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Abstract
Syndromic monogenic obesity is a rare and severe early-onset form of obesity. It is characterized by intellectual disability,
congenital malformations, and/or dysmorphic facies. The diagnosis of patients is challenging due to the genetic
heterogenicity of this condition. However, the use of microarray technology in combination with public databases has been
successful on genotype–phenotype correlations, especially for body mass index (BMI) alteration. In this study, the
relationship between copy number variations (CNVs) detected by microarray mapping on 16p region and BMI alterations in
syndromic patients were assessed. In order to achieve this goal, 680 unrelated Spanish children with intellectual disability
were included. 16p region was characterized by using microarray platforms. All detected variants were classified as: (I) one
previously non-described 10-Mb duplication in 16p13.2p12.3 region considered causal of intellectual disability and severe
overweight, and (II) eleven 16p11.2 CNVs of low prevalence but with recurrence in syndromic patients with severe BMI
alteration (nine proximal and two distal). Proximal 16p11.2 CNVs have a dose-dependent effect: underweight in carriers of
duplication and obesity in carriers of deletion. KCTD13 was identified as a possible candidate gene for BMI alteration on
proximal syndromes, whereas SH2B1 gene was identified as candidate for distal syndromes. The results shown in this paper
suggest that syndromic patients could constitute a reliable model to evaluate hypothalamic satiety and obesity disorders as
well as generate a wide expectation for primary prevention of comorbidities. Furthermore, 16p13.2p12.3 showed to be an
important region on the regulation of body fatness.

Introduction

Monogenetic forms of human obesity are described as rare
and severe early-onset obesity forms associated with several
endocrine disorders [1]. These forms of obesity are mainly
due to single mutations located in genes linked to the lep-
tin–melanocortin pathway, resulting in an imbalance
between food intake and energy expenditure [2].
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Monogenic obesity syndromes correspond to severe over-
weight as a predominant sign associated with additional
phenotypes, including intellectual disability, congenital
malformations, and/or dysmorphic facies [3]. Around 30
characterized obesity syndromes are described in the lit-
erature so far [4]. Moreover, several cases of syndromic
patients with a very high BMI, mainly occurred due to
chromosomal abnormalities and/or highly penetrant genetic
variants in genes related to the leptin–melanocortin pathway
[5]. Patients affected by syndromic obesity suffer, on the
one hand, an evident intellectual disability associated with
severe overweight and, on the other hand, they frequently
manifest a mild neurodevelopment retardation characterized
by a decrease of their language skills, and other cognitive,
motor, and behavioral alterations [6].

Several authors proposed that syndromic individuals
with early-onset obesity, who maintain overweight
throughout their life, could be a good model to study
hypothalamic control of satiety regulated by the leptin–
melanocontin pathway [7, 8]. This hypothesis outcome
from the fact that the non-controlled food intake presented
by these patients is due to the abnormalities in brain
structure and functionality [9]. Therefore, syndromic
patients could be the key to discover new candidate genes
involved in the uncontrolled food intake [9, 10]. The phy-
siological alteration of this pathway triggers an increase in
body weight, mainly by an excessive deposition of adipose
tissue [11]. The dysfunction of the leptin–melanocortin
pathway is partially measurable and comparable, allowing
the demonstration of specific genotype–phenotype correla-
tions in groups of syndromic obese patients [12, 13].

Furthermore, in the last years, the consideration of
underweight in syndromic patients has been added to the
evaluation of overweight and obesity, which could be cru-
cial to the development of prevention programs as well as
improving the design of research projects with more effi-
cacy and efficiency [14]. Therefore, the description of the
genetic causes and the risk prediction for anthropometric
parameters is much more complex and has to consider the
molecular basis of common obesity [7].

Copy number variations (CNVs) have been proposed as
modifier variants of body mass index (BMI), depending on
underlying genetic mechanisms [15]. For this reason, the
identification of CNVs could explain part of the suscept-
ibility risk to develop an obese phenotype [10, 16–21]. This
approach has been addressed in several case–control studies
using single nucleotide polymorphisms (SNPs) variations
[22–24]. Several genes and SNPs have been identified on
chromosome 16 associated with an obese phenotype [22–
24]. Thus, chromosome 16 could be considered as a
genomic hotspot for syndromic [13, 25, 26], monogenic
[27], and polygenic [22–24] forms of obesity.

In the present study, the characterization and analysis of
CNVs located in the chromosome 16p region was targeted
in patients with intellectual disability. Hence, the aim was to
identify and validate new genes which are possibly asso-
ciated with increasing BMI in these patients.

Materials and methods

Patients

This study has been performed using a cohort of 680
unrelated children patients (37.5% were girls). The inclu-
sion criteria used for the participant’s study were: age under
18-years-old, presence of abnormal facies/congenital mal-
formations and intellectual disability or autism spectrum
disorders. The presence of X-Fragile or Prader–Willi/
Angelman Syndromes was an exclusion criteria. All inclu-
ded children were none carriers of any of these two syn-
dromes after following the Spanish national algorithm for
non-affiliated phenotypes proposed by Cigudosa and col-
leagues [28].

The cohort has a Spanish descent, located in different
geographical regions of Spain: 160 from Valencia (East
coast Spain), 30 from Extremadura (Western Spain), and
490 from Galicia (Northwestern Spain). All these patients
were phenotypically characterized by the homogeneous
criteria established in the Human Phenotype Ontology
(HPO) [29]. Besides, some anthropometric parameters
were estimated in all patients such as weight (kg), height
(cm), and standard deviation (SD) BMI, classifying each
child as: underweight for SD <−1, normal weight for
SD ≥−1 and SD < 1, overweight for SD ≥ 1 and SD < 2,
and obese for SD ≥ 2, following the guidelines for the
Spanish population proposed by the Fundación Faustino
Orbezogo [30]. In the present sample, there were patients
with all body weight phenotypes. This homogeneous
unbiased weight or intellectual disability cohort contains
all BMI phenotypes, allowing to perform a genotype–
phenotype correlation considering weight and BMI as
continuous variables. Normal weight patients in the pre-
sent cohort allow to discard putative regions involved in
BMI modulation.

The study protocol was approved by the ethical
Committee of Ethics and Clinical Research from the
Consorcio Hospital General Universitario de Valencia
and was conducted in accordance with the Declaration of
Helsinki and its subsequent revisions. Prior to study
inclusion, all children’s parents or legal guardian gave
consent for the molecular cytogenetic investigation and
signed written informed consent forms saved in medical
records.
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Chromosomal microarray (CMA) and CNV analysis

A peripheral blood sample was collected from each child.
Genomic DNA was isolated using Chemagic DNA
Blood100 kit (PerkinElmer Chemagen Technologies
GmbH, Germany) and QIAamp DNA Blood Mini Kit
(QIAGEN, Hilden, Germany), following the manufacturer’s
recommendations.

The Genome-Wide Human CytoScan HD Array
(Thermo Fisher Scientific, CA, USA) was used in patients
referred to the General University Hospital Consortium of
Valencia and Maternal Infant Hospital of Badajoz, to ana-
lyze genomic alterations following the manufacturer’s
recommendations. The arrays were scanned using an
Affymetrix GeneChip® Scanner 3000 7G. Scanned files
were generated using Affymetrix GeneChip® Command
Console Software, version 4.3.2. To analyze CNVs.cel files
were imported into Thermo Fischer® Chromosome Analysis
Suite v3.3 (ChAS) (Thermo Fisher Scientific, CA, USA) to
generate copy number variants from raw intensity. Chro-
mosome 16 was filtered by the query segments tool and the
selected CNVs in the 16p region had at least 25 probes and
a size ≥ 100 kpb.

Comparative Genomic Hybridization array (aCGH) for
patients referred to the Hospital Álvaro Cunqueiro located
in Vigo was performed using the Agilent SurePrint G3
ISCA V2 CGH 8 × 60 K microarray. Bioinformatic inter-
pretation was done by using Agilent Cytogenomics 4 and
Cartagenia Bench Lab CNV software (Agilent Technolo-
gies, CA, USA). CNVs in the 16p region had at least 5
probes and a mean size ≥ 32 kpb.

All observed CNVs were compared with those cataloged
in two public databases; Database Genomic Variants (DGV;
http://dgv.tcag.ca/), and International Standards for Cyto-
genomic Arrays (ISCA; http://dbsearch.clinicalgenome.org/
search/). Each CNVs was classified into five categories: (1)
benign variations; (2) likely benign; (3) uncertain clinical
significance; (4) likely pathogenic, and (5) pathogenic var-
iations, according to ACMG guidelines. Common poly-
morphic/benign CNVs were defined as those overlapped
completely with CNVs reported in at least one study cata-
loged in the DGV with more than 100 cases studied and a
frequency higher than 1%, or at least two studies cataloged
in the DGV. Unique pathogenic CNVs were defined as
those that showed no or incomplete overlap with CNVs in
the DGV database and/or overlap with pathogenic CNVs
reported in ISCA database. Gene annotation was based on
the ISCN 2016 human reference genome sequence GRCh37
(hg19). Unique CNVs were assessed by searching in
DECIPHER (https://decipher.sanger.ac.uk/) and PubMed
(https://www.ncbi.nlm.nih.gov/pubmed) databases. Unique
CNVs were also classified as causal of pathology or syn-
drome when this variant was previously non-reported, and

pathogenic recurrent CNVs when this variant has been
previously reported associated with a syndromic-specific
phenotype. Familiar segregation of CNVs was performed
using microarrays technology when DNA was available.

To identify and postulate genes involved in BMI mod-
ulation encompassed in CNVs, gene information was
obtained from OMIM (https://www.omim.org/), Ensembl
(http://www.ensembl.org), and NCBI (https://www.ncbi.
nlm.nih.gov/gene/) databases. The affected gene was also
studied in case it could have a described animal model to
determine a possible related phenotype with patients car-
rying the CNVs.

Representation of the CNVs overlapping

All CNVs detected in this study were visually represented
using PhenoGram Plot tool (freely available on http://visua
lization.ritchielab.org/phenograms/plot). In all identified
CNVs, a breakpoint was defined to represent them in scale.
The same approach was applied for the included genes
(using the first and last nucleotide).

Results

As a first step in this study, data from the microarray had to
meet the Quality Control (QC) metrics for Thermo Fisher
array (including SNP-QC ≥ 15, and Median of the Absolute
values of all Pairwise Differences (MAPD) ≤ 0.25 to be
included in the cohort) and Agilent array (including DSLR
< 0.20). All of the 680 children passed the quality control
and were analyzed by using the following strategy: (I)
phenotype classification of patients into normal weight,
underweight, overweight or obesity categories, apart from
the intellectual disability; (II) detection and classification of
all CNVs located in chromosome 16; (III) after variants
filtration we investigate possible candidate genes associated
with body weigh modulation and the development of
intellectual disability.

Phenotype classification of the cohort

The 680 children included in the cohort were from different
Spanish locations (Valencia, Badajoz and Vigo) and all of
them presented an age < 18 years, being 10.9 (±4.78) years
the average age of the sample. The percentage of girls in the
cohort was 37.5% (n= 255), being both sexes represented
without any bias. All of the patients manifest intellectual
disability and, at least, one of the next features: abnormal
facies, congenital malformations and/or BMI alteration,
highlighting the severe obesity or underweight phenotype.
Following the SD parameters for BMI classification, we
observed that 16.8% of the study sample presented an obese
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phenotype, 16.1% showed overweight, 8.4% manifested
underweight, and 58.7% presented a normal weight. All
phenotypical information and features of each patient was
referred using the HPO criteria for the exhaustive pheno-
typing. All the information was exposed in Table 1.

Detected 16p CNVs involved in BMI alteration

Causal CNV of syndromic obesity: 16p13.2p12.3 region

A 10-Mb duplication localized in the 16p13.2p12.3 region
(arr[GRCh37] 16p13.2p12.3(8815381_18893088)×3 dn)
was identified in a 5-year-old girl from Valencia region.
This unique and causal duplication included 69 genes,
whereas 46 with an OMIM entry (Supplementary informa-
tion, Table S1).

This patient was born from an ovule donation process,
confirming a de novo chromosomal alteration due to the
normal karyotype observed in her father. She was remitted
to Neuropediatrics consultation from primary attention
because of the manifestation of a mature retardation and
episodes of absences. The Neuropediatrics evaluation, fol-
lowing the HPO catalog, described dysmorphic facies
including wide forehead (HP:0000337), abnormality of the
posterior hairline (HP:0030141), anteverted ears
(HP:0040080), poor fine motor coordination (HP:0007010)
with poor digital opposition, dysdiadochokinesia
(HP:0002075), moderate expressive language delay
(HP:0011345), mild intellectual disability (HP:0001256)
and childhood-onset truncal obesity (HP:0008915).

Therefore, due to the size and the number of duplicated
genes (Supplementary information, Table S1) in the
16p13.2p12.3 region, the alteration was considered causal
and responsible of the developed phenotype of this patient,
highlighting the manifestation of early-onset obesity, sug-
gesting that one or several genes located on this region
could explain this feature.

Recurrence of CNVs with an early and maintained extreme
BMI: 16p11.2 region

Thereafter the analysis of the observed variants in this
cohort and their comparison with the previously reported
CNVs described in the general population as well as in
patients with similar phenotypes, we detected 11 CNVs in
this total cohort with a recurrence on the 16p11.2 region,
representing 1.6% of the cohort. Distal and proximal CNVs
were reported (Table 2). To correlate CNVs with their
potential role in weight modulation, we identified the phe-
notype presented by carriers with the SD BMI (Table 2).
For the 9 proximal variants (4 duplications and 5 deletions),
we observed a dose-dependent association between the type
of the variant (deletion or duplication) and BMI (obesity
and underweight, respectively). Only 2 deletions were
found with distal localization and the carriers presented an
obese phenotype. These evidences suggest that one or
several genes located in the 16p11.2 region (Tables 3 and 4)
could be responsible for the modulation of BMI in patients
with intellectual disability (Fig. 1).

In order to identify new candidate genes involved in body
weight modulation in syndromic patients, only genes with an
OMIM entry and common in all proximal CNVs were
investigated for this region [SPN (#182160), QPRT
(#606248), KIF22 (#603213), MAZ (#600999), PRRT2
(#614386), PAGR1 (#612033), MVP (#605088), CDIPT
(#605893), KCTD13 (#608947), TAOK2 (#613199), HIRIP3
(#603365), DOC2A (#604567), FAM57B (#615175),
ALDOA (#103850), PPP4C (#602035), TBX6 (#602427),
YPEL3 (#609724), MAPK3 (#601795)] (Table 3). The same
approach was performed for distal CNVs, considering
common OMIM genes for this region [ATXN2L (#607931),
TUFM (#602389), SH2B1 (#608937), ATP2A1 (#108730),
RABEP2 (#611869), CD19 (#107265), NFATC2IP
(#614525), SPNS1 (#612583), LAT (#602354)] (Table 4).

Evaluation of candidate genes located in 16p11.2,
with respect to body weight modulation in
syndromic patients

Correlation of affected genes and phenotypic characteriza-
tion was investigated considering the encompassed genes in
CNVs located in the 16p11.2 region, their function and their
expression pattern. From all detected genes with a different

Table 1 Clinical features in our Spanish cohort of 680 syndromic
children

Clinical features of the cohort

Sex

Male 62.5% (n= 425)

Female 37.5% (n= 255)

Average age 10.9 ± 4.78

BMI phenotype based on SDa

Obesity 16.8% (n= 114)

Overweight 16.1% (n= 110)

Normal weight 58.7% (n= 399)

Underweight 8.4% (n= 57)

Number of patients per Spanish descent

Valencia (East coast) 160

Badajoz (Western) 30

Vigo (Northwestern) 490

BMI Body mass index, SD standard deviation of the BMI
aSD phenotype was established following the guidelines for the
Spanish population proposed by the Fundación Faustino Orbezogo
[30]: underweight for SD <−1, normal weight for SD ≥−1 and SD <
1, overweight for SD ≥ 1 and SD < 2, and obesity for SD ≥ 2
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Table 2 CNVs from 16p11.2 region of low prevalence associated with obesity/underweight and intellectual disability in our sample of children
from Spanish population

Patient Population CNV ID Type Size
(Kpb)

SD HPO terms for patient phenotypes

#1 Valencia arr[GRCh37] 16p11.2
(29591078_30177240)×3

Duplication 586 −3.8 HP:0045082 Decreased BMI
HP:0001256 Intellectual disability,
mild
HP:0007018 Attention deficit
hyperactivity disorder
HP:0000252 Microcephaly
HP:0011345 Moderate expressive
language delay
HP:0012538 Gluten Intolerance
HP:0001328 Specific learning disability

#2 Valencia arr[GRCh37] 16p11.2
(29581100_30177240)×3 mat

Duplication 596 −1.6 HP:0045082 Decreased BMI
HP:0001256 Intellectual disability,
mild
HP:0000463 Anteverted nose
HP:0000316 Hypertelorism
HP:0000411 Protruding ears
HP:0000286 Epicanthus
HP:0001250 Epilepsy
HP:0002487 Hyperkinesia
HP:0001634 Mitral valve prolapse
HP:0011346 Mild expressive language
delay
HP:0000252 Microcephaly

#3 Badajoz arr[GRCh37] 16p11.2
(29567295_30191848)×1 mat

Deletion 624 2.7 HP:0008915 Childhood-onset truncal
obesity
HP:0001256 Intellectual disability,
mild
HP:0002591 Hyperphagia
HP:0011346 Mild expressive language
delay
HP:0000956 Acanthosis nigricans
HP:0000256 Macrocephaly

#4 Vigo arr[GRCh37] 16p11.2
(29664618_30192347)×3 dn

Duplication 527 −0.4 HP:0000252 Microcephaly
HP:0000248 Brachycephaly
HP:0000286 Epicanthus
HP:0011829 Narrow philtrum
HP:0000215 Thick upper lip vermilion
HP:0000708 Behavioral abnormality
HP:0002487 Hyperkinesis
HP:0001328 Specific learning disability
HP:0000729 Autism spectrum
disorders
HP:0045082 Mild Decreased BMI

#5 Vigo arr[GRCh37] 16p11.2
(29657192_30192347)×3 pat

Duplication 535 −1.28 HP:0000768 Pectus carinatum
HP:0001263 Global developmental
delay
HP:0000733 Stereotypy
HP:0002463 Language impairment
HP:0045082 Decreased BMI

#6 Vigo arr[GRCh37] 16p11.2
(29664618_30188269)×1 dn

Deletion 523 1.02 HP:0025502 Overweight
HP:0000256 Macrocephaly
HP:0000122 Unilateral renal agenesia
HP:0000540 Hypermetropia
HP:0000729 Autism spectrum
disorders
HP:0002076 Migraine
HP:0002312 Clumsiness
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Table 2 (continued)

Patient Population CNV ID Type Size
(Kpb)

SD HPO terms for patient phenotypes

#7 Vigo arr[GRCh37] 16p11.2
(29664618_30188269)×1 dn

Deletion 523 1.3 HP:0025502 Overweight
HP:0001256 Intellectual disability,
mild
HP:0007018 Attention deficit
hyperactivity disorders
HP:0011346 Mild expressive language
delay
HP:0001328 Specific learning disability

#8 Vigo arr[GRCh37] 16p11.2
(29664618_30176568)×1

Deletion 511 3.7 HP:0008915 Childhood-onset truncal
obesity
HP:0000256 Macrocephaly
HP:0001256 Intellectual disability,
mild
HP:0000729 Autism spectrum
disorders

#9 Vigo arr[GRCh37] 16p11.2
(29664618_30192347)×1 dn

Deletion 527 3.3 HP:0008915 Childhood-onset truncal
obesity
HP:0001256 Intellectual disability,
mild
HP:0000729 Autism spectrum
disorders
HP:0002007 Frontal bossing
HP:0010877 Unilateral strabismus
HP:0000343 Long philtrum
HP:0000219 Thin upper lip vermilion
HP:0007018 Attention deficit
hyperactivity disorders

#10 Vigo arr[GRCh37] 16p11.2
(28833437_29046252)×1 dn

Deletion 212 3.0 HP:0008915 Childhood-onset truncal
obesity
HP:0000729 Autism spectrum
disorders
HP:0007018 Attention deficit
hyperactivity disorders
HP:0004482 Relative macrocephaly
HP:0000215 Thick upper lip vermilion
HP:0000957 Cafe-au-lait spot
HP:0000612 Iris coloboma (left)
HP:0002312 Clumsiness
HP:0001763 Pes planus
HP:0000733 Stereotypy
HP:0002263 Exaggerated cupid’s bow

#11 Vigo arr[GRCh37] 16p11.2
(28788752_29040582)×1 dn

Deletion 251 2,9 HP:0008915 Childhood-onset truncal
obesity
HP:0000256 Macrocephaly
HP:0000957 Cafe-au-lait spot
HP:0000954 Single transverse palmar
crease (bilateral)
HP:0000343 Long philtrum
HP:0001763 Pes planus
HP:0002857 Genu valgum
HP:0002312 Clumsiness
HP:0001328 Specific learning disability
HP:0002263 Exaggerated cupid’s bow

Inheritance pattern is shown in the CNV formula

HPO terms for patient phenotypes pointed out in bold represents common and/or complementary phenotypic traits for the 16p11.2 CNVs

CNV ID Copy-number variation identification, mat maternal inheritance, pat paternal inheritance, dn de novo, HPO Human Phenotype Ontology,
SD standard deviation
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copy number state detected by the whole-genome array,
only genes with an OMIM entry were analyzed.

All common OMIM genes of the proximal CNVs
(duplications and deletions) were studied. After analyzing
gene function, expression patterns and reported animal

models, we highlighted that KCTD13 gene (OMIM
#608947) could be responsible of BMI alteration pheno-
type. Following the same strategy for distal deletions, it
highlighted the SH2B1 gene (OMIM #608937), which takes
part of the hypothalamic satiety signaling pathway.

Fig. 1 Overlapping of proximal and distal 16p11.2 CNVs detected in
the cohort of Spanish children using PhenoGram Plot tool. a Two
distal deletions (in red) in the 16p11.2 region associated with obesity
were detected in the cohort (patients #10 and #11; see Table 2 for the
breakpoints). They were represented in scale with the proximal CNVs.
Nine deleted OMIM genes (represented in black) were encompassed.
The SH2B1 gene, the responsible of syndromic obesity in these
patients, was represented with a red box. Further information about the
deleted genes is available in Table 4. b Nine CNVs in the 16p11.2
proximal region associated with a modulation of BMI were detected in

the cohort. Duplications (in blue) and deletions (in red) detected in the
16p11.2 region in patients #1 to #9 were represented in scale with
distal deletions (see Table 2 for the breakpoints). Complete over-
lapping is observed. 21 encompassed OMIM genes (represented in
black) in proximal CNVs were shown in scale as well. The altered
gene-dose in these patients was manifested in the development of
opposite phenotypes: obesity for deletions and underweight for
duplications. The KCTD13 gene, postulated as responsible of the BMI
alteration in these patients, was represented with a red box. Further
information about the encompassed genes is available in Table 3
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Discussion

Pathologic alteration of BMI, both severe underweight and
overweight, is a common and a remarkable feature in
patients that suffer intellectual disability [31]. This alteration
was a clearly observed trait in the present cohort, being BMI
alteration presented in 41.3% of the studied patients
(Table 1). The appearance and existence throughout the life
of these patients affects and conditions their prognostics and
life quality, being the body weight alteration treatment costly
and ineffective for health care units [32, 33]. The etiology of
intellectual disability associated and non-associated with
BMI alteration is widely heterogeneous, from punctual
mutations in specific genes to high chromosomal abnorm-
alities [7]. The same occurs for their clinical manifestation,
showing a reliable variability between patients with the same
pathology, resulting in a complex diagnostic.

One of these etiologies is the large-scale of chromosomal
alterations or rearrangements, such as deletions or dupli-
cations, which used to be unique genetic causes of specific
signs and symptoms of each patients, highlighting intel-
lectual disability and BMI alteration [16–18, 20, 21, 26].
This is the case of the patient that was born from an ovule
donation process, who carried a 10-Mb duplication in the
16p13.2p12.3 region. Reported duplication was responsible
of the developed phenotype characterized by intellectual
disability and obesity. This type of etiology makes to study

the patients as unique cases of intellectual disability, with or
without excess of body fat. In this reported patient and
according to the literature [34], the development of early-
onset obesity makes patent to consider her syndrome as a
case of a non-canonical unique obesity syndrome. However,
the duplication of the patient had a partial overlapping with
the previously reported [34]. In the studied cohort several
variants overlapping the 10-Mb duplication of the
patient were detected with a high recurrence. However,
these variants were considered polymorphic. This observa-
tion suggested that some of the involved genes could be
responsible of BMI variation in general population but not
causing other phenotypic traits. More genetic, molecular
and functional studies are required to evaluate the gene or
set of genes that could be responsible of the development of
obesity.

CNVs could be benign and common in the general
population as well as CNVs of low prevalence associated
with a syndrome or pathology with a clear phenotypic trait.
This is the case showed with the 11 variants localized in the
16p11.2 region (Table 2), representing the 1.6% of the
cohort. They corroborate the recurrence of deletions and
duplications in proximal (9 CNVs) and distal (2 CNVs)
location of this chromosomal region [25, 26, 35, 36]. The
study of common genes in proximal CNVs allowed us to
propose KCTD13 gene as a candidate gene involved in the
development of an altered BMI associated with intellectual

Table 3 Common duplicated/deleted OMIM genes in patients with a 16p11.2 proximal CNVs

Gene symbol Gene name OMIM number Genomic localization (GRCh37)

SPN Sialophorin (leukosialin) #182160 16:29,674,270–29,681,823

QPRT Quinolinate phosphoribosyltransferase #606248 16:29,690,328–29,710,021

ZG16 Zymogen granule protein, 16-kD #617311 16:29,789,560–29,792,969

KIF22 Kinesin family member 22 #603213 16:29,802,033–29,816,706

MAZ MYC-associated zinc finger protein #600999 16:29,817,416–29,822,504

PRRT2 Proline-rich transmembrane protein 2 #614386 16:29,823,408–29,827,202

PAGR1 PAXIP1-associated glutamate-rich protein 1 #612033 16:29,827,527–29,833,816

MVP Major vault protein, rat, homolog of #605088 16:29,831,714–29,859,360

CDIPT CDP-diacylglycerol-inositol 3-phosphatidyltransferase #605893 16:29,869,676–29,874,609

SEZ6L2 SEZ6-like protein 2 #616667 16:29,882,479–29,910,585

KCTD13 Potassium channel tetramerization domain-containing 13 #608947 16:29,917,656–29,937,553

TAOK2 Tao kinase 2 #613199 16:29,985,187–30,003,582

HIRIP3 HIRA-interacting protein 3 #603365 16:30,003,641–30,007,417

DOC2A Double C2-like domain-containing protein, alpha #604567 16:30,016,834–30,024,917

FAM57B Family with sequence similarity 57, member B #615175 16:30,035,743–30,048,014

ALDOA Aldolase A, fructose-bisphosphatase #103850 16:30,064,410–30,081,741

PPP4C Protein phosphatase 4, catalytic subunit #602035 16:30,087,296–30,096,698

TBX6 T-box 6 #602427 16:30,097,114–30,103,205

YPEL3 Yippee-like 3 #609724 16:30,103,636–30,107,537

GDPD3 Glycerophosphodiester phosphodiesterase domain-containing protein 3 #616318 16:30,116,130–30,124,878

MAPK3 Mitogen-activated protein kinase 3 #601795 16:30,125,425–30,134,630
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disability. This was verified through previous associations
of this gene with an obese phenotype when it is deleted
[37]. Although it has been reported that this gene presents a
ubiquitous expression in all tissues, being predominant in
brain and testis, KCTD13gene has been postulated as a
major driver of mirrored neuroanatomical phenotypes of
16p11.2 CNVs, highlighting autism [37]. In zebrafish and
mouse models, this gene is underlying the same neurologic
effects reported in patients with these cytogenetic altera-
tions, deletions and duplications [37]. Moreover, KCTD13
gene has a dose-dependent effect for specific phenotypic
features, such as the cephalic perimeter: microcephaly for
duplications and macrocephalia for deletions [37].
Although, underweight has been reported in several studies
[38–40], here, the same dose-dependent effect caused by
KCTD13 gene regarding weight is assumed: underweight
for duplications and overweight for deletions, possibly due
to its participation in the hypothalamic satiety control. Any
information was previously reported about which gene is
the responsible of this dose-dependent effect for weight
phenotype in patients [38–40] and animal models [37].
However, further functional studies were needed to corro-
borate this hypothesis involving KCTD13 gene.

Recently, variants in KCTD15 gene, a component of the
same family of KCTD13 gene [41], have been reported in
the literature associated to the development of obesity [42].
The analysis of KCTD15 gene ruled out a difference in the
distribution of its genetic variants, between obese and nor-
mal weight individuals; this was ruled out in both univariate
and multivariate analyzes [24]. In spite of this, other
research regarding KCTD15 gene variants concluded that
the presence of specific variants in this gene supposed an
increased risk to the development of bulimia nervosa [43].
That was analyzed in different series belonging to the same
descent than case–control research for obesity [24]. So, the
association to binge eating disorders and/or distinct
anthropometric and psychological parameters for KCTD15
gene variants was evidenced [43]. Besides, a recent study

pointed KCTD15 gene as a key regulator gene involved in
early neural crest development [44]. Nevertheless, further
studies are needed to address a putative relationship of both
KCTD13 and KCTD15 genes of this family in the devel-
opment of BMI alterations and in the neural crest formation.
Moreover, a clear relationship between KCTD15 and
overweight is needed to establish it as an obesity-related
gene.

The same approximation for the KCTD13 gene was
performed in the distal deletions, pointing the previously
postulated SH2B1 gene as responsible of the phenotype,
which participates in the leptin–melanocortin pathway [45].
Therefore, the 2 reported deletions in the cohort corroborate
previous associations that correlated the genetic alteration of
the SH2B1 gene with the developed obese phenotype
manifested with intellectual disability [27]. Therefore, the
patients who carried these CNVs would be cases of
monogenic syndromic obesity caused by the haploinsuffi-
ciency of this gene and detected by whole-genome array
[27, 46]. For that reason, an evaluation of the family and a
variant segregation would be needed. A knock-out mouse
model for this gene developed leptin resistance, hyperlipi-
demia, hyperphagia, hyperglycemia, insulin resistance,
glucose intolerance and obesity [45]. Consequently, SH2B1
gene is postulated as principal responsible of the obesity
and intellectual disability development in these patients [27,
45, 46].

On the basis of the foregoing, Doche et al. [27] expose
that deletions in the 16p11.2 region could constitute a new
specific obesity syndrome to diagnose patients that carry
genetic alteration in this location due to the high correlation
between genetic and phenotypic data. Some posterior stu-
dies confirmed this point of view, considering it as one of
the principal regions of syndromic obesity [47–50], recog-
nized in the recent reviews as 16p11.2 microdeletion syn-
drome of obesity [4].

Moreover, other loci with a recurrence of variants asso-
ciated to general population is the centromeric region of the

Table 4 Common deleted
OMIM genes in patients with a
16p11.2 distal CNVs

Gene symbol Gene name OMIM number Genomic localization
(GRCh37)

ATXN2L Ataxin 2-like #607931 16:28,834,368–28,848,558

TUFM Tu translation elongation factor,
mitochondrial

#602389 16:28,853,731–28,857,729

SH2B1 SH2B adaptor protein 1 #608937 16:28,857,920–28,885,534

ATP2A1 ATPase, Ca++ transporting, fast-twitch,
1

#108730 16:28,889,808–28,915,830

RABEP2 RAB GTPase-binding effector protein 2 #611869 16:28,915,741–28,936,532

CD19 CD19 antigen #107265 16:28,943,259–28,950,668

NFATC2IP NFATC2-interacting protein #614525 16:28,962,317–28,977,767

SPNS1 Spinster, Drosophila, homolog of 1 #612583 16:28,986,095–28,995,869

LAT Linker for activation of T cells #602354 16:28,996,146–29,002,104
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16p11.2 variants exposed in the Table 2, suggesting a
putative role in common obesity. Case–control studies were
needed to evaluate the effect of these regions in the
development of overweight to establish if they are new
regions for the susceptibility to obesity.

Following the strategy proposed in this article, other
chromosomal regions could be evaluated to establish
recurrent CNVs in patients with intellectual disability and
severe BMI alteration, postulating new candidate genes and
loci to participate in the development of syndromic obesity
or severe modulation of BMI (obesity and underweight) in
syndromic patients as occurs in the 16p11.2 proximal
region [35, 36].

Conclusions

Applying whole-genome microarray technology in a high
Iberian cohort of syndromic patients has allowed reporting
and characterizing CNVs associated with BMI alteration,
especially related with obesity. One patient has been diag-
nosed with a new non-canonical obesity syndrome char-
acterized by a 10-Mb 16p13.2p12.3 causal duplication.
Further CNVs analyses in this cohort have permitted to
establish and corroborate a recurrence of 16p11.2 CNVs
associated with BMI alteration in 11 syndromic patients.
The analyses have identified the KCTD13 gene as a main
BMI modulator for the 9 proximal CNVs (obesity in car-
riers of deletions and underweight in carriers of duplica-
tions) and SH2B1 gene for 2 distal CNVs with a putative
role in hypothalamic alteration of satiety. CNVs detected in
the 16p11.2 region can explain the developed phenotype of
intellectual disability and/or autism with severe BMI
alteration of 1.6% of the cohort, showing the high pre-
valence of this etiology. Therefore, patients that carried
distal deletions should be considered cases of monogenic
syndromic obesity diagnosed by microarray. In conclusion,
this study corroborates and exposes several 16p loci
involved in the development of syndromic phenotypes with
a BMI alteration and report new cases. The diagnostic of
this type of alterations in syndromic patients and the
involved genes could help to implement prevention strate-
gies in Endocrinology and Neuropediatric Services to
improve their quality of life and retard the appearance of
comorbidities associated with an obese phenotype.
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