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Although copy number changes of 5q31 have been rarely

reported, deletions have been associated with some common

characteristics, such as short stature, failure to thrive, develop-

mental delay (DD)/intellectual disability (ID), club feet, dis-

located hips, and dysmorphic features. We report on three

individuals with deletions and two individuals with duplica-

tions at 5q31, ranging from 3.6Mb to 8.1Mb and 830 kb to

3.4Mb in size, respectively. All five copy number changes are

apparently de novo and involve several genes that are important

in developmental pathways, including PITX1, SMAD5, and

WNT8A. The individuals with deletions have characteristic

features including DD, short stature, club feet, cleft or high

palate, dysmorphic features, and skeletal anomalies. Haploin-

sufficiency of PITX1, a transcription factor important for limb

development, is likely the cause for the club feet, skeletal

anomalies, and cleft/high palate, while additional genes, in-

cluding SMAD5 andWNT8A, may also contribute to additional

phenotypic features. Twopatientswith deletions also presented

with corneal anomalies. To identify a causative gene for the

corneal anomalies, we sequenced candidate genes in a family

with apparent autosomal dominant keratoconus with sugges-

tive linkage to 5q31, but no mutations in candidate genes were

found. The duplications are smaller than the deletions, and the

patients with duplications have nonspecific features. Although

development is likely affected by increased dosage of the genes

in the region, the developmental disruption appears less severe

than that seen with deletion. � 2011 Wiley-Liss, Inc.
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INTRODUCTION

There have been only 12 reports of interstitial deletions including

5q31 and six reports of duplications [Felding and Kristoffersson,

1980; Osztovics and Kiss, 1982; Harprecht-Beato et al., 1983;

Martin et al., 1985; Rivera et al., 1987; de Michelena et al., 1990;

Rivera et al., 1990; Kobayashi et al., 1991; Lindgren et al., 1992;

Additional supporting information may be found in the online version of

this article.
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Courtens et al., 1998; Kramer et al., 1999; Sanchez-Garcia et al.,

2001; Martin et al., 2003; Arens et al., 2004; Giardino et al., 2004;

Tzschach et al., 2006;Mosca et al., 2007]. Despite the small number

of reported patients, some characteristic features have been ob-

served among individuals with interstitial deletions that encompass

5q31, including short stature, failure to thrive, developmental delay

(DD)/intellectual disability (ID), hypotonia, club feet, dislocated

hips, and characteristic dysmorphic features including short neck,

prominent forehead, downslanting palpebral fissures, telecanthus/

hypertelorism, depressed nasal bridge, anteverted nostrils, cleft or

high palate, micro/retrognathia, and ear abnormalities [Felding

andKristoffersson, 1980; Harprecht-Beato et al., 1983; Rivera et al.,

1987; deMichelena et al., 1990; Rivera et al., 1990; Kobayashi et al.,

1991; Lindgren et al., 1992;Courtens et al., 1998;Kramer et al., 1999;

Arens et al., 2004; Tzschach et al., 2006; Mosca et al., 2007]. Even

fewer individuals with 5q31 duplications have been reported, and a

characteristic phenotype is not obvious among those individuals,

though microcephaly is a frequent finding, and several individuals

have been described with heart defects, including one with an

interrupted aortic arch [Osztovics and Kiss, 1982; Martin et al.,

1985; Sanchez-Garcia et al., 2001; Martin et al., 2003; Arens et al.,

2004; Giardino et al., 2004]. However, in many of these reports of

deletions and duplications, the abnormalities were characterized by

low-resolution, traditional cytogenetic banding techniques, which

can complicate genotype–phenotype correlations.
To identify previously uncharacterized copy-number imbalan-

ces that may be associated with neurodevelopmental or other

congenital anomalies, we constructed whole-genome microarrays

with enhanced coverage of over 500 functionally significant genes

including transcription factors and other developmentally impor-

tant genes. Several of these genes are in 5q31, such as PITX1,

SMAD5, and WNT8A, which are part of the PITX/TBX, BMP/

SMAD, and WNT/beta-catenin signaling pathways, respectively.

Alterations in these pathways and/or related genes are associated

with a variety of diseases, including autosomal dominant condi-

tions such as Axenfeld–Rieger syndrome [Semina et al., 1996; Al-

Qattan, 2010; Liu and Millar, 2010; Ryan et al., 2010; Walsh et al.,

2010]. We report on three individuals with deletion and two with

duplication within 5q31 identified using this microarray. We

propose that dosage imbalances of the developmentally important

genes within 5q31 are responsible for these individuals’ abnormal

phenotypes. Additionally, two individuals with 5q31 deletions

showed ophthalmologic abnormalities. We therefore pursued

candidate gene sequencing in a previously reported family with

apparently autosomal dominant keratoconus [Gajecka et al., 2009]

and suggestive linkage to 5q31.

MATERIALS AND METHODS

Subject Ascertainment
Patients in this study with 5q31 copy number changes were

identified after referral to Signature Genomics for microarray-

based comparative genomic hybridization (aCGH) testing. In-

formed consent was obtained to publish photographs shown here.

The study also included eight individuals from an Ecuadorian

family with keratoconus (KTCN-011) who were examined in

Hospital Metropolitano in Quito, Ecuador and underwent a com-

plete ophthalmic evaluation as described elsewhere [Gajecka et al.,

2009]. Pedigree is shown in Supplementary Figure 1.

Microarray-Based Comparative Genomic
Hybridization (aCGH)
DNA from Patients 1–5 and from individuals KTCN-011-01

through -04 was studied using an oligonucleotide-based, 135K-

feature, whole-genome microarray (SignatureChip� Oligo Solu-

tionTM version 2.0, designed by Signature Genomics, Spokane,WA

and made by Roche NimbleGen, Madison, WI) according to

previously described methods [Duker et al., 2010]. The parents of

Patient 4 were also studied using the 135Kmicroarray. Results were

displayed using custom software (Genoglyphix�, Signature

Genomics).

Fluorescence In Situ Hybridization (FISH)
Fluorescence in situ hybridization (FISH) was performed onmeta-

phase spreads in Patients 1–5 and interphase nuclei in Patients 4

and5usingBACclonesRP11-158M10,RP11-466C24,RP11-662J6,

RP11-1067D23, and CTD-2015J11, respectively, according to pre-

viously describedmethods [Shaffer et al., 1994; Traylor et al., 2009].

The chromosomes of the parents of Patients 1–3 and 5 were also

examined by FISH.

Linkage Analysis
A genome-wide screen was performed by genotyping the KTCN-

011 family with 811 microsatellite markers, spaced at approxi-

mately 5 cM across the human genome, as previously described

[Gajecka et al., 2009]. Pedstats [Wigginton and Abecasis, 2005]

was used to identify potential Mendelian inconsistencies. Two-

point parametric linkage analysis was performed with Superlink

[Fishelson and Geiger, 2002; Silberstein et al., 2006]. An autoso-

mal dominant mode of inheritance and a disease allele frequency

of 0.0001were applied. Two-point nonparametric andmultipoint

nonparametric analyses were performed with ALLEGRO

[Gudbjartsson et al., 2000], using the Sall scoring function and

the exponential allele-sharing model. Genetic map distances were

derived from the Rutgers combined linkage-physical map of the

human genome [Matise et al., 2007]. Haplotypes were recon-

structed using the SIMWALK2 program [Weeks et al., 1995; Sobel

and Lange, 1996] and illustrated with HaploPainter [Thiele and

Nurnberg, 2005].

Sequencing Analyses
Oligonucleotide primers were designed to amplify all coding

regions, intron-exon junctions and untranslated regions (UTRs)

of the TGFBI, IL9, and PITX1 genes (Supplementary Table I). PCR

amplifications were performed using Taq DNA Polymerase

(Fermentas Inc., Glen Burnie, MD). PCR products were purified

with ExoSAP-IT (USB Corporation, Cleveland, OH) and

sequenced using BigDye Terminator v3.1 Cycle Sequencing Kit

(Applied Biosystems, Inc. [ABI], Foster City, CA). Sequencing was
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visualized on a 3730XL DNA Analyzer (ABI) at Genomed Co.

(Warsaw, Poland). Sequence reads were compared with the refer-

ence sequences of TGFBI, IL9, and PITX1 genes (GRCh37/hg19,

GenBank accession numbers for the mRNA NM_000358.2, NM_

000590.1, and NM_002653.4, respectively) using Sequencher

4.10.1. software (Gene Codes Corporation, Ann Arbor, MI).

RESULTS

Molecular Analysis
Oligonucleotide-based aCGH on Patients 1–3 showed overlapping
deletions within 5q31.1q31.3, 6.08, 3.6, and 8.06Mb in size and

containing 62, 33, and 101 genes, respectively. All three deletions

encompass PITX1 and SMAD5; WNT8A is deleted in Patients 1

and 3 (Fig. 1). Patient 1 also has a deletion of 5q11.2, 1.12Mb in size

and containing 14 genes (chr5:53,474,049–54,593,863, UCSC

March 2006 hg18 coordinates). Oligonucleotide-based aCGH on

Patients 4 and 5 showed non-overlapping duplications within

5q31.1 and 5q31.2q31.3, 830 kb and 3.4Mb in size and containing

13 and 60 genes, respectively. Patient 4’s duplication includes

PITX1, and Patient 5’s duplication includes WNT8A (Fig. 1).

Patient 4 also has two non-contiguous duplications, minimally

67 kb and 57 kb in size, on 7q11.22 within the AUTS2 gene [arr cgh

7q11.22 (68,972,854� 2, 68,977,340-69,044,168� 3, 69,052,269-

69,757,882� 2, 69,763,885-69,820,680� 3, 69,282,229� 2)]. The

5q31 deletions in Patients 1–3 and the 5q31 duplication in Patient 5
were confirmed by FISH. Metaphase FISH for the duplicated 5q31

FIG. 1. Molecular cytogenetic characterization of CNVs at 5q31. A: Oligonucleotide-basedmicroarray characterization of abnormalities at 5q31. Probes

are arranged with the most proximal 5q23.1 probes on the left and the most distal 5q31.3 probes on the right. Results are visualized using custom

aCGH analysis software (Genoglyphix; Signature Genomics). Analysis of Patient 1 showed a single-copy loss of 236 oligonucleotide probes, 6.08Mb

in size; Patient 2 showed a single-copy loss of 144 oligonucleotide probes, 3.59 Mb in size; Patient 3, a single-copy loss of 313 oligonucleotide

probes, 8.06 Mb in size; Patient 4, a single-copy gain of 42 oligonucleotide probes, 834 kb in size; Patient 5, a single-copy gain of 120 oligonucleotide

probes, 3.36 Mb in size. B: Schematic representation of abnormalities in Patients 1–5 and those reported in the literature that have been

characterized by molecular cytogenetics. Deletions are shown in blue, and duplications are shown in pink. The boxes represent the minimum size of

the abnormalities, and the horizontal dashed lines extend through gaps in coverage to show themaximum sizes. Genes of note within the region are

represented by black boxes.
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material in Patient 4 excluded an unbalanced translocation but

did not reveal a duplication; interphase FISH showed three signals

in 9/50 cells. Parental FISH studies in Patients 1–3 and 5 were

normal. Thus, these alterations are apparently de novo. The 5q11.2

deletion in Patient 1 was also apparently de novo. Parental aCGH

studies for Patient 4 demonstrated the 5q31 duplication to be

apparently de novo, whereas the patient’s mother carried both

duplications within AUTS2. Neither 5q31 deletions nor 5q31

duplications of the sizes seen in our patients have been reported

in control cohorts [Itsara et al., 2009; Shaikh et al., 2009]. No

significant copynumber changeswere identifiedby array analysis in

the four individuals studied from family KTCN-011.

Keratoconus in family KTCN-011 showed suggestive linkage to

5q31.1q35.3. Supplementary Table II displays parametric two-

point LOD scores for the dominant mode of inheritance and

nonparametric LOD (NPL) scores. Familial haplotypes at

5q22.1q34 are presented in Supplementary Figure 1. The proximal

boundary of the proposed disease haplotype is at D5S471, defined

by recombination in KTCN-011-07, and lack of a more distal

recombination does not allow specification of a distal border with

confidence.

In family KTCN-011, seven known sequence variants and one

novel amino acid substitution c.1949C>T (Ala650Val) were de-

tected in TGFBI (Supplementary Table III). This substitution did

not segregate with the proposed disease haplotype. Eleven known

sequence variants were identified in PITX1, including one synony-

mous substitution, one missense substitution, one intronic substi-

tution, and eight variants in UTRs (Supplementary Table III).

Sequencing of IL9 revealed no sequence changes. Screening of

TGFBI in Patients 1–5 revealed 14 known sequence variants, four

synonymous substitutions, nine intronic variants, and one substi-

tution in the 3’ UTR. Analysis of IL9 revealed a known missense

substitution and a known intronic sequence variant in Patient 5

(Supplemental Table IV). Sequencing of PITX1 revealed two

known variants in the 3’ UTR in Patients 1–5 (Supplemental

Table IV).

Clinical Reports
Patient 1 is a 10-year-old male with multiple congenital anomalies,

includinghydrocephalus, cleft palate, bilateral hipdysplasia, neuro-

muscular scoliosis, a ventricular septal defect (VSD) that resolved

spontaneously, pre- and postnatal growth restriction, and DD.

Hydrocephalus and VSD were diagnosed prenatally at 7 months.

Birth weight was 2.07 kg (<3rd centile), length was 47 cm (10th

centile), and OFC was 34 cm (50th centile). Brain MRI showed

normal structures other than the hydrocephalus. By 3 months his

length was at �4 SD and weight at�3 SD, both of which dropped

further and are currently following a curve at �5 to �6 SD. His

occipitofrontal circumference (OFC) fell to <2nd centile at

8 months of age and has remained at �2.5 to �3 SD. At 2 years

he had a G-tube placed for supplemental feeding due to oral

aversion, and the tube was used until 10 years of age. Growth

hormone (GH) deficiency was diagnosed at 1.5 years, and GH

supplementation was attempted without notable results. His bone

age is also delayed. He was diagnosed with mild high-frequency

hearing loss and uses hearing aids. He has several musculoskeletal

problems, including progressive neuromuscular scoliosis requiring

rod placement for correction, bilateral hip dysplasia, bilateral

metatarsus adductus, and residual flexion of his proximal interpha-

langeal joints. He pulled up at 23months andwalked at 3.5 years. He

communicates mostly with signs but also speaks and spells some

words and is able to read at a first-grade level. At 10 years of age, his

height is 108.8 cm (<<3rd centile; 50th centile for a 5-year-old),

weight is 16.4 kg (<<3rd centile; 50th centile for a 4-year-old), and

OFC is 49 cm (<�2 SD). Dysmorphic features (Fig. 2A–C) include
posteriorly rotated ears with prominent helices, downslanting

palpebral fissures, epicanthal folds, mild hypertelorism, prominent

and straight nasal bridge, long philtrum, peaked upper lip, slightly

widely spaced teeth, small chin, twopigmentednevi on the left cheek,

sternal asymmetrywithright ribsmoreprominent thanthe left,digits

that are broadeneddistally,markedly longfingers and toes, and small

great toenails. Ophthalmologic findings include strabismus, which

was surgically repaired; corneal cloudingdue tokeratitis;myopia and

astigmatism, for which he has worn glasses since 4 months of age;

and blepharitis. He has diffuse hypotonia, though in infancy he had

asymmetric, mixed hypo- and hypertonia.

Patient 2 is a 12-year-old female with seizures, growth retarda-

tion, ID, and dysmorphic features. She was born at term weighing

2.4 kg (<3rd centile). She had neonatal respiratory distress and

arrest. She had difficulties gaining weight. She had surgery for

tonsillar hypertrophy and ankyloglossia. At 4 years of age she had a

febrile seizure, and she had another seizure episode at 8 years; she is

on valproic acid to control the seizures. She is unable to read or

write. At 12 years of age, her height is 136 cm (<3rd centile; 50th

centile for a 9.5-year-old), and weight is 28 kg (<3rd centile; 50th

centile for an 8.5-year-old). Dysmorphic features include arched

eyebrows, synophrys, epicanthal folds, anteverted nostrils, high

arched palate, dental crowding with large superior central incisors,

and microretrognathia. Ophthalmologic problems include kera-

toconus and myopia. She also has scoliosis (Fig. 2D–F).
Patient 3 is a newborn male with multiple congenital anomalies

including severe micrognathia, cleft palate, preaxial polydactyly,

club feet, congenital heart defects, sacral anomaly, and dysmorphic

features. Birth weight was 2.9 kg (10th–25th centile), and head

circumference was 33 cm (10th–25th centile). At birth, severe

micrognathia and an obstructed airway required intubation. He

alsohas a large cleft palate,widely open anterior fontanellewith split

sutures, short neck with redundant skin, microphallus, duplicated

hallux on the left foot, club feet, scoliosis, and a skin-covered sacral

bony prominence. He has bilateral moderate hydronephrosis and

multiple muscular VSDs, a moderate to large atrial septal defect,

and amoderate patent ductus arteriosus. A cerebral ultrasoundwas

normal. Dysmorphic facial features include a broad forehead,

possible hypertelorism, and low-set ears with reduced upper helix.

He had a normal ophthalmologic examination at 4 days of age. He

has significant hypotonia and joint hypermobility, with possibly

dislocated hips. Fingers, thumbs, and toes are very long, and the

fifth finger has a single flexion crease. His toenails are hypoplastic,

and the great toes have bulbous tips. His hands are deviated ulnarly,

and he has positional foot deformity bilaterally. His torso is long,

and his legs appear relatively short (Fig. 2G–K).
Patient 4 is a 5-year-old male with global DD, disruptive

behaviors, sacral dimple, and hypotonia. Birth weight was 2.8 kg
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(10th–25th centile), and lengthwas48.3 cm(25th–50th centile).He

reportedly failed his newborn hearing screen and has a history of

multiple sets of ear tubes placed due to fluid buildup, and subse-

quent hearing tests were normal. He has a closed sacral dimple, and

spinalMRI showedafibrous tract contiguouswith thedimple, of no

clinical concern. Brain MRI at 4 years of age was normal. He has

borderline short stature, with normal endocrine evaluation and

short stature in both parents. He crawled at 8months andwalked at

18months. He had some words at 18months but at 3 years was not

speaking. Testing at 3.5 years showed a full-scale IQ of 60, with a

FIG. 2. Dysmorphic features of individuals with CNVs at 5q31. A–C: Patient 1 at 11years of age. Note downslanting palpebral fissures, epicanthal folds,
mild hypertelorism, prominent and straight nasal bridge, long philtrum, peaked upper lip, small chin, digits that are broadened distally,markedly long

fingers and toes, and small great toenails. D–F: Patient 2 at 12 years of age. Note arched eyebrows, synophrys, epicanthal folds, anteverted nostrils,
high palate, dental crowding with large superior central incisors, microretrognathia, and scoliosis. G–K: Patient 3. Note severe micrognathia, short
neck, broad forehead, hypertelorism, low-set andabnormally shapedears, longfingers and toes, duplicated hallux on the left foot, club feet, scoliosis,

andsacral anomaly. L–M:Patient 4at5years of age.Note facial asymmetry. N–O: Patient 5at4years of age.Note relativemicrocephaly, flat occiput,
triangular face with pointed chin, broad forehead, and mild flattening of the midfacial area, slight facial asymmetry with left prominence, and

bilaterally rotated ears.
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verbal score of 58 and performance score of 73. He has attention

problems and aggressive behavior, is impulsive and hyperactive,

and has borderline scores in autism evaluations (Gilliam autism

rating scale).At 5 years, his height is 100.8 cm(3rd centile),weight is

16.3 kg (10th centile), and OFC is 49.8 cm (�1 SD). Dysmorphic

features include facial asymmetry, bilateral clinodactyly, and val-

goid feet (Fig. 2L and M). He has had surgical repair of his

strabismus, and he also wears glasses for astigmatism. He has joint

hypermobility and is generally hypotonic. Family history is signifi-

cant for learning disabilities in the patient’s mother and maternal

grandfather. His mother also had multiple ear tubes due to recur-

rent infections and had clubfoot. His mother has the two small

duplications within AUTS2 that were also identified in the patient.

Patient 5 is a 4-year-old male with global DD, hypotonia, and

relative microcephaly. He had a small VSD that spontaneously

closed by 4months. He developed daily staring spells, and EEG at 3

years of age showed background slowing but no confirmed epilep-

tiform activity; he is not on any anti-epileptic medication. Head

MRI at 2 years was normal. He rolled over at 6months and sat alone

at 14 months. At 4 years, he still does not walk and does not have

meaningful words. He has occasional hand flapping but is social

and makes eye contact. Ophthalmologic exam at 2 years was

normal. At 4 years his weight is at the 25th centile, his height is

at the 50th centile, and OFC is at the 5th centile. Dysmorphic

features (Fig. 2N andO) include flat occiput, a somewhat triangular

face with pointed chin, broad forehead, mild flattening of the

midfacial area, slight facial asymmetry with left prominence, bilat-

erally rotated ears, mild overbite, and moderate hypertrichosis on

his back. He has generally low tone. His father’s and mother’s head

sizes are at the 98th and 50th centiles, respectively.

DISCUSSION

We report on five patients with deletions or duplications of 5q31.

Similar to other patients reported in the literature with 5q31

deletions, the three individuals with 5q31 deletions in this study

haveDD, short stature, cleft orhighpalate, anddysmorphic features

(Table I). They have a variety of musculoskeletal abnormalities,

which have been reported in some individuals with 5q31 deletions.

They also have additional features that have not been previously

reported in association with 5q31 abnormalities, such as hydro-

cephalus in Patient 1 and seizures in Patient 2. However, Patient 1

has an additional de novo 5q11.2 deletion, and some of his features

may be a result of that deletion. The seizures in Patient 2 may be a

result of neonatal hypoxia. The duplications in Patients 4 and 5 do

not overlap, and their phenotypes are relatively nonspecific, in-

cluding DD, behavior problems, and mild dysmorphic features

(Table II).All fivepatients showedapparentlydenovocopynumber

changes in 5q31, which provides further support that these aberra-

tions are causative for some of the clinical features seen in these

individuals.

The copy number changes described here impactmultiple genes.

This cumulative effect of copy number gains and losses of multiple

genes likely leads to the phenotypic expression observed in these

patients. However, chromosomal band 5q31 contains several genes

that are known to be part of developmental pathways, and these

genes may make significant contributions to these phenotypes.

PITX1 (paired-like homeodomain transcription factor 1, OMIM

602149) encodes a bicoid-related transcription factor that is critical

for proper development of the hindlimbs, anterior pituitary, and

first branchial arch derivatives [Lanctot et al., 1999; Szeto et al.,

1999]. Homozygous Pitx1 knockout animals have marked hin-

dlimb defects and pelvic changes [Lanctot et al., 1999; Logan and

Tabin, 1999; Szeto et al., 1999; Minguillon et al., 2005; DeLaurier

et al., 2006]. A PITX1 missense mutation with reduced transcrip-

tion activity, likely dominant-negative effects, and incomplete

penetrance has been described in one family with autosomal

dominant, asymmetric right-sided predominant, idiopathic club-

foot, and other limb malformations [Gurnett et al., 2008]. These

observations in mouse and human suggest that PITX1 haploinsuf-

ficiency may lead to the lower limb malformations reported in our

cohort and in previously reported individuals with 5q31 deletions.

Patients 1 and 3 also had markedly long toes, and arachnodactyly

and camptodactyly have been seen in previously reported individ-

uals with 5q31 deletions (Table I). These digital abnormalities have

been previously hypothesized to be due to altered expression of a

gene not deleted in our patients, FBN2 at 5q23.3 [Tzschach et al.,

2006], missense mutations of which cause congenital contractural

arachnodactyly. We hypothesize that PITX1 haploinsufficiency

may contribute to these digital abnormalities; animal experiments

have shown Pitx1 expression in the upper limb can alter digital

development [Logan andTabin, 1999; Szeto et al., 1999;Minguillon

et al., 2005; DeLaurier et al., 2006]. In the 17q23.1q23.2 micro-

deletion syndrome, haploinsufficiency of another hindlimb-

specific transcription factor, TBX4, which is regulated by PITX1

[Logan andTabin, 1999], is associatedwith similar long fingers and

toes [Ballif et al., 2010]. Remarkably, both 17q23.1q23.2 micro-

duplications and microdeletions have also been associated with

familial isolated clubfoot [Alvarado et al., 2010].

PITX1 haploinsufficiency may also contribute to the short

stature, micro/retrognathia, and cleft palates in individuals with

5q31 deletions. Pitx1 is required for proper development of the

anterior pituitary, which contains the somatotrophs that produce

GH [Szeto et al., 1999]. Patient 1 has documented GH deficiency,

which has also beenobserved inAxenfeld–Rieger syndrome, caused

by mutations in the highly related gene, PITX2 [Tumer and Bach-

Holm, 2009].PITX2has a similar expressionpattern toPITX1 in the

developing pituitary, and it has been shown to act on some of the

samepromoter elements [Tremblay et al., 2000; Lamba et al., 2008].

Pitx1 knockout mice also have abnormalities of first branchial arch

derivatives, including severe micrognathia, cleft palate, bifurcate

and shortened tongue, and abnormal mandibular molars [Lanctot

et al., 1999; Szeto et al., 1999; Mitsiadis and Drouin, 2008].

Therefore, deletion of PITX1 may be responsible for the orofacial

anomalies seen in Patients 1–3 (Table I). Another individual with a
�9.5Mb deletion at 5q23.3q31.2 was reported to have a branchial

fistula [Tzschach et al., 2006], and this could also be a result of

PITX1 haploinsufficiency.

Two patients in our cohort with 5q31 deletions have ophthal-

mologic abnormalities: Patient 1 has keratitis, blepharitis, myopia,

astigmatism, and strabismus, whereas Patient 2 has keratoconus

andmyopia.AlthoughPITX1 is closely related toPITX2, andPITX2

mutations cause Axenfeld–Rieger anomaly and other anterior

segment defects [Semina et al., 1996; Alward et al., 1998; Doward
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et al., 1999; Xia et al., 2004],many of the genes’ developmental roles

are distinct, and a role for PITX1 in ocular development has not

been established. However, TGFBI (transforming growth factor

beta-induced, OMIM 601692), which causes various autosomal

dominant corneal dystrophies when mutated [Kim et al., 2000], is

also deleted in these patients. In the corneal dystrophies, degraded

mutant protein builds up on the cornea [Kannabiran and Klint-

worth, 2006], while decreased TGFBI expression has been reported

in association with corneal thinning seen in keratoconus [Takacs

et al., 1999]. Another candidate gene in 5q31 for keratoconus is IL9

(interleukin 9, OMIM 156931), as there are associations between

keratoconus and both increased IL6 levels [Lema et al., 2009] and

IL1B promoter polymorphisms [Kim et al., 2008]. Haploinsuffi-

ciency for TGFBI or IL9may contribute to Patient 2’s keratoconus

and possibly some of the other ophthalmologic features seen in

Patients 1 and 2. Although Patient 3 had a normal newborn

ophthalmologic evaluation, some of these features may develop

with age, andhemaybe at risk for similar complications as the other

two patients.

We sequencedTGFBI, IL9, andPITX1 in a familywith autosomal

dominant keratoconus and linkage to 5q31 to determine whether

one of these genes may be associated with corneal abnormalities.

TABLE I. Summary of Features Seen in Individuals With Deletions That Encompass 5q31.

Patient 1 Patient 2 Patient 3
Mosca et al.

[2007]
Tzschach et al.

[2006]

Cytogenetically
defined deletions
encompassing

5q31a

Minimal deletion
coordinates (hg18)

chr5:132,413,
216–138,
489,956

chr5:133,360,
671–136,
953,024

chr5:131,857,
587–139,
915,446

chr5:136,886,
534–138,
717,853

chr5:128,219,
363–135,
916,051

NA

Number of genes 62 33 101 28 69 NA
Growth parameters

Low birth weight þ þ � � � 2/10
Failure to thrive þ þ NA þ þ 4/7
Short stature þ þ NA þ � 4/6
Microcephaly þ NS � � � 4/8

Neurologic features
DD/ID þ þ NA þ þ 8/8
Hypotonia þ NS þ þ � 5/8
Hydrocephalus þ � � � � 0/10
Seizures � þ � � � 0/8
Hearing loss þ � � � � 0/8

Ophthalmologic findings þ þ � � � 1/8
Dysmorphic features

Short neck � � þ � � 5/9
Prominent forehead � � þ � � 5/9
Downslanting PF þ � � � � 7/9
Hypertelorism þ � þ þ þ 7/9
Flat nasal bridge � � � � þ 6/9
Anteverted nostrils þ þ � þ þ 6/9
Long philtrum þ � � � þ 2/9
Thin upper lip � � � � þ 2/9
Cleft or high palate þ þ þ � þ 7/9
Micro/retrognathia þ þ þ þ þ 5/9
Abnormal ears þ � þ � þ 8/9

Musculoskeletal features
Hypoplastic muscles � � � � þ 2/9
Arachno/camptodactyly þ � þ � þ 2/9
Dislocated hips þ � þ � � 6/9
Club feet � � þ � � 5/10
Scoliosis þ þ þ � � 0/9

Heart defect þ � þ � � 3/10
Urogenital anomalies þ � þ � � 3/9

DD/ID, developmental delay and/or intellectual disability; PF, palpebral fissures; þ, feature present; �, feature absent; NS, not specified; NA, not applicable.
aPreviously reported individuals [Felding and Kristoffersson, 1980; Harprecht-Beato et al., 1983; Rivera et al., 1987; de Michelena et al., 1990; Rivera et al., 1990; Kobayashi et al., 1991;
Lindgren et al., 1992; Courtens et al., 1998; Kramer et al., 1999; Arens et al., 2004].

1912 AMERICAN JOURNAL OF MEDICAL GENETICS PART A



We did not find a causative mutation, which suggests another gene

or genes within the deleted region may be responsible for the

ophthalmologic abnormalities in Patients 1 and 2 and the KTCN-

011 family, or there may be separate genes responsible for the

ophthalmologic abnormalities in Patients 1 and 2 and the KTCN-

011 family. Separate etiologies would be consistent with previous

reports that showed suggestive linkage peaks for keratoconus more

distal on 5q than our patients region of deletion overlap [Li et al.,

2006; Bisceglia et al., 2009]. Additionally, keratoconus is seen

more commonly among individuals with intellectual disabilities

[Hestnes et al., 1991; Haugen, 1992; Kirby et al., 2005] and has been

suggested to be caused by inflammation secondary to eye rubbing

[McMonnies, 2009].Thus, the corneal anomalies inPatients 1 and2

may also be the result of non-genetic factors.

Potentially, dosage of other developmentally important genes is

altered in some of the 5q31 chromosome abnormalities in our

cohort, and haploinsufficiency or overexpression of these genes

may also contribute to the abnormal phenotypes. SMAD5 (OMIM

603110) is a signal mediator for bone morphogenic proteins

(BMPs), with roles in proper development of the brain [Lopez-

Coviella et al., 2006; Lebeurrier et al., 2008], digits [Suzuki et al.,

2008], and bones [Retting et al., 2009]. While homozygous knock-

out of the gene is embryonic lethal in animals [Chang et al., 1999;

Chang et al., 2000], conditional knockouts show functional heart

defects [Umans et al., 2007], and haploinsufficient animals show

progressive hearing loss [Yang et al., 2009]. WNT8A (OMIM

606360) encodes a secreted signaling molecule that is a

posteriorizing/caudalizing factor in neural and mesodermal tissue

anda regulatorof cell differentiation [Erter et al., 2001;Lekven et al.,

2001; Olivera-Martinez and Storey, 2007] and formation of the otic

placode [Urness et al., 2010].CDKL3 (cyclin-dependent kinase like

3, OMIM 608459) helps to regulate neuronal morphogenesis [Liu

et al., 2010] andwas shown to be disrupted and haploinsufficient in

an individual with nonspecific ID and a balanced translocation

[Dubos et al., 2008]. Furthermore, overexpression of CDKL3 also

alters neuronalmorphogenesis [Liu et al., 2010]. The phenotypes in

TABLE II. Summary of Features Seen in Individuals With Duplications That Encompass 5q31.

Patient 4 Patient 5 Giardino et al. [2004]

Cytogenetically
defined duplications
encompassing 5q31a

Minimal duplication
coordinates (hg18)

chr5:133,689,895–
134,524,283

chr5:136,733,090–
140,096,525

chr5:120,715,629–
140,597,460

NA

Number of genes 13 60 177 NA
Growth parameters

Low birth weight � � þ 0/4
Growth retardation � � þ 2/4
Microcephaly � þ þ 4/5

Neurologic features
DD/ID þ þ þ 3/4
Behavior problems þ þ NA 0/2
Hypotonia þ þ þ 1/4
Seizures or abnormal EEG � þ � 1/5

Ophthalmologic findings þ � � 2/5
Dysmorphic features

Facial or cranial asymmetry þ þ þ 1/5
Prominent forehead � þ � 1/5
Hypertelorism � � þ 1/5
Depressed nasal bridge þ þ � 2/5
Thin upper lip � � � 2/5
Cleft palate � � � 0/5
Micro/retrognathia þ � þ 1/5
Abnormal ears þ þ þ 1/5

Limb abnormalities
Syndactyly þ � þ 2/5
Brachydactyly � � � 2/5
Hyperconvex nails � � � 2/5
Club feet � � þ 0/5

Heart defect � þ þ 3/5
Urogenital anomalies þ � þ 1/5

DD/ID, developmental delay and/or intellectual disability; þ, feature present; �, feature absent; NA, not applicable.
aPreviously reported individuals [Osztovics and Kiss, 1982; Martin et al., 1985; Sanchez-Garcia et al., 2001; Martin et al., 2003; Arens et al., 2004], counting only one individual in the
family reported by Arens et al. [2004].
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the patients reported here likely result from a combinatorial effect

of disruption of these several genes with roles in developmental

pathways, as well as a contribution of other yet unidentified

additional genetic and nongenetic factors.

The deletions and duplications reported here are all apparently

de novo and likely disrupt developmental pathway(s), which

suggest they are clinically relevant findings that contribute to

abnormal phenotypes. Individuals with deletions share some com-

mon features, including DD, short stature, cleft or high palate,

dysmorphic features, and musculoskeletal anomalies. Haploinsuf-

ficiencies of PITX1 and SMAD5may cause many of these features,

and other developmentally important genes in the region may also

contribute. Furthermore,we report an associationof 5q31deletions

and corneal anomalies, possibly due to TGFBI or IL9 haploinsuffi-

ciency. Individuals with duplications have nondistinct phenotypes,

and while their delays and other features are likely caused by the

duplications, the nonspecific features and low number of reported

patients complicate genotype–phenotype correlations. Identifica-
tion of additional individuals with copy number changes in 5q31

will aid in further understanding of how dosage imbalances of

specific genes may contribute to the abnormal phenotypes seen in

these individuals.
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