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A maternally inherited 16p13.11-p12.3

duplication concomitant with a de novo

SOX5 deletion in a male patient with global

developmental delay, disruptive and

obsessive behaviors and minor dysmorphic

features.

Am J Med Genet Part A 167A:1315–1322.
We detail here the clinical description and the family genetic

study of a male patient with global developmental delay, disrup-

tive andobsessivebehaviorsandminordysmorphic features anda

combination of two rare genetic variants: a maternally inherited

16p13.11-p12.3 duplication and a de novo 12p12.1 deletion

affecting SOX5. The 16p13.11 microduplication has been impli-

cated in several neurodevelopmental and behavioral disorders

and is characterized by variable expressivity and incomplete

penetrance. The causes of this variation in phenotypic expression

are not fully clear, representing a challenge in genetic diagnosis

and counseling.However, several authors have proposed the two-

hit model as one of the underlying mechanisms for this pheno-

typic heterogeneity. Our data could also support this two-hit

model in which the 16p13.11-p12.3 duplicationmight contribute

to the phenotype, not only as a single event but also in association

with the SOX5 deletion. The SOX5 gene plays important roles

in various developmental processes and has been associated

with several neurodevelopmental disorders, mainly intellectual

disability, developmental delay and language and/or speech

delay as well as with behavior problems and dysmorphic

features. However, many of the physical features and behavioral

manifestations as well as language deficiencies present in our

patient are consistent with those previously reported for SOX5

deletions. Patients carryingmultiple genomic variants, as the one

presented here, illustrate the difficulty in analyzing genotypes

when the contribution of each variant results in overlapping

phenotypes and/or, alternatively, in the modification of the

clinical manifestations defined by the coexisting variant.
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INTRODUCTION
Patients carrying multiple genetic variants are difficult to analyze,

but provide interesting information about the relationship between

these alterations in the genome. One approach that is resulting

particularly useful in the discovery of candidate loci and genes

contributing to neurodevelopmental and behavioral disorders

consists in genotyping copy number variants (CNVs). Many of

the CNVs and genes involved in these phenotypes are characterized

by variable expressivity and incomplete penetrance [Malhotra and

Sebat, 2012; Rosenfeld et al., 2012; Kirov et al., 2013], making

genetic diagnosis and counseling difficult. The underlying causes of

this heterogeneity are not clear, but one of the most plausible

explanations includes additional genetic factors as potential modi-

fiers of the phenotype [Girirajan et al., 2010].

Here, we present the clinical description of a male patient with

two rare genetic variants, a maternally inherited 16p13.11-p12.3

copynumbergainandadenovoSOX5deletionat 12p12.1, thatmay

act together to define his phenotype, characterized by global

developmental delay, disruptive and obsessive behavior andminor

dysmorphic features.
MATERIALS AND METHODS

DNA samples from both the patient and his parents were obtained

from peripheral blood and genotyped using the Cytogenetics

Whole-Genome 2.7M SNP array and the CytoScan High-Density

SNP array (Affymetrix, Santa Clara, CA), respectively. In this

family, microarray-based copy number analysis was performed

using the Chromosome Analysis Suite software version 1.2.2 (Affy-

metrix, Santa Clara, CA) and the results were presented on the

human genome assembly hg19.
RESULTS

Clinical Report
Thepatientwas evaluatedat 7yearsof age, referred fromhishospital

for etiologic study due tohis psychomotor developmental delay.He

was the first child of healthy and nonconsanguineous parents, and

no history of intellectual disability was present in his family.His 12-

year-old brother was healthy. During pregnancy oligohydramnios

was detected in week 37 and the patient was born after 38 weeks of

gestation by vaginal delivery instrumented by forceps. He weighed

2,970 g at birth, his neonatal period was uneventful and metabolic

screening was normal. Although he started crawling before the age

of one, he failed to walk autonomously before the age of 2 and his

movements, both fine and coarse, were very clumsy. However,

his family became increasingly alarmed by the slow progress in his

language development, so that by the age of 4 only 3–4 disyllabic

words were emitted with no functional purpose. The nonverbal

compensatory communication resources were inadequate, and

only a few months earlier, he had begun to point with his finger

with the intention of making a request for something within his

immediate vicinity. The parents reported that his comprehensive

abilitywasquite preserved, although theywere aware that hedidnot

understand completely what they told him. He had always been a

very nervous and restless child; he changed activities very frequently
and did not conform to rules within his group of peers. Interactions

with his peers often culminated in disruptive behaviors. Although

he approached them, he seemed nervous in their company and

frequently assaulted themor himself unexpectedly or in response to

a setback or frustration. At school, he could not focus on activities

and his teacher noted that his pace of learning was slower than that

of his schoolmates. The Batelle Developmental Test, performed

at the age of 3 years, showed very deficient results, around the 1st

centile in all domains explored by the test. In the following years, his

learning capacity was improved with speech therapy and specific

school support, but he now achieves academic goals with difficulty.

However, his behavior is described as inattentive, restless, with

aggressive and oppositional reactions. He has very low flexibility

and tends to an obsessive behavior. In regards to this, an adherence

to a scrupulous order in placing of objects, in keeping doors and

drawers always closed and very little variability in his game, which is

very repetitive, was identified. This behavioral and cognitive profile

prompted the suspicion of an autistic spectrum disorder but final

conclusive diagnosis was not established. His language advanced

progressively; at the age of 5 years and 10 months, an evaluation of

his vocabulary with the Peabody Picture Vocabulary Test showed a

standard score of 89 (p22), which corresponded to a chronological

ageof 5 years and in the assessment of his IQ (IntelligenceQuotient)

by the Kaufman Brief Intelligence Test, he obtained a score of 96 in

his composite IQ (81 inVocabulary and 116 inMatrices). Instead of

intellectual disability, a diagnosis of global developmental delay

with moderate language delay—predominantly in expressive

language—was established at this point. Moreover, the patient

showed strabismus and hypermetropia.

Physical examination at the age of 7 years showed good general

appearance and some abnormal phenotypic features, especially a

triangular craniofacial configuration, a short and narrow forehead,

a low-set anterior hairline, bilateral telecanthus, deep orbits, stra-

bismus, narrow and slightly downslanting palpebral fissures, mild

synophrys, a thin upper lip vermilion, prominent philtral ridges,

mild upturned and bulbous nasal tip, an open mouth appearance,

gingival hypertrophy and high palate (Fig. 1). He was friendly,

emphatic and collaborative. His speech was poor and badly struc-

tured, generally following a “question-answer” pattern. Moreover,

he was repetitive and with some tangential emissions. His motor

coordination was poor, with an ungainly running (torso and arms

forward) and a certain general rigidity. The additional neurological

and general examinations showed no abnormalities and his soma-

tometric parameters were normal.

Normal results were obtained in the following additional tests:

Haemogram test and conventional biochemical profile, thyroid

function test, metabolic screening (which included determination

of ammonia, organic acids in urine and amino acids in blood and

urine), brain MRI, EEG and cardiac examination.
Molecular Analysis
Microarray-based copy number analysis of the patient and his

parents allowed to detect a maternally inherited 3.48 Mb copy

number gain at 16p13.11-p12.3 (16: 15,286,149–18,771,863; hg19)

(Fig. 2) and ade novoheterozygous deletionof 493.94 kb at 12p12.1

(12: 23,769,086–24,262,524; hg19) (Fig. 3). The number ofmarkers



FIG. 1. Craniofacial appearance of the patient. Note a triangular

craniofacial configuration, a short and narrow forehead, a low-

set anterior hairline, bilateral telecanthus, deep orbits, strabis-

mus, narrow and slightly downslanting palpebral fissures, mild

synophrys, a thin upper lip vermilion, prominent philtral ridges,

a mild upturned and bulbous nasal tip, an open mouth

appearance, gingival hypertrophy and a high palate.

FIG. 2. Family genetic test for the 16p13.11-p12.3 amplification (16:15,

Chromosome Analysis Suite version 1.2.2. A,B: Images of the 16p13.11-p

mother (panel B). C: The 16p13.11-p12.3 region presents a normal copy
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with three copies was 2041 and the median distance between them

was 1.71 kb, while the 12p12.1 deletion was covered by 503markers

spaced at 0.98 kb on average. The interval amplified in the

16p13.11-p12.3 chromosomal region affects 20 genes (MPV17L,

C16orf45, KIAA0430, NDE1, MIR484, MYH11, C16orf63, ABCC1,

ABCC6, NOMO3, MIR3179-3, MIR3179-2, MIR3179-1, MIR3180-

3, MIR3180-1, MIR3180-2, PKD1P1, XYLT1, NOMO2 and

ABCC6P1), including three OMIM-morbidity genes (MYH11,

ABCC6 and XYLT1). The presence of segmental duplications at

both sides of the amplification (Fig. 2) suggests that this CNV is

caused by non-allelic homologous recombination. On the other

hand, the 12p12.1 deletion affects only the gene SOX5, specifically

nine of its 22 exons (Fig. 3).
DISCUSSION

The range of clinical manifestations reported in patients with

16p13.11microduplications is broad, including intellectual disabil-

ity, developmental delay,multiple congenital anomalies and autism

[Ullmann et al., 2007; Hannes et al., 2009; Mefford et al., 2009;

Nagamani et al., 2010; Girirajan et al., 2011; Ramalingam et al.,

2011; Sanders et al., 2011; Girirajan et al., 2012; Tropeano et al.,

2013]. Several studies have also examined the role of 16p13.11

duplications in other behavioral and psychiatric disorders, such as

attention deficit hyperactivity disorder (ADHD) (with an excess of
286,149–18,771,863; hg19) visualized with the Affymetrix

12.3 amplification detected in both the patient (panel A) and his

number in the father.



FIG. 3. Family genetic test for the 12p12.1 deletion (12: 23,769,086–24,262,524; hg19) visualized with the Affymetrix Chromosome Analysis

Suite version 1.2.2. A–C: Image of the SOX5 deletion detected in the patient (panel A) but absent in both his mother (panel B) and his father

(panel C).
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16p13.11 duplications noted in the patient group versus controls)

[Williams et al., 2010] and schizophrenia (also with an excess in

patients versus controls [Ingason et al., 2011], although with very

low penetrance values [Kirov et al., 2013]). The detailed evaluation

of the clinicalmanifestations of patientswith 16p13.11duplications

shows that themost predominant phenotypes, apart fromcognitive

defects, are skeletal anomalies, heart and aortic defects andbehavior

problems [Nagamani et al., 2010; Tropeano et al., 2013]. Our

patient presents neither skeletal nor cardiac abnormalities, al-

thoughhedoesmanifest global developmental delay andbehavioral

problems (inattentive, restless, aggressive and oppositional reac-

tions, very low flexibility and tendency to obsessive behaviors).

Some of these behavioral features (inattentiveness, restlessness,

aggressiveness and disruptive temperament) are consistent with

previous descriptions [Nagamani et al., 2010; Williams et al., 2010;

Ingason et al., 2011;Ramalingamet al., 2011 ;Tropeanoet al., 2013],

while others (i.e., obsessive behavior) have not been specifically

reported in patients carrying 16p13.11 duplications, unless one

considers it as a manifestation of an autism spectrum disorder.

Nevertheless, the 16p13.11 chromosomal alterations have also

been described in apparently healthy or mildly affected parents

[Ullmann et al., 2007; Hannes et al., 2009; Nagamani et al., 2010;

Williams et al., 2010; Girirajan et al., 2011; Ramalingam et al., 2011;

Girirajan et al., 2012;Tropeano et al., 2013] and in controls [Hannes

et al., 2009; Itsara et al., 2009; Williams et al., 2010; Girirajan et al.,

2011; Ingason et al., 2011; Girirajan et al., 2012; Kirov et al., 2013 ;
Tropeano et al., 2013], so that the clinical interpretation of these

genetic variants is a challenge that remains to be addressed. Indeed,

the total penetrance of the 16p13.11 microduplication is reduced,

estimated in only 10.6% (95% confidence interval [CI] of 7–17),

coming from the 8.4% (95%CIof 5.7–13) for intellectual disability/

developmental delay, autism spectrum disorders and multiple

congenital anomalies and in 2.2% (95% CI of 1.3–3.7) for schizo-

phrenia [Kirov et al., 2013]. Consistent with these data, our patient

has inherited the 16p13.11 duplication from his healthy mother. It

seems, therefore, that the 16p13.11 microduplications predispose

but are not sufficient to cause these phenotypes and their clinical

manifestations must be due to additional factors. Possible expla-

nations for this variable expressivity and/or incomplete and re-

duced penetrance of the 16p13.11 microduplications might

include: first, the phenotype could be imperceptible in controls

if it is presented clinically attenuated; second, existence of a sex-

biased effect of 16p13.11 duplications in these phenotypes. In this

sense, our patient is a male who has inherited the duplication from

his healthymother and, even though a single case is not sufficient to

establish conclusions,Tropeano et al. [2013]have recentlyprovided

evidence for a sex-biased effect, finding a significant enrichment of

16p13.11 CNVs only in male patients, but not in female patients,

compared with controls [Tropeano et al., 2013]. Third, phenotypic

manifestations may vary depending on the size and location of the

16p13.11 duplication. In relation to this point, it is important to

note that, although the size of the most frequent 16p13.11 CNVs is
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approximately 1.3–1.6Mb [Ullmann et al., 2007; Hannes et al.,

2009;Nagamani et al., 2010; Ramalingamet al., 2011], there are also

atypical larger and shorter rearrangements in this region [Hannes

et al., 2009;Nagamani et al., 2010;Ramalingamet al., 2011]. Among

these atypical alterations, we might include the 3.48 Mb 16p13.11-

p12.3 duplication identified in our patient (Fig 2A). Finally,

environmental factors and/or additional genetic alterations (point

mutations, indels and/or additional CNVs) could be modulating

and/or participating in the phenotype. Several authors have found

that the “two-hit” hypothesis, first proposed by Girirajan et al.

[2010] for the 16p12.1microdeletions [Girirajan et al., 2010], could

also explain the extreme phenotypic variability associated with the

16p13.11microduplications [Fullston et al., 2011;Kirov et al., 2013;

Tropeano et al., 2013]. The presence of a second-hit CNV in

patients with 16p13.11 duplications and developmental delay,

autism spectrum disorders and/or congenital malformations has

been recently estimated at 8.2% [Kirov et al., 2013]. The possibility

of a second-site CNV exists in our patient who, in addition to the

maternally inherited 16p13.11-p12.3 duplication, has a heterozy-

gous de novo deletion at 12p12.1 encompassing 9 of the 22 exons of

SOX5.

The gene SOX5, located at the chromosomal region 12p12.1

(12:23,685,230–24,715,382 GRCh37/hg19), consists of 22 exons

and belongs, along with SOX6 and SOX13, to the SOXD (sex-

determining region (SRY)-related HMG-box) family of tran-

scription factors. These genes are involved in diverse develop-

mental functions, including cartilage formation [Lefebvre et al.,

1998; Smits et al., 2001; Ikeda et al., 2002; Lefebvre, 2010;

Aza-Carmona et al., 2011], neurogenesis [Lefebvre, 2010] and

nervous system development [Kwan et al., 2008; Lai et al., 2008;

Lefebvre, 2010].

The clinical features of our patient are listed in Table IA, which

also reviews the literature of SOX5 alterations, both SOX5-only

deletions and larger deletions including additional genes, that have

been implicated in neurodevelopmental disorders [Rosenfeld et al.,

2010; Lamb et al., 2012; Lee et al., 2013; Schanze et al., 2013]. This

review reveals that SOX5 alterations are mainly expressed with

intellectual disability/developmental delay (100% of the reported

patients), language and/or speech delay (90.91% of patients with

SOX5-limited deletions and 100% of patients with longer deletions

affecting SOX5 and additional genes) and dysmorphic features (in

72.73% or 80% of patients with SOX5-only deletions or with

multigenic deletions, respectively). Consistent with these descrip-

tions, our patient has a diagnosis of global developmental delay,

with moderate language delay, predominantly in expressive skills.

Severe dysmorphic facial features are not part of the presentation of

SOX5 deletions and facial anomalies described so far may be

considered minor and probably not distinctive. However, certain

features such as strabismus, frontal bossing, upturned bulbous

nasal tip, lowordepressednasal bridge, epicanthal folds, prominent

philtral ridges, and auricular folding anomalies have proved to be

shared in patients described by Lamb et al. [2012] and by Lee et al.

[2013]. Patients from Lee et al. [2013] also shared down-slanting

palpebral fissures and an openmouth appearance [Lee et al., 2013].

The patient describedhere shares someof the features noted in early

reports, i.e., downslanting palpebral fissures, strabismus, promi-

nent philtral ridges, mild upturned and bulbous nasal tip and an
open mouth appearance. However, frontal bossing, depressed or

lownasal bridgewerenot present inourpatientwhodid remarkably

present a short and narrow forehead.

Moreover, 54.55% of patients with SOX5-limited deletions

present behavioral problems (aggressiveness, self-injurious behav-

ior, anxiety, stereotypies, hyperactivity and/or ADHD), while

18.18% have a diagnosis of autism or exhibited autistic features.

The behavior of our patient is described as inattentive, restless, with

aggressive and oppositional reactions and he has very lowflexibility

and tendency to obsessive behaviors. This behavior and his cogni-

tive profile pointed to autism spectrum disorder, but no definitive

diagnosis was established.

Ophthalmologic abnormalities, found in 63.64% of patients

with SOX5-only deletions, are among the most frequently

reported congenital anomalies associated to SOX5 alterations.

Also consistent with these findings, our patient has hypermetro-

pia and strabismus. Although less frequently reported, brain

(42.86%), genital (30%) and skeletal (27.27%) abnormalities

have also been found in patients with SOX5-restricted deletions.

It is noteworthy that the percentages of patients with brain and

skeletal abnormalities increased significantly (up to 71.43% and

60%, respectively) in the larger deletions, suggesting that, at least

potentially, additional genes within the deletions would be

contributing to these manifestations. Our patient, with an intra-

genic deletion, did not present any of these congenital malfor-

mations (Table IA).

The rate of de novo SOX5-limited deletions, resulting from the

review of previous reports [Lamb et al., 2012; Lee et al., 2013;

Schanze et al., 2013] and reflected in Table IB, is estimated to be

80%, while the remaining 20% (2 patients) would have inherited

the deletion. However, it is important to note that one of the two

reported progenitors carrying SOX5 deletions was found to be a

severely affected mother who also transmitted the deletion to her

daughter, also affected [Lamb et al., 2012]. In line with these values

and considerations on the de novo rates, the family genetic test of

our patient, born to healthy parents, was negative for the SOX5

deletion (Fig. 3).

Based on the above discussion, we might conclude that many

of the physical and behavioral features, including aggressive,

oppositional and obsessive behaviors, as well as the deficits in

language manifested by our patient are compatible with those

found in patients with SOX5 deletions. However, we cannot

exclude that the central phenotype of our patient (global devel-

opmental delay, language and speech difficulties and behavioral

problems) would result from the concomitant presence of the

16p13.11-p12.3 duplication inherited from his mother and the

de novo 12p12.1 deletion affecting SOX5. In fact, we cannot

ignore the reported sex-bias effect or the influence of the atypical

longer 16p13.11-p12.3 rearrangement in this patient. The dissec-

tion of the phenotype hardly allows assigning a responsible

genomic region for each overlapping feature but could indicate

an additive contribution for the 16p duplication to the clinical

manifestations of the SOX5 deletion. The present report illus-

trates the need for detailed analysis of the phenotype of patients

harboring complex genotypes and reflects the difficulty in man-

aging genomic data in the clinical setting, needed and increas-

ingly demanded for genetic counseling.
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