agents are central nervous stimulants,
such as dextroamphetamine, methylphenidate, sibutramine, and
fluvoxamine. These are thought to affect the hedonic dopaminergic
system and the homeostatic leptin-melanocortin pathway [96, 97].
Multiple case series have described beneficial effects of these agents on
weight, 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 to
evaluate the long-term efficacy and side effects of these agents.
Metformin is also being used as off-label pharmacotherapeutical agent
for obesity treatment. On group level, metformin has modest effects on
weight in both adults and children with obesity [104, 105]. There are
three case reports on the effect of metformin on weight and appetite in
patients with genetic obesity: one reports weight stabilization in a child
with POMC deficiency and otherwise progressive weight gain, while the
two other case reports, including two children with heterozygous or
homozygous MC4R deficiency, report no effect [66, 90, 106]. Lastly,
growth hormone has been used to effectively improve body
composition and reduce weight in patients with Prader Willi Syndrome,
Temple syndrome and Schaaf- Yang syndrome [107-111].

5 Summary

Patients with genetic obesity and/ or hyperphagia require
pharmacotherapy in addition to multidisciplinary lifestyle
interventions. In these patients, treatment aims may be different
compared to patients with multifactorial obesity. Treatment may also
be considered successful when the progressive weight gain halts or
when hyperphagia is reduced leading to an improved quality of life.
Since they suffer from chronic and relapsing obesity, a trial-and-error
treatment approach appears to be most appropriate. If a particular
anti-obesity agent fails to yield the desired effects, the decision can be
made to switch to an alternative anti-obesity agent or to start an
additional anti-obesity agent. Great advances have been made in
pharmacotherapeutical 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 with
targeted pharmacotherapy, such as leptin replacement therapy and
setmelanotide. Now that these targeted pharmacotherapies are
available, it is of utmost importance to test patients who are highly
suspected of these genetic obesity disorders. Additionally, non-targeted
anti-obesity pharmacotherapies, such as GLP-1 analogues and
naltrexone-bupropion, are available for patients with obesity, with or
without a molecularly confirmed genetic obesity gene defects. In the



future, novel and innovative pharmacotherapeutical options, including
gene therapy, will emerge, offering promising and possibly long-term
effects on body weight, hyperphagia, and, most importantly, health and
quality of life.
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1 Introduction

Since obesity is a potential life threatening condition, it is of the utmost
importance to offer a sustainable treatment. Previous chapters shed
light on non-invasive obesity treatment options, such as improvement
of physical activity, lower energy consumption, lifestyle changes and
pharmacotherapy to induce weight loss and improve obesity associated
disorders. However, in some patients with severe (genetic) obesity
these adjustments lack the ability of achieving durable weight loss with
relapsing cardiovascular or metabolic complications as a result.
Metabolic surgery (previously named bariatric surgery) is currently the
most effective option for common (severe) obesity in adults. The results
in genetic obesity disorders are less studied. This chapter will highlight
the working mechanisms of Metabolic Bariatric Surgery (MBS) and
gives an overview of weight outcomes in patients with genetic obesity,
as described in the other chapters.
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2 Changing Normal Anatomy

MBS involves procedures to the gastro-intestinal tract inducing
metabolic changes and thereby weight loss. The National Institutes of
Health (NIH) and the International Federation for the Surgery of
Obesity and Metabolic Disorders (IFSO) composed international
guidelines for surgical obesity interventions. In 1991 the first NIH
consensus statement, confined MBS surgery to patients with a BMI of at
least 40 kg/m? or a BMI of 235 kg/m? and at least one obesity
associated condition such as type 2 diabetes mellitus or hypertension
[1, 2]. Recently, the American Society for Metabolic and Bariatric
Surgery (ASMBS) and IFSO published new recommendations according
the eligibility for MBS (October 2022) [3]. These guidelines now
recommend MBS for patients with a BMI 235 kg/m? regardless of
presence/absence or severity of obesity associated conditions. Also,
patients with type 2 diabetes mellitus (T2DM) and a BMI =30 kg/m?
are now regarded suitable to undergo MBS. Besides these numerical
prerequisites, patients have to change their eating behavior and
lifestyle for the rest of their lives. Combined lifestyle intervention
before and after surgery, is recommended to improve lifestyle and
decrease 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’ and
surgeons’ preference and varies greatly regionally. Worldwide,
approximately 90%, undergo either a Sleeve Gastrectomy (SG) or a
Roux-en-Y Gastric Bypass (RYGB).

2.1 Surgical Techniques

The SG is currently the most performed procedure worldwide [5]. By
removing 2/3 part (or 70-80%) of the greater curvature section of the
stomach through a longitudinal resection, it restricts dietary intake
(Fig. 1). The diameter of the ‘tube’ stomach that is left is calibrated
along a bougie, ensuring the possibility of food passage [6].



“Tube’ stomach

Remnant stomach

Fig. 1 Sleeve Gastrectomy

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



Gastric pouch

Alimentary limb
(Roux-limb)

Biliopancreatic limb

Remnant stomach
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Fig. 2 Roux-en-Y Gastric Bypass

3 Metabolic Effects

Previously it was thought that the primary aim of a RYGB was to induce
weight loss through mechanical restriction of dietary intake, combined
with micronutrient malabsorptive aspects, which alter eating
behaviours, such as volume and food choice [5, 8]. However, recent
research has highlighted the significant role of MBS in changing
incretine levels, modifying complex gut-brain-endocrine and adipose-
brain-endocrine signalling pathways that regulate hunger, satiety, body
weight, as well as glucose- and immunometabolism [8].

The postoperative changes in various components within these
pathways, including incretins, gut hormones, bile acids, and gut
microbiota, 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 stomach
during SG surgery results in short-term lower levels of the hunger
hormone 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, resulting
in 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 population
of the lower gastrointestinal tract. CCK is produced by L-cells in the
duodenum and proximal part of the intestines, regulating increased
food satiety, energy expenditure and insulin secretion after SG. CCK also
stimulates gallbladder contraction and thereby bile acid production
[14, 15]. PYY is produced by L-cells of the ileum and colon, regulating
increased food satiety and decreased food intake [12, 16, 17]. All above
mentioned 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 nutrients
in the duodenum, i.e. after the papilla of Vater (major duodenal papilla).
However, after RYGB surgery bile acids will be mixed with ingested
nutrients in the common channel, after flowing down the
biliopancreatic limb (BPL) (Fig. 3). Results from mice studies suggested
that the bile acids in the BPL might have a signaling role. With a direct
effect in insulin resistance by increasing energy expenditure in brown
adipose tissue [18, 19]. Bile acid synthesis in the liver is regulated via
Farnesoid X receptor (FXR), G protein-coupled bile acid receptor-1
(Gpbar-1, also known as TGR5), and Fibroblast Growth Factor 19 and
21 (FGF-19 and FGF-21) [20, 21]. Besides the role in the negative
feedback loop, FGF-19 is thought to contribute to the increased
metabolic rate and decreased adiposity seen after RYGB [22].



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

Fig. 3 Gut hormones, incretines. + anorexigenic by stimulating alpha-melanocyt-stimulating

hormone.—orexigenic by stimulating neuropeptide-Y. Peptide-YY anorexigenic by blocking
neuropeptide-Y

The role of bile acids in the improved metabolic state following MBS
is not yet fully understood. However, it is likely that the combined
effects of changes in bile acids and gut hormone levels/functions



contribute to the long-term metabolic benefits seen after these surgical
procedures.

3.
Gut microbiota

The human gut is the host of more than trillions of microbes with a
collective genome, also named the gut microbiome [23]. The gut
microbiome is thought to be a linking factor between food intake
resulting in obesity, metabolic alterations such as insulin resistance and
intestinal inflammation [24]. For example, some microbes produce
lipopolysaccharides which are pro-inflammatory molecules, affecting
metabolism by mediating the immune response [24, 25].

Analysis of the gut microbiome of patients with (severe) obesity
revealed an alteration in composition with reduced microbial diversity
and reduced gene richness compared to lean patients [26-31]. Both
dietary and surgically induced weight loss, have been reported to result
in an increase in microbial gene richness and a shift in the microbial
composition towards a lean composition [26, 28, 32]. The gut
microbiome 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 specific interactions
between the gut microbiome and bile acids and their significant role in
metabolism, particularly in cases following metabolic bariatric surgery.

4 (Weight) Outcome

Both SG and RYGB result in durable weight loss and remission of
obesity complications in the majority of patients. Weight loss after MBS
is often reported as percentage Excess Body Weight Loss (%EWL), and
preferably as percentage Total Weight Loss (% TWL). The mean % TWL
that has been reported in the long term varies between 25-30% for SG
and 30-35% for RYGB [4, 34-37]. As stated earlier in this chapter,
obesity is associated with varying obesity complications, in particular
T2DM. A large number of patients experience improvement or even
remission of their T2DM, i.e. discontinuation of anti-diabetic
medication, shortly after MBS, in particular after RYGB [4, 37]. The
remission rate depends on several factors, such as the duration and



severity of the T2DM and dependence on insulin treatment and is
correlated with the amount of weight loss in the long term [38].

Weight outcome after MBS varies widely and is thought to be a
dynamic process. The initial maximum weight loss response is
generally achieved within the first 2 years after the procedure [39, 40].
However, the majority of patients tend to regain 5-10% of their total
weight loss within the first decade [39, 41]. This is illustrated by large
long-term studies, such as the Swedish Obese Subjects (SOS) study,
which reported a decrease in % TWL from 32 to 25% within 10 years
after RYGB [39]. Overall, it seems that some recurrent weight gain after
MBS is common. Previous mentioned weight loss percentages are the
result of studies among large metabolic bariatric cohorts worldwide.
However, the percentage of patients with genetic obesity in these
cohorts is unknown. In 2020 a study was published reporting the first
MBS cohort in which the prevalence of genetic obesity was established.
It showed a proven molecular genetic obesity diagnosis of 3% [42].
Since then, the field of genetic obesity research expanded enormously,
with many ‘new’ genetic obesity diagnoses as a result. Given these
developments, it is anticipated that the prevalence of genetic obesity
diagnoses in metabolic bariatric cohorts will be higher than previously
thought.

4.1 Syndromic Obesity
4.1.1 Prader-Willi Syndrome (PWS)

Six studies investigated RYGB surgery outcomes in 11 patients with
Prader-Willi syndrome (PWS) [43-47]. Their mean age was 25.1 years,
and their initial BMI was 50.3 kg/m? (ranging from 42.3 to 68.7 kg/m?).
Among them, three pediatric patients, averaging 15 years of age, had a
mean baseline BMI of 55.9 kg/m? (47.0 to 69.0 kg/m?). Within

48 months after surgery, PWS patients showed significantly less weight
loss 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 these
outcomes. Short-term complications, such as aspiration pneumonia and
intestinal perforation, were reported in two patients, with no long-term
complications noted. However, the resolution of obesity-associated
complications 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 average
age of 12.9 years (range 4.9-23 years) and baseline BMI of 49.3 kg/m?
(range 30.1-80.9 kg/m?). In comparison to the control group, patients
with 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-related

complications were not reported.

4.1.2 16p11.2 Microdeletion Syndrome

RYGB surgery outcomes were documented in two individuals with
16p11.2 microdeletion syndrome [55]. One of the patients died 2 days
after surgery; the cause of death was not specified. The other patient
achieved a 37.5% weight loss after 1 year, maintaining a substantial
27.2% decrease from baseline weight during a 10-year follow-up
period.

4.1.3 Bardet-Biedl Syndrome (BBS)

Two case reports detailed uncomplicated RYGB surgery in two
individuals with Bardet Biedl syndrome (BBS-gene variants not
reported). In the first case, a 16-year-old boy had a BMI reduction from
52.3 to 34.8 kg/m? over 42 months, along with improved hypertension
control and mobility [56]. Similarly, a 17-year-old BBS patient
undergoing RYGB surgery achieved an excess weight loss (EWL) of
28.1% after 12 months. The impact on comorbidity resolution was not
discussed [57]. Additionally, the effects of SG were documented in three
patients with BBS [50, 58, 59]. These patients exhibited similar
responses to SG on weight-related parameters compared to controls,
with one patient followed for 36 months after surgery. However, there
is limited data available following both types of MBS in genetic obesity
regarding complication rates and the resolution of obesity-related
complications.

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-old
woman with bi-allelic pathogenic LEPR variants and a baseline BMI of
81 kg/m? [60]. Following uneventful RYGB surgery, she achieved a 15%
weight loss within 6 months but experienced a 5% weight regain over
the subsequent 12 months.

Additionally, a case report details an eight-year-old girl with a
homozygous pathogenic variant in LEPR who underwent surgery twice,
first at 11 months and subsequently at the age of eight [61]. By the age
of eight, she had developed hypertension, dyslipidemia, and T2DM,
with a BMI of 35.2 kg/m?. Following surgery, her BMI decreased
significantly to 25.1 kg/m? within 3 months and continued to decline

over the 3-year follow-up, reaching 22.7 kg/m?. Notably, while she still
exhibited hypertension, she no longer had dyslipidemia or T2DM.

4.2.2 Pro-opiomelanocortin (POMC)—Obesity Risk Factor

Fifteen patients with (likely) pathogenic monoallelic POMC variants
undergoing RYGB surgery were studied across two case series [42, 62].
Predominantly female (75%), this cohort held an average age of

44.7 years and a BMI of 47.6 kg/m? (ranging from 38.0 to 70.6 kg/m?).
Over a follow-up period of up to 60 months, they achieved weight loss
similar to that of the control group. Comparative data on short- and
long-term complications and resolution of obesity complications post-
surgery are lacking.

Two patients (a 28-year-old female and a 57-year-old male) were
previously reported with (likely) pathogenic monoallelic POMC variants
who underwent uncomplicated SG surgery [42]. After 24 months post-
surgery, their BMI decreased from 43.2 to 28.5 kg/m? and from 56.5 to

28.3 kg/m?, 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 a
family with pathogenic bi-allelic MC4R variants [63]. Two family
members, aged 16 and 17, exhibited contrasting results with baseline
BMIs of 40.8 kg/m? and 81.1 kg/m?, respectively. While the first patient
regained all the lost weight and reverted to baseline weight, the other



achieved a significant weight loss of 30.9%. Post-surgery, hypertension
resolved in the first patient, and both remained free of complications.

In seven publications 31 patients with (likely) pathogenic
monoallelic MC4R variants were reported [42, 62, 64-68]. Within this
cohort the majority was female (73%) with a mean age of 42.6 years
and a baseline BMI of 48.8 kg/m? (range 38.5-76.7 kg/m?). Weight loss
outcomes were comparable to those of the control group post-RYGB
surgery during the total follow-up period. Documentation of post-
surgical complications was limited; however, three case reports
indicated no complications.

Two case series report the effect of SG in five children (2 boys, 3
girls) with bi-allelic pathogenic MC4R variants, with an average age of
11.7 years (range 8-11 years) and BMI of 65.1 kg/m? (range 52.0-
73.0 kg/m?) [63, 69]. Within 1 year, they experienced a mean TWL of
21.5%. However, this percentage decreased to a TWL of -1.9% after
24 months. No information regarding the resolution of obesity
complications post-surgery was provided.

Three studies examined the weight outcomes of 12 patients who
underwent SG with a (likely) pathogenic monoallelic MC4R variant [42,
65, 70]. Of these patients, 55% was female, with an average age of
37 years at baseline. Their baseline BMI ranged from 37.3 to
72.2 kg/m?, with a mean of 53 kg/m?. They reported a significantly
lower % 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-up
period 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-surgical
resolution 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 in
patients with Prader-Willi syndrome (PWS), presents distinct
challenges. These patients are characterized by a profound hyperphagic



drive, which leads to early-onset obesity [71]. Cases have shown that
while procedures like RYGB and SG can help with weight loss, they tend
to result in less weight loss for patients with PWS compared to common
obesity. In addition, the effects on hyperphagia and complications is not
described. This suggests that a more personalized treatment approach
is needed.

A review examining weight outcomes from various MBS procedures
in 104 cases of PWS showed that the most significant weight loss
occurred at one-year after the procedure, regardless of the type of
surgery [71]. However, the positive effects were not sustained over
time. After 5 years, there were no significant changes compared to
baseline, indicating that while MBS may prevent further weight gain in
some patients, it is not a long-term solution. The challenge of managing
hyperphagia, especially when combined with the altered anatomy post-
surgery, raises concerns about the risk of life-threatening complications
associated with surgical intervention. Despite this, advancements in
pharmacological treatments for hyperphagia, as well as interventions
like dietary modifications and growth hormone supplementation, have
helped reduce the prevalence of class Il obesity in this patient group
[72].

Similarly, Bardet Biedl Syndrome (BBS), is also associated with
obesity in the majority of cases (72-86%) [73, 74]. MBS procedures,
including RYGB and SG, have shown promise in addressing class II1
obesity and improving related complications in the short term for cases
with BBS. However, the long-term effectiveness of these surgeries
remains to be validated through further studies.

5.2 MBS in Monogenic Non-syndromic Obesity

The impact of MBS in patients with monogenic non-syndromic obesity
is mostly studied in those with (likely) pathogenic MC4R variants.
MCA4R is pivotal in regulating food intake and energy balance, with
dysfunctions leading to hyperphagia and varying degrees of obesity
severity [75]. Bi-allelic pathogenic MC4R variants are rare and
associated with severe obesity phenotypes [75], resulting in less weight
loss following both RYGB [63] and SG [63, 69] procedures compared to
control groups. The suitability of MBS for these patients remains
debatable, although it may be considered in individual cases when



other interventions fail. Future research, particularly exploring new
pharmacotherapeutic 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 the
control group in the short term, but long-term maintenance poses
challenges. Conversely, SG procedures show significantly less weight
loss compared to controls over the total follow-up period up to
60 months [42, 65, 70]. Despite recurrent weight gain, RYGB surgery
still results in weight loss up to 6 years of follow-up, suggesting it may
be a preferable option for these patients. However, managing
expectations regarding long-term weight maintenance is crucial.

Bi-allelic (likely) pathogenic LEPR variants are extremely rare and
give rise to an extreme obesity phenotype [60]. MBS, such as RYGB, can
lead to initial weight loss in some individuals with this condition.
However, maintaining this progress can be challenging, as seen in one
case report where the patient experienced a 5% recurrent weight gain
after losing 15% within a year following surgery [76]. Currently,
investigational pharmacotherapeutic options, such as setmelanotide,
are being explored in individuals with bi-allelic pathogenic LEPR
variants, showing promising weight reduction of up to 10% after 1 year
[77]. These drugs, either as an addition to existing therapies or as
standalone options, have the potential to significantly improve
outcomes for (these) patients [77]. Further research into novel
therapeutic strategies, including drugs targeting multiple receptors,
remains crucial in the ongoing fight against obesity.

Initially, only bi-allelic (likely) pathogenic variants in genes like
POMC and PCSK1 were known to cause obesity, but (likely) pathogenic
monoallelic variants are now recognised as risk factors [78-81]. In two
studies, the weight outcomes following RYGB and SG surgeries were
examined in 17 patients with monoallelic (likely) pathogenic POMC
variants [42, 62]. However, the findings revealed no significant
difference in weight loss compared to the control group, after a follow-
up period of up to 60 months. Additional research is essential to better
understand and demonstrate the outcomes of MBS in this particular
patient group.




6 Summary

Metabolic bariatric surgery has been shown to induce long-term,
durable weight loss in the majority of the general population who suffer
from obesity. However, for patients with molecularly confirmed genetic
obesity, the results are more variable, depending on the underlying
obesity gene defect—i.e. monogenic syndromic or non-syndromic
obesity.

In patients with syndromic obesity, MBS may play a modest role in
weight reduction, especially in the long term. In the light of potential
life threatening side effects, other interventions, such as lifestyle
coaching and medication, should be considered as first line of
treatment in weight management for these individuals.

For those with monogenic non-syndromic obesity, MBS may offer
additional benefits, especially in certain cases where RYGB procedures
are performed in patients with mono-allelic (likely) pathogenic MC4R
variants. However, it’s important to be mindful of a potential trend
toward weight gain over time, which could be mitigated by
incorporating pharmacological interventions.

In the case of patients with genetic obesity caused by rarer genetic
variants, such as bi-allelic MC4R or LEPR variants, it is anticipated that
future pharmacological treatments will play a crucial role in weight
reduction. MBS, in this specific group of patients, appears to have a
limited effect on weight loss.

Take Home Message

e MBS in patients with rare genetic variants, such as bi-allelic MC4R
or LEPR variants, appears to have a limited effect on weight loss. It
is anticipated that future pharmacological treatments will play a
crucial role in weight reduction.

e [n patients with (likely) pathogenic monoallelic MC4R variants,
RYGB surgery is suggested to be a preferable option, compared to
SG surgery. However, managing expectations regarding long-term
weight maintenance is crucial.

e Promising pharmacotherapeutic agents like GLP1-agonists and
setmelanotide offer hope for expanded treatment options in




managing genetic obesity, as standalone therapy or in addition to
existing therapies, such as MBS.
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1 Introduction

Obesity is a multifactorial disease and to understand mechanisms
underlying the development of obesity, focus has been on energy intake
and energy expenditure as too much food and too little activity
contribute to weight gain. Evidence is emerging that not only total
intake or expenditure is an important factor for obesity development
but also the timing of energy intake and expenditure (thus when you
eat or are active) can affect weight gain, and also affect weight loss
effectiveness [1]. For example, eating late at night has been associated
with weight gain whereas when in a weight loss program eating your
lunch late impairs the success of the weight loss therapy [2]. Also
people 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 the
link between shift work and obesity is due to circadian disruption,
when your internal biological clock is out of sync with the environment.

2 Circadian Rhythms

The rotation of the earth around its own axis generates the day-night
cycle with a period length of exactly 24 h. To adjust to this environment
most living organisms developed a temporal organization of their
behavior, as well as their internal physiology. This internal temporality
allows an optimal adaptation to the environmental light-dark cycle, for
instance, by keeping the organisms awake and aroused at times of food
availability and reduced risks from predators and other dangers,
thereby increasing the chances of survival [4]. The internal cyclic
changes that happen in a cycle of about 24 h are known as ‘circadian’, a
word which comes from Latin meaning around (circa) and day (dies).

Within the body, nearly all processes exhibit circadian fluctuations.
This includes metabolic processes, peptide and hormonal production,
or gene expression [5, 6]. It's important to note that these cellular
rhythms are not operating independently; there is a cell
synchronization within tissues and among organs to regulate both
physiology and behavior [7]. At the core of the circadian system’s
hierarchy is the suprachiasmatic nucleus (SCN), situated in the
hypothalamus and often referred to as the central brain clock, whereas
other brain areas and peripheral organs and tissues that display
rhythmic functions are known as peripheral oscillators. The SCN plays a
crucial role in coordinating all the oscillators in other parts of the brain
and body. This coordination among peripheral clocks results in an
internal synchronization, where various cycles are interconnected with
each other and synchronized with the SCN.

When the internal rhythmicity is coupled to the external cyclic
environment, it is called external synchronization [7]. This circadian
rhythmicity of the SCN is synchronized to the exact 24 h rhythm of the
external environment through different cues with light being the most
potent stimulus [5]. These stimuli that are able to entrain circadian
rhythms are referred to as Zeitgeber, which in German means: time-
giver. Beyond light, other Zeitgebers such as temperature fluctuations,



fasting/feeding cycles, arousal and social cues also play a role in
synchronizing circadian rhythms [8-11]. Maintaining proper
synchronization between internal and external rhythms is crucial for
maintaining a healthy state, while disruptions in this synchronization—
whether internally among different organs or externally due to factors
like shift work or frequent jet lag—have been associated with an
increased susceptibility for various diseases including obesity, type 2
diabetes and cardiovascular disease [12-14].

The SCN generates its rhythm though a group of genes forming a
transcriptional-translational feedback loop, known as clock-genes [15].
It is not only the clock genes themselves that are expressed in a
circadian fashion, but they also control the rhythmicity of many so-
called clock-controlled genes, thereby modifying rhythmic gene
expression patterns throughout the whole organism including in
metabolic tissues such as muscle, liver, and adipose tissue. However, at
the same time, many non-photic environmental factors are also able to
regulate the intrinsic expression patterns of the (non-SCN) peripheral
clocks.

In a simplified model of the molecular clock, the core components of
this system are represented by a positive and a negative limb that signal
each other. The positive limb of the loop includes the genes Clock and
Bmall, whose protein products form a dimer in the cytoplasm (Fig. 1).
This dimer moves to the nucleus and binds to the promoter region of
the Per and Cry genes, which are part of the negative limb.
Subsequently, these genes are translated into proteins in the cytoplasm
that form a dimer and enter back into the nucleus where they act as a
repression signal to the different components of the positive limb.
When PER/CRY dimers degrade, the transcription of Clock and Bmall
restarts [15]. Interestingly, the function of the canonical genes in the
feedback loop, i.e. Clock, Bmall, Per and Cry, can be taken over by
homologue genes. For example, the NpasZ gene can substitute Clock in
the SCN when it is genetically knocked down [16], and there is evidence
of a hierarchy in clock-gene function dependent on the brain area. In
the SCN, the proteins encoded from clock genes form a BMAL1/CLOCK
dimer, although NPAS2 can substitute. In the forebrain, however, NPAS2
has a more important role than BMAL1 in dimer formation [17].
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Fig. 1 Simplified model of clock-gene expression. CLOCK, BMAL1 and NPASZ genes (rectangles)
form the positive limb of the feedback loop, its proteins (ovals) form dimers in the cytoplasm and
are translocated into the nucleus (the long blue dashed arrow). In the nucleus, the BMAL1/CLOCK
or 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 the
cytoplasm and translocate to the nucleus (the long red dashed arrow) and inhibit the expression of
the clock-gene positive limb elements (the short red blind-ended dashed arrow). (Figure made

with Biorender)

3 Genetic Defects in Clock Genes

Evidence for functional connections between circadian clock genes and
the development of obesity and metabolic disorders is emerging. One of
the first models to show this connection was that of mice with a
disruption of the Clock gene which are prone to develop obesity with
characteristics of the metabolic syndrome. Moreover, mutations in
Clock and Bmal genes are associated with impaired glucose tolerance
and mutant mice show altered daily variation in feeding behavior with



higher intake during the inactive (light) period, glucose and triglyceride
levels [18-20].

4 Human Polymorphisms in Clock Genes

In line with several animal models, genetic polymorphisms in human
clock genes have been associated with increased obesity incidence in
epidemiological studies. PERZ variants were associated with abdominal
obesity and different psycho-behavioral factors related to the success of
weight loss [21]. In a group of Brazilian individuals, a PER3 variant
showed a significant association with extreme obesity and some PER3
SNPs 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 difficulties in
controlling body weight than non-carriers (TT) and had a worse
prognosis in dietary weight loss treatments [23-27]. Interestingly, one
particular CLOCK 3111C SNP (rs1801260) was independently
associated with total weight loss in a dietary program with the C
carriers loosing ~23% less with the same weight loss intervention than
T carriers) [24]. Importantly, the effect of this particular SNP on obesity
has also been demonstrated and replicated in several populations with
different environment and genetic background [23, 26, 28]. Given that
the CLOCK 3111C SNP is present in half of the U.S. population [25], it is
of great interest for public health to understand underlying
mechanisms how this genetic variation impacts obesity.

5 Conclusion

Several studies have shown evidence that circadian disruption can
contribute to the development of obesity and related metabolic
disorders. Genetic deletion experiments in animals have shown the
functional role of different clock genes in obesity development. In
humans, several clock gene polymorphisms have been shown to
correlate with obesity and the effectiveness of weight loss therapy.
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1 Cellular Signalling

The mammalian cell is a well-organized, stream-lined unit able to
respond in a coordinated way to external influences. Signalling
molecules are present in the fluids outside this unit and may either be
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derived from neighbouring cells, in the case of a-melanocyte
stimulating hormone (a-MSH), or the circulation, for example leptin.
Once these molecules or ligands bind to their dedicated receptor on the
cell surface, an intracellular signalling cascade is set in motion. The
activated receptor will start to recruit and activate second messengers.
These messenger molecules will carry the signal further down into the
cell, amplifying the signal and affecting the activity of other proteins
and/or changing the ion balance in the cytoplasm. Eventually, this
cascade may affect a broad range of cellular outputs, from secretion of
neurotransmitters 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 receptor
kinases (RKs) [1]. As the name implies, ligand-gated ion channels are
proteins that allow ions, such as Ca?*, Na?*, and K* to pass the cell
membrane upon ligand binding. These proteins have been associated
with obesity [2, 3], but their role in monogenetic obesity is minor. More
important in relation to monogenic obesity are the receptor kinases,
exemplified by the leptin receptor, but particularly the GPCRs, which
are the focus of this book chapter.

1.1 G-Protein Coupled Receptors

The G-protein coupled receptor (GPCR) superfamily is one of the most
abundant protein classes, comprising approximately 800 membrane
bound cell-surface receptors in the human genome [4]. Dysfunction in
GPCR signalling can cause diverse pathological conditions, and their
vital physiological functions make them important targets for drug
development. In addition, variants in several GPCRs are reported to be
causative or associated with monogenic obesity [4]. The most common
cause of monogenic obesity is due to variants in the MC4R gene that
encodes the melanocortin 4 G-protein coupled receptor [5, 6]. Gene
variants affecting other GPCRs that regulate energy expenditure and
metabolism have also been found to be associated with obesity, such as
MC3R (melanocortin 3 receptor), ADRB3 (adrenoceptor (33), glucagon
receptors (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 Gog/11
MC3R [4, 81] 20q13.2 MSH Gag

MCA4R [4,81] 18q21.3 MSH Gag
Additional GPCRs involved in body weight regulation2

FFAR1 (GPR40) [4] |19q13.1 Medium-/long-chain FFA GO‘S/GO‘q/ll
FFAR4 (GPR120) [4] | 10g23.33 Medium-/long-chain FFA Go‘q/ll
GCGR [4, 81] 17925 Glucagon GaS/Gaq/ll
GHSR1a [4,81] 3q26.2 Ghrelin Gag/11
GIPR [4, 81] 19q13 GIP Gag

GLP1R [4, 81] 6p21 GLP-1 Gag

MCHR1 [82] 22q13 MCH Gajo/Gag /11

Variants found in these GPCRs have been associated with obesity in
humans

2GPCRs involved in metabolic homeostasis and/or potential targets for
anti-obesity treatment

Abbreviations: 5-HTR2C 5-hydroxytryptamine receptor 2 C, MC3R
melanocortin 3 receptor, MC4R melanocortin 4 receptor, FFA free fatty
acids, GHSR growth hormone secretagogue receptor, GCGR glucagon
receptor, GLP-1R glucagon-like peptide-1 receptor, GIPR glucose-
dependent insulinotropic polypeptide, MCH1R melanin concentrating
hormone receptor 1, MCH melanin concentrating hormone

GPCRs are structurally characterised as having seven
transmembrane domains comprised of hydrophobic a-helices of 25-35
amino acids with an extracellular amino-terminus and intracellular
carboxyl-terminus. The site at which ligands bind for many GPCRs
occurs within the transmembrane domain. GPCRs are also
characterized by their second messenger system. They are coupled via
a cytoplasmic crevice to a heterotrimeric G protein complex in an
inactive state that is activated upon ligand binding [8]. The G-protein



complex consists of Ga and a Gy dimer, of which there are 15 Ga, 5 G,
and 11 Gy subunits in humans. Based on the nature of the downstream
signalling cascade, Ga subunits are divided into four families: Ga; /o, Gotg,

Gag /11, and Gayy 13 [9]. Each receptor-ligand combination has a

preference for one or more of these Ga families, thereby showing a
signalling bias. For example, the melanocortin 4 receptor (MC4R)
mainly signals through Gag, when stimulated by a-MSH, but can also

signal through Go, upon a-MSH or pharmacological stimulation [10].

Below, we describe GPCR signalling from membrane localization to
the Ga subunit-mediated signalling cascades that are initiated by GPCR
activation upon ligand binding, also illustrated in Fig. 1. The GBy dimer
can also activate signalling pathways independently of Go [11].
However, in this chapter we will mainly focus on the Ga subunit-
induced signalling cascade and -arrestin signalling, because these are
currently considered the main signalling pathways of GPCRs.

Inactive state ———> Activation —— > Quenching —— Internalization
upon ligand binding by arrestin binding or desensitization

Extracellular
space

Cytoplasm

' & Recycling <—
or degradation

Adenylyl Cyclase

ATP cAMP

PKA

CREB

NNV

——— Response element
{1 )

DA (K

Fig. 1 Schematic diagram of the main GPCR signalling pathways. Activation of a GPCR upon
ligand binding leads to the dissociation of G protein subunits. The Ga subunit (e.g. Gaj, Gag,



Gag/11, and Gag /13) activates downstream second messengers (e.g. CAMP or Ca2+) which

eventually bind to response elements of target genes and thereby regulate transcription of these
genes. GPCR signalling is quenched by the recruitment of B-arrestins to the GPCR. 3-arrestins
internalize the receptors to either be recycled back to the cell surface or targeted for degradation

1.1.1 Cell Membrane Trafficking

After synthesis, GPCRs undergo a process of quality control before
being trafficked to the cell membrane. This quality control takes place
in the endoplasmic reticulum (ER), where GPCRs interact with
chaperones, proteins that assist in folding the GPCR. These chaperones
are able to retain the GPCR in the ER when it is misfolded. There, it is
either refolded correctly or degraded. This means that variants that
result in a misfolded protein can reduce cell membrane availability of
the receptor, thereby reducing responsivity of the cell to a ligand [12].

1.1.2 Ligand Binding

On the cell membrane, the receptor can bind its ligand, present in the
extracellular space. Ligands bind in a dedicated ligand binding pocket
in the receptor. This pocket contains several amino acids that are
critical for ligand interaction and bind the ligand primarily through
ionic and hydrogen bonds. Binding of the ligand results in a
conformational shift of the receptor allowing the activation of the G-
protein complex. Ligand binding to the receptor can be inhibited or
prevented by the binding of high affinity receptor antagonists, which
block access to the ligand binding pocket [13]. Altogether, the binding
of ligands and other molecules from the extracellular space are pivotal
for GPCR function.

1.1.3 G-Protein Signalling

The Ga subunit plays an important role in mediating downstream
signalling of the receptor through binding of either guanosine
triphosphate (GTP) or guanosine diphosphate (GDP). When inactive,
the Ga-GDP and GBy complex are bound to the receptor. The GPCR can
be activated by ligand binding, but some receptors also show
constitutive activity, i.e. activity without a ligand present. Upon ligand
binding, a conformational change of the receptor induces the exchange
of GDP for GTP at the Ga subunit. The G-protein complex is no longer



bound to the receptor, and the GTP-bound Ga subunit dissociates from
the GBy dimer and initiates an intracellular signalling cascade. The Ga
subunit possesses intrinsic GTPase activity causing hydrolysis of GTP
back to GDP, and thereby reconstitution of the now inactive
heterotrimer.

Ga; and Gag Signalling

Go; and Gog are opposites in their effect on adenylyl cyclases, a group of
enzymes that convert ATP into cyclic AMP (cAMP). Whereas activation
of the Go; (“i” for inhibition) family of Ga proteins inhibits adenylyl
cyclases, Ga, stimulates their activity (“s” for stimulation). The resulting
intracellular cAMP activates protein kinase A (PKA) and exchange
protein activated by cAMP (EPAC). These proteins mediate the
physiological effects of cAMP, such as alterations in transcription
through phosphorylation of cAMP response element binding protein
(CREB) [14]. CREB is an example of a transcription factor, a protein that
binds the DNA and modulates gene expression. Finally, cAMP binds
cyclic nucleotide-gated ion channels, playing a role in the regulation of
membrane potential in neurons and of other physiological processes
[15].

Defects in Gag signalling, for example by pathogenic variants in
GNAS, can therefore cause monogenetic obesity because it impacts
downstream receptor signalling, such as MC4R signalling. However, as
Ga, mediates signalling of other GPCRs as well, patients with
pathogenic GNAS variants also present additional phenotypes, such as
delayed growth and developmental delays [16].

Ga, /11 Signalling
Gayg /11 proteins activate phospholipase C (PLC)-f. This enzyme

catalyses the synthesis of diacylglycerol (DAG) and inositol-1, 4, 5-
triphosphate (IP3). DAG, in turn, activates protein kinase C (PKC). PKC is

a serine-threonine kinase that phosphorylates a range of proteins that
are involved in cellular function. IP5 binds its receptor on the

endoplasmic reticulum (ER), resulting in the release of Ca®* from the
ER [17]. This increase in cytoplasmic Ca%* concentration, as well as PKC



activity, results in changes in transcription through the activation of the
transcription factor nuclear factor of activated T cells (NFAT).

Gagz /13 Signalling
Gay /13 proteins affect a multitude of signalling pathways, of which Rho
activation has been best described [18]. Activated Ga, /13 directly

activates Rho-guanine nucleotide exchange factors (Rho-GEFs), which,
in turn, regulate Rho activity. Rhos are a family of GTPases, of which
RhoA is the main member involved in Ga, /13 signalling. Signaling via

this pathway regulate energy homeostasis and glucose metabolism
contribute to the physiology and pathogenesis of metabolic disease [19,
20].

Non-canonical Ga Signalling

Besides triggering their canonical signalling cascades, such as cAMP or
calcium (Fig. 1), GPCRs can signal via other routes. For example, in
addition to activating PLC, GPCR activated Gq signaling can lead to the
activation of the mitogen-activated protein kinase
(MAPK)/extracellular regulated-signal kinase (ERK) pathway [21, 22].
Gq can also interact with Gay, /13 signalling by activating RhoGEFs [23].

Finally, Ga /13 subunits can activate not only RhoA, but also PLC,

adenylyl cyclase, and MAPK/ERK signalling pathways [18]. This overlap
between canonical and non-canonical signalling of the different Ga
subfamilies, presents an additional layer of complexity in GPCR
signalling. This complexity emphasizes the value of functionally
assessing multiple pathways when analysing the impact of variants in
GPCRs.

1.1.4 Termination of Signalling and f-Arrestins

To terminate signalling, GPCR kinases (GRKs) phosphorylate the
receptor. The effects of this phosphorylation are two-fold: (1) it
desensitizes the receptor, and (2) it enables (-arrestins to bind the
GPCR. These B-arrestins block G proteins from interacting with the
receptor, simply by physical obstruction. In addition, -arrestins also
activate various signalling pathways on their own, such as RhoA.



Through these pathways, 3-arrestins alter the transcriptional activity of
cells [24].

1.1.5 Internalization and Recycling

Termination of GPCR signaling is accompanied by receptor
phosphorylation and (-arrestin-binding which initiates their
internalization (Fig. 1). During internalization, receptors are
transported back into the cell through endocytosis: i.e. the cell forms
vesicles, which will detach from the plasma membrane, taking the
receptor along into the cell. Here, the content of the endocytotic
vesicles, including the GPCRs, are sorted by Rab proteins. These
proteins will designate the GPCR for degeneration in lysosomes or for
recycling to the membrane. Recycled receptors are dephosphorylated
prior to membrane allocation, to allow ligand-induced re-activation
[25].

2 Functional Analysis of GPCR Signalling

One of the key players in the regulation of body weight and energy
expenditure is MC4R. Pathogenic variants in MC4R are the most
common cause of monogenetic obesity and numerous variants in MC4R
have been reported. Because MC4R encodes a GPCR, the second part of
this chapter will provide an overview of recent methodologies used to
study the function of GPCRs, emphasizing assays used to study the
impact of receptor variants on ligand binding, cell surface expression, G
protein interaction, intracellular second messengers levels, and 3-
arrestin recruitment, as summarised in Fig. 1.

2.1 Expression Plasmids and Mutagenesis

In vitro cell based models require expression of the WT or variant
receptor together with appropriate reporter genes. Therefore, one of
the first steps to functionally analyse GPCR gene variants is to insert a
cDNA of the gene into a plasmid that is capable of expressing the
protein in mammalian cells. Plasmids that are capable of doing this
carry a constitutively active promoter sequence upstream of the gene,
such as the cytomegalovirus (CMV) promoter. Plasmids such as
pcDNA3.1 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 modified genes are then verified by
Sanger sequencing of the isolated plasmid DNA.

Depending on the cell-based assay used, the wild type and variant
receptor cDNAs may need to be cloned into plasmids that tag the
expressed protein with specific fluorescent or luminescent proteins.
Epitope tags (short amino acid sequences recognised by commercially
available antibodies, such as FLAG and HA) can also be added to the
gene at this stage to allow, for example, localisation of the receptor
within the cell. Tags can also be added that allow assessment of
protein-protein interactions, for example recruitment of 3-arrestins by
a receptor. These include, for example, split fluorescent or luminescent
peptides, which will become functional if the expressed proteins come
into close contact with each other in or at the surface of the cell or in
response to binding of a signalling molecule such as cAMP.

2.2 Expression in Mammalian Cells

Screening of GPCR function relies for a large part on cell-based assays
that assess changes in intracellular levels of second messengers upon
ligand binding to the receptor. Once the relevant plasmid constructs
have been prepared, they can then be introduced into mammalian cells
using a process called transfection [27, 28]. These methods allow for
the transient expression of WT and mutated genes in cells.

Human immortalized cell lines, such as the human embryonic
kidney cell line (HEK293), are common in vitro cell models to study
GPCR signalling [28]. HEK293 cells are easy to transfect and express the
downstream GPCR machinery necessary for GPCR signalling, but do not
express many of the obesity-related GPCRs. This makes them a suitable
model to compare signalling of the wild type and variant receptor upon
transfection. A limitation of this method is that transfection may result
in levels of expression of the GPCR that are considerably greater than
found in vivo. A further limitation of such a cell model is that it may not
fully represent the tissue-specific environment of obesity-related
GPCRs and thus lack important cofactors that modulate GPCR
signalling. However, human hypothalamic cell lines are not available,
and therefore HEK293 cells are commonly used, also in the analysis of
MCA4R variants.



2.3 Assessment of Receptor-Ligand Binding
2.3.1 Radio-Labelled Ligands

Radioligand binding assays are used to determine GPCR expression,
affinity of the receptor for ligands, as well as the kinetics of binding.
These assays require the radioactive labelling of the ligand. The
concentration of unlabelled ligand to replace 50% of the specific
binding of the radioligand (IC50) can be used to determine the affinity
of ligand for the receptor. By comparing WT and variant receptor it can
be determined whether a variant alters the affinity. For MC4R, a fixed
concentration of radiolabelled 12°I-NDP-MSH is used to be competed off
with increasing concentrations of unlabelled a-MSH. Iodinated NDP-
MSH is used because iodination of a-MSH disrupts receptor binding.
For the MC4R D126Y variant, it was shown that this variant completely
disrupts ligand binding, while there are also variants (D146N) that
cause reduced maximal binding and increased affinity [29].

Radioligand binding assays have been the gold standard for GPCR
binding assays. However, radiolabelling can destabilize the ligand
through radiolysis or prevent receptor binding, as has been shown for
a-MSH. Furthermore, radioactive compounds are hazardous, requiring
safety measures and appropriate disposal procedures.

2.3.2 Fluorescent and Luminescent Labelled Ligands

The development of fluorescence and luminescence-based methods has
provided good alternatives to radioligand binding assays, and are better
approaches for high-throughput screening of experimental ligands or
variant receptors since optical microplate readers can be used to
measure output of these assays in high density plate formats [30, 31].
Fluorescently tagged ligands allow a number of different approaches to
be used to assess their ability to bind to GPCRs such as MC4R including
fluorescence anisotropy [28], fluorescence polarization [32], and other
more quantitative methods [33, 34].

Tagging the receptor with either fluorescent (eg. green fluorescent
protein) or bioluminescent (eg. nanoluciferase /Nanoluc) proteins
allows an alternative, more specific, approach that uses the physical
effect of resonance energy transfer (fluorescence and bioluminescence
energy transfer, or FRET and BRET) [31]. On ligand binding, energy



from the tag on the receptor, emitted either as fluorescence or
bioluminescence, is transferred to the fluorescent tag on the ligand
causing light emission at a different wavelength that can be detected in
a plate reader or by microscopy. A BRET-based approach has been used
to assess binding of a fluorescently labelled a-MSH analogue to MC4R
tagged at its N-terminus with Nanoluc [35]. The CRISPR/Cas9 system
can also be used to tag endogenous receptors with Nanoluc preserving
natural levels of expression of the GPCR and allow assessment of
binding of a fluorescently labelled ligand [36].

The split Nanoluc (NanoBiT) system has also been used to examine
ligand binding to the ghrelin receptor (GHSR), variants of which have
been associated with obesity [37]. It consists of two fragments (SmBiT
and LgBiT) of Nanoluc which are tagged onto different proteins. When
they come into close proximity, as occurs when a ligand binds to a
receptor, the luminescent properties of Nanoluc are reconstituted.
SmBIT and LgBiT have low affinity for each other to prevent non-
specific recombination from occurring. In this example the ligand
ghrelin was labelled with SmBiT and GHSR was tagged at its
extracellular N-terminus with LgBiT. The amount of ghrelin bound was
proportional to the level of bioluminescence from the reconstituted
Nanoluc.

2.3.3 Label-Free Methods

As previously alluded to, the tagging of ligands can have an impact on
their binding properties. To try to circumvent this problem a number of
biophysical methods have been developed to assess the binding of
untagged ligands to their receptors. For example, these include
methods such as surface plasmon resonance and related approaches,
mass spectrometry, nuclear magnetic resonance and thermodynamic
binding assays. These approaches tend to require specialist expensive
equipment and are therefore less commonly used.

2.4 Cell Surface Expression and Intracellular Trafficking
2.4.1 Epitope-Tagged Receptors

A commonly used approach to determine levels of expression of
receptors at the cell surface is to express the receptor with an epitope
tag on the extracellular N-terminus. Epitope tags are short peptide



sequences that are recognised with high specificity by commercially
available monoclonal antibodies [38]. Cells expressing N-terminally
tagged receptors can be grown in, for example, 96-well plates and
fluorescently labelled antibodies are used to measure levels of cell
surface receptor by flow cytometry or in a microplate reader [26, 39]. A
similar approach can be used to examine trafficking of receptors, with
either an epitope tag and fluorescently labelled antibodies [40] or a
fluorescent protein tag [41], into cells following ligand treatment using
confocal microscopy.

2.4.2 Nanoluciferase-Based Approaches

The split Nanoluc approach described in Sect. 2.3.2 can also be used to
measure cell surface expression of receptors. In this approach Nanoluc
fragments with high affinity for each other are used: HiBiT, which is
used to tag the receptor, and LgBiT, which is added to the cells to
reconstitute bioluminescent Nanoluc on binding to HiBiT on the
receptors. LgBiT cannot enter intact cells, thus ensuring that
reconstituted Nanoluc is only detectable at the cell surface [42, 43]. The
level of luminescence generated is proportional to the amount of HiBiT-
fused target GPCR present in the cell membrane [42]. Because LgBiT
cannot enter the cell, it is possible to follow ligand-induced
internalisation of the receptor from the cell surface by continuously
measuring luminescence following treatment of the cells with ligand.
Additionally, lysis of the cells with detergent allows access of LgBiT to
both surface and intracellular receptors allowing the measurement of
total levels of receptor expression using this system. Such an approach
has been used to assess cellular localisation of variants of MC4R [6, 44].

2.4.3 Bystander BRET

An approach to monitor the position of the receptor in the cell is
bystander BRET [45]. As described briefly in Sect. 2.2 of this chapter,
BRET occurs when energy is transferred from a receptor tagged with a
bioluminescent donor, such as Nanoluc, to a fluorescent acceptor such
as green fluorescent protein (GFP). Bystander BRET uses luminescent
donors and fluorescent acceptors that have moderate affinity for each
other, which improves energy transfer and signal to noise ratio. Tagging
the acceptor fluorophore with a peptide sequence that localises them in



specific membrane compartments allows one to monitor the proximity
of receptors in the same subcellular compartment. Such tags include
the CAAX box of KRas which localises specifically to the plasma
membrane and the FYVE domain of endofin which localises in
intracellular vesicles. Therefore, this approach can be used to assess
cell surface levels of receptor as well as ligand-induced trafficking into
the cell, as has been shown for MC4R [6, 46].

2.5 Ga-Protein-Receptor Interactions and Activation

The split luciferase NanoBiT system has been developed not only to
examine ligand-receptor interactions (Sect. 2.2) but also to study the
interaction between GPCRs and the G proteins [47, 48]. For example,
Laschet et al. fused SmBIT into the C terminus of GPCRs and LgBiT at
internal sites or at the N-terminus of several members of the family of
Ga proteins and demonstrated their ligand-induced recruitment to a
variety of GPCRs [48, 49]. Brouwers et al. used this approach to assess
agonist-dependent binding of Gay to variants of MC4R [6].

In addition, several BRET-based assays have been developed to
assess G-protein recruitment by GPCRs, including MC4R. In this assay
the receptor is tagged with a bioluminescent energy donor, such as
Renilla luciferase (RLuc), and the G protein is tagged with a fluorescent
acceptor based on GFP, such as Venus [50, 51]. Recruitment of the G
protein by the receptor allows BRET to occur and the level of
fluorescence correlates with the degree of interaction.

Ligand binding to a GPCR leads to separation of Ga from the dimeric
G-By complex bound to its cytoplasmic tail. This property of
dissociation of the trimeric G-protein complex has been exploited to
produce biosensors of G protein activation. Recently, a set of BRET-
based G protein activity sensors for all four major families of G proteins
were developed, known as the G-CASE (G protein tri-cistronic activity
sensors). G-CASE consists of a single plasmid that expresses all three G
protein subunits, which improves sensitivity and removes the need to
co-transfect several plasmids into the cells [48, 52]. The Ga subunit is
tagged with Nanoluciferase as the energy donor, and the Gy subunit is
tagged with the variant GFP, cpVenus [52]. At basal state (no
stimulation), the G proteins form a trimeric complex allowing BRET to
occur. However, upon ligand stimulation of the receptor the complex



dissociates which decreases the BRET signal, indicating activation of
GPCR signalling.

2.6 Second Messenger Assays
2.6.1 cAMP Reporter Systems

Agonist-induced cAMP levels in cells can be measured using many
different techniques and initially was measured directly using
antibodies in cell lysates by radioimmunossay and ELISA.
Immunoassays using time resolved fluorescence energy transfer (TR-
FRET; Lance), homogeneous time resolved fluorescence (HTRF) and
amplified luminescent proximity homogeneous assay (Alphascreen) are
also available from Perkin-Elmer. Although these assays are designed
for high-throughput applications, they can be scaled down, exemplified
by a study of MC4R variants using the Alphascreen assay [44].

A different method to measuring cAMP is to use a plasmid-based
reporter gene approach. A common example of a reporter gene is insect
luciferase whose coding region is joined to a promoter element that
responds transcriptionally to cAMP, in this case the cAMP response
element (CRE). Once expressed in cells, the bioluminescent enzymatic
activity of the luciferase reporter can be measured in the presence of its
substrate luciferin [53, 54]. The level of cAMP correlates with the
measured bioluminescent output, and this approach has been used
extensively to assess the activity of variants of MC4R (e.g [55]). The
possible disadvantage of this approach is that several hours of
treatment are required to allow sufficient production of the luciferase
for its agonist-induced activity to become measurable.

Finally, bioluminescent biosensors of agonist-induced cytosolic
cAMP responses are available which, unlike the previously described
approaches, have the advantage of being able to measure the kinetics of
the cAMP response in real-time immediately following activation of a
receptor by its ligand. An example of this type of biosensor is the
GloSensor cAMP assay (Promega). It is based on firefly luciferase which
has been engineered to contain the cAMP binding domain of the
regulatory subunit of protein kinase A, which without cAMP is in an
inactive state [56]. On binding cAMP the binding domain undergoes a
conformational shift reconstituting the luciferase activity and catalysing
the oxidation of the substrate luciferin, generating luminescence. Here,



the level of CAMP in the cell corresponds with the magnitude of
luminescence signal. This biosensor has been used to assess ligand-
induced cAMP responses of MC4R variants in several studies (e.g [6, 46,
57]).

Gas/cAMP is the main signalling pathway for MC4R making the
cAMP response the first endpoint to measure when assessing the
effects of MC4R variants. Many obesity-associated MC4R variants are
frameshift or missense variants, mostly resulting in a partial or
complete loss of cAMP signalling. For example two MC4R variants
identified in patients with obesity, N97D and R165Q, resulted in a
complete and partial loss of cAMP response respectively [58]. The low
levels of cAMP response seem to be linked with the obesity phenotype
of the patients, indicating that disruption of this pathway could lead to
obesity. Although MC4R signals mainly through the Gas/cAMP pathway,
studies have suggested that MC4R can also signal through other G
proteins. MC4R increases calcium levels through the Gg-dependent
signalling pathway in GT1-1 cells, a mouse hypothalamic cell line [59],
and in other immortalized cell lines such as HEK293 cells [44]. MC4R
variants associated with a lean phenotype, V1031 and H158R, showed
an increase in Gay signalling in vitro [44]. MC4R variants associated

with obesity have also shown normal Ga signalling, but impaired Go
activation, suggesting that Ga, signalling may also be an important

aspect of MC4R signalling for the regulation of body weight [35]. The
following procedures are used to measure the downstream signalling of
Go, protein.

2.6.2 Calcium-Reporter Assays

As described in the Introduction, a wide variety of GPCRs couple with
Gay, proteins that lead to signalling through mobilisation of the second

messenger, Ca%*, from stores in the ER.

A relatively direct approach to measuring changes in mobilisation of
intracellular calcium stores induced by stimulation of GPCRs is to load
cells with one of the many available small molecule calcium indicators,
each one providing different benefits. Recently developed indicators,
such as Rhod-2 and Fluo-4 [60], provide a number of advantages over
earlier versions including better signal to noise ratios and improved



cell permeability and stability. Fluorescence levels correlate with
intracellular Ca®* levels and fluorescence can be captured using either a
plate reader or fluorescence microscopy. This approach has been used
to measure calcium responses generated by variants of MC4R [61].
Like cAMP, there are also luciferase-reporter plasmids available that
respond to changes in cytoplasmic Ca* and can be used to measure
their levels. The most commonly used version of these contains the
NFAT response element, as has been reported for MC4R [35, 44, 54].
An alternative approach is to measure Ca%* levels using genetically
encoded biosensors, of which there are several [62-64]. In this chapter
we will focus on one of these, the photoprotein aequorin which has, for
example, been used to examine GHSR signalling [40, 41, 65]. Aequorin
is a Ca®*-sensitive photoprotein that was first isolated from the
bioluminescent jellyfish Aequorea victoria [66]. When complexed with
the cofactor coelenterazine it emits blue light when bound Ca?* ions
with a stoichiometry that allows accurate measurement of intracellular
calcium [67]. Aequorin can be expressed in mammalian cells using
transfected plasmid expression constructs (the protein form of
aequorin is called apoaequorin, and its complex with coelenterazine is
known as aequorin). Interestingly, constructs are available in which
aequorin has been tagged with peptides that direct it to different
compartments of the cell, such as the plasma membrane and
mitochondria, so that site-specific changes in Ca?* can be measured
[68]. Mitochondrially directed aequorin is often used for studies with
Gag-coupled GPCRs [40]. Unlike fluorescent indicators, Ca®*-bound

aequorin can be detected without illuminating the sample, thereby
eliminating interference from autofluorescence. The response of Ca?*
upon ligand stimulation is rapid and transient (seconds after ligand
stimulation), therefore an immediate measurement is necessary
requiring the use of a microplate reader with an injector. This allows
measurement of the bioluminescence immediately following injection
of ligand onto cells transfected with a receptor and an aequorin
expression construct. This can also be performed in reverse, by
injecting transfected cells into a ligand-containing buffer.

Gayg protein signalling can also be analysed by measuring IP1 (see

Introduction, Ga,/11 signalling). IP1 is a relatively stable metabolite of



inositol trisphosphate (IP3) which stimulates release of Ca?* from
stores in the ER. The accumulation of IP1, for example following
treatment of cells with agonist, can be measured using a commercially
available homogeneous time resolved fluorescent assay (IPOne HTRE,
Perkin-Elmer) [69]. This assay is a reliable and stable technique for
assessing Gq/11 activation that has been used for assessing variants of
MCA4R and function of GHSR [70].

2.6.3 Measuring MAP Kinase Levels and Activity

Since specific high affinity antibodies are available for both total (will
detect both phospho and non-phospho forms) as well as
phosphorylated forms of ERK (e.g. from Cell Signaling Technology), one
of the most direct ways to assess effects of variants on signalling
through this pathway is to use antibody-based approaches. Of the
available methods, Westerns are most commonly used for low-
throughput applications. Westerns involve the isolation of proteins
from cells transfected with receptor that have been treated with ligand
for specific periods of time. The proteins are then separated
electrophoretically on polyacrylamide gels and transferred to
membranes that can be screened using anti-ERK antibodies using
either luminescent or fluorescent methods. Scanners are available to
measure the level of luminescence/fluorescence to assess the level of
phospho- and non-phospho ERK. The ratio of phospho/total ERK gives
an estimate of the degree of activation. This approach has been used for
several types of GPCRs, including MC4R [6, 71, 72].

Another approach, which is more quantitative than Westerns as
well as being more high-throughput, is to use a reporter-luciferase
plasmid construct, as described for cAMP and Ca%* measurements.
These constructs make use of the serum response element (SRE)
promoter to drive luciferase expression [54].

2.6.4 Beta-Arrestin Recruitment

As described in the Introduction, ligand-induced cellular
internalisation, or endocytosis, is an important regulator of receptor
responsiveness through alteration of cell surface density. Arrestins are
master regulators of GPCR endocytosis, acting as bridges between the
receptor and proteins that facilitate cellular internalisation. The



recruitment of arrestins to the receptor is therefore an important step
in this process, and this can be measured in several ways including
BRET and Nanoluc-complementation (NanoBiT) based methods [44,
73, 74]. Direct co-localisation of fluorescently tagged receptor and [3-
arrestin by confocal microscopy can also be used, since 3-arrestin can
show a change in distribution from the cytoplasm to the plasma
membrane on treatment of cells with agonist [73]. This is a direct way
of looking at (3-arrestin localisation/recruitment but is less easy to
quantify 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 at
the C-terminus with a bioluminescent energy donor, such as Nanoluc,
and either B-arrestin-1 or B-arrestin-2 tagged with an energy acceptor,
usually a GFP variant such as Venus [74]. Similarly, the NanoBiT-based
B-arrestin recruitment assay requires co-expression of C-terminal
NanoBiT tagged receptor and either C- or N-terminally NanoBiT tagged
B-arrestin. The orientation of tagging (N- or C-terminal on (3-arrestin)
and the use of LgBiT or SmBiT on the receptor or 3-arrestin may have
to be assessed empirically, although for several receptors, including
MCA4R [6], this is already described in the literature. Importantly, both
BRET and luciferase complementation techniques allow assessment of
agonist dose-dependent responsiveness of variant receptors which
provides quantitative data on the effects of variants. Moreover, they
also give the opportunity to make real-time measurements of (3-arrestin
recruitment following agonist treatment which can provide clues to
possible mechanisms by which variants could modulate (-arrestin
recruitment [75].

Studies have identified MC4R variants that alter -arrestin
recruitment. 3-arrestin recruitment of MC4R variants has been
associated with leanness in the general population. V103I, a common
European MC4R variant, showed significantly increased levels of 3-
arrestin-2 recruitment (as well as cAMP response and cell surface
expression) and has been associated with a lean phenotype. However,
many MC4R variants show decreased levels of 3-arrestin-2 recruitment
alongside low levels of cAMP response, for example the pathogenic
variant V951 which has been associated with obesity. Interestingly,



studies have identified MC4R variants, for example L325F and R236C,
with normal cAMP production and low recruitment of 3-arrestins,
suggesting an important role for (-arrestin-2 in MC4R signalling [46].
Furthermore, the findings indicate the importance of the interaction
between the receptor and the (-arrestins in the regulation of food
intake and body weight [46].

3 Limitations and Future Perspectives

This chapter is not an exhaustive review of GPCR signalling and
methodology. However, some of the methods summarised here are
described in more detail in a recent compilation by Martins et al. [28].

The methods described in this chapter have shown some limitations
that need to be acknowledged. Tagging the target proteins with
relatively large proteins such as green fluorescent protein and its
derivatives, could affect the interaction dynamics of the receptor with G
protein and/or (B-arrestin recruitment [76]. Furthermore, genetically
encoded biosensors, such as the Ca?* indicators, may cause deleterious
and off-target effects in cells, by inhibiting cellular survival, signalling,
and metabolism [77]. These limitations indicate the importance of
validating the findings and a second method is obligatory in order to
confirm the findings.

The investigation of exogenous GPCRs in immortalized cell lines has
limitations as well. Immortalized cell lines are a useful model system to
study GPCR signalling because they contain all the necessary
components of GPCR signalling but lack most of the receptors of
interest in obesity research. This means one can relatively easily
examine the effects of variants of a receptor using plasmid transgenes
without 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 exogenous
uncontrolled overexpression of target receptors which may lead to false
positive measurements, particularly since many of these receptors are
expressed at relatively low levels in vivo [78]. Investigating the
signalling of hypothalamic GPCRs, such as MC4R in HEK293 cells has
the additional limitation that they can lack important components for
the proper regulation of GPCR signalling. MC4R has been shown to be



regulated by an accessory protein known as melanocortin 2 receptor
accessory protein 2 (MRAP2). Immortalized cell lines may have low or
zero amounts of MRAP2 expression, lacking an important component
for the regulation of MC4R [44]. Furthermore, these immortalized cell
lines also have a homogeneous genetic background [78], therefore the
genetic background of patients with the investigated disease is not
properly represented.

The limitations of immortalized cell lines point to the need for new
scientific technologies to study GPCR signalling and diseases caused by
variants in genes that encode these GPCRs. A significant breakthrough
in science is the use of induced pluripotent stem cells (iPSCs). These
have been used for disease modelling, cell therapy development, and
drug discovery [79]. iPSCs are produced from somatic cells and have
the capacity to generate almost any cell type. These cells can be used to
generate human disease models in-a-dish by obtaining patient-derived
iPSCs containing the disease-causing variant [79]. Importantly, this
allows the study and measurement of GPCR signalling at their natural
expression levels [78]. iPSCs could prove to be a powerful tool to
develop personalized medicine for people with obesogenic variants of
GPCRs, since they can mimic the characteristics of cells within the
patient [80].

4 Conclusion

In this chapter, we show the importance of experimental approaches
for the identification and characterization of pathogenic variants in
GPCRs through in vitro studies. These approaches not only aid in the
identification of pathogenic variants in different aspects of GPCR
signalling but also enable future personalized treatment using existing
drugs or through drug discovery.
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1 Introduction

Since the publication of the human genome sequence in 2000, many
new genetic tests have been developed, enabling an increasing number
of DNA-tests, amongst others, for patients with developmental
problems and/or severe obesity. The indication of the DNA-test is that a
genetic or syndromal origin is suspected. Whether or not a syndrome is
diagnosed, many patients will need medication sooner or later in life. It
might be useful to report not only the gene variants that might cause
developmental problems or severe obesity, but also the
pharmacogenomic variants. Genetic counselling on developmental
problems and severe obesity is done by clinical geneticists, often
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specialized in dysmorphology or developmental problems. The
expertise in pharmacogenomics often lies with (clinical) pharmacists.
Sharing expertise between these professionals is essential to move the
implementation of pharmacogenomics in daily medical care forward. A
recent publication of the Global Alliance for Genomics & Health
(GA4GH) can be seen as a bridge between these fields [1].

2 How Can Information on DNA-Variants

Guide Prescription?

Medication is often metabolized by the liver. Liver enzymes can
metabolize a pro-drug to the active metabolite. In other cases, the
breakdown and excretion take place via liver enzymes. If an enzyme is
less active in one person compared to many other persons, then the
drug would be less effective, or it might stay active for a much longer
period. With a DNA medication pass we can offer personalized
prescriptions, tailored to the individual patient’s needs. This might
imply the need for a different dosage or a different drug.

Liver enzymes are proteins encoded in genes in the DNA. Genes can
contain 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 can
harbour copy number variants: different people can have different
numbers of gene copies. The usual number of gene copies is two (one
copy of the gene at each chromosome), however, four, three, one or
none also occurs. More copies of the gene implies more enzyme activity,
while less copies implies less enzyme activity. Depending on the copy
number and the variants patients can be stratified to poor,
intermediate, normal, rapid and ultra-rapid metabolizers [2]. A person
with 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 metabolizer
would be fast and occur already at a relatively low dose. A person with
gene variants that are less active could be a poor metabolizer, who
would not experience a rapid effect, and might need a higher dose or a
different drug.



In pharmacogenetics the gene variants are often indicated with
stars. The first few variants recognized, often rather frequent variants,
are indicated with *1 and *2. The combination of variants found in two
alleles (on two chromosomes) is a combination of (at least) two star
numbers. The numbers do not have a meaning but simply refer to a list
of known variants for a specific gene. In this list the activity of the
variants can be annotated.

Pharmacogenetic tests can be ordered at different moments in
relation to the prescription of (new) medication. If it is ordered right
before prescription or delivery of a specific drug, it is a companion
diagnostic (Fig. 1) [3]. If it is ordered after an adverse effect, it is a
reactive test. For pre-emptive testing, the test results are generated
independently of a prescription, so that the information is available at
any moment in the future when medication is needed. Using
sequencing information to generate a report on secondary
pharmacogenomic variants will often be independent of a prescription
and, therefore, be pre-emptive testing. Maintaining the information in
the health record of the patient is important.

Companion
Pre-emptive Diagnostics || Reactive

! 11

Prescription

Time

Fig. 1 Possible timing of pharmacogenetic testing in relation to prescription [3]

3 Examples of Medication Frequently Used in

Paediatrics

For some drugs that are frequently used in paediatric patients with
syndromes, drug labels already include pharmacogenetic advice. The
genes involved however differ. The tests are now often ordered as a
companion diagnostic.



4 Omeprazole

Proton pump inhibitors such as omeprazole may be prescribed in
children for the indication of gastro-esophageal reflux. The regulatory
authorities from four regions around the world (the US Food and Drug
Administration (FDA), Health Canada (HC), European Medicines
Agency (EMA), and Pharmaceuticals and Medical Devices Agency in
Japan) all consider that pharmacogenetics information about CYP2C19
is relevant for the dosage of omeprazole [1]. If the patient is a rapid
metabolizer, they may be at risk for therapeutic failure at standard
doses, and increasing the dose by 50-100% should be considered. If the
patient is a poor metabolizer, a 50% lower dose should be considered
after efficacy has been achieved to minimize the risk of adverse effects

[4].

5 Valproic Acid

Persons with genetic syndromes causing epilepsy often get
antiepileptic drugs prescribed. Hepatotoxicity potentially leading to
liver failure may occur if children carry certain POLG variants and
receive valproic acid [5]. Acute hyperammonaemia may occur due to
valproic acid in patients with ornithine transcarbamylase (OTC)
deficiency. Testing for specific POLG variants is required by FDA and a
diagnosis of OTC deficiency is considered “actionable
pharmacogenomics”.

6 Carbamazepine

Carbamazepine is an antiepileptic drug for which HLA-B*15:02 and
HLA-A*31:01 testing is required or recommended by the FDA, HC and
EMA. These specific star alleles of the HLA genes are associated with
specific side effects. Patients positive for HLA-B*15:02 may be at
increased risk of severe skin reactions such as Stevens Johnson
syndrome/toxic epidermal necrolysis [6]. HLA-A*31:01-positive
patients are at increased risk for carbamazepine-induced
hypersensitivity syndrome or maculopapular exanthema.



7 How Can Pharmacogenetic Variants Be
Reported and Recorded?

Many health systems have a way to order pharmacogenetic tests, and
subsequently report the test-result. The exact procedure differs
between countries and health services. Orders from physicians for
pharmacogenetic tests may go to a laboratory, followed by a letter back
to the ordering physician reporting the results. Such a letter could be
uploaded in the Electronic Patient Record. However, to make the
information easily accessible, it would be better to create a specific field
in the record where medication monitoring is possible. This field might
be used, for instance, to generate a pop-up or even an interruptive alert
if a relevant genetic variant would require a different prescription [7].
Decision support systems should support physicians when prescribing
medication with potential pharmacogenetic advice. Similar systems are
in place for allergy information or decreased kidney function.

Since data sharing between Electronic Patient Records in different
health services is not optimal, one might also give a DNA medication
pass to the patient containing the relevant information. Thus, a patient
can show this DNA medication pass at the next prescription and share
the information with physicians or pharmacists. Also, they can monitor
potential pharmacogenetic effects of their own (new) medication, if
their DNA medication pass is linked to a database with variant specific
alert texts. The Amsterdam University Medical Center together with
Leiden University Medical Center, for instance, use a
“mijnDNAmedicatiepas” (my DNA medication pass) which contains a
QR code that refers to an online database with pharmacogenetic advice
linked to specific gene variants (www.mijndnamedicatiepas.nl). The
patient’s gene variants are encrypted in the QR code.

8 From Pharmacogenetic Panel-Based Testing

Towards Whole Exome/Genome Sequencing

More than 99% of people carry at least one actionable genomic variant
[2]. The implementation of pharmacogenetics in clinical care however
progresses slowly. Often applications today are reactive (to explain an
adverse effect) or pharmacogenetic tests are used as a companion
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diagnostic (a specific DNA test at the moment of prescribing a certain
drug). Should pre-emptive testing be performed, the results will not be
relevant 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-gene
pharmacogenetic panel [8]. Whenever a drug was prescribed for which
a relevant gene should be tested, all 12 genes were reported. The study
showed a 30% reduction in the incidence of clinically relevant adverse
drug reactions within a 12-week follow-up period. Although a broad
analysis of many pharmaco-genes from whole exome/genome
sequencing 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 by
standard sequencing techniques. This is especially true for CYP2D6,
which has a repetitive structure [1]. Additional testing might for
instance be performed in case of the prescription of codeine.

For patients with obesity whose sequencing data is available,
secondary analysis might generate information on pharmacogenetic
variants. Clinical geneticists and other clinicians might collaborate with
clinical pharmacists to stimulate the secondary use of this data. This
information could be provided to (parents of) patients with obesity on
a DNA medication pass, and be integrated in the Electronic Patient
Record.

9 Conclusion

For children or adults with obesity who undergo whole exome/genome
sequencing, data is generated that might also be analyzed to identify
pharmacogenomics variants. As long as data in health records are not
automatically shared between primary care, hospitals and pharmacies,
parents could carry a DNA medication pass for themselves or their
child. Thus, they would be empowered to share the information
whenever a new drug is prescribed. In due time, decision support
systems will be available in the Electronic Patient Records, and data
sharing will become more common. But for now, a DNA medication
pass may support personalized medicine for patients with obesity.
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1 Introduction

Research of genetic factors in disease have traditionally focused on
finding rare, highly penetrant gene variants with a high risk of disease.
For obesity, many such causes have now been identified [1] (Fig. 1).
These ‘monogenic’ causes of obesity are characterised by variants
within the coding sequences of the genome (i.e. exons) that often follow
a Mendelian inheritance pattern in families (e.g. dominant or recessive,
see also Chapter “General Introduction to Obesity Genetics and
Genomics”). However, in recent years the scope in the search of genes
for obesity has expanded to common genetic variants (i.e. variants
present in >1% of the population) through large collaborative genome-
wide association studies [2] (GWAS). Individual common genetic
variants such as single-nucleotide polymorphisms (SNPs) have only a
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minor effect on obesity risk, however their abundance in the
population lead to a substantial contribution of these variants to the
overall heritability of obesity [3]. Developments in polygenic risk
scoring (PRS) have provided new tools to capture and quantify an
individual’s genome-wide risk of disease based on a multitude of risk
variants observed in GWAS. These PRS have promising applications in
both public health and clinical settings to better understand who is
most at risk of obesity and may benefit most from interventions. In this
chapter, we discuss the role of common genetic variation in obesity, as
has been explored through GWAS. We explain several methods that
build forth on GWAS to understand the biological factors involved in
obesity, and use information from common variants to understand its
causes and consequences, such PRS and Mendelian Randomization
(MR).
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Fig. 1 Overview of the spectrum of frequencies and effect sizes of genetic variation involved in
obesity

2 Genome-Wide Association Studies

The predominant focus in (clinical) genetics has historically been on
the rare gene variants that an individual carries [4], even though the
large majority of the genetic variants are common variants with a
population 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 by
statistically testing associations of each variant across the entire
genome in a hypothesis-free approach [5, 6]. For each gene variant, it is
possible to identify groups in the population: (1) homozygous for the
reference allele (often the most common allele); (2) heterozygous for
the alternative allele; (3) homozygous for the alternative allele (see Fig.
2). It can then be tested whether an increase in the number of
alternative alleles is significantly associated with the outcome of
interest (e.g. BMI).

SNPs: Single nucleotide
polymorphisms

Fig. 2 Methods of a genome-wide association study (GWAS) to identify common genetic variants
for obesity. The left side shows three single-nucleotide polymorphisms (SNPs) that differ between
individuals. 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 the

risk allele “A” (0, 1 or 2)

2.1 GWAS of Obesity

Early GWAS studies of obesity, for the first time gathering thousands of
participants, pinpointed the FTO gene as the first susceptibility locus in
2006 [7]. However, it soon became apparent that much larger samples
are necessary to provide sufficient statistical power to detect common
variants of small effect. GWAS studies have thus far mainly focused on
BMI as an indicator of obesity, since it is an easily obtainable measure
and allows for the collection of obesity in large samples required for
GWAS. Subsequently, large-scale GWAS studies of BMI have been highly



successful in discovering large numbers of genetic variants that
predispose to obesity. Collaborative efforts have now found over 700
genetic loci related to BMI through meta-analyses of different cohorts
[8]. Effects of these individual variants are typically small, with an
increase of 0.1 BMI points (kg per m?) for each risk SNP3. However, the
effects of genetic variants from GWAS combined explain around ~14 of
the variation in obesity in the population [8].

2.2 From SNP to Hypothesis

By mapping these GWAS results to various multi-omics data sets, it is
possible to identify mechanisms explaining how identified genetic
variants influences a phenotype across different biological dimensions
(Fig. 3) [2]. SNPs that are significantly associated with obesity in GWAS
can first be mapped to genes in which they are located (or closely
located to). This enables the analysis of whether genes are enriched for
certain gene-functions or pathways using gene-set analysis [10].
Moreover, it can be tested whether these genes are higher or lower
expressed in certain organs, tissues or cell-types such as neurons by
using gene-expression analyses, or whether their expression interacts
with other genes at the protein level, by using protein-protein
interaction (PPI) data. A couple of notable finding from GWAS studies
are that obesity-associated genes are highly enriched for gene
expression in the brain [1, 3], and less so in other organs, suggesting
that common variants have an effects through brain-related
mechanisms. Identified regions confirm known brain areas of
importance, such as the hypothalamus and pituitary, but also areas
involved in cognition, including the hippocampus and frontal cortical
areas [1, 3]. On an even more fine-grained resolution, studies using
single-cell RNA sequencing (scRNA-seq) have been able to find links of
obesity genes with specific brain cell types of the hypothalamus,
subthalamus and midbrain, among others [11].
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3 Polygenic Risk Scores (PRS)

Among the many applications of GWAS results is the identification of
individuals who are genetically most at risk of developing obesity, and
who may thus benefit from prevention and personalized intervention
plans. Based on recent large GWAS, it has become possible to estimate
an individuals’ overall genetic predisposition based on large sets of
genetic variants observed in GWAS. Polygenic risk scores (PRS) are
scores that include the cumulative effects of large number of risk
variants found in GWAS [12, 13]. The rationale of PRS is that individual
GWAS variants only explain a fraction of risk, but since obesity is in
most cases a highly ‘polygenic’ trait, these effects combined in a
genome-wide score more accurately reflect its complex polygenic
architecture.

In its simplest form, a PRS is a score that indexes how many risk
variant an individual carries in total, weighted by the size of the effect
of the risk variant [14]. Calculation of PRS is a relatively straightforward
process 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). These
are often publicly available or obtainable through consortium
websites.



2.
Obtain SNP genotype data of participants in whom PRS should be

calculated.

3.
Run one of the many PRS algorithms that are available [15].

For interpretability, PRS can be subsequently standardised to have a
zero mean and standard deviation of 1 (i.e. Z-scored), as the resulting
PRS often approach a normal distribution in a sufficiently large sample.

Genotype data Polygenic risk score
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Fig. 4 Steps required for the calculation of polygenic risk scores (PRS)

A PRS can then be tested for an association with any outcome of
interest in a statistical model, by either including PRS as a continuous
variable, or by stratifying groups in low and high genetic risk (e.g.
through percentiles). PRS has shown to be a value tool for studying
genetics of obesity across a wide array of possible study designs [16].
We here highlight several domains where PRS can provide a valuable
tool to study obesity (Fig. 5).
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3.1 Predicting Obesity

[t is estimated that the current best predicting PRS can explain almost
15% of the variation in BMI in the population [8]. This estimated is
expected to increase as more SNPs for BMI are discovered. This means
that PRS of BMI is among the best predicting PRS of any human
phenotype. PRS of BMI can be used to investigate a link between genes
and weight trajectories across the lifespan, that may not be captured by
a cross-sectional design. These data can identify specific time windows
where the influence of genetic predisposition is the strongest, and
during which targeted intervention may be most beneficial. Such
longitudinal analyses showed that differences in BMI at baseline were
relatively small in different PRS groups, but during a multi-year follow-
up, young adults in the high BMI PRS group had over 15% risk of
developing severe obesity over time, compared to only ~1% in the low
PRS group (lowest vs highest 10% of PRS) [17]. Interestingly, studies
investigating weight trajectories within PRS categories for adult obesity
(i.e. adult BMI PRS) in children, found that children with a higher PRS
gain weight more rapidly in their early years (between 0 and 10 years
[18, 19]) than those with more favourable PRS profiles. This shows that



weight trajectories in different PRS groups diverge as early as in the
preschool age. Moreover, studies found that an unfavorable BMI PRS
relates to a more chronic and persistent trajectory of obesity during
life, and half of the PRS-obesity association at an adult age is shown to
be mediated by adiposity that is already present during childhood [20].

3.2 Gene-Environment Interaction

Recognizing that genes do not operate in a vacuum is fundamental to
the study of gene-environment interactions (G x E) [21], which takes
environmental influences that modulate genetic risk into account. PRS
provide a useful tool to study G x E interactions, which can be tested as
statistical interactions between the PRS and the environment on
obesity outcomes. These interactions provide information about the
context in which these genetic effects are attenuated or enhanced [22].
Distinguishing between G x E interactions and G x E correlations
(correlation between genetic risk and environmental factors) in obesity
research can be challenging. For example, individuals with a high
obesity PRS may show a stronger association with a high BMI
specifically in those who are less physically active. While this pattern
could reflect a gene-environment interaction (physical activity
attenuating the expression of genetic risk) it might also result from
gene-environment correlation, if the same genetic factors that increase
obesity risk also reduce an individual’s predisposition to engage in
physical activity.

PRS G x E studies show an important role of ‘obesogenic’
environments that can influence the phenotypic expression of obesity-
associated risk variants: individuals with a higher obesity PRS are more
sensitive to obesity-related environmental stimuli, such local fast-food
chains near the home environment [23] with the PRS having a stronger
association with BMI when these factors are present. Such modulating
interactions have previously been observed for various other
environmental factors, including healthy lifestyle factors [24],
environmental air pollution [25], stress exposure during childhood
[26], socioeconomic background [27] and immigration [28]. Such
modulation may suggest a relevant role for epigenetics which can
influence gene-expression based on the presence of (harmful)
environmental factors.



Furthermore, G x E interaction effects are not confined to external
factors but can exist with comorbid conditions as well. Conditions such
as depressive symptoms [29] and sleep deprivation [30] have been
shown to interact with the effects of PRS on obesity, showing stronger
PRS-obesity associations when these conditions are indeed present.
This highlights the complex interaction between polygenic
predisposition to obesity, the environment and concurrent conditions

(Fig. 6).
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Fig. 6 Diagram showing the complex links between PRS, the environment and obesity outcomes.
(From Jansen et al. 2024)

3.3 Endophenotypes

Beyond prediction of obesity, PRS offers a powerful tool to find
mechanisms that bridge genetic predisposition to the manifestation of
obesity, by relating genetic risk to potential mediating factors. By
combining genetic and neuroimaging data, previous studies have
investigated what neuronal mechanisms explain how genetic
predispositions for obesity leads to a more obesity-prone brain [31].
MRI research suggests that higher polygenetic risk for BMI relates to
lower cortical volume and thickness in the frontal [31] and temporal
areas [32] compared to lower PRS individuals. These brain areas play a



fundamental role in executive function, reward processing, and control
of eating behavior and cognitive processes previously linked to eating
patterns and weight regulation [33]. On a behavioral level, the effects of
PRS are shown to be partially mediated by more unhealthy eating
behavior, as well as through obesogenic environments that provoke
weight gain. Adolescents with a more unfavorable obesity PRS are more
likely 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 can
mitigate the effects of PRS on obesity measured in young individuals
[38]. In adults, higher rates of snacking behaviour [34], fried-food
intake [39] and poorer workplace food choices [40] are observed in
individuals with higher BMI PRS, underlining the potential of targeted
interventions on these behaviors to mitigate the consequences of a high
polygenetic risk.

3.4 Clinical Applications

The potential to predict obesity from genetic data when obesity is not
(yet) present, suggest that PRS may be a useful clinical tool to stratify
high and low risk individuals [12], contributing to personalizing
prevention and treatment. Such clinical implementation may be within
reach across several (pre)clinical settings:

e Personalized prevention: PRS associations with obesity trajectories
within specific time windows allow the development of
individualized health advice and follow-up plans based on PRS, which
can optimize prevention and management strategies in those that
have not (yet) developed obesity (e.g. in general practitioner
settings). Given decreasing costs of SNP genotyping for PRS (as low
as 20-30% [41]) combined with the potential savings through more
effective prevention of obesity and its health consequences, PRS in
such a prevention setting may thus prove to be cost-effective.

e Personalized treatment: in those that have developed obesity, PRS
may contribute in predicting persistent or refractory obesity, and
identify those most likely to benefit from early (pharmacological)
treatment. New pharmacological anti-obesity treatments such as
GLP-1 agonist (Liraglutide, Semaglutide) are promising, yet can
sometimes only be prescribed in the Dutch healthcare system if strict



criteria are met, such as the identification of a proven monogenic
cause (See also Chapter “General Introduction to Obesity Genetics
and Genomics”). Given comparable relative risks of monogenic
disease forms and unfavorable PRS [17], one may argue that policies
from monogenic disease risk should be extended to unfavorable
polygenic disease risk as well.

Predicing therapy response: PRS has been explored as a predictor of
persistent weight-loss during follow-up after bariatric surgery. These
studies showed that the predictive value of PRS for therapy response
is mixed, as some studies indicate that obesity-related PRS do not
predict weight loss after gastric bypass surgery, nor are they
associated with weight regain post-surgery [42, 43]. However, other
research found that a higher BMI and waist-hip ratio (WHR) PRS
negatively impacts weight loss post-procedure and during follow-up
[44, 45]. Further, one study revealed that a lower obesity PRS was
associated with improved metabolic outcomes, such as lower
glycemia, triglycerides, and total cholesterol following bariatric
surgery [46]. As such, while these results are promising, more
research 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 of
clinical diagnostic testing (e.g. array testing, next-generation
sequencing) for patients referred to a clinical geneticist for a
suspected genetic obesity. In a significant number of cases where a
monogenic cause is suspected but not found, an unfavorable PRS,
consistent with multiple risk variants, may offer an alternative
explanation. At our national expertise center for genetic obesity
(Amsterdam UMC/Erasmus MC, the Netherlands) [48], we indeed
found a significantly higher BMI PRS in clinically referred patients
suspected for a genetic obesity disorder, who were tested negative
for a monogenetic cause, (unpublished data). This may provide an
alternative explanation for their obesity. Moreover, we observed that
individuals with explanatory monogenic obesity gene variants
identified by sequencing tests have a significantly lower PRS
compared to those without an identified pathogenic obesity gene
variant. This may mean that a PRS as a first-tier test could select




patients in whom costly and time-consuming sequencing is most
likely to identify a genetic cause.

4 Mendelian Randomization

Mendelian Randomization (MR) is a powerful analytical tool to infer
causal relationships between phenotypes using genetic variants as
input. This technique uses the natural random assortment of alleles
during gamete formation as an instrumental variable [49], thereby
circumventing reverse causation that often complicates epidemiological
studies. By comparing the occurrence of obesity-related traits across
different genetic profiles, MR enables researchers to isolate causal
effects of specific factors on obesity and vice versa, providing insights
into (potential preventable) risk factors and underlying mechanisms.
These methods use genetic variants found in GWAS of e.g. BMI as
instrumental variables. Developments in these statistical methods have
allowed causal inference between traits based on GWAS data alone (Fig.
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Fig. 7 Assumptions in Mendelian Randomization (MR) analysis based on GWAS data. I:
instrumental variable; R: risk factor; D: disease; C: confounder

Variants that show clear pleiotropy (i.e. significant associations
between a variant and both the risk factor (R) and disease (D)) are
removed from the analyses. Also, variants used as instrumental variable
should not influence the outcome through a confounder (C). All effects



of the variant on the outcome of interest are then through the causal
risk factor (R).

MR analyses have been used to explore causal relationships in
previously identified epidemiological associations between obesity and
various health outcomes. Through MR, it has been found that obesity is
a suggested causal factor for type 2 diabetes and coronary artery
disease [50], cardiac rhythm disturbances [13], kidney disease [51],
certain types of cancers [52] whereas no causal link was found with
stroke [53]. Moreover, MR analyses have found previously less explored
relationships including BMI predisposing to multiple sclerosis (MS)
[54]. For non-disease phenotypes, it was found that a
higher educational level causally reduces the risk of obesity [55] as well
as coffee consumption [56]. Although developments in statistical
methods to derive causality are ongoing rapidly, it is important to note
that experimental validation is still required to prove causality. Also,
most MR methods cannot distinguish between direct causal effects
between phenotypes and the possibility of confounders that associate
with both. By making use of genetic variants related to certain
biochemical markers, such as metabolite levels, blood markers, and
proteins, MR studies are able to identify (suggested) causal biological
mechanisms related to obesity. For example, it has been shown that
BMI causally lowers vitamin D levels [57], but no such causal link was
found of vitamin D levels influencing BMI .

5 Limitations and Future Directions

While ongoing developments in GWAS and PRS have strongly improved
understanding of obesity etiology, several challenges remain:

o Euro-centered: Current PRS are derived predominantly from
populations of European ancestry [58], raising concerns about their
applicability in other ethnic groups and limiting insights into genetic
factors across diverse populations. In the latest GWAS of BM], all
approximately 700,000 investigated participants were of European
ancestry [8], showing the need for expanding such investigations to
include diverse ancestries in these studies. Newer generation
population biobanks, such as the All of Us [59] program, are designed
with the aim to prioritize diversity and reflect the multiethnic



makeup of the population, promising to further close this knowledge
gap.

e Modest predictive power: the modest predictive power of the obesity
PRS [60, 61] indicates that a large proportion of the variation in
obesity remains unexplained (i.e. ‘missing heritability’ [62]).
However, it is important to realize that, akin to many other types of
DNA-tests, PRS should not be viewed as a single definitive test for
developing obesity; rather, it can serve as a biomarker that helps
stratifying low and high-risk individuals and help identifying those
most at risk. Beyond merely including signal from common variants,
integration of information from both common (through PRS) and
rare variants (through sequencing and/or chromosomal tests) in a
single risk model is expected to lead to more optimal predictions, as
was recently shown in a large exome sequencing study combining
common 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 capture
the whole spectrum of both rare coding variants and common non-
coding variants in a single assay, leading to most precise risk
estimates.

» [Integrating genes/environment: current prediction accuracies of
obesity PRS contain noise due to a lack of insight into the complex
gene-environment interactions and correlations, including their
potential to amplify or attenuate the effects of PRS, requiring more
complex statistical models and larger and more diverse datasets than
currently available.

» Integrating genetics/epigenetics: Along these lines, PRS and
epigenetics (typically influenced by environmental factors) may also
be integrated, as a higher BMI prediction has been obtained by the
combined use of PRS and epigenetics than either data type alone
[64], and the addition of epigenetics to genetics should be
investigated more thoroughly.

Importantly, while PRS of obesity show promise for personalized
medicine, caution is necessary in their clinical application in daily
practise, given the ethical implications, and its potential for
misinterpretation, misuse [65] or even discrimination [66].



6 Conclusion

The study of common variants has emerged as invaluable area in
genetic obesity research in the past years, enabling a better
understanding of the causes and consequences of obesity through a
wide array of study designs. Despite current limitations, the clinical
potential of PRS to inform personalized interventions is on the near
horizon. As these areas of analysis continue to evolve, they have the
potential to significantly advance both mechanistic insights and
eventually (personalized) strategies for managing obesity.
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