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Abstract: Background: Individuals with a phenotype of early-onset severe obesity associated with
intellectual disability can have molecular diagnoses ranging from monogenic to complex genetic
traits. Severe overweight is the major sign of a syndromic physical appearance and predicting the in-
fluence of a single gene and/or polygenic risk profile is extremely complicated among the majority of
the cases. At present, considering rare monogenic bases as the principal etiology for the majority of
obesity cases associated with intellectual disability is scientifically poor. The diversity of the molecu-
lar bases responsible for the two entities makes the appliance of the current routinely powerful ge-
nomics diagnostic tools essential.
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Objective: Clinical investigation of these difficult-to-diagnose patients requires pediatricians and neu-
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multidisciplinary clinical teams. Evaluation of the phenotype of the patient’s family is also of im-
portance.
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Results: The next step involves discarding the monogenic canonical obesity syndromes and consider-
ing infrequent unique molecular cases, and/or then polygenic bases. Adequate management of the ap-
plication of the new technique and its diagnostic phases is essential for achieving good cost/efficiency
balances.

Conclusion: With the current clinical management, it is necessary to consider the potential coinci-
dence of risk mutations for obesity in patients with genetic alterations that induce intellectual disabil-
ity. In this review, we describe an updated algorithm for the molecular characterization and diagnosis
of patients with a syndromic obesity phenotype.

Keywords: Syndromic obesity, classical obesity syndrome, non-canonical obesity syndrome, whole-genome array, non-
syndromic monogenic obesity, exome sequencing.
1. INTRODUCTION inheritance [3]. In most cases of genetic obesity, the patients
are affected by complex features as a result of different pat-
terns of genetic alterations, linked to other individual non-
genetic conditions [4, 5]. These non-genetic factors involve
interactions with multiple behavioral and/or environmental
factors [6]. Consequently, even with the increasing impact
of genomic medicine in healthcare practice, the clinical
management of most cases of obesity does not involve iden-
tifying the molecular bases or genetic patterns of inheritance
[7]. However, although complex traits do not readily follow
predictable patterns of inheritance, it is indisputable that
severe, early and maintained obesity is a sign that heritabil-
ity is evidently superior to that of entities of comparable
molecular complexity, such as susceptibility to cancer [8].
Even traits that appear to be monogenic could also be influ-

Syndromic obesity is the manifestation of severe and
early onset overweight, with a specific set of clinical signs
and symptoms, including the presence of at least one of the-
se traits: intellectual disability, congenital malformations
and/or abnormal facies [1]. It is more frequently observed in
patients with mild developmental delay; characterized by a
decrease in language skills and cognitive function, as well
as motor impairment [2]. It is quite rare for genetic obesity
to be a result of a mutation with a Mendelian pattern of
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enced by variation in other modifier genes, altering the ex-
pected phenotype [9].
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This review outlines the current understanding of the
genetic architecture of two complex genetic entities related
to extreme and maintained obesity, which is intimately asso-
ciated with mental disability [10]. The factors accepted as
contributors to the syndromic obesity phenotype and its
complex development (from a monogenic Mendelian inher-
itance to those generated by non-Mendelian patterns) are
discussed with respect to evaluating an individual and/or
group of patients. Genomic medicine is particularly focused
on the identification of pathogenic genetic variants in the
maximum number of patients. However, reaching a molecu-
lar diagnosis in this type of individuals is difficult, as the
percentage of genetic tests without any pathogenic finding
in this group is very high. A high level of diagnostic ineffi-
ciency is evident even among adults, whose obesity pheno-
types may be fully developed.

In general terms, it seems clear that obese patients with
mental delay could be an adequate model to study the de-
velopment of early-onset and maintained obesity, mainly
due to an altered hypothalamic satiety control. The altered
neurodevelopment compromises the regulation of hormonal
responses and the satiety axis. Although hyperphagia is an
extremely difficult symptom to demonstrate and quantify
(both in quantity and type of preferred food), it is clinically
evident in most patients and obviously constitutes the basis
for the unstoppable gain of weight and adipose tissue.

Alteration in hypothalamic satiety is considered a con-
crete trait in a remarkable percentage of patients with syn-
dromic obesity, and is correlated with specific genotypes
within the high heterogeneity of causes of genetic obesity
and mental disability. The molecular diagnosis of these pa-
tients initiates the understanding of the main functional
pathways that causes their obesity [11]. Conversely, alt-
hough canonical obesity syndromes only represent a tiny
percentage of 0.05% to 0.1% of all types of obesity, the eti-
opathogenesis and inheritance patterns (dominant, recessive,
epigenetic and printed) have already been widely estab-
lished%. Despite the wide range of obesity syndromes, only
30 types have been well studied, whilst the rest have un-
known origins [1, 3].

The classification and study of non-canonical obesity
syndromes is the main challenge of researchers and clinical
experts. Non-canonical obesity syndromes have a number of
different genetic causes, including specific genes with a
putative Mendelian pattern of inheritance, or chromosome
rearrangements, or duplications and/or deletions with a huge
variability in size and localization in the human genome [3].
It has been calculated that these new entities would repre-
sent around 1% of characterized syndromic obese cases.
Although these non-canonical obesity syndromes are less
well studied than classical obesity syndromes, the majority
of the clinical manifestation of obesity corresponds to this
very heterogeneous group [5, 12-17]. The diversity of the
underlying genetic causes results in a high variety of distinct
clinical manifestations, which makes it crucial that expert
clinicians conduct an exhaustive and methodical phenotypic
evaluation for each patient [18]. In recent years, the discov-
ery of new genes implicated in non-canonical obesity syn-
dromes, together with the development of powerful technol-
ogies in biosciences (which are widely used in both research
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and the diagnosis of patients) have changed the perspective
for the treatment of these patients [19-22].

The SIRTI genes (* 604479) have been suggested as
epigenetic regulator in human complex diseases. A signifi-
cant decrease in the SIRT! expression levels has been corre-
lated with enhancement in the fatty acid oxidation in indi-
viduals affected with severe overweight [23]. Sirtuin 1
(SIRTI) has been suggested as anti-aging gene, and its inac-
tivation has been linked to obesity with mental disability.
Diet, lifestyle and/or environmental conditions evidence the
capability to modify Sirtuin 1 expression, inducing then
susceptibility to obesity, diabetes and neurodegenerative
diseases [24, 25].

Due to the absence of a globally accepted “pipeline” for
the molecular diagnosis of syndromic obesity patients, this
review describes a detailed strategy to follow, as a structured
algorithm, to determine the diagnosis of these individuals.

In order to achieve an efficient and complete genetic
diagnosis when the molecular basis is the primary etiopath-
ogenesis, it is essential to ensure a more proximate scientific
management and precise genetic counseling of patients.
Finally, we highlight the importance of detailed phenotypic
evaluation by expert neurologists, neuropediatricians, endo-
crinologists and expert geneticists. The latter are directly
involved in the application of efficient new techniques for
the discovery of new candidate loci involved in the patho-
genesis of non-canonical obesity syndromes [26-29].

1.1. First Step: Familial Background and Pregnancy His-
tory of Mental Disability and/or Obesity Antecedent

The starting point for evaluating the complex causes of
mental disability associated with severe obesity is a medical
history, including pregnancy history, mental disability
and/or familial obesity antecedents. Offspring of obese
mothers have elevated risks of obesity and central nervous
system developmental problems, among others [30]. There
are various environmental factors in utero that are linked to
offspring obesity and mental disability, including maternal
alcoholism, smoking and nutritional status (which can cause
fetal undernutrition and overnutrition), infections and in-
flammation, environmental chemicals, maternal stress, and
gut microbiota, and paternal factors; such as smoking and
obesity, which result in epigenetic changes in sperm cells
[31-34]. Affective deprivation, lack of resources and no ad-
equate methods during the first months of life could also
influence the development of intellectual disability in new-
borns, manifested with or without obesity [35, 36].

After exhaustively evaluating pregnancy history, new-
born history and the availability of resources in the family, it
is time to determine if the patient carries an inherited genet-
ic susceptibility for syndromic obesity. Cases of syndromic
obesity can appear as isolated or familial incidences. In a
large percentage of cases, a specific genetic test confirms
the suspected diagnosis, familial genetic alterations can re-
sult in obesity inheritance patterns which affect multiple
generations; in these instances, it is important to identify the
most appropriate family member to be considered as the
index case. However, it is widely accepted that individuals
with similar obesity phenotypes resulting from familial ag-
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gregation of genetic alterations might have different mo-
lecular bases for their obesity.

When an individual belonging to a family affected by
syndromic obesity cases is referred, the most difficult aspect
of the evaluation is describing precisely the phenotype of
the individuals considered as patients. It is essential to know
the severity of the phenotype in relation to familial relation-
ships, and to try and compare them according to the syn-
dromes each family member has manifested. In other words,
it is important to collate a rigorous list of developed signs
and symptoms per affected individual, emphasizing features
of intellectual disability, congenital malformations, abnor-
mal facies, and characteristics of overweight.

2. IDENTIFICATION AND DIAGNOSIS OF CLASSI-
CAL OBESITY SYNDROMES

After reviewing the aforementioned personal and family
antecedents, the next step is to rule out a classical obesity
syndrome. These monogenic types of obesity are widely
studied and characterized using efficient diagnosis “pipe-
lines” involving methodical phenotypic descriptions by sys-
tems and organs. There are clinical signs and symptoms
which require special evaluation, as they are often present
across multiple distinct syndromes. In general, although
obesity and intellectual disability would be the central axis

Prader-Willi Syndrome; PWS
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in the diagnosis of classical obesity syndromes, other differ-
ential features also form part of the phenotype, and it will be
crucial to include these as we develop the first diagnostic
approach.

The Human Phenotype Ontology (HPO) website and
Face2Gene software (Fig. 1) are useful tools for specialists
in aiding the diagnosis of these complex conditions. The
main aim of HPO is to provide standardized vocabulary to
describe patients with phenotypic abnormalities and the as-
sociated traits of human diseases [37]. This provides clini-
cians with a standardized method to describe the main traits
that a patient has, from the first consultation, and aids un-
derstanding across all professional services. Each HPO term
describes a feature or phenotypic abnormality. HPO current-
ly contains 11,000 terms and 115,000 annotations for heredi-
tary diseases, as well as annotations for 4,000 common dis-
eases (https://hpo.jax.org/app/). The HPO website is current-
ly being developed using the medical literature, Orphanet
(https://www.orpha.net/consor/cgi-bin/index.php), DatabasE
of genomiC varlation and Phenotype in Humans using En-
sembl Resources (DECIPHER) (https://decipher.sanger.ac.uk/)
and Online Mendelian Inheritance in Man (OMIM)
(https://www.omim.org/). The website differentiates sets of
signs and symptoms according to their genetic origin. The
description and characterization of each condition is re-
markably stringent and exhaustive. Face2Gene software
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Fig. (1). An example of the Face2Gene software consultation related to Prader-willy Syndrome. An example of the Face2Gene software
consultation related to Prader-Willi Syndrome. The main use of this computer-assisted facial recognition is the prediction of the etiology of
patients with global developmental delay and dysmorphic features and to determine a diagnosis. This is achieved through the comparison of
photographs of the patients with photographs of the syndrome model (left upper panel). The clinician is able to indicate the type of diagnosis
made; a differential diagnosis, clinical diagnosis or molecular diagnosis (right upper panel). The software provides information on the chro-
mosomal location involved, the inheritance mode and the OMIM reference (left lower panel). The Face2Gene search can be refined by se-
lecting the phenotypic traits that the patient has, enabling a perfected diagnostic approach (right lower panel).
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(FDNA Inc, MA, USA) is a free online tool for phenotyping
that facilitates the detection of medical syndromes, predom-
inately based on front and side photographs of the patient’s
face, as well as physical traits. The software detects pheno-
types and significant facial and non-facial features and
matches them to known syndromes (https://www.face2
gene.com) (Fig. 1). As such, the Face2Gene enables a com-
prehensive and precise basis for genetic evaluation and di-
agnosis.

The diagnostic strategy for suspected classical syn-
dromes of obesity is quite different from diagnoses of other
types of syndromic obesity but is still focused on a syn-
drome approach. Approximately 20 to 30 early-onset obesi-
ty syndromes have been reported in the literature. The most
common forms with an established genetic cause are
Down’s syndrome and Fragile X syndrome, followed by
Prader-Willi, Bardet-Bield, Alstrom and WAGR syndromes,
among others [9, 38].

Down’s syndrome (DS, OMIM #190685) is generally
caused by a full chromosome 21 trisomy (94% of DS cases).
It can also be caused by mosaic chromosome 21 trisomy
(2.5% of cases) or a translocation of chromosome 21 (in
3.5% of cases). DS usually manifests phenotypically with
overweight [39] and is associated with very specific dimor-
phic facies, varying severities of intellectual disability,
learning retardation, memory defects, short stature and con-
genital heart defects. The link to the HPO website for DS is
https://hpo.jax.org/app/browse/disease/OMIM:190685.

Fragile X syndrome (FXS, OMIM #300624) is an X-
linked genetic disorder caused by the unstable expansion of
the CGG repeat in the FMRI gene or an abnormal methyla-
tion pattern in this gene. This alteration results in a decrease
in FMR1 expression in the brain, which manifests in a phe-
notype with recognizable abnormal facies, moderate to se-
vere intellectual disability, macroorchidism and frequently
obesity [40]. The link to the HPO website for FXS is
https://hpo.jax.org/app/browse/disease/OMIM:300624.

The most well studied classical obesity-related syndrome
is Prader-Willi syndrome (PWS OMIM#176270). PWS in-
volves the 15q11-13 region and the failure of the SNRPN,
NDN, MAGEL?2 genes in the father’s copy [41]. The main
causes of this are 1. Paternal deletion, which occurs in about
70% of cases, 2. Maternal uniparental disomy, which occurs
in about 25% of cases, and 3. An imprinting defect, which
occurs in less than 5% of cases. The absence of function of
these paternal genes is manifested in a peculiar phenotype
with principal features of central obesity and severe hyper-
phagia, as well as hypothalamic hypogonadism, neonatal
hypotonia, mild intellectual disability, short stature and ab-
normal facies [9, 42-44]. The link to the HPO website for
PWS is https://hpo.jax.org/app/browse/disease/OMIM:
176270.

Bardet-Bieldt syndrome (BBS, OMIM#209900) is con-
sidered a classical autosomal recessive obesity syndrome,
which shows genetic heterogeneity characterized by muta-
tions in approximately 14 BBS genes; the principal genes
involved are BBS1-16, ARL6, MKKS, MKS1, CEP290 [38].
Early-onset obesity is a constant feature, with associated
decreased learning skills, dyslexia, abnormal finger mor-
phology, progressive cone-rod dystrophy and renal disease
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[44, 45]. The link to the HPO website for BBS is
https://hpo.jax.org/app/browse/disease/OMIM:209900.

Alstrém syndrome (4LMS, OMIM#203800) is a mono-
genic autosomal recessive obesity-related syndrome caused
by dysfunctional mutations affecting the ALMSI gene [41,
46]. This genetic alteration is clinically manifested by mild
truncal obesity, intellectual disability, deafness, blindness,
type 2 diabetes, hyperinsulinemia and other hormonal al-
terations [44, 47]. The link to the HPO website for ALMS is
https://hpo.jax.org/app/browse/disease/OMIM:203800.

WAGR syndrome (OMIM#194072) is a genetic disorder
caused by deletions in the 11pl3 region of the WTI and
PAX6 genes. These genetic mutations result in the classical
form of WAGR Syndrome, when the adjacent BDNF gene is
also altered, obesity appears as the predominant sign, and is
classified as WAGRO Syndrome [44, 48, 49]. The link to
the HPO website for WAGR syndrome is https://
hpo.jax.org/app/browse/disease/ORPHA:893.

Albright’s Hereditary Osteodystrophy (OMIM#103580)
is caused by a mutation in GNASI, leading to a defect in the
alpha subunit of G proteins (Gas) coupled to transmembrane
receptors. Gas deficiency in imprinted regions of the hypo-
thalamus results in early onset excess weight gain, round
facies, brachydactyly, metacarpia of the hands and/or feet,
and heterotopic ossifications, as well as t hormonal altera-
tions [50]. The link to the HPO website for Albright’s He-
reditary Osteodystrophy is https://hpo.jax.org/app/browse/
disease/OMIM:103580.

Other minor monogenic obesity syndromes recognizable
by their associated phenotype, OMIM# code and their sus-
ceptibility gene are:

- Those with an autosomal dominant hereditary pattern, in-
cluding: Rubinstein-Taybi syndrome (#180849, CREBBP
gene; #613684, EP300 gene); Ulnar-mammary syndrome
(#181450, TBX3 gene).

- Those with an autosomal recessive hereditary pattern, in-
cluding: Carpenter syndrome (#201000, RAB23 gene;
#614976, CRPT2 gene); Cohen syndrome (#216550,
VPS13B gene); Majewski osteodysplastic primordial dwarf-
ism type II (#210720, PCNT gene); Mental retardation,
truncal Obesity, Retinal dystrophy, and Micropenis
(MORM) syndrome (#610156, INPPSE gene); Macrosomia,
Obesity, Macrocephaly, and Ocular abnormalities (MOMO)
syndrome (#157980, unknown gene/s).

- Those with an X-linked hereditary pattern, including: Bor-
jeson-Forssman-Lehman syndrome (#301900, PHF6 gene);
Coffin—Lowry syndrome (#303600, RPS6KA3 gene).

If a specific genetic test identifies a molecular cause of
classic obesity syndrome, the diagnosis “pipeline” would
finish here, and family members would also be tested for the
identified mutation. If these syndromes are phenotypically
or genetically discarded, the next step in the diagnosis algo-
rithm should be taken.

3. IDENTIFICATION AND DIAGNOSIS OF NON-
CANONICAL OBESITY SYNDROMES

The other manifestation of syndromic obesity occurs
when early-onset, severe and maintained overweight is as-
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sociated with a non-affiliated complex phenotype character-
ized by intellectual disability, congenital malformations
and/or abnormal facies. There is wide variability in the phe-
notypic features presented with this type of patient, and the
absence of a correlation with a typical trait of a classical
syndrome, makes a diagnosis much more difficult. Again, it
is essential to compile an exhaustive review of familial an-
tecedents of obesity along with the patient’s characteristics,
in order to help determine the most efficient technique to
identify the potential molecular etiopathogenesis.

3.1. Whole-genomic DNA Array Hybridization

Whole-genomic DNA array hybridization is the first line
technique in the diagnosis of syndromic patients with non-
canonical obesity syndrome. It allows the study of variabil-
ity in the human genome using DNA probes and can identi-
fy and characterize duplications and deletions of a wide
range of sizes, from kilobases to megabases, as well as mo-
saic lines and regions with a loss of heterozygosis (LOH)
[51]. This technology is growing in both its specificity and
sensibility and is currently considered to be the most suita-
ble methodology for studying patients with syndromic obe-
sity, especially those with a phenotype characterized by in-
tellectual disability, neuromotor dysfunctions, severe altera-
tions of behavior and/or congenital anomalies [52, 53]. A
significant percentage of this patient group develop a pheno-
type of severe overweight, which is the predominant sign of
syndromic obesity. The use of whole-genome hybridization
arrays is increasing in parallel with the development of dif-
ferent databases that detail variants related to pathology and
healthy populations. The Database of Genomic Variants
(DGYV, http://dgv.tcag.ca/) describes CNVs and SNPS vari-
ants which have been identified in the general population,
and is, therefore a powerful database which can be used as a
control to correlate the variants with the phenotype.

OMIM is the largest database that correlates human
genes with genetic diseases; it even associates the OMIM
inputs of the precisely described CNVs, with the phenotype
of the patient. The International Standards for Cytogenomic
Arrays (ISCA, http://dbsearch.clinicalgenome.org/search)
includes variants detected in patients with rare chromosomal
disorders, including microdeletions and microduplications.
DECIPHER, contains information about submicroscopic
chromosomal imbalances related to a particular phenotype.
Finally, the UCSC Genome Browser (http://genome.ucsu.edu/)
contains reference sequences and draft sequences of differ-
ent genomes, and is a very useful tool because it contains
information on gene expression and homology [52].

The high specificity and sensibility of whole-genome
hybridization microarrays and the increasing amount of var-
iant information in the databases enable the molecular char-
acterization of syndromic patients with previous non-
concluding genetic studies. Now, even single-exon deletion
and duplication events can be detected with high sensitivity,
providing an impressive whole-genome coverage and offer-
ing results capable of confirming CNV findings. As such, it
provides a strong complement to mutation analysis per-
formed by the increasingly popular Next-Generation Se-
quencing (NGS). NGS is able to powerfully detect LOH
regions; LOH are chromosomal segments without the pres-
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ence of biallelic variants, due to similarity of the infor-
mation of both parental alleles. LOH regions also enable the
calculation of the consanguinity of the patient. Populations
with high endogamy and in geographic regions with a re-
duced genetic variability often develop incidences of reces-
sive syndromes such as Alstrom syndrome [46]. It is essen-
tial to highlight the importance of considering the homozy-
gous regions of the genome because mutations in these re-
gions could manifest a recessive inheritance pattern respon-
sible for a syndrome. Furthermore, study of homozygous
regions of the genome could determine new candidate genes
which might be key elements or modifiers in syndromic
obesity phenotypes. Another application of LOH is to detect
a uniparental disomy, which is an important mutation in
syndromes such as PWS or BBS.

All reported CNVs have to be analyzed by a highly ex-
perienced expert who classifies them into the five currently
agreed types of variation: benign, likely benign, uncertain
significance (VUS), likely pathogenic, or pathogenic varia-
tions [54, 55]. When a deleterious CNV is found, such as a
duplication or deletion, the diagnosis is clear and the patient
is informed. However, when a variant of uncertain signifi-
cance is carried by a syndromic patient related or non-
related to obesity, it has to be compared with the reported
CNVs in the various databases detailed above in order to
determine if it is deleterious or not. If a variant of uncertain
significance that could be deleterious is found, it is recom-
mended (and should be mandatory) to investigate its famili-
al segregation of it. This segregation is an efficient method
in determining if the variant is inherited or if it is a de novo
alteration, and moreover, if it is associated with the pheno-
type of the syndromic patient and the presented obesity (Fig.
2).

An example of a non-canonical obesity syndrome de-
tected by whole-genome microarray hybridization is the
16p11.2 distal microdeletion syndrome [56, 57]. Other
chromosome regions and alterations detected by whole-
genome array hybridization have also been clinically related
to causing or predisposing an individual to syndromic obesi-
ty. Examples include microdeletions in the 1p21.3 region,
2p25.3 deletions, 6q14.1q1l5 and 11pl4.1 interstitial dele-
tions, deletions that involve the 6q22, 12q subtelomeric de-
letions, microdeletions affecting the 17q24.2 region, and
duplications of 19q [21]. Furthermore, deletions of 6q16,
1p36, 2q37 and 9934 have also been linked to obesity [58].
Gimeno-Ferrer et al. detailed a previously non-described
10-Mb duplication in the 16p13.2p12.3 region which is con-
sidered to cause intellectual disability and severe over-
weight. They also describe eleven 16pl11.2 CNVs (nine
proximal and two distal) which have a low prevalence but a
frequent recurrence in syndromic patients with a severe al-
teration in Body Mass Index (BMI) [27].

If the whole-genome microarray hybridization is ana-
lyzed and all the CNVs are considered to be benign, the
result of the array is considered negative. The next step is to
perform (NGS) of the monogenic genes which have at-
tributed susceptibility to syndromic and/or non-syndromic
severe overweight, as familial antecedents of obesity may be
present. NGS analyzes the possible existence of a molecular
cause of the non-affiliated obesity syndrome.



152 Current Genomics, 2022, Vol. 23, No. 3

Rodriguez-Lopez et al.

Lab Result
l * Published data
. » Segragation studies
Variant * Population frecuency
: * Amino acid conservation
Annotation * Preductions: PolyPhen, SIFT
* Clinical Data R l * Splicing predictions
* Custom Knowledge
Variant . * Family Testing
Classification * Additional Info
[
v v v v v
. Likel Likel .
Benign . Y VvuUs y . Pathogenic
Bening Pathogenic

CLINICAL REPORT

Fig. (2). Variant assessment workflow. Variant assessment workflow. Genetic variants identified by laboratory testing are annotated with
information from various sources including publications, computational prediction algorithms, and public, collaborative and internal data-
bases. After evaluation of all pertinent information, and in conjunction with patient-specific clinical and familial information, a professional-
ly trained individual will classify the variant into one of the five clinical categories and combine all the findings into a clinical report [55].

“Adapted from Duzkale 2013”.

3.2. Molecular Analysis of Classified Non-syndromic and
Syndromic Monogenic Causes of Obesity

Until now, there remains a global insistence on the clas-
sification of patients with severe obesity as syndromic or
non-syndromic individuals, whether they have a recogniza-
ble phenotype. For inclusion in the second category, the
patients must not show any signs or symptoms of any neuro-
logical disorder or congenital malformation. As has been
previously detailed, incidences of syndromic obesity are an
important part of the molecular causes of severe overweight
but only represent a low percentage of approximately (1%)
of total incidences of obesity. In this review, we aim to high-
light the set of molecular bases that are capable of causing
severe overweight in individuals who do not meet the crite-
ria that has been developed and is currently accepted as a
syndromic obesity phenotype. A patient with an obese phe-
notype and intellectual disability could manifest both traits,
but these could be caused by different origins. Effectively,
non-canonical syndromic obese patients show an intellectual
coefficient very slightly below that that can be considered or
recognized as normal. Other individuals appear to have a
slight deficit in neurodevelopment, without presenting dys-
morphic features or congenital malformations. In addition,
other patients may be diagnosed with mild brain immaturity
but not be considered patients with intellectual disability.
Therefore, sometimes it is difficult to distinguish the exist-
ence of an intellectual disability, attitudes or borderline per-
sonality disorders, or behavioral traits that a patient might
have. Clinical evaluation becomes even more complex as
the patient ages due to the confusion of comorbidities that
are acquired and appear over the years, as well as the lack of

training neurologists, have in identifying genetically-based
intellectual disability in adults.

Most articles with the highest impact factors are focused
on the search for unique causative mutations of severe obe-
sity and analyze so-called "non-syndromic obesity" patients
according to the principal inclusion criteria of: non-
syndromic features, age of onset of obesity <5 years (or up
to prepubertal onset in adult subgroups), high risk familial
antecedents of severe obesity among first and second degree
relatives, maintained extreme obesity (BMI >40 kg/m”) and
inefficient response to endocrine intervention and/or bari-
atric surgery determined as weight regain or insufficient
weight loss. However, mutations in these genes are likely to
be found in patients with evident intellectual disability, with
a similar frequency to that of the rest of the population. The
effect on weight should be comparable or even more power-
ful, given the factor of greater inhibition of hypothalamic
control of satiety in the context of intellectual disability.

The literature reflects the fact that the identified molecu-
lar causes of monogenic non-syndromic (rare alleles with
high or moderated attributed risk) and polygenic obesity
(more common alleles with low or moderated attributed
risk) cover an interesting percentage of genetic obesity (7%
and 20%, respectively). Monogenic syndromic or non-
syndromic obesity, and the different inheritance patterns
involved (dominant, recessive and co-dominant), could be
an alternative origin of the obesity in syndromic patients
with or without familial antecedents of obesity [41].

Monogenic non-syndromic obesity is an inherited genet-
ic obesity that shows a clear genotype-phenotype correla-
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tion. The molecular mechanism underlying this is the altera-
tion in hypothalamic satiety control mediated by the Lep-
tin/Melanocortin pathway, which has a significant role in the
correct functioning of appetite regulation [38, 59]. This con-
trol begins after an individual has eaten, with the release of
the leptin hormone (encoded by the LEP gene) from the
adipose tissue, which initiates negative feedback in the brain
with an important response, to stop eating [60]. Therefore,
leptin is the first regulator of this system. The target of lep-
tin is the leptin receptor (encoded by the LEPR gene), which
is located in the Cocaine- and Amphetamine-Related Tran-
script (CART) and Pro-opiomelanocortin (POMC) neurons
of the Arcuate Nucleus (ARC) in the hypothalamus [61].
LEPR, with the help of Tubby neuropeptide (encoded by the
TUB gene) [62-64], is responsible for signal transduction
through the Janus Kinase/Signal Transducers and Activators
of Transcription (JAK/STATs) pathway, resulting in the ac-
tivation of the Proopiomelanocortin Precursor Polypeptide
(encoded by the POMC gene), which is also expressed in
the ARC [65]. The activation of JAK/STAT is regulated by
the SH2B adaptor protein 1 (encoded by the SH2B/ gene)
[66]. This precursor is enzymatically cleaved by the Propro-
tein Convertase Subtilisin/Kexin Type 1 (encoded by the
PCSK1 gene) [67] and regulated by the activity of Carboxy-
peptidase E (encoded by the CPE gene) [68], which is in-
volved in the production of a- and p-Melanocyte-
stimulating Hormones (MSH). Melanocortin 3 Receptor and
Melanocortin 4 Receptor (encoded by the MC3R and MC4R
genes respectively) have an important role in the satiety
control pathway. MC3R is located in POMC neurons and
acts as an auto-receptor for POMC-derived peptides, gener-
ating negative feedback [69]. While, MC4R is located in the
Paraventricular Nucleus (PVN) and acts as a receptor for the
a-Melanocyte-stimulating hormone (a-MSH) ligand [70].
The binding of the a-MSH ligand to the receptor is regulat-
ed by the Melanocortin Receptor Accessory Protein 2 (en-
coded by MRAP2) [71-74]. The activation of MC4R recep-
tors induces the expression of the Brain-derived Neu-
rotrophic Factor (encoded by the BDNF gene) [75] through
the cyclic AMP-protein kinase A signaling pathway, in
which Adenylate Cyclase 3 (encoded by the ADCY3 gene)
has a crucial role [75-77]. This MC4R activity is facilitated
by Single-minded 1 (encoded by the SIM1 gene) [78]. Fi-
nally, BDNF activates the Neurotrophic receptor Tyrosine
kinase 2 (encoded by NTRK2) [79] which results in the lib-
eration of oxytocin in the PVN of the hypothalamus, caus-
ing activation of fatty acids B-oxidation and a clear response
in the organism; an increase in energy expenditure and a
decrease in food intake [59].

Another important factor involved in the POMC/CART
neurons of the ARC nucleus and the pathogenesis of obesity
is CART (encoded by the CARTPT gene). This gene could
have a major role in feeding, stress and reward [79]. CART
neurons are activated after the action of leptin in the hypo-
thalamus, highlighting the involvement of CARTPT in sa-
tiety control [80]. Mutations in this gene have been reported
to cause the aggregation of familial obesity through genera-
tions [81, 82].

A parallel pathway in ARC nucleus of the hypothalamus
involves the NPY-AgRP neurons [83]. Neuropeptide Y (en-
coded by the NPY gene) is expressed in these neurons and
induces food intake by binding to the Neuropeptide Y Re-
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ceptor Y2 (encoded by NPY2R). After nutrient ingestion,
leptin blocks the NPY-AgRP neurons, inducing satiety [84].
Mutations in both NPY and NPY2R are involved in the de-
velopment of an obese phenotype [85]. Further, the analo-
gous appetite-suppressing hormone Peptide YY (encoded by
PYY) is released from the gut after nutrient ingestion [83-
86]. PPY secretion stimulates satiety by exerting its effect
directly in the ARC nucleus through a Y2 receptor, inhibit-
ing food intake [87]. Mutations in the PYY gene have also
been reported to cause an obese phenotype. The PYY gene is
associated with satiety control regulation via the NPY-AgRP
neurons of the ARC nucleus, but not the POMC cells [88].

In monogenic non-syndromic obesity, the genes that
encode most of the regulators involved in the hypothalamic
control of satiety are mutated and the signaling pathway
results in inefficient control of the appetite feedback loop.
The genes responsible for early-onset monogenic non-
syndromic obesity include LEP, LEPR, POMC, PCSKI,
MC3R, MC4R, CARTPT, PYY, NPY and ADCY3. Mutations
in these genes are reported to be responsible for less than
10% of incidences of obesity and have different inheritance
patterns; dominant, co-dominant or recessive, depending on
which gene is involved [38, 44].

There are also a set of alterations or mutations in these
genes which are involved in the manifestation of obesity and
associated with mental delay. The genes with a known role
in monogenic syndromic obesity with mild intellectual disa-
bility and without abnormal facies are TUB, CPE, MRAP2,
SH2BI1, SIMI, NTRK2 and BDNF (which are included
among the susceptibility genes for WAGRO syndrome).

Effectors and regulators of classic and new signaling
pathways involved in satiety control have been discovered in
the same way that technology and research studies elucidated
the molecular mechanisms. These newly discovered genes
and their coding products are also involved in this intricate
system, including POU domain class 3 transcription factor
2 (POU3F2), Uncoupling Protein 3 (UCP3), Centrosomal
Protein 19 (CEP19), and Dual Specificity Tyrosine Phosphor-
ylation Regulated Kinase 1B (DYRKB) genes.

POU3F?2 is a gene that encodes a pro-neuronal transcrip-
tion factor which is important for hypothalamic develop-
ment and function. The functional characterization of a
knockout POU3F?2 zebrafish mutant model demonstrates
that the POU3F2 regulator is downstream to S/M! in the
Leptin/Melanocortin pathway, as the same phenotype was
developed. POU3F2 controls the expression of oxytocin in
the hypothalamus, particularly in the neuroendocrine preop-
tic area and PVN in the model [87]. As such, POU3F2 in-
fluences the B-oxidation of fatty acids, as mediated by lep-
tin, which introduces a new player to the energy balance,
satiety and body mass signaling pathways. The POU3F2
gene is adjacent to the S/IMI gene on chromosome 6. Dele-
tions encompassing one or both genes result in the same
Prader-Willi-like phenotype [89].

UCP3 is a mitochondrial inner membrane anion carrier
protein involved in the uncoupling of oxidative phosphory-
lation. It is not involved in the satiety pathway, but it is in-
volved in cellular fatty acid metabolism in the mitochondria.
Heterozygous mutations in this gene can cause a phenotype
characterized by obesity and type 2 diabetes [90, 91].
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CEPI19 is a gene that encodes a centrosomal protein.
Genetic alteration in CEP19 results in a phenotype charac-
terized by ciliopathy, obesity, hyperphagia, glucose intoler-
ance, insulin resistance and mental delay, with a functional
and molecular characterization that is observed in both mice
models and patients [92, 93]. The function of the gene in the
Leptin/Melanocortin pathway is not known. However,
MC4R and ADCY3 are co-expressed in neuron cilia and this
could explain the connection [77]. Like the CEPI19 gene,
DYRKIB is a newly discovered gene involved in obesity
which is involved in a signaling pathway for adipocyte dif-
ferentiation. A homozygous nonsense mutation in the
CEP19 gene was identified and strongly associated with
obesity in a large consanguineous family who had morbid
obesity and spermatogenic failure [92]. Additionally, mem-
bers of 3 families who had a common ancestor were affected
with autosomal dominant metabolic syndrome and early-
onset coronary artery disease, related to a heterozygous mis-
sense mutation in the DYRKIB gene. Other infrequent mis-
sense mutations in the DYRK B gene have also been detect-
ed in morbidly obese Caucasian individuals with coronary
artery disease and multiple metabolic phenotypes. The pre-
dominant phenotype is characterized by a mild intellectual
delay, early onset coronary artery disease, central obesity,
hypertension and diabetes [94].

The genes discussed above participate in satiety control
and other important signaling pathways. Reported mutations
in these genes result in the development of a phenotype of
monogenic syndromic obesity. However, the position of
these genes in the cascade regulation is still unknown.

Therefore, the strategy for patients with non-canonical
syndromic obesity with negative whole-genome hybridiza-
tion array results is to analyze this group of familial mono-
genic non-syndromic genes, as well as those known to cause
monogenic syndromic obesity coexisting with intellectual
disability. The most efficient strategy to do this is through
the analysis of a panel including the aforementioned genes
using NGS technologies (Table 1). In the case that a mono-
genic non-syndromic mutation is detected that could explain
the development of the obese phenotype due to familial ag-
gregation, then the intellectual disability would have an al-
ternative etiology, as we have previously discussed.

These panels of genes have been designed to identify
mutations in individuals with severe obesity with greater
efficiency. A manuscript has recently emerged which avoid-
ed classifying obese patients [n=1230] as having non-
syndromic or syndromic phenotypes [95]. For inclusion in
the study, patients had an obesity phenotype and at least one
of the following criteria: an age of obesity onset <5 years (or
up to prepubertal onset in the adult subgroup), a high risk
familial history of obesity, hyperphagia, intellectual disabil-
ity or developmental delay, congenital malformations, visual
impairment and/or deafness, abnormal growth parameters
(determined by head circumference and height), maintained
extreme obesity (BMI >50 kg/mz), and being unresponsive
to treatment which was defined by weight regain or insuffi-
cient weight loss. The candidate genes that were analyzed
included most of the genes previously mentioned in this
manuscript. These genes were selected due to their associa-
tion with an obese phenotype per the OMIM catalogue, or
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because they had been associated with obesity in Genome-
Wide Association Studies (GWAS), or involved in obesity or
diabetes pathways as described by the Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway database, as well
as those identified from known obesity CNVs including:
ALMSI, ARL6, BBSI, BBS2, BBS4, BBS5, BBS7, BBSY,
BBS10, BBSI12, BDNFE, CCDC28B, CEP290, CRHR2,
FLOTI, G6PC, GNAS, IRS1, IRS2, IRS4, KIDINS220, LEP,
LEPR, LZTFLI, MAGEL2, MC3R, MC4R, MCHRI,
MKKS, MKRN3, MKSI, MRAP2, NDN, NTRK2, PAX6,
PCK1, PCSK1, PHF6, POMC, PRKARIA, PTEN, SIMI,
SNRPD2, SNRPN, SPGl1l, TBX3, THRB, TMEMG67,
TRIM32, TTCS, TUB and WDPCP.

Kleinendorst ef al. demonstrated that analysis of mixed
syndromic and non-syndromic obese (n=1230 affected indi-
viduals) using a gene panel that includes genes simply asso-
ciated with severe overweight, within the framework of any
phenotype, resulted in the genetic diagnosis of the expected
percentage of syndromic individuals (3.9% globally and
7.3% in the pediatric subgroup). A definitive molecular di-
agnosis was established in 2.7% of the patients in the adult
subgroup (12.5% of adult patients had a definitive molecular
diagnosis of syndromic obesity and the rest were linked to
non-syndromic obesity). The mutations identified as respon-
sible for syndromic obesity in these adult patients were lo-
cated in 11 genes (previously marked in bold). In addition,
5.4% of individuals carried VUS in 44 genes, which had
been identified through familial segregation and functional
studies.

There were two very interesting conclusions to this
study. Firstly, MC4R mutations were found to be the most
frequent genetic cause of obesity in the cohort from the 11
different genes in which mutations were found to lead to a
definitive diagnosis. Secondly, 5% of the total cohort were
identified as carriers of a known heterozygous pathogenic
mutation that only leads to an obesity phenotype in autoso-
mal recessive modes of inheritance (ALMSI, PCK1, SPG1],
TUB, BBS genes and modifiers). An additional 6.2% of the
total cohort were carriers of a VUS in one of those genes,
with the Bardet-Biedl susceptibility genes the most com-
mon. This suggests a stronger predisposition for common
obesity in individuals who carry the heterozygote BBS gene
mutation compared to the general population [95].

Everything discussed in this section leads us to deter-
mine that using the panel of genes with a known relation-
ship to obesity is a good strategy for the analysis of all pa-
tients affected by severe early overweight, that is maintained
and related to any phenotype. All of the genes currently
classified as susceptibility genes for syndromic obesity and
non-syndromic obesity should be considered (Table 1). It
must also be proven that these genes are inherited with a
Mendelian pattern of inheritance. However, we still consider
that this strategy must be carried out, once the previous
steps of the diagnostic algorithm that we describe in this
manuscript have been carried out.

If, at this point a genetic diagnosis has been determined,
the diagnosis “pipeline” would finish here. However, if the
origin of the non-canonical syndromic obesity has still not
been elucidated, the next step would be exome sequencing.
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Table 1. Updated list of principal monogenic genes responsible for syndromic obesity phenotypes.

Gene Symbol Omim Number Name Location Phenotype
ADCY3 600291 Adenylate Cyclase 3 2p23.3 Non-Syndromic
BDNF 113505 Brain-derived Neurotrophic Factor 11pl4.1 Syndromic
CARTPT 602606 CART Prepropeptide 5ql13.2 Non-Syndromic
CEP19 615586 Centrosomal Protein, 19-kd 3q29 Both
CPE 114855 Carboxypeptidase E 4q32.3 Syndromic

Dual-specificity Tyrosine Phos- .
DYRKIB 604556 . . 19q13.2 Syndromic
phorylation-regulated Kinase 1B

LEP 164160 Leptin 7932.1 Non-Syndromic
LEPR 614963 Leptin Receptor 1p31.3 Non-Syndromic
MC3R 155540 Melanocortin 3 Receptor 20q13.2 Non-Syndromic
MC4R 155541 Melanocortin 4 Receptor 18g21.32 Non-Syndromic

Melanocortin Receptor Accessory .
MRAP2 615410 . 6ql14.2 Syndromic
Protein 2

NPY 162640 Neuropetide Y 7p15.3 Non-Syndromic

Neurotrophic Receptor Tyrosine

NTRK2 600456 . 9q21.33 Syndromic
Kinase 2
PCSKI- PC1 162150 Proprotein Convertase 1 5ql5 Non-Syndromic
POMC 176830 Proopiomelanocortin 2p23.3 Non-Syndromic

Pou Domain, Class 3, Transcrip- .
POU3F2 600494 . 6ql6.1 Syndromic
tion Factor 2

PYY 600781 Peptide YY 17q21.31 Non-Syndromic
SH2B1 608937 SH2B Adaptor Protein 1 16pl1.2 Syndromic
SIMI 603128 Single-minded 1 6q16.3 Syndromic

TUB 601197 Tubby 11pl15.4 Syndromic
UcCP3 602044 Uncoupling Protein 3 11q13.4 Non-Syndromic

Note: An updated list of principal monogenic genes that have been accepted as responsible for the majority of non-recognizable mental delay with obesity and non-syndromic

obesity phenotypes, from the OMIM catalogue.
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3.3. The Contribution of Clinical and Complete Exome
Sequencing in Patients with Obesity within the Frame-
work of Intellectual Disability

If all the previously discussed techniques have obtained
negative results and the patient remains without a clear
cause for syndromic obesity, the next step in the diagnosis
“pipeline” is to sequence the clinical exome (OMIM genes)
or the complete exome.

Clinical exome sequencing is used for patients character-
ized by an extreme phenotype, with or without a Mendelian
pattern of genetic inheritance, after all previously associated
single or groups of candidate genes have been ruled out and
an aberrant cytogenetic etiology is suspected. Clinical exo-
me sequencing involves analyzing all the encoding regions
and intron boundaries of all OMIM genes by NGS [96]. In
other words, all genes with a possible clinical relevance are
sequenced. The aim is to determine a monogenic cause of
the syndromic obesity phenotype and, therefore, a conclu-
sion to the pathophysiology presented in the patient [97].
This technique generates a huge amount of data and the
analysis of the variants is highly complex. In some cases, a
single variant is detected and is the unique cause of the pre-
sented phenotype. However, in other cases, several genetic
variants are identified and their impact on the clinical mani-
festation of the phenotype must be investigated. Finally, in
other cases, any putative causal variants are detected.

When a variant is detected through sequencing of the
clinical exome, it is mandatory to perform familial segrega-
tion of the variant and an analytic and clinical validation.
Previously, the first validation involved corroborating the
identification of NGS variants using another technique,
though this is not currently necessary. Validation involves
determining that the gene with the detected variant is in-
volved in the disease, and that the specific variant has a
pathogenic role in the development of the phenotype [98,
99]. Therefore, this technology allows the analysis of a vari-
ety y of candidate genes and the identification and addition
of new locus/loci as possible causes of syndromic obesity.
The global data strongly supports the value of clinical exo-
me sequencing as an effective diagnostic tool, particularly
for patients with obesity related to pediatric neurological
diseases, and much more so than for individuals with non-
syndromic obesity.
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If clinical exome sequencing identifies a clear variant which
could cause the phenotype, the diagnosis “pipeline” would fin-
ish here. However, if clinical exome sequencing does not yield
results, the next step is whole exome sequencing. Whole exome
sequencing, particularly within proband-parent trios, will help
to advance clinical and research progress into extreme syn-
dromic and non-affiliated phenotypes [100].

Using whole exome sequencing, as a genetic diagnostic
test involves the extension of the clinical exome, so that the
targeted sequence includes both OMIM and non-OMIM
genes. The strategy of detecting and validating variants us-
ing whole exome sequencing has the same aim as clinical
exome sequencing; familial segregation of the alleged vari-
ant, corroboration of the variant using another technology,
and proving that the phenotype is a consequence of the de-
tected genetic variant [101].

If whole exome sequencing identifies a clear variant
which is responsible for the syndromic obesity phenotype,
the diagnosis “pipeline” would finish here. However, whole
exome sequencing is sometimes unable to determine the
genetic cause of the syndromic phenotype and returns a
negative result. In this instance, the algorithm “pipeline” is
re-started and the medical history is re-investigated and re-
evaluated for a potential complication during pregnancy or
birth, including maternal alcohol or drug use or a lack of
oxygen during pregnancy or birth.

In recent years, a considerable number of mutations have
been detected in the general population which has compli-
cated the validation of the causality of mutations identified
in the patient group. Some mutations have been found
which, despite their molecular characteristics, should be the
cause of diseases with a Mendelian inheritance pattern but
the carriers of these gene mutations do not exhibit the dis-
ease trait to any extent [102].

The international effort to develop genetic databases has
been impressive and proved an invaluable tool in genetic
counseling. The information contained in the databases fa-
cilitates rigorous genetic diagnostics and counseling, at the
extremely high standard required. The table below details
the online tools that are most frequently consulted by the
professionals who work in the discipline of translational
genomics (Table 2).

Table 2. Accesses to the genetic databases most frequently consulted for genetic diagnosis and counseling in hereditary diseases.

Usage Online Tools URL
Align GVGD http://agvgd.iarc.fr/agvgd_input.php/
Computational CONDEL http://bg.upf.edu/condel/analysis/

prediction for

missense variants .
MutationAssessor

http://mutationassessor.org/

MutationTaster

http://www.mutationtaster.org/

PolyPhen2

http://genetics.bwh.harvard.edu/pph2/

SIFT

http://sift.jevi.org/

(Table 2) contd....
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Usage Online Tools URL
GeneSplicer http://ccb.jhu.edu/software/genesplicer/
Computational pre-
diction for splicing Human Splicing Finder http://www.umd.be/HSF/
variants
MaxEntScan http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html
NNSplice http://www.fruitfly.org/seq_tools/splice.html
Curing of Diseases GeneReviews http://www.ncbi.nlm.nih.gov/books/NBK 1116/
OMIM http://omim.org/
Domain NCBI conserved domain
Database database http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
Genome Browser Ensembl http://www.ensembl.org/index.html

UCSC Genome Browser

http://genome.ucsc.edu/

Literature Database PubMed

http://www.ncbi.nlm.nih.gov/pubmed

1000 Genomes Project

http://browser.1000genomes.org

Variant ClinVar http://www.ncbi.nlm.nih.gov/clinvar/
Database
dbSNP http://www.ncbi.nlm.nih.gov/projects/SNP/
Exome Variant Server http://evs.gs.washington.edu/EVS/
HGMD http://www.hgmd.cf.ac.uk/ac/index.php
Variant HGVS nomenclature http://www.hgvs.org/mutnomen/
Validation

Mutalyzer

https://mutalyzer.nl/

Note: The most frequently accessed genetic databases by professionals working in the field of genetic diagnostics and couseling for hereditary diseases, with their name and their

main utility. These online tools have become essential in the scientific research and exhaustive clinical management of obesity, and provide the basis for the study of syndromic

obesity [55]. “Adapted from Duzkale 2013”.

3.4. Differential Gene Expression Profiles in Obese Sub-
jects

Preliminary results have already shown sufficient differ-
ences in the gene expression between the obese and the non-
obese subjects; the main objective is to identify the correla-
tions between gene profiles and clinical obesity indices
[103]. SIRTI gene is considered an obesity biomarker, as its
compensatory increase brings some additional metabolic
dysfunctions in the body due to altered peptides in the endo-
crine system.

SIRT1 upregulates the level of orexin receptor specifical-
ly in the lateral hypothalamic area and the ventromedial
nucleus of the hypothalamus, and also regulates the expres-
sion of BDNF (*113505) in the brain. It was found that in-

creased SIRT] level diminished BDNF signal which resulted
in severe hyperphagia and obesity both in humans and ani-
mals. That coincidence between neurodevelopment and
metabolic pathways throught S/IRTI, in the same manner
that was widely corroborated for the BDNF' gene, presume
that SIRT expression analysis could be an obesity biomarker
to take into account among clinical parameters to evaluate in
the management of obesity. Recent studies have shown that
age-related diseases or endocrine system dysfunctions are
associated with an increase in SIRT! expression levels, but
with a decrease in their activity [23].

CONCLUSION

The application of a normalized algorithm for the genet-
ic diagnosis of syndromic obesity is essential due to the high
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heterogeneity of causes. We have described a revised and
updated homogeneous algorithm for diagnosing future pa-
tients affected by syndromic obesity. The starting point for
diagnosis in this patient group is to fully characterize famili-
al antecedents, the history of pregnancy and newborn, and
the phenotype of the individual. When a complex non-
affiliated disorder is encountered, consideration should be
given to non-genetic or acquired causes. This is particularly
important for alterations observed in the field of neurode-
velopment and obesity, and the approach should be the same
whether alterations are expressed in isolation or in combina-
tion. Alcohol, drugs, tobacco and fever during pregnancy
can have a teratogenic effect that could be responsible for
the manifestation of the observed phenotype.

The genetic etiology of syndromic obesity is strikingly
different for the two main subgroups; classical obesity syn-
dromes and non-canonical obesity syndromes. The first
group has well-characterized phenotypes of obesity along-
side intellectual disability, among other traits. Examples of
classical obesity syndromes include Prader-willi, Alstrom,
Bardet-Bield, WAGR, Down and Fragile X syndromes. The
causes vary from trinucleotide repeat expansion for Fragile
X syndrome, uniparental disomies for UPD14 and methyla-
tion abnormalities for Prader-willi syndrome. Each of the
classical obesity syndromes has a determined inheritance
pattern and a specific gene responsible for the signs and
symptoms. On the other hand, the non-canonical obesity
syndromes have a wide heterogeneity of phenotypes with
different genetic origins, including chromosome rearrange-
ments, deletions and duplications; monogenic, and some-
times familial, variants with different inheritance patterns in
specific obesity genes (with syndromic and non-syndromic
causes); and genetic variants in non-candidate genes which
are detected through exhaustive genome sequencing. Due to
this huge variability, determination of the precise cause of
non-canonical obesity is difficult. The proposed diagnosis
“pipeline” described in this manuscript is the most suitable
algorithm to diagnose syndromic obesity with non-canonical
phenotypes and provides a comprehensive methodology
which is able to solve the majority of cases.

The first step is to collate all of the clinical data, includ-
ing any tests that the patient may have had to date. Labora-
tory tests are of particular importance, especially those per-
formed through cytogenetic methods or molecular diagnos-
tic techniques. Previous tests must be carefully assessed to
determine their relevance and may need to be repeated with
current technology. Of course, it is important not to repeat
previous genetic analysis if they meet current standards, and
the results from previous Sanger directed sequencing, meth-
ylation studies, genomic DNA hybridization analysis with
arrays and massive sequencing should be exhaustively as-
sessed to determine their significance. For this, it is essential
to have access to the original report issued by the laboratory
that performed the test.

Additionally, much importance should be given to any
information that is available from other affected individuals
in the family, particularly if they have undergone genetic
testing.
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In most cases, cytogenetic alterations are the main cause
of these non-canonical phenotypes and whole-genome mi-
croarray hybridization is used as the principal technology to
confirm or discard this cause. The most frequently diag-
nosed form of non-canonical obesity syndrome is the
16p11.2 microdeletion syndrome. The second most common
cause of non-canonical obesity is the presence of mutations
or alterations in the monogenic genes related to any kind of
severe obesity. This type of obesity would be early-onset
with a familial phenotype non-related to intellectual disabil-
ity (mainly caused by the genes LEP, LEPR, POMC,
PCSK1, MC4R, ADCY3 and CEP19) or manifested with
intellectual deficits (mainly caused by the genes CEPI9,
TUB, CPE, POU3F2, MRAP2, SH2BI, SIMI, NTRK2,
BDNF and DYRKI1B). When the origin of these monogenic
causes is determined, familial segregation is required to pre-
dict phenotype development, penetrance and variability in
order to prevent incidences of the disease in future genera-
tions. Finally, if these investigations have not been able to
determine the genetic cause and make a diagnosis. Clinical
exome or whole exome sequencing could enable the detec-
tion of alleged variants that might be responsible for the
syndromic obesity phenotype. If a monogenic cause of obe-
sity is genetically determined by exome sequencing, it is
mandatory to perform segregation studies of the mutation in
all members of the family in order to confirm or discard a de
novo origin, and to identify family members who carry the
mutation. This facilitates better genetic counseling for future
generations.

Research into obesity and mental delay genetics is rapid-
ly progressing. NGS gene panel testing is continually identi-
fying obesity-associated genes altered by mutations, as well
as functional CNV and cumulative genetic risk profiles
could provide a sufficient molecular basis to cause a specific
phenotype in a single individual.

Newly identified genes will be added to future versions
of the gene panels to aid the diagnosis of syndromic obesity.
Nowadays, most of the mutations identified are related to
non-syndromic monogenic forms of obesity, due to the in-
clusion bias of patients. It is a very common occurrence that
patients who present a syndromic form of obesity are genet-
ically analyzed for their mental disability and/or congenital
anomalies only, rather than for their characteristics of obesi-
ty, even when obesity is extreme.

Available data suggests that modification of these diag-
nostic strategies is important, given that an established diag-
nosis of genetic obesity could influence the choice of treat-
ment, e.g. bariatric surgery [94]. An effective and globally
accepted NGS-based gene panel analysis in patients with
obesity might be a useful tool for diagnosing genetic obesity
and could have serious impact on the treatment of patients.

Although in our experience this genetic algorithm is suc-
cessful in determining an accurate diagnosis, sometimes
there will be cases where a final diagnosis is not achieved
and the next step in the algorithm is to return to the begin-
ning. Therefore, we emphasize the importance of neurope-
diatrics, neurologists and genetic consultations in perform-
ing an exhaustive medical history including pregnancy and
family history.
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