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ORIGINAL ARTICLE

Chromosomal rearrangements

Int22h-1/int22h-2-mediated Xq28 rearrangements:
intellectual disability associated with duplications
and in utero male lethality with deletions

Ayman W El-Hattab,' Ping Fang,? Weihong Jin,? Jeffrey R Hughes,? James B Gibson,’
Gayle S Patel,® Dorothy K Grange,* Linda P Manwaring,* Ankita Patel,?

Pawel Stankiewicz,” Sau \Wai Cheung?

ABSTRACT

Background X linked intellectual disability (XLID) is
common, with an estimated prevalence of 1/1000. The
expanded use of array comparative genomic
hybridisation (CGH) has led to the identification of several
XLID-associated copy-number variants.

Methods Array CGH analysis was performed using
chromosomal microarray with ~ 105 000
oligonucleotides covering the entire genome.
Confirmatory fluorescence in situ hybridisation analyses
were subsequently performed. Chromosome
X-inactivation (XCl) was assessed using methylation-
sensitive restriction enzyme digestion followed by PCR
amplification.

Results A novel ~0.5 Mb duplication in Xq28 was
identified in four cognitively impaired males who share
behavioural abnormalities (hyperactivity and
aggressiveness) and characteristic facial features (high
forehead, upper eyelid fullness, broad nasal bridge and
thick lower lip). These duplications were inherited from
mothers with skewed XCl and are mediated by nonallelic
homologous recombination between the low-copy repeat
regions int22h-1 and int22h-2, which, in addition to
int22h-3, are also responsible for inversions disrupting
the factor VIl gene in haemophilia A. In addition, we
have identified a reciprocal deletion in a girl and her
mother, both of whom exhibit normal cognition and
completely skewed XCI. The mother also had two
spontaneous abortions.

Conclusions The phenotypic similarities among subjects
with int22h-1/int22h-2-mediated Xq28 duplications
suggest that such duplications are responsible for

a novel XLID syndrome. The reciprocal deletion may not
be associated with a clinical phenotype in carrier females
due to skewed XCI, but may be lethal for males in utero.
Advancements in array CGH technology have enabled
the identification of such small, clinically relevant
copy-number variants.

INTRODUCTION

The prevalence of intellectual disability (ID) in
developed countries is estimated to be around 2%—
3%, and approximately one-third of ID cases are
thought to have a genetic aetiology. Of these
genetic causes, about one-quarter may be attributed
to mutations on the X chromosome resulting in X

linked intellectual disability (XLID), which has an
estimated prevalence of 1/1000 males."™ To date,
more than 200 different XLID disorders have been
described, including around 150 syndromic forms,
with over 80 XLID-associated genes having been
identified (http://xImr.interfree.it).

The expanded use of high-resolution genome
analysis by array comparative genomic hybrid-
isation (CGH) has led to the identification of several
new  microdeletion and  microduplication
syndromes.”~” The application of arrays in XLID
studies has resulted in the identification of new
XLID-associated genes and copy-number variants
(CNVs). For example, Froyen and colleagues
screened a cohort of 108 subjects with ID by
X-chromosome array CGH and identified X-chro-
mosome CNVs in 14 subjects (13%).2 Duplications
on the X chromosome correlated with ID more
often than expected, suggesting a causal link
between increased gene dosage and the disruption of
normal cognitive development.® The most common
XLID-associated ~chromosomal aberrations —are
duplications of Xq28 comprising the MECP2 gene,
which have been reported in more than 100 cogni-
tively impaired individuals with characteristic facial
features, hypotonia, seizures, speech delay and
recurrent infections.” '? Other known X-chromo-
some CNVs associated with XLID include deletions
of Xp11.23, Xp11.3, Xp11.4 and Xp22° ¥~ and
duplications of Xp11.22, Xp11.22p11.23, Xp11.23,
Xp11.4p21.3, Xp22.2 and Xq22.3.5 16721

Cytogenetically visible duplications at Xq are rare,
with only around 40 reported cases.”? ** The most
frequent are distal Xq duplications involving
Xq26q28, which have been reported in patients with
severe 1D, hypotonia, genital malformation and
characteristic facial features.”*®" Less common are
interstitial duplications at Xq21q24 that have been
reported in patients with developmental delay, severe
feeding difficulties, growth retardation and digital
anomalies.? * Most Xq duplications observed in
males are inherited from a mother exhibiting
a normal or near-normal phenotype. Less frequently,
Xq duplications are found in females with ID.*

We report four cognitively impaired males from
three unrelated families with a novel ~0.5Mb
duplication in Xq28 located telomeric to the
MECP2 gene region and mediated by non-allelic
homologous recombination between the low-copy
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repeat (LCR) regions int22h-1 and int22h-2, which are known to
be involved in factor VIII (F8) gene inversions in subjects with
severe haemophilia A. In addition, we report a reciprocal deletion
in a mother and daughter with normal cognition. Herein, we
describe the clinical phenotype of these subjects as well as the
genomic structure of the deleted/duplicated region. In addition,
we discuss the genes in this region and the potential effect of
these rearrangements on the F§ gene.

METHODS

Array CGH

Array CGH analysis was performed at the Medical Genetics
Laboratories at Baylor College of Medicine. Informed consents
were obtained as approved by the Institutional Review Board of
Baylor College of Medicine. DNA was extracted from whole
blood using the Puregene DNA extraction kit (Gentra,
Minneapolis, Minnesota, USA) according to the manufacturer’s
instructions. The oligonucleotide-based chromosomal microarray
version 7 (CMA V7 OLIGO) comprises approximately 105000
oligonucleotides, which cover the entire genome at an average
resolution of 30 kb with increased coverage at known disease loci.
The array also includes six regions of known polymorphic vari-
ants.”® The procedures for DNA digestion, labelling and hybrid-
isation were performed according to the manufacturer’s
instructions with some modifications. The slides were scanned
into image files using a GenePix Model 4000B microarray scanner
(Molecular Devices, Sunnyvale, California, USA) or an Agilent
G2565 laser scanner, after which the image files were quantitated
using Agilent Feature extraction software (version 9.0). Text file
outputs from the quantitation analysis were imported to an
in-house analysis package for copy-number analysis.”’

Fluorescence in situ hybridisation analyses

Confirmatory fluorescence in situ hybridisation (FISH) analyses
with bacterial artificial chromosome clones were performed on
peripheral blood lymphocytes using standard procedures
following the detection of copy-number changes via array CGH.*

Chromosome X-inactivation studies

Chromosome X-inactivation (XCI) studies were performed at
the AR (androgen receptor)® and FMR1 (fragile X mental
retardation 1) loci.* One hundred nanograms of genomic DNA
from peripheral leucocytes of each female were digested with
and without the methylation-sensitive restriction enzyme Hpall
(New England Biolabs). DNA samples from male individuals
were analysed without Hpall digestion. Five nanograms of
DNA from each sample were subjected to PCR amplification
with primers flanking the AR (CGA)n repeat region (5 AC-
CAGGTAGCCTGTGGGGCCTCTACGATGGGCS' forward and
5 CCAGAGCGTGCGCGAAGTGATCCAGAACCCGG3' reverse)
and the FMR1 (CGG)n repeat region as previously described.?! 2
PCR products were separated on an ABI 3770 Analyser and
analysed with GeneMapper software. The XCI ratio was
calculated as previously described.®® Inactivation ratios greater
than 80:20 were designated as skewed XCI, whereas ratios
greater than 95:5 were considered extremely skewed XCI.

Bioinformatics and in silico sequence analysis

Genomic sequence data based on the oligonucleotide coordinates
from array CGH analysis were downloaded from the UCSC
genome browser (Build 36, UCSC genome browser, March 2006).
Regional assemblies were aligned using NCBI BLAST (http://blast.
ncbi.nlm.nih.gov/Blast.cgi) in order to identify the LCR regions.
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RESULTS

Clinical description

Family 1 includes two brothers and their mother. The older
brother is an 11-year-old who was born at term with a birth
weight of 3.7 kg (50th—75th percentile) and a length of 56 cm
(just above the 97th percentile). The pregnancy was complicated
by gestational diabetes and cigarette smoking. During infancy,
he experienced three episodes of pneumonia, all of which
required hospitalisations. He was noted to be developmentally
delayed beginning in early childhood. He started talking at the
age of 0 years, started walking at 3 years and was toilet trained
at 7years. He is enrolled in special education classes and
undergoes physical, occupational and speech therapy. At the
time of this report, he was able to recognise letters and numbers
and could write his name. However, he cannot read or solve
simple mathematical problems. He exhibits autistic behaviours,
including minimal eye contact and rocking, and was diagnosed
as having Asperger syndrome. He also exhibits abnormally
aggressive behaviours, including self-biting and hitting others. In
addition, he presented with toe-walking, which required heel-
cord lengthening, recurrent nosebleeds requiring multiple
cauterisations, recurrent ear infections requiring ear tube place-
ment, reactive airway disease and difficulty sleeping. Previous
evaluations, including brain MRI, fragile-X DNA testing, and
urine amino and organic acids, were all normal. Physical exam-
ination revealed a weight and height 3 SD above the mean and
a head circumference at the 90th percentile. Distinctive facial
features were also noted (table 1, figure 1A).

His younger brother is a 3-year-old born at term with a birth
weight and length at about the 50th percentile. This pregnancy
was also complicated by gestational diabetes and cigarette
smoking. During the neonatal period, he was found to have
a murmur, and an echocardiogram showed patent foramen ovale
and patent ductus arteriosus, both of which had closed spon-
taneously prior to a subsequent echocardiogram. Similar to his
older brother, he exhibited delays in attaining his developmental
milestones. He started walking at 18 months of age and talking
at 2 years. At the age of 3 years, he is only able to talk in simple
two-word sentences. He receives physical and speech therapy. In
addition, he has bilateral metatarsus adductus, requiring braces,
and recurrent ear infections, which required ear tube placement.
He also failed the newborn hearing screen and two subsequent
hearing tests, and is being evaluated for a hearing aid. Physical
examination revealed normal growth parameters and some
distinctive facial features (table 1, figure 1B).

They have two maternal half-sisters, a 5-year-old enrolled in
special education and a 14-year-old honour student, as well as
two healthy 3- and 5-year-old paternal half-brothers. The
parents are non-consanguineous. The mother is 32 years old and
was reported to have learning difficulties. She required special
education and did not continue schooling beyond the 11th
grade. She was noted to have some similar facial features to her
sons (table 1, figure 1C). The father has been healthy and did not
report learning difficulties. The family history also revealed
maternal uncles who required special education (figure 2).

Family 2 includes a 3-year-old boy evaluated for develop-
mental delay and microcephaly, and his mother. He was born to
a 16-year-old mother who reported usage of birth control pills
for the first few months of pregnancy and had premature
contractions at 6 months of pregnancy, which required hospi-
talisation. He was born at term with a birth weight around the
50th percentile and stayed in the neonatal intensive care unit
because of hypoglycemia and jaundice. The mother had

El-Hattab AW, Fang P, Jin W, et al. J Med Genet (2011). doi:10.1136/jmedgenet-2011-100125

'salfojouyoal Jejiwis pue ‘Buiurel) |y ‘Buluiw elep pue 1xa1 01 palelal sasn Joj Buipnjoul ‘1ybluAdoos Aq paloslold

" jooyasaboysnwseig
V11-Z39 uswitedsaq 1e 5202 ‘S AN uo /w oo fwa Buwly/:diny wouy papeojumoq "TTOZ 1890120 8 U0 GZTO0T-TT0Z-10uabpawl/9eTT 0T se paysiignd 1si1) :18uas) pajN


http://jmg.bmj.com/

J Med Genet: first published as 10.1136/jmedgenet-2011-100125 on 8 October 2011. Downloaded from http://jmg.bmj.com/ on May 25, 2025 at Department GEZ-LTA
Erasmushogeschool .
Protected by copyright, including for uses related to text and data mining, Al training, and similar technologies.

'Sap10ajonu ‘Ju ‘aniewojul-uou ‘|N ‘a|qeijdde 1o ajqejieae Jou ‘yN ‘%00Z—%0G 9Bues [ewou yum sjana| |i|A 1039e} ‘|IIAd ‘Aejep |eluawdojanap 1o Ayjiqesip |en3oajeiul ‘q)

3 of 11

(%)
-
=
-4}
£
)
=
=
©
S
P
©
o
-
(1]
£
o
(72}
o
£
o
S
]
(-]

190] (| uonepiejal [eyusw X ajibesy) (44 pue (103dadal uaboipue) Yy ays Je pawiopad s1am sAesse UONRAROBUI-Y BWOSOWOIYY

'plog Ul 8le sajewsay ul saja|je aAndeul Ajjenualajeid ay)

VN auop JoN 00l:0 L§2/e€C VN VN - VN - sieah 6g JOYION
"salnayyip uonesBajul
Alosuas pue sjuawanow
jods }iej-ne 91dAj0818)s ‘ssausnisindwil
VN auop JoN 001:0 1S2/vST 09 -3jea pue AjAoepoul)g ‘annuaneur ‘AjanoeladAy ‘(41 ainby) peayaioy ybiy — sieaA g Jayybneq
¥ Ajwe4
uonajap gzbx
¥6:9 v1€/80€ IN fAZALA A VN ‘wsiplosAyrodAy ‘uoissaidaq VN + sieah | Jalpop
‘Buipas|q pabuojoid
pue Buisiniq Asea ‘pasjqasou
Juaundal ‘1984 jeyy ‘eluojodAy
‘ssauyeam ajasnw |ewixoid *(31 aunby) eiyreubouyal pue abpuq
pliw ‘suted juiof ‘siuiys aibiaje “1apiosip AyanoesadAy yayep |eseu peolq ‘saAa pajeas-daap
VN ¥1€ VN we ¥z ‘BLUYISE ‘SUOII3JUI JED JUBLINIAY uonuane pue Ajaixue ‘saly 1010\ ‘ssau||n} pijaAa saddn ‘peayaioy ybiy + sieah g| uog
€ Ajwey
L8:€l 80¢€/8L¢ 88l vsez/zve VN VN VN VN + sieah g1 Jalpop
‘(g1 ainby) eyyeubouyas
pue dij samoj a1y} ‘abpuq
'Suoijoajul Jea |eseu peolq ‘saAa pajeas-dasap
VN 812 VN we 89Z JU31IN231 pue eluownaug ‘uoissaibibe pue AuanoesadAy ‘ssau||n} pijaAs Jaddn ‘peayaioy ybiy + sieaA ¢ uog
Z Apwey
(91 aunBy) dy
JaMmo| oIy pue smoiqahs asieds
L8:€l 08€/182 11:68 812/ 6€¢C VN - - ‘aBpuq [eseu peoiq ‘peayaioy ybiy + sieah zg 1aylo|
(g1 @inby) wnjnuay
'SNSOLId}e SNjanp pue lenBul] yum a1 anbuoy pue dij Jamo)
aleAo usweloy jualed pue ‘sso| YOIy} ‘sad1jay ajdwis Yum siea [[ews
Buneay ‘suonoasjul Jea Jualinaal ‘smoigaha asieds ‘abpuq |eseu peolq
VN 08¢ VN 174 982 ‘snjonppe snsiejejaw |elaje|ig - ‘ssau||ny pijaAa saddn ‘peayaioy ybiy + s1eak ¢ 1ayjoiq Jabunoy
(V1 ainby)
a11q.ano pue Buipmold yjaay
‘Bunjjem-ao} pue aseasip Aemuie ‘ajejed yate ybiy moueu ‘dij Jomoj
aAI}0Bal ‘Pas|qasou ‘suoljaajul ‘Buidas|s Aynauyip pue sinoiaeyaq o1y ‘yinow uado ‘ssau|ny pijgAa
VN 182 VN 8z 74} 1ea pue sejuownaud juainday anissalbbe ‘awoipuAs sabiadsy Jaddn ‘agey Buo| ‘peayaioy ybiH + sieaA || Jayjoiq Jap|Q
| Ajwey
uoneaijdnp gzby
oney () az1s ajayy oney (u) azis aja||y (%) 1A suonejsajiuew [eajuld JaylQ sanijewsouqe |einoineyag sainjeay |eloe4 al

SnJoj LYING

snao| Yy

uoneAIIRUI-Y BWIOSOWOIY])

suonajap pue suonealdnp gzby paleIpaW-Z-yzZaul/[-YZZul UM $193[gns 10} S}Nsal UONBAIORUI-Y SLIOSOWIOIYD pue S[aAd| ||\ 1019.} ‘Sainjesy [ealul)

L 9lqel

2011-100125

et al. J Med Genet (2011). doi:10.1136/jmedgenet

Hattab AW, Fang P, Jin W

El-


http://jmg.bmj.com/

Chromosomal rearrangements

Figure 1 Facial features in individuals
with int22h-1/int22h-2-mediated Xq28
rearrangements. (A) Facial features in
the older brother in family 1, including
high forehead, long face, upper eyelid
fullness, open mouth and thick lower
lip. Narrow, high arched palate, teeth
crowding and overbite are not shown.
(B) Facial features in the younger
brother in family 1, including high
forehead, upper eyelid fullness, broad
nasal bridge, sparse eyebrows and
thick lower lip. Small ears with simple
helices and tongue tie with lingual
frenulum are not shown. (C) Facial
features in the mother in family 1,
including high forehead, broad nasal
bridge, sparse eyebrows and thick
lower lip. (D) Facial features in the
proband in family 2, including high
forehead, upper eyelid fullness, deep-
seated eyes, broad nasal bridge, thick
lower lip and retrognathia. (E) Facial
features in the proband in family 3,
including high forehead, upper eyelid
fullness, deep-seated eyes, broad nasal
bridge and retrognathia. (F) Facial
features in the proband in family 4,
including high forehead, with no other
dysmorphic features.

A

difficulty bonding with the baby, and he was therefore
discharged with a foster family and was subsequently adopted.
During the first few months of life, he was noted to have
microcephaly. A skull x-ray was performed at the age of
9 months and showed no evidence of craniosynostosis. His
medical history is significant for recurrent ear infections and
a hospitalisation at the age of 7 months for pneumonia. Devel-
opmentally, he showed mild global delay, including rolling over
at the age of 8 months, followed by cooing and sitting without
support at 9 months. An assessment at 12 months indicated
a developmental level of 9 months. Therefore, physical and
speech therapy was initiated. By the age of 3 years, hyperac-
tivity and aggression were noted, and physical examination
revealed a head circumference within the third—fifth percentiles
with height and weight around the 50th percentiles. He was also
noted to have some distinctive facial features (table 1, figure 1D).
He has a healthy 4-year-old maternal half-brother. No medical
history was available for the biological father. His mother, who
was reported to have learning difficulties, has a full brother and
maternal half-brother, both of whom are intellectually disabled
(figure 2).

Family 3 includes a boy and his mother. This 15-year-old male
was born at term weighing 4.7 kg with a length of 55.9 cm, both
of which are above the 95th percentiles. He was noted to be
developmentally delayed during early childhood and was
subsequently enrolled in special education as well as physical,
occupational and speech therapy. Cognitive assessment at the
age of 14 years revealed low ability across all cognitive domains
with a full-scale IQ of 57. In addition, he has motor tics mani-
festing as head and neck twitching, has anxiety and was diag-
nosed as having attention deficit hyperactivity disorder. His
medical history is significant for asthma, allergic rhinitis and
recurrent ear infections requiring tube placement and adeno-
tonsillectomy at the age of 5 years. For the past several years, he
has been having recurrent episodes of erythema and oedema in
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his distal upper and lower extremities, joint pains, headaches and
progressive muscle weakness in the forms of decreased exercise
capacity and general slowness. Brain and spinal MRIs were
normal, and a rheumatologic evaluation consisting of anti-
phospholipid and anticardiolipin antibodies was negative. He
also presented with recurrent nosebleeds requiring repeated
cauterisation, easy bruising and delayed clotting following skin
laceration. His weight is 84 kg (>95th percentile), his height is
172.7 cm (75th—90th percentiles), and his head circumference is
56.7 cm (75th—90th percentiles). Additional findings on physical
examination include lower extremity oedema, mild proximal
muscle weakness and hypotonia with normal muscle bulk and
reflexes, flat feet and distinctive facial features (table 1, figure 1E).
As a result of his bleeding tendency, the factor VIII level was
tested and found to be 24%, which is consistent with mild
haemophilia A (table 1). A subsequent factor VIII inhibitor assay
was negative, whereas VWEF antigen and activity were within
normal ranges. As part of factor VIII deficiency evaluation, F§
gene inversion analysis was performed using the method
described by Liu and colleagues® and was reported as positive for
an F8 inversion. However, F§ gene inversions are associated with
severe haemophilia A, which is inconsistent with the mild
phenotype observed in this patient. Consequently, we realised
that these results were misinterpreted for this patient as a result
of the inherent limitations of F'§ gene inversion analysis in the
presence of an Xq28 duplication. This inversion analysis is
performed by multiple PCR using four primers to differentiate
between the normal F8 locus, inversions and carrier females
(figure 3A—C). Although this patient does not harbour an F§
inversion, the results were misinterpreted as positive for an F§
inversion due to the presence of the Xq28 duplication (figure 3D).
Subsequent sequencing of the F§ gene revealed hemizygosity for
the point mutation c.6089G>A (p.S2030N), which has been
associated with mild haemophilia A (http://hadb.org.uk/).** The
identification of this mutation explains the patient’s mild
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Figure 2 Pedigrees for the three reported families with Xq28
duplications and the fourth family with the reciprocal Xq28 deletion.

Intellectual disability/

No Xq28 deletion or
developmental delay

duplication

Xq28 deletion/duplication
not tested

haemophilic phenotype. An additional investigation included
a karyotype, fragile X DNA testing, CPK level assay and thyroid
function tests, all of which were normal. He has a healthy brother
and maternal half-sister. His 41-year-old mother was reported to
have learning difficulties, obesity, depression and hypothyroidism.
The father is 42 years old and has hypothyroidism (figure 2).
Family 4 includes a girl and her mother. The 6-year-old girl was
born at term after an uncomplicated pregnancy. She gained her
developmental milestones appropriately during early childhood,
but concerns have arisen regarding certain behaviours, including
hyperactivity, inattentiveness, impulsivity, stereotypic move-
ments (eg, running in circles and arm-flapping) and sensory-
seeking behaviours (eg, licking her fist and putting her fingers in
her mouth). Neurodevelopmental evaluation at the age of 5 years
revealed sensory integration difficulties, for which occupational
therapy was recommended. Beginning at 3 years old, she was
also observed to have staring episodes. Brain MRI and contin-
uous EEG monitoring were normal, and it was concluded that
these episodes are non-epileptic in nature and are likely due to
inattention. Physical examination revealed normal growth
parameters, clinodactyly, a café-au-lait spot on her back and
a high forehead with no dysmorphic features (table 1, figure 1F).

El-Hattab AW, Fang P, Jin W, et al. J Med Genet (2011). doi:10.1136/jmedgenet-2011-100125
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Previous investigation, including fragile X DNA testing and
thyroid function tests, was normal. She has a 1-year-old healthy
sister. Her mother is a 39-year-old who has been healthy with
normal intelligence, but had two spontaneous abortions at 5 and
8 weeks’ gestation. Her father is 44 years old with depression and
elevated cholesterol (figure 2).

Array CGH and FISH analyses

CMA V7 OLIGO performed on the four probands of families
1—-38 revealed ~0.5 Mb Xq28 duplications (153.7—154.2 Mb,
hg18), which were confirmed by FISH analysis in each
proband. The mothers in families 1—3 were also found to carry
the same duplications by FISH. Furthermore, the proband’s
brother in family 3 was found to have a normal CMA. The
proband in family 4 was found to carry a reciprocal Xq28
deletion and an ~1Mb 15g25.3 duplication (83.4—84.4 Mb,
hg18). FISH determined that her father carries the 15g25.3
duplication, while her mother carries the Xq28 deletion
(figures 2 and 4).

XCI assay

XCI was assessed in the mothers of families 1, 2 and 3 at the AR
and FMR1 loci whereby skewed XCI patterns were observed in
all three mothers (table 1). Interestingly, the brothers in family 1
inherited the same AR allele (248) but opposite FAVIR1 alleles (281
vs 380). The AR 248 and the FAIR1 281 alleles represent the
preferentially active X chromosome in their mother, and it
appears that both sons did inherit this same homologue but
with one of them carrying the FAIR1 380 allele most likely due
to a recombination event. The finding that the preferentially
active chromosome in the mother of family 1 is the same allele
carried by her sons suggests that the mother’s normal X
chromosome is preferentially inactivated. Similarly, the assay
at the AR and FAMR1 loci in family 2 demonstrated that the
preferentially active allele in the mother is the same allele
carried by her son (AR 242 and FMR 278), which is consistent
with the findings in family 1. That is, the normal X chro-
mosome is preferentially inactivated, while the preferentially
active X chromosome is that which carries the Xq28 dupli-
cation. Although the XCI assay at the AR locus was not
informative for the mother of family 3, the assay at the FAIR1
locus indicated preferential inactivation of the same allele
carried by her son, suggesting that the X chromosome carrying
the Xqg28 duplication is preferentially inactivated in the
mother. The daughter and mother in family 4 carrying the
reciprocal Xq28 deletion showed 100% skewing XCI at the AR
locus (table 1).

Xq28 genomic architecture

Using Blast2, we analysed the DNA sequence in the Xq28 region
between 153.7 and 154.4 Mb, which harbours the duplication/
deletion breakpoints, searching for alignments at least 2 kb in
length with greater than 90% DNA sequence identity. The
region contains three ~9.5kb LCR copies with 99.7% DNA
sequence identity, one in intron 22 of the F§ gene and two
located distally, which are consistent with the previously
described int22h-1, int22h-2 and int22h-3 regions.®® The deletion
and duplication breakpoints were localised within the directly
oriented in122h-1 and int22h-2 regions. We identified two ~50 kb
LCR copies with 98.7% of the DNA sequence consistent with
the previously described palindrome arms.*® In addition to these
previously described regions, we also identified 10 LCR copies
~5—6kb in size and of 90%—94% DNA sequence identity
(figure 5).
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Figure 3 Schematic representation of A X : 2
the Xq28 region demonstrating the F8 S S S
gene using arrowheads and int22h-1, 2 £ £ E
and 3 as black boxes with white Normal (R T K71
triangles indicating their relative gl -y
orientations.®® ° Panel (A) represents ¥
the normal genome, whereas pa_nels Segment PQ Segment AB
(B—D) represent the results of different (12kb) (10kb)
recombination events between int22h-
1,2 and 3, and their subsequent effects B I 5 2
on the F8 inversion molecular testing & N o
described by Liu and colleagues.®* Two = % £
primers, P and Q, are located within the ~ Male with inversion [€<<{ K| >k |
F8 gene at positions -1212 base pairs TEEPFS TR
(bp) and +1334 bp flanking int22h1. ;
Two primers, A and B, are located at SegmentPB SegmentAB  SegmentAQ
-167 bp and +118 bp flanking int22h2 (11kb) (10kb) (11kb)
and int22h3. (A) In a normal male, i o s - 2 &

1 = v f h I
segments PQ (12 kb) and AB (10 kb) Cc 5 & s s g 5
are produced. (B) The int22h2/ int22h3- g E g "::" g 5'3:
mediated inversion in males with . = Jaaaaaaail -~ = =
haemophilia results in production of PB ERERCINmAI I«ﬁ:‘_ _E_ sl i | Iﬁ_;l*‘ = _E_ _E_ |
(11 kb) and QA segments (11 kb), along P B B A G, A P _Q A BB A
with the AB segment (10 kb) from the * * " " "
non-recombined int22h-2. (C) Females SegmentPB  SegmentAB  SegmentAQ Segment PQ Segment AB
heterozygous for the inversion (carriers) (11kb) (10kb) ERTRDy (12kb) (10kb)
produce PB (11 kb), QA (11 kb) and AB D - o ~
(10 kb) segments from the inverted = ] S
allele, and PQ (12 kb) and AB (10 kb) £ E E
from the normal allele. (D) f (A} AEEBRA
Diagrammatic demonstration of non-
allelic homologous recombination M«(«( I? nl
between int22h-1 and int22h-2, S S 1d Bl
resulting in an int22h-1/int22h-2- ] o ploa Ay B BIEA
mediated Xq28 duplication, which will Male with duplication & g &
result in formation of the AQ segment g g g
(11 kb) in addition to PQ (12 kb) and AB T N =
(10 kb), resulting in a pattern similar to ! H H
that of a female heterozygous for the ! i i
inversion. > 2 ['z«««( ['= {'] |

% ITE ?i“'E E’i“:
Segment PQ Segment AQ Segment AB
(12kb) (11kb) {10kb)

Factor VIl assessments

Factor VIII levels were assayed in all probands. Only the
proband in family 3 showed a reduced factor VIII level consis-
tent with mild haemophilia A (table 1).

DISCUSSION

In this report, we present the first evidence for the presence of
int22h-1/int22h-2-mediated Xq28 rearrangements with an
~0.5 Mb duplication in four cognitively impaired males who
share behavioural abnormalities and characteristic facial
features. The reciprocal deletion was detected in a cognitively
normal girl and her mother.

The described rearrangement breakpoints were localised to the
directly oriented 9.5 kb LCRs int22h-1 and in122h-2. The int22h-1
maps to intron 22 of the F§ gene, while int22h-2 and int22h-3 are
located distally. Genomic inversions between n122h-1 and either
int22h-2 or int22h-3 disrupt the F8 gene in nearly half of severe
haemophilia A cases such that it was initially assumed that
int22h-2 and int22h-3 were in opposite orientation to int22h-1.37 %
However, the publication of the sequence of the human X
chromosome in 2005 revealed that int22h-1 and int22h-2 are, in
fact, oriented in the same direction and are in opposite orienta-
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tion to in122h-3.%° These same data also revealed that int22h-2 and
int22h-3 are part of a palindrome, suggesting that recombination
between the arms of this palindrome may establish a non-dele-
terious inversion polymorphism, which changes the relative
positions and orientations of int22h-2 and int22h-3, thus permit-
ting inversions involving int22h-1 and int22h-2. The low frequency
of this polymorphic allele may explain the rarity of such inver-
sions.** ! Knowing that int22h-1 and int22h-2 are directly oriented,
it has been predicted that recombination between in122h-1 and
int22h-2 may also result in deletions and duplications. However,
because of a lack of evidence, it has been suggested that they
either are extremely rare or do not exist.*® ~** Herein, due to
advancements in high-resolution array CGH technology, we
present evidence of such rearrangements in three families with
int22h-1/int22h-2-mediated Xq28 duplication and in one family
with the reciprocal deletion.

The int22h-1/in122h-2-mediated Xq28 duplications are
approximately 0.5 Mb in size and are located telomeric to the
MECP2 gene region. All four boys (families 1—3) with this
duplication share characteristics that include cognitive impair-
ment, behavioural problems (hyperactivity and aggressiveness),
recurrent infections (pneumonia and ear infections) and

El-Hattab AW, Fang P, Jin W, et al. J Med Genet (2011). doi:10.1136/jmedgenet-2011-100125
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characteristic facial features including high forehead, upper
eyelid fullness, broad nasal bridge and thick lower lip (table 1,
figure 1), suggesting that these duplications result in a distinct
XLID syndrome. Furthermore, the absence of this duplication in
the cognitively normal brother of the proband in family 3 lends
additional support to this proposal. While the proband in family
3 also exhibits relative microcephaly, it is unclear whether the
duplication is responsible.

The duplications in the probands in families 1-3 were all
maternally inherited, and all three mothers were reported to
have learning difficulties. Additionally, the mother of family 1
shared some of the facial characteristics present in the four male
probands, including high forehead, broad nasal bridge and thick
lower lip (table 1, figure 1). These observations suggest that
int22h-1/int22h-2-mediated Xq28 duplications can be associated
with intellectual impairment in carrier females.

XCI assessments are typically performed using primers at the
AR locus (Xq12).*! This method can very accurately determine
whether XCI is skewed or random. However, this method has
limited utility in predicting whether the preferentially active or
inactive X chromosome harbours the Xq28 duplication since the
large distance between the AR locus and Xq28 (about 87 Mb)
suggests a high likelihood of recombination. Therefore, we have
also performed the assay at the FAIR{ locus (Xq27), which is
approximately 0.8Mb from the duplicated region with
a recombination frequency of less than 1%. Even so, the brothers
in family 1 were found to have opposite alleles when they were
tested at the FAVIR1 locus, suggesting a recombination event. We
used both assays to predict the XCI status and to determine
whether the X chromosome carrying the duplication preferen-
tially remains active or is inactivated. Ultimately, the mothers in
families 1—3 all demonstrated skewed XCI, and the results were
concordant between the two methods (table 1). The XCI results
also suggest that the normal X chromosomes are preferentially
inactivated in the mothers of families 1 and 2. Most females
with duplications involving the X chromosome demonstrate
skewed XCI whereby the abnormal X chromosome is preferen-
tially inactivated, which explains why the majority of carrier
females do not manifest clinically. However, skewed XCI in
favour of the X chromosome harbouring the duplication has
been reported in females with Xp11.22p11.28 duplications who
also exhibit a clinical phenotype attributed to the duplication.'®
Although the mechanisms for such inactivation patterns are
currently unknown, increased expression of a gene or genes in
the duplicated region may provide unknown advantages to
dividing cells."® Thus, int22h-1/int22h-2-mediated Xq28 duplica-
tion may act in a similar manner to the Xp11.22p11.23 dupli-
cations such that the X chromosome carrying the duplication
remains preferentially active. The fact that this abnormal X
chromosome remains preferentially active in the mothers of
families 1 and 2 may provide an explanation for the phenotypic
effect of such duplications on those carrier females. However,
the X chromosome carrying the duplication is found to be
preferentially inactivated in the mother of family 3 who was
also reported to have learning difficulties.

It is unclear why the X chromosomes that carry the dupli-
cation remain preferentially active in the mothers of families 1
and 2, but not in the mother of family 3. Similarly, it is also
unknown why the mother of family 3 exhibits learning diffi-
culties despite the abnormal X chromosome being preferentially
inactivated. One possible explanation is a recombination event
between the FAVIR1 locus and the Xq28 duplication region. The
transposition of the duplication region to the opposite homo-
logue would, in fact, yield results contrary to those of the XCI

El-Hattab AW, Fang P, Jin W, et al. J Med Genet (2011). doi:10.1136/jmedgenet-2011-100125

assessment performed at the FAIR1 locus. This is because the
duplication in the carrier mother would now be associated with
FMR1 308 allele, which represents the active maternal chro-
mosome. An alternative explanation involves the use of
peripheral leucocytes for the XCI assays, such that the results
exclusively reflect the XCI status of haematopoietic cells. It is
possible that a distinct pattern of XCI occurs in the nervous
system where the duplicated X chromosome may remain pref-
erentially active. Such tissue-specific variation of XCI may
provide a feasible explanation of the learning difficulties
observed in the mother of family 3.%° ** Whereas our data
are more consistent with the interpretation that the X chro-
mosome carrying the Xq28 duplication remains preferentially
active in the mothers of families 1 and 2, the observation of
learning difficulties in the mother of family 3, whose Xq28
duplication is located on the inactive X chromosome, would
argue against the significance of such genotype—phenotype
correlation. Therefore, given the current inability to confirm any
of the above theories, one cannot conclude decisively that the
mothers’ phenotypes are directly associated with an active
abnormal X chromosome. Further studies of females with these
duplications including assessment of X-inactivation status using
additional markers within, and distal to, the duplication are
needed to draw accurate conclusions as to the effect of such
a duplication on the clinical phenotype and XCI in carrier
females.

The mother and daughter in family 4 carry an int22h-1/int22h-
2-mediated Xq28 deletion, although both are reported to have
normal intelligence with no significant dysmorphic facial
features. Since XCI showed a 100% skewed pattern in both
individuals, these data suggest that the abnormal X chromo-
some is completely inactivated, such that these deletions are
likely to have no phenotypic effect in females. However, it was
noted that the mother had two spontaneous abortions. This
observation coupled with the fact that this deletion has not been
identified in males suggests that such deletions may be lethal for
males in utero. Although family 4 includes the first cases of an
int22h-1/int22h-2-mediated Xq28 deletion, one previous report
indicated the presence of this deletion in a multi-generation
family in which carrier females exhibited skewed XCI and
experienced a higher than average rate of spontaneous abortion.
The deletions were detected by FISH, and the breakpoints were
roughly mapped using Southern analysis.*® * The significant
correlation between Xq28 deletion carrier status and the number
of spontaneous abortions may support our hypothesis that this
deletion is lethal for males in utero. Traditionally, chromosomal
analysis has been recommended for females with recurrent
spontaneous abortions, but int22h-1/int22h-2-mediated Xq28
deletions are beyond the resolution of standard karyotyping. We
argue that these deletions can lead to recurrent spontaneous
abortions in carrier females and therefore suggest considering
array CGH as part of the investigation for multiple spontaneous
abortions.

It has also been suggested that females carrying in122h-1/
int22h-2-mediated Xq28 deletions should not exhibit clinical
signs of haemophilia A as a result of the preferential inactivation
of the X chromosome harbouring the F§ gene-inclusive deletion.
In addition, it was proposed that males or females with in122h-1/
int22h-2-mediated Xq28 duplications would not be at risk of
haemophilia A because they maintain a normal copy of the F§
gene.*! Due to a lack of such cases, however, these hypotheses
have not been tested until now. The patients reported here
support the abovementioned suggestions. The daughter and
mother in family 4 with the int22h-1/int22h-2-mediated Xq28
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Figure 4 Panels (A), (B) and (C) demonstrate the chromosomal microarray and fluorescence in situ hybridisation (FISH) results for the proband of
family 2. (A) Oligonucleotides are represented as green dots within the circle and indicate a gain of chromosome Xq28 material. (B) The Xq28 region,
displaying individual oligonucleotides (green dots) that are displaced upward in the duplicated region. The proximal breakpoint is located between
153,759,353—153,774,852, and the distal breakpoint is located between 154,213,569—154,281,857. (C) FISH analyses showing the two bacterial
artificial chromosome (BAC) clones, RP11-143H17 located within the duplicated region (red) and RP11-137H15 located proximal to the duplicated
region and serving as a control (green). Panels (D), (E) and (F) demonstrate the chromosomal microarray and FISH results for the proband of family 3.
(D) Oligonucleotides are represented as red dots within the circle and indicate a loss of chromosome Xq28 material. (E) The Xq28 region, displaying
individual oligonucleotides (red dots) that are displaced downward in the deleted region. The proximal breakpoint is located between
153,759,353—153,774,852, and the distal breakpoint is located between 154,213,569—154,281,857. (F) FISH analyses showing the BAC clone RP11-
143H17 (red) and the control probe targeting the centromere region of the X chromosome (green). The insert represents the reversed FISH image
showing the deleted X chromosome.

deletion did not report any bleeding tendency, and the daughter
was found to have a normal factor VIII level. In addition, the
probands in families 1 and 2 who harbour the reciprocal dupli-
cation did not present with significant bleeding tendencies or
low factor VIII levels.

Interestingly, the proband in family 3 does demonstrate
a bleeding tendency and was found to have a low factor VIII

8 of 11

level consistent with mild haemophilia A. However, as previ-
ously indicated, the duplication should not result in a lower
factor VIII level. Moreover, recurrent F§ gene inversions are
generally associated with severe haemophilia A, which conflicts
with the mild phenotype observed in this patient. It has been
proposed that int22h-1/int22h-2-mediated Xq28 duplications
may confound the molecular diagnosis of haemophilia A.*°

El-Hattab AW, Fang P, Jin W, et al. J Med Genet (2011). doi:10.1136/jmedgenet-2011-100125
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Figure 5 Schematic representation of the Xq28 region (153.7 and 154.4 Mb). The ~0.5 Mb Xq28 duplicated/deleted region with minimum size of
0.439 Mb (153,774,852—154,213,569) and maximum size of 0.523 Mb (153,759,353—154,281,857) is represented as a red rectangle for each
duplication and a green rectangle for the deletion. The F8 gene (153,717,258—153,904,192) is represented as a purple rectangle. The low-copy repeat
(LCR) regions with DNA sequence identity >99% are also represented as red rectangles, the LCR regions with a DNA sequence identity of 98%—99%
are represented as green rectangles, and the LCR regions with a DNA sequence identity of 90%—94% are represented as blue rectangles. The int22h-1
region is 9512 base pairs (bp) and spans 153,762,285—153,771,797; the int22h-2 region is 9553 bp in length and spans 154,259,350—154, 268,903,
and the int22h-3 region is 9557 bp in length and spans 154,337,507—154,347,064. The proximal palindrome arm is 50374 bp in length and spans
154,219,197—154,269,571, and the distal palindrome arm is 50567 bp in length and spans 154,336,839-154,387,406.

Indeed, this was found to be true in the proband in family 3,
whose F8 gene inversion analysis was performed using multiple
PCR assay to identify inversions responsible for haemophilia
A% Using this method, int22h-1/in122h-2-mediated Xq28 dupli-
cations result in a pattern indicative of a female inversion carrier
(figure 3D). Therefore, this patient’s results were falsely inter-
preted as positive for an F8 inversion. Considering that these
duplications should not affect F§ gene expression, as well as the
inherent limitations of F§ gene inversion analysis in the presence
of such duplications, F8 gene sequencing was performed as
a means of explaining the mildly haemophilic phenotype
observed in the proband from family 3. And in fact, F8
sequencing revealed a hemizygous missense mutation that has
been associated with mild haemophilia A. Hence, this is a clear
example of how such duplications can confound the molecular
diagnosis of haemophilia A via F§ inversion analysis. As a result,
in cases of a positive inversion analysis with weak clinical
correlation, we recommend the use of FISH or array CGH to rule
out an int22h-1/in122h-2-mediated Xq28 duplication.

In addition to the F§ gene, which encodes coagulation factor
VIII, the duplicated region contains nine other genes: H2AFB, F8A,
FUNDC2, MTCPINB, MTCP1, BRCC3, VBP1, RAB39B and CLIC2
(http://genome.ucsc.edu). H2AFB genes encode members of the
histone H2A family.*S The FSA gene codes for the HAP40 protein,
which co-purifies with the huntingtin protein, suggesting that
HAP40 is likely to contribute to the function of normal
huntingtin and is a candidate for involvement in the aberrant
nuclear localisation of mutant huntingtin found in degenerating
neurons in Huntington disease.*” The BRCC3 gene encodes
a subunit of the BRCA1-BRCA2-containing complex, which is an
E3 ubiquitin ligase. It is thought to be involved in the cellular
response to ionising radiation and progression beyond the G2/M
checkpoint. Therefore, it enhances cellular survival following
DNA damage.*® The VBP1 gene encodes the Von Hippel—Lindau

El-Hattab AW, Fang P, Jin W, et al. J Med Genet (2011). doi:10.1136/jmedgenet-2011-100125

binding protein-1. Von Hippel—Lindau syndrome is associated
with mutations in the VHL gene, which encodes the tumour-
suppressor VHL. It was found that VHL acts as a molecular
chaperone responsible for carrying Von Hippel—Lindau binding
protein-1 from perinuclear granules to the nucleus or cytoplasm.*
Expression in mice during fetal stages was primarily limited to the
central nervous system, retina and liver, whereas adult expression
was more evenly distributed™® The RAB39B gene encodes
a member of the Rab family of proteins, which are small GTPases
that are involved in vesicular trafficking.”® CLIC2 encodes the
chloride intracellular channel 2 protein, which shares 60%
sequence identity with the chloride intracellular channel 1
protein, a nuclear chloride channel.” It is expressed in fetal liver
and adult skeletal muscle and has been suggested to function as
an intrinsic stabiliser of ryanodine receptors in skeletal muscles.”®
Nevertheless, none of the aforementioned genes have been shown
to be associated with XLID, although increased dosage of one or
more of those genes may affect brain development, resulting in
cognitive impairment.

In conclusion, int22h-1/int22h-2-mediated Xq28 duplications
may represent a novel XLID syndrome resulting in cognitive
impairment, behavioural abnormalities, recurrent infections and
characteristic facial features in males. Carrier females may
exhibit a clinical phenotype with skewed XCI. Such duplications
do not affect factor VIII levels, but can result in errors in the
molecular diagnosis of haemophilia A. Alternatively, the recip-
rocal deletion in females may not have phenotypic consequences
as it appears to result in completely skewed XCI. However, these
deletions may be lethal for males in utero, resulting in recurrent
spontaneous abortions in carrier females.
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