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High-resolution G-banding of chromosome 11.and fluorescence in situ hybridization (FISH) in patxent2
and G- -banding of chromosome-11in patient3.A, Patnent?haddeletlon ofchromosome11p13- -p14.2inone
altele. B, FISH using P1-derived artificial chromosome clones (108363 for PAXG, 65P5 for DI 152165 685F3
for PER ‘and 104M13 for WT1) as probes was performed for-patient 2, as previously reported. 8 Each

FISH signal for PAX6, D1152163, PER; and WT1 was observed in only one chromosome 11 homalog,
indicating heterozygous deletion of the WAGR region of 11p. C, Patient 3 had deletion of chromosome

11p13-pi4 in ane allefe.

histology. The possibility of reflux ne-
phropathy, however, could not be ruied
out in patient 2. The perihilar variant
with glomerular hypertrophy is partic-
ularly common in the secondary FSGS
such as reduced renal mass—induced
FSGS.2 However, all 3 patients exhibited
FSGS (not otherwise specified) without
glomeru ar hypertrophy, suggesting
that surgical renal ablation (patient 1)
and reflux nephropathy (patient.2) may
not have been the main cause of FSGS in
these 2 patients. These findings suggest
that the complete deletion of one WI1
allele might have a pathogenetic role in
the development of nephropathy.
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Subtelomeric deletions of 1q43g44 and severe brain
impairment associated with delayed myelination

Keiko Shimojima!, Nobuhiko Okamoto?, Yume Suzuki®, Mari Saito®, Masato Mori’, Tatanori Yamagata®,
Mariko Y Momoi®, Hideji Hattori%, Yoshiyuki Okano*, Ken Hisata®, Akihisa Okumura® and
Toshiyuki Yamamoto!

Subtelomeric deletions of 1q44 cause mental retardation, developmental delay and brain anomalies, including abnormalities
of the corpus callosum (ACC) and microcephaly in most patients. We report the cases of six patients with 1q44 deletions; two
patients with interstitial deletions of 1q44; and four patients with terminal deletions of 1q. One of the patients showed an
unbalanced translocation between chromosome 5. All the deletion regions overlapped with previously reported critical regions
for ACC, microcephaly and seizures, indicating the recurrent nature of the core phenotypic features of 1q44 deletions. The
four patients with terminal deletions of 1q exhibited severe volume loss in the brain as compared with patients who harbored
interstitial deletions of 1q44. This indicated that telomeric regions have a role in severe volume loss of the brain. In addition,

two patients with terminal deletions of 1q43, beyond the critical region for 1q44 deletion syndrome exhibited delayed
myelination. As the deletion regions identified in these patients extended toward centromere, we conclude that the genes
responsible for delayed myelination may be located in the neighboring region of 1q43.

Journal of Human Genetics advance online publication, 21 June 2012; doi:10.1038/jhg.2012.77

Keywords: 1g44 deletion; abnormalities of the corpus callosum; AKT3; delayed myelination; microcephaly; subtelomeric

deletion; ZNF238

INTRODUCTION
Submicroscopic subtelomeric chromosomal deletions have been
found in 7.4% of children with moderate to severe mental retarda-
tion.! Some subtelomeric deletion syndromes are clinically
recognizable and identified by characteristic features, whereas some
others cannot be identified by such means. The recent development of
molecular karyotyping using chromosomal microarray testing has
revealed clear genotype—phenotype correlations and identified the
critical chromosomal regions of the characteristic features of sub-
telomeric deletions. The most striking example is the Miller-Diecker
syndrome, which has shown clear genotype—phenotype correlations.?
Miller-Diecker syndrome is caused by the subtelomeric deletion
of 17p, and is well recognized and characterized by lissencephaly
and distinctive facial features,® which result from the involvement of
the platelet-activating factor acetylhydrolase 1b regulatory subunit
1 gene (PAFAHIBI) and tyrosine 3-monooxygenase/tryptophan
5-monooxygenase-activation protein epsilon polypeptide gene
(YWHAE), respectively; both these genes are located on 17p13.°
Several studies have investigated the critical region for 1q44
subtelomeric deletion syndrome and found that the core phenotypic

features of 1g44 subtelomeric deletion syndrome are microcephaly,
abnormalities of the corpus callosum (ACC) and seizures.*~'¢ Recently,
Ballif et al!” analyzed patients with microdeletions of 1q44
and proposed certain genes that may be responsible for individual
features.

We report the cases of six newly identified patients with 1q44
deletions; two with interstitial deletion of 1q44; and four with
terminal deletion of 1q. As the patients with terminal deletion of
1q44 exhibited more severe phenotypes compared with the patients
with interstitial deletion, the phenotypic differences would be derived
from additionally deleted region of 1q43q44.

MATERIALS AND METHODS

Subjects

Six Japanese patients were diagnosed as having chromosomal deletions in
the region of 1q43q44 in our ongoing study to analyze genomic copy number
aberrations. This study was approved by the ethical committee of
our institution. After obtaining written consents, we accumulated samples
from the patients. Parental samples were also obtained to study their carrier
status.
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Methods
Genomic copy number was analyzed using the 244, 105 or 60K Human
Genome CGH Microarray (Agilent Technologies, Santa Clara, CA, USA) as
described previously.? Genomic DNAs was extracted from peripheral blood
using a standard method. Genomic copy number aberrations were visualized
using Agilent Genomic Workbench version 5.5 (Agilent Technologies).
Fluorescence in situ hybridization (FISH) was performed as previously
described, when metaphase spreads were available.” Bacterial artificial clones
were selected from the UCSC genome browser (http://www.genome.ucsc.edu).
Physical positions refer to the March 2009 human reference sequence. Bacterial
artificial clone DNAs were extracted by an automatic DNA extraction system
GENE PREP STAR PI-80X (Kurabo, Osaka, Japan).

RESULTS

Chromosomal deletions

Chromosomal microarray testing revealed aberrations in the 1q43q44
region in six patients (Figure 1). In patient 1 and 2, interstitial
deletions of 1.9 and 2.2 Mb, respectively, were identified within the
1q43q44 region. In patient 1, FISH analysis confirmed the deletion
(Figure 2a). Subsequent FISH analysis revealed no abnormalities
in the parents of both families, indicating de novo deletions in
both patients. Molecular karyotyping defined the aberrations as

arr 1q44(243809193-245665521) x 1 dn for patient 1 and arr
1q43q44(243 303 991245506 920) x 1 dn for patient 2.

In patient 3, terminal deletions of 1q43 were identified and
confirmed by FISH analyses (Figure 2b). As FISH analyses for both
parents showed no abnormalities, this deletion occurred as de novo.
Molecular karyotyping of patient 3 was indicated as arr
1q43q44(242 442 098-249250621) x 1 dn.

In patient 4, a loss of genomic copy number at 1g43q44 and an
additional gain at 5p15.33 were identified (Supplementary Figure 1).
Subsequent FISH analysis confirmed an unbalanced translocation
between 1g43 and 5p in patient 4 (Figures 2c—e), and no translocation
was found in either parents. Consequently, the patient’s unbalance
translocation was determined to be de novo in origin. Her karyo-
type was 46,XX,der(1)t(1;5)(q43;p15.33).arr  1q43q44(242 223 230~
249212 668) x 1, 5p15.33(57 640-1705515) x 3 dn. The duplicated
region of 5p was only 1.7 Mb of the terminal region.

In patient 5, terminal deletions of 1q43 were identified with a
breakpoint in the v-akt murine thymoma viral oncogene homolog 3
gene (AKT3). The molecular karyotype was arr 1q44(243 880099~
249212 668) x 1. The largest deletion was identified in patient 6 with
arr 1q43q44(238 888 870249212 668) x 1.

| patient 1

-

T 1
Hiery 438M M5 )

Figure 1 Results of chromosomal microarray testing presented by Gene View of Agilent Genomic Workbench (Agilent Technologies). Vertical axis and
horizontal axis represent log, signal ratio and genomic position, respectively. Aberrant regions are shown by blue rectangles. Dots indicate the genomic

positions and the log, ratio of each probe.
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Figure 2 Results of FISH analyses. (a) Loss of the green signal labeling RP11-7L23 (arrow) indicates deletion of 1q44 in patient 1. (b) Loss of the green
signal labeling RP11-88N11 (arrow) indicates deletion of 1g44 in patient 3. (c-e) Confirmation of the unbalanced translocation between chromosome 1
and 5 in patient 4. Loss of the green signal labeling RP11-143E8 (arrow) indicates deletion of 1g44 (c). An additional signal labeling RP11-94J21 of
5p15.33 is present on the other chromosome (d, red signal, arrow), indicating a translocation onto chromosome 1 (e, green signal, arrow).

The result of FISH analysis were summarized in Supplementary
Table 1.

CLINICAL REPORT

Patient 1

A 9-year-old boy was born by vacuum extraction. His birth weight
was 2820 g (within 25th centile), length was 45 cm (= 3rd centile) and
occipitofrontal circumference (OFC) was 32.5cm (10-25th centile).
After birth, he displayed feeding problem. His development was
mildly delayed with head control attained at 8 months, sitting without
support at 15 months, crawling at 24 months and walking alone
without support at 44 months. At the age of 11 months, he
experienced recurrent febrile seizures. At 18 months of age, he
suffered non-febrile seizures. The brain magnetic resonance imaging
(MRI) at 4 years of age revealed loss of volume in the frontal lobe,
mild abnormal gyral patterns in the frontal lobe and lateral lobe, and
ACC (Figures 3a—c). Conventional chromosomal analysis revealed a
normal male karyotype.

At present, his height is 119.5cm (<3rd centile) and weight is
23.6kg (10th centile). He exhibits microcephaly with OFC of 47.5 cm
(<3rd centile). He displays distinctive facial features including a flat
occipit, coarse face, high nasal bridge, low-set ears and prominent
jaw (Figure 4a). He has short tapering fingers and single palmer
creases.

Patient 2

A 3-year and 1-month-old girl is a second child of healthy
non-consanguineous parents with an unremarkable family history.
She was born at 36th week of gestation after an uneventful

pregnancy. She displayed prenatal growth retardation with her weight
of 2348 g (< 3rd centile), length of 44.4cm (<3rd centile) and OFC
of 3lcm (<3rd centile). At the age of 6 months, developmental
delay and microcephaly were noted. She could balance her head at
6 months, sit at 10 months, roll over at 13 months and crawl at
20 months. At the age of 11 months, she suffered febrile convulsion,
followed by 11 recurrent attacks of complex febrile seizures. The
findings of her electroencephalogram were unremarkable.

At the age of 2 years and 11 months, she had a short stature (height
79cm, <3rd centile; weight 10kg, <3rd centile) and microcephaly
(OFC 42.5cm, <3rd centile). Facial dysmorphism included epi-
canthal folds, a broad nasal root and down-turned corner of mouth
(Figure 4b). Neurological examination revealed generalized hypoto-
nia. At this time, she showed moderate psychomotor developmental
delay with motor development of 10 months and language develop-
ment of 8 months. Ultrasonography of the kidneys and liver,
echocardiography, ophthalmologic and audiologic examinations
revealed no abnormalities. Conventional chromosome analysis
revealed a normal female karyotype.

At present, the patient cannot stand without support. She can
speak only babbled words. The brain MRI revealed ACC and loss of
the volume of the frontal lobe (Figures 3d-f).

Patient 3

A 1-year and 6-month-old girl was born at the gestational age of 38
weeks by vaginal delivery. Although her pregnancy was unremarkable,
she showed prenatal growth retardation with her birth weight of
2040 g (< 3rd centile) and OFC of 30 cm (< 3rd centile). Her APGAR
score was 9/9. One hour after birth, she suffered a convulsion

w
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Figure 3 The brain MRI findings of patient 1 examined at 4 years (a-c), patient 2 examined at 3 years (d-f), patient 3 examined at 12 months (g-i), patient 4
examined at 15 months (j-1), patient 5 examined at 5 months (m-o0) and patient 6 examined at 3 years (p-t). T1-weighted sagittal views (a, d, g, j, m, p), T1-
weighted axial views (b, e, h, k, n, q) and T2-weighted axial views (c, f, i, |, o, r). ACC are noted in all patients. Patient 5 (m), in particular, exhibits complete
agenesis of the corpus callosum. Reduced volume of the frontal lobe is seen in all patients. Prominently delayed myelination is noted in patient 3 and 4 (i and I).
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triggered by hypoglycemia. Ultrasonography showed enlarged bilateral
cerebral ventricles and intraventricular hemorrhage. Echocardiogra-
phy showed no abnormalities. Ophthalmologic examination displayed
exotropia and atrophy of the right retina and optic papilla. Auditory
brain-stem response (ABR) showed normal results. Owing to her
feeding difficulty, she required tube feeding. At the age of 5 months,
she experienced a status convulsive epilepticus, and recurrent spike
and waves were noted on EEG at that time. She was treated with
several antiepileptic drugs. The brain MRI examined at 1 year of age
showed ACC and reduced volume of the brain (Figures 3g—i). Low

Figure 4 Facial features of patient 1 (a) and patient 2 (b). Arched eyebrows
and small mouth are noted in both patients.

Subtelomeric deletion of 1q43q44
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intensity of the white matter was only noted on the posterior limb of
internal capsule, indicating delayed myelination (Figure 3i).

At 1 year and 6 months, the patient could not control her head by
herself. She did not demonstrate eye contact, and her feeding
difficulties persisted. Distinct facial features included sparse hair,
microcephaly, a flat occipit, a coarse face, a high nasal bridge, low-set
ears, micrognathia, inversion of eyelids, esotropia and atopic skin.
Immediately after this examination, acute respiratory infectious

disease caused hypoxic brain damages, which was confirmed by brain

computed tomography that revealed the presence of multi-cystic
lesions (data not shown). After this event, she shows spastic
quadriplegia.

Patient 4

A 3-year and 3-month-old girl was born by induced delivery at 37th
week as a first child of healthy, non-consanguineous parents. She
showed prenatal growth retardation with her birth weight of 2386 g
(<3rd centile), length of 44cm (<3rd centile) and OFC 31cm
(<3rd centile). Atrial septal defect was revealed by ultrasonography.
She displayed psychomotor developmental delay with holding up her
head at 5 months, sitting by herself at 14 months and crawling at 20
months. From the age of 14 months, she was prescribed with
antiepileptic drugs because of status convulsive that continued for
~ 1h. The brain MRI examined at an age of 15 months revealed ACC
and hypoplastic brain (Figures 3j-1). Low intensity of the white matter
was only noted in the posterior limb of the internal capsule,
indicating delayed myelination (Figure 31). Conventional karyotyping
on metaphase spreads prepared from peripheral lymphocytes showed
a normal female karyotype.

Patient 1
Patient 2

Patient 3
Patient 4
Patient 5
Patient 6

" chromosome Bands Localized by FISH Mapning
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Figure 5 Deletions regions of the present patients depicted on a genome map from UCSC Genome Browser. Blue rectangles indicate the deletion region of
the interstitial deletions identified on patients 1 and 2. Blue trapezoids indicate the terminal deletions identified on patients 3-6. Directions of the pointed
trapezoids indicate continuous deletions to the telomeres. The region responsible for microcephaly, ACC and seizure that were proposed by Ballif et al.l” are

shown by gray rectangles.
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Table 1 Summary of the clinical features of six patients in this study

Frequency
reported
by van Bon
Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 et al.13
Karyotype del (1) del (1) del (1) (q43) del (1) (q43) del (1) (q44) del (1) (g43)
(q44q44) (q43q44)
Type of aberrations Interstitial Interstitial Subtelomeric Unbalanced Subtelomeric Subtelomeric
deletion deletion deletion translocation deletion deletion
Deletion region
Start? 243809193 243303991 242442098 242223230 243880099 238888870
End? 245665521 245506920 249250621 249212668 249212668 249212668
Size (Mb) 1.9 2.2 6.8 7.0 5.3 10.3
Gender M F F F F F
Age 9 years 3 years and 1 year and 3 years and 6 years 10 years
1 month 6 months 3 months
Birth weight (g) 2820 2348 2040 2386 1870 NA
Controversial points for 1q43 deletions
Microcephaly + + + + + + 9/11
Abnormalities of the corpus callosum - + + + + + 9/10
Seizures + + + + + + 9/11
Delayed myelination - - + + NA NA
Severe volume loss of the brain - - + + + +
General findings
Developmental delay/mental retardation + + + + + + 11711
Growth retardation + + NA + + + 7/11
Low birth weight - + + + + NA 5/11
Hypotonia NA + + NA + + 11/11
Feeding problem + - + - + NA
Facial findings
Round face - + + + NA NA 7/11
Arched eyebrows + + + + NA NA
High nasal bridge + = + - NA NA
Upward-slanting palpebral fissures + + + + NA NA 3/11
Epicanthic folds + + + + NA NA 4/11
Strabismus + - + - NA NA 2/11
Micro/retrognathia - - + + NA NA 0/11
Prominent jaw + - - - NA NA
Low-set ears + -+ + + NA NA
Down-turned corner of mouth + + + + NA NA
Other features
Sparse hair — - + - NA NA
Flat occipit + - + - NA NA
Tapering fingers + — - - NA NA
Single palmer creases + - - - NA NA
Complications of other organs
Cardiac anomaly - - - ASD - AR 3/11
Kidney/urine pathway anomaly — — - - Hydronephrosis — 2/11

Abbreviations: AR, aortic regurgitation; ASD, atrial septal defect; F, female; M, male; NA, not available.

2Genomic positions refer to build 19.

At present, the patient exhibits severe developmental delay as she
cannot stand without support and her language usage is limited to

the Bayley Scales of Infant Development (II) indicate 6 and 8 months,
respectively. She demonstrates growth deficiency and microcephaly

babbled words. Her mental and psychomotor developmental index of =~ with her weight of 12.8kg (25-50th centile), height of 87.7cm

Journal of Human Genetics

__85_.



(10th centile) and OFC of 44 cm ( < 3rd centile). Dysmorphic features
include hypertelorism, low-set ears and micrognathia.

Patient 5

A 6-year-old girl was born at 38 weeks of gestation, with birth
weight of 1870 g (< 3rd centile), length of 42 cm (<3rd centile) and
OFC of 28 cm (< 3rd centile), indicating intrauterine growth restric-
tion. Since early infancy, she exhibited severe hypotonia, and her
psychomotor development was severely delayed. She experienced
refractory seizures after 1 year of age. Although hydronephrosis
was noted by abdominal ultrasonography, there was no abnormal
renal function. The brain MRI examined at an age of 4 months
revealed a hypoplastic brain associated with complete agenesis of the
corpus callosum (Figures 3m-o). As a result of recurrent aspiration
pneumonia, laryngotracheal separation surgery was performed. At
present, her height is 99 cm (<3rd centile), weight is 15.3kg (<3rd
centile) and OFC of 42 cm (< 3rd centile), indicating severe growth
deficiency and microcephaly. She can stand by support, but no
meaningful words.

Patient 6

A 10-year-old girl was born at 40 weeks and 3 days of gestation. At
the age of 3 years, she was referred to our institution because of
intractable epilepsy. At that time, neurological examination revealed
generalized hypotonia. EEG showed frequent spikes on the left
hemisphere. The brain MRI indicated a hypoplastic brain associated
with ACC and delayed myelination (Figures 3p—r). Echocardiography
revealed mild aortic regurgitation. At present, her height is 115cm
(<3rd centile), weight is 16.3kg (<3rd centile) and OFC of 48 cm
(<3rd centile), indicating growth delay and microcephaly. She shows
severe psychomotor developmental delay with sitting by support and
no meaningful word.

DISCUSSION

The characteristics of 1q44 deletions have been recognized as growth
deficiency, psychomotor developmental delay, epilepsy, microcephaly,
brain malformations including ACC, and distinct facial fea-
tures. 6751118 After chromosomal microarray testing has been
available for the identification of submicroscopic chromosomal
aberrations, many patients with submicroscopic deletions of 1q44
have been identified.$!1%1%1415 Now, precise genotype—phenotype
correlation has been evaluated through the accumulation of patients
with variable deletion sizes, and a minimal essential region has been
proposed for expressing the main characteristics of 1q44 deletion
syndrome.”314-16 Ballif et al!” evaluated 22 patients with small
interstitial deletions of 1q44 and demonstrated critical regions for
microcephaly, ACC and seizures. Consequently, AKT3 was reported to
be the gene responsible for microcephaly; zinc finger protein 238 gene
(ZNE238) for ACC; and heterogeneous nuclear ribonucleoprotein U
gene (HNRNPU) for seizures!” (Figure 5).

In this study, we identified six patients with the deletions including
1q44. Clinical and genetic findings were summarized in Table 1
and Figure 5, respectively. The presenting patient 1 and 2 showed
typical interstitial deletions of 1q44, in which AKT3 and ZNF238
are included, and manifested the typical features of mental retarda-
tion, microcephaly, ACC and seizures. This evidence supports the
findings reported by Ballif ef al. that the essential features of 1q44
deletion syndrome are derived from deletions of the minimal region
including AKT3 and ZNF238.7 In comparison with these two
patients, the other four patients displayed terminal deletion of 1q44
that include the minimal region including AKT3 and ZNF238.

Subtelomeric deletion of 1q43q44
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Although the chromosomal breakpoint of patient 5 was just on
AKT3, phenotypic feature of this patient are extremely severe as
compared with those of patient 1 and 2 who had interstitial deletion
of 1q44. Although Roos et al.!® reported that 1.6 Mb terminal region
does not have clinical relevance, because it appears to primarily
contain many of the olfactory receptors genes, many genes of
unknown functions are included in this 2.6Mb region
(chr1:245000 000—247 600000). Thus, this additionally deleted
region in patient 5 may also have been responsible for his severe
neurological manifestations.

Patient 4 had an additional chromosomal aberration, with a partial
trisomy of 5p derived from an unbalanced translocation. However,
the phenotypic severity of patient 4 was not significantly different
from that of the other patients with 1q43 deletions. Thus, the partial
trisomy of 5p identified in patient 4 did not demonstrate an
important contribution to the patient’s manifestations. Patient 3
showed extremely severe developmental delay, which may have been
modified by the hypoglycemia and subsequent intraventricular
hemorrhage suffered during the early infantile period.

The deletion regions of the remaining three patients (patient 3, 4
and 6) expanded toward the centromere beyond the critical region
for 1q44 deletion syndrome, and several more genes are included
in the deletion region in these three patients. Severe volume loss
of the brain was revealed in the brain MRI of these three patients,
similar to patient 5, and delayed myelination was also seen on the
brain MRI of patient 3 and 4 (Figures 3i, 1). Although patient 5
exhibited high T2 signal intensities in the white matter, this image
was obtained when he was 4 months of age, and we cannot ascertain
if this finding indicated delayed myelination. Similarly, because the
brain MRI of patient 1, 2 and 6 were obtained after 3 years of age,
we cannot determine whether these three patients experienced
delayed myelinations in their early infancy. However, delayed myeli-
nation, as a finding associated with 1q44 deletion, has not yet been
reported in the literature.l” It may therefore be that the characteristic
findings of the patients with expanded deletion beyond the 1q43
region may have clinical implications for delayed myelination.
Although many UCSC genes are present in these additional regions,
some of these genes may have clinical relevance for delayed
myelination observed in patient 3 and 4. The centrosomal protein
170kDa gene (CEPI70) is a potential candidate because of its high
expression level in the fetal brain.

In this genotype-phenotype correlation study for patients with
1q44 deletions, we revealed that telemetric region beyond the
physical position of chrl:245000 000 may be responsible for severe
volume loss of the brain, and the proximal region beyond AKT3 may
be responsible for delayed myelination. The neighboring genes
surrounding 1q43q44 may have some modifier effects to the severe
brain impairments associated with delayed myelination. To identify
them, much more information regarding genotype-phenotype
correlations will need to be accumulated for patients with terminal
deletion of 1q.
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