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Two unrelated patients with MRE11A mutations and Nijmegen breakage
syndrome-like severe microcephaly
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MRE11 and NBS1 function together as components of a MRE11/RAD50/NBS1 protein complex, how-
ever deficiency of either protein does not result in the same clinical features. Mutations in the NBN
gene underlie Nijmegen breakage syndrome (NBS), a chromosomal instability syndrome characterized
by microcephaly, bird-like faces, growth and mental retardation, and cellular radiosensitivity. Addition-
ally, mutations in the MRE11A gene are known to lead to an ataxia~telangiectasia-like disorder (ATLD), a
late-onset, slowly progressive variant of ataxia-telangiectasia without microcephaly. Here we describe
two unrelated patients with NBS-like severe microcephaly (head circumference ~10.2 SD and —12.8
SD) and mutations in the MRE11A gene. Both patients were compound heterozygotes for a truncating
or missense mutation and carried a translationally silent mutation. The truncating and missense muta-
tions were assumed to be functionally debilitating. The translationally silent mutation common to both
patients had an effect on splicing efficiency resulting in reduced but normal MRE11 protein. Their levels
of radiation-induced activation of ATM were higher than those in ATLD cells.

: © 2010 Elsevier B.V. All rights reserved.

1. Introduction

The development of the central nervous system is highly sen-

tions to ataxia-telangiectasia-like disorder (ATLD [MIM# 604391])
[5,6]. A-T is an autosomal recessive disorder characterized by
growth deficiency, progressive cerebellar ataxia, dysarthria, telang-

sitive to DNA damaging agents and therefore several autosomal
recessive disorders with defective DNA damage repair exhibit
neurological abnormalities such as microcephaly and neurodegen-
eration [1,2].

The MRE11/RAD50/NBS1 (MRN) protein complex and the
ataxia-telangiectasia mutated (ATM) protein, together play a cen-
tral role in DNA double strand break repair [3]. Mutations in the
ATM (MIM# 607585) and MRE11A (MIM# 600814) genes each give
rise to a progressive cerebellar ataxia syndrome: ATM mutations to
ataxia-telangiectasia (A-T [MIM# 2089001) [4], and MREI 1A muta-
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iectasia, frequent respiratory infections, and immunodeficiency.
ATLD is also characterized by cerebellar ataxia, but its onset is later
in life and its progression is slower than in A-T. In addition, there
is no telangiectasia and immunoglobulin levels are normal.
Mutations in two different genes involved in the
MRE11/RAD50/NBS1 complex are known to lead to a heredi-
tary disorder with severe microcephaly: the NBN gene (MIM#
602667) to Nijmegen breakage syndrome (NBS [MIM# 251260])
[7-9], and the RAD50 gene (MIM# 604040) to Nijmegen breakage
syndrome-like disorder (NBSLD [MIM# 613078]) [10]. NBS is
an autosomal recessive disorder characterized by microcephaly,
growth and mental retardation, immunodeficiency, radiosen-
sitivity, and cancer predisposition; NBSLD is a disorder with
microcephaly, mental retardation, bird-like face, and short stature,
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Fig. 1. Sagittal brain magnetic resonance imaging. (Left) Normal individual. (Right) Patient 1 at age 18 months with generalized cerebral hypodysplasia.

but without severe infections, immunodeficiency, or cancer
predisposition.

We here describe two unrelated patients with Nijmegen
breakage syndrome-like severe microcephaly and compound het-
erozygous mutations in the MRE11A gene.

2. Materials and methods
2.1. Clinical report

A 35-year-old woman was referred to us at 18 weeks of preg-
nancy forevaluation of intrauterine growth retardation. Ultrasound
scan showed a fetus with a small femora and a disproportionately
small head. Caesarian section was performed at 32 weeks of preg-
nancy, and a boy (Patient 1), was delivered. His birth weight was
966 g (—4.8 SD), length 35cm (-6.7 SD), and head circumference
22 c¢cm (—8.1 SD). He had severe microcephaly, a bird-headed facial
appearance with receding forehead, and a prominent nose. Ante-
rior fontanel was not palpable. His parents and two elder brothers
were all healthy and phenotypically normal. There was no family
history of consanguinity. Brain magnetic resonance imaging at age
18 months demonstrated hypoplasia of the cerebrum, smooth gyri,
and enlarged lateral ventricles (Fig. 1). He had patent ductus arte-
riosus, which was surgically corrected at age 5 months. Bilateral
cryptochidism was operated on at age 3 years. He stood holding
onto a chair at age 30 months, sat alone with a stoop at age 3 years,
and walked at age 3 years. At age 3.5 years, he weighed 7.4 kg (—4.1
SD), measured 78.5 cm (—4.8 SD), and had a head circumference of
34 cm (—10.2 SD). G-banded chromosomes were 46, XY. He had no
severe or recurrent infections and his immunoglobulin levels were
normal. Now aged 8 years, he is toilet trained, speaks several mean-
ingful words, but does not speak a two-word-sentence, He attends
a primary school, and is affable and friendly. He is farsighted with
astigmatism. He is able to run with a slow pitch and kick a soccer
ball. He shows neither ocular apraxia nor cerebellar ataxia.

Patient 2, a boy, was born at 37 weeks of gestation to a 29-year-
old mother and a 28-year-old father, both healthy and unrelated.
The pregnancy was unremarkable. An older brother was healthy
without malformations. Birth weight was 1560 g (—4.1 SD), length
39cm (~5.9 SD), and head circumference 25cm (6.1 SD). At age
30 months, he sat alone but could not stand or walk. At age 5 years,
he shuffled while sitting, but was unable to stand. At age 13 years,
he weighed 9.2 kg (—4.2 SD), measured 97 cm (-7.0 SD), and had
a head circumference of 35cm (~12.8 SD). He had severe micro-
cephaly, a bird-like face with sloping forehead, a big nose, large

and simple ears, short palpebral fissures, a small mouth, and a small
and receding chin. His shoulders, elbows, hips, and knees exhibited
adecreased range of motion. Also noted were scoliosis, subluxation
of the left elbow joint, bilateral cryptorchidism, and bilateral talipes
equinus. His tendon reflexes were slightly exaggerated. G-banded
chromosomes were 46, XY. His immunoglobulin levels were nor-
mal. Now aged 33, he lives in an institution for handicapped
individuals. He does not speak meaningful words, but recognizes
people, communicates by gesture, and shows fondness by touching.
He is bedridden, is unable to roll over, and is handfed. He did not
develop secondary sexual characteristics. He does not show ocular
apraxia and had neither malignancy nor severe infections.

2.2. Immortalized skin fibroblast cells

Informed consent was obtained from Patients 1 and 2 and their
families prior to this study. Primary skin fibroblast cells cultured
from the two patients were immortalized by transfection with an
5V40 virus and phTERT retrovirus vector [11]. We used as refer-
ences immortalized fibroblast cell lines (designated as SVT) from
various related disorders: NBS (GM7166VA7) [12], A~T (AT5BIVA)
[13],and ATLD (D6807-SVT)[6,14]. A fibroblast cell line from a nor-
mal individual (SM-SVT) served as a control. A mouse hybrid cell
line A9(neo11)-1 containing human chromosome 11 was provided
by Dr. M. Oshimura, and microcell-mediated chromosome transfer
was performed as previously described [12]. Fibroblast cell lines
were maintained in D-MEM supplemented with 10% fetal bovine
serum (Hyclone, Logan, UT, USA).

2.3. EBvirus-transformed lymphoblastoid cell lines (LCLs)

LCLs were established from peripheral blood lymphocytes of the
two patients and their family members. We used LCLs from NBS
(94P247)[9],ATLD (200704L), and A-T as references, and a LCLfrom
anormal individual (96-007M) as a control. A NBS cell line (94P247)
was provided by Dr. K. Sperling. An ATLD cell line (200704L) was
established from a blood sample from a boy with ATLD [15], sup-
plied by Drs. S. Nonoyama and K. Imai. LCLs were cultured in RPMI
1640 with 20% fetal bovine serum.

2.4. Mutational analysis
PCR primers for MRET1A gene (GenBank NM._005591.3) were

synthesized to amplify all coding exons and intron-exon bound-
aries [16]. PCR products were directly sequenced using an ABI
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PRISM 3130 Genetic Analyzer (Applied Biosystems, Foster City,
CA). RT-PCR primers were synthesized to amplify the MRET1A
cDNA spanning exons 1-8 (5-CGAAAAGAAGACAGCCTTGG-3 and
5'-TCCAAAAATTGTTCTGGAATGA-3') (GenBank NM_005590.3). RT-
PCR products were visualized following electrophoresis on a 2%
NuSieve agarose gel. PCR primers for RAD50 (GenBank Z75311.1)
and NBN cDNAs (GenBank AF058696.2) were synthesized to
amplify the open reading frame with several overlapping segments.

Transcript levels of the MRE11A-c.338A and MRE11A-c.338G
alleles in LCLs from a normal individual, Patient 2 and the par-
ents were determined by the cycleave quantitative real time PCR
assay (Cycleave-qPCR, TaKaRa Co. Ltd.) carried out in triplicate.
Transcripts from the HPRTT allele were used as a quantification con-
trol. RNaseH sensitive fluorescent probes that specifically recognize
the MRET1A-c.338A and MRE11A-c.338G alleles were used for the
assay. The gPCR results were analyzed by the A ACT method. gPCR
primers and probes used for the assay are listed below.

MRE11A-F: 5'-ACGTTTGTAACACTCGATGAA-3";

MRE11A-R: 5'-CTGGAATTGAAATGTTGAGG-3';

MRE11Ac.338A:  (Eclipse)  5'-dAdAdG(A)dTdGAGACAAdA-3’
(FAM);

MRE11Ac.338G: (Eclipse) 5'-dAdAdG(G)dTdGAGACAA-3' (ROX);
HPRT1-F: 5-CAGGCAGTATAATCCAAAGATG-3';

HPRT1-R: 5-ACTGGCGATGTCAATAGGA-3';

HPRT1-probe: (Eclipse) 5'-dCdAdGACAA(A)GACAT-3' (FAM).

2.5. Western blot analysis

Western blotting was performed as described previously [17].
Primary antibodies used were: mouse anti-MRE11 monoclonal
antibody (MRE11-12D7, 1:1000, GeneTex, Irvine, CA); mouse anti-
RADS50 monoclonal antibody (13B3/2C6, 1:1000, GeneTex, Irvine,
CA); rabbit anti-NBS1 polyclonal antibody (NB100-142, 1:500,
Novus Biologicals, Littleton, CO); mouse anti-GAPDH monoclonal
antibody (6C5, 1:1000, Santa Cruz Biotechnology, Santa Cruz,
CA); and mouse anti-fB-tubulin monoclonal antibody (1:2000,
Sigma-Aldrich, St. Louis, MO). i

2.6. Radiation-sensitivity analysis

Clonogenic analysis was performed on fibroblast cell lines to
learn of their radiosensitivity as previously described [12]. Chro-
mosome breakage analysis of LCLs was carried out as follows. Cells
were irradiated with 2 Gy X-ray and harvested 24 h after irradiation.
Giemsa-stained chromosome slides were prepared, and chromatid
or chromosome breaks and quadriradials were counted.

2.7. ATM autophosphorylation after y-irradiation

Immortalized fibroblast cells or LCLs were irradiated with 0.5 Gy
of y ray. At 15min and 30min after irradiation, the cells were
analyzed with Western blotting using rabbit anti-ATM-p1981 mon-
oclonal antibody (1:1000, Epitomics Inc., Burlingame, CA) and
mouse anti-ATM monoclonal antibody (2C1, 1:1000, GeneTex,
Irvine, CA). Band intensities were estimated using a densitometer
and are presented as means = standard deviation. The statistical
differences were analyzed with Student's t-test. Statistical signifi-
cance was assumed for p <0.05.

2.8. DNA damage response assay

ATM-dependent G2/M checkpoint arrest was performed accord-
ing to the methods described previously [18].

2.9. p53 phosphorylation after y-irradiation

Lymphoblastoid cells were irradiated with 0.5Gy of vy ray. At
15 min and 30 min after irradiation, the cells were analyzed with
Western blotting using rabbit anti-phosphorylated p53 (Ser15)
polyclonal antibody(1:1000, Cell Signaling Technology, Beverly,
MA) and mouse anti-p53 monoclonal antibody (1:1000, Oncogene
Research Products, CA).

2.10. Caspase 3 activation after y-irradiation

Immortalized fibroblast cells were irradiated with 0 or 10 Gy of
yray. At 72 h afterirradiation the cells were analyzed with Western
blotting using rabbit anti-cleaved caspase 3 monoclonal antibody
(#9664, 1:1000, Cell Signaling Technology, Beverly, MA).

3. Results
3.1. Identification of MRE11A mutations

Several studies have demonstrated that microcephaly, as was
present in the two patients we described, is a common feature
in a variety of DNA damage repair defective disorders [2]. There-
fore, we examined DNA damage repair proteins including ATM,
ATR, MRE11, RAD50, and NBS1 in the two patients. Western blot
analysis showed normal levels of ATM and ATR (data not shown)
and reduced levels of MRE11, RAD50, and NBS1 in both patients
(Fig. 2a). We, therefore, sequenced all the MRET1A, RAD50, and
NBN coding sequences in both patients and found only the MRET1A
mutations ¢.658A>C and c.659+1G>A in Patient 1, and ¢.658A>C and
¢.338A>G in Patient 2 (Fig. 2b). In Patient 1, c.658A>C was derived
from the father, and ¢.659+1G>A from the mother. Two broth-
ers were a heterozygote for ¢.659+1G>A. RT-PCR and sequencing
analysis demonstrated that c.659+1G>A resulted in exon 7 skip-
ping leading to a premature termination codon (p.Ser183VvalfsX31)
(Fig. 2c). The ¢.658A>C substitution located within exon 7 did not
alter amino acids but affected splicing efficiency that resulted in
exon 7 skipping (Fig. 2c). RT-PCR analysis of exons 1-8 of MRET1A
cDNA from Patient 1 detected a reduced but considerable amount of
correctly spliced transcripts in addition to the exon-skipped tran-
script (Fig. 2c). Western blot analysis of fibroblasts from Patient
1 detected a reduced amount of normai-sized MRE11 protein
(Fig. 2a). No smaller-sized protein corresponding to the predicted
truncated form was detected in both lymphocytes and fibroblasts.
The ¢.658A>C substitution was not found in 100 normal Japanese
individuals. These results indicated that the ¢.658A>C mutation
leads to exon 7 skipping but that some of the RNA is correctly
spliced.

Patient 2 was another compound heterozygote with ¢.658A>C,
the same single-base substitution as the one found in Patient 1, and
€.338A>G, a single-base substitution in exon 5. The ¢.658A>C substi-
tution was inherited from the mother while ¢.338A>G was derived
from the father. A DNA sample from the older brother was not avail-
able. Cloning and sequencing of the RT-PCR products of Patient 2
revealed two kinds of mRNA from the ¢.338G allele; normal sized
transcripts carrying the ¢.338A>G substitution and intermediately
sized transcripts resulting from exon 5 skipping (Fig. 2¢). The nor-
mal sized products lead to an amino acid substitution of Asp to Gly
at the 113th residue (p.Asp113Gly). The 113th residue is located
within the highly conserved phosphoesterase domain, which is
essential for endonuclease activity [18]. On the other hand, the
intermediately sized transcripts resulting from exon 5 skipping
lead to a premature termination codon (p.Phe106GInfsX10). We
then examined the levels of the transcripts from the ¢.338A and
€.338G alleles by quantitative RT-PCR analysis. The correctly spliced
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Fig. 2. MRE11 deficiencies associated with MRE17A mutations. (a) Western blot analyses of MRE11, RAD50, and NBS1 in lymphoblastoid cell lines (LCLs) from Patients 1
and 2 and their family members. Nijmegen breakage syndrome (NBS) cells were used as an NBS1-deficient reference, and anti-GAPDH antibody for equal loading. Levels of
MRE11, RAD50, and NBS1 were reduced in both patients. Right panel shows a reduced MRE11 protein band of normal size in fibroblasts from Patient 1. (b) MRE11 protein
structure and MRET1A mutations in Patients 1 and 2 as determined by genomic DNA sequencing. Patient 1 was a compound heterozygote with ¢.658A>C, a single-base
substitution in exon 7, and ¢.659+1G>A, a substitution at an exon-intron junction of the splice donor-site. Patient 2 was a compound heterozygote with c.658A>C, the same
single-base substitution in exon 7, and ¢.338A>G, a single-base substitution in exon 5. (c) RT-PCR analyses of exons 1-8 of MRE11A ¢cDNAs from Patients 1 and 2 and their
family members. RT-PCR of Patient 1 yielded two bands of 866 bp and 751 bp. The 866 bp band corresponds to the correctly spliced transcripts, and the 751 bp band to exon
7-skipped transcripts. The arrow on the left margin indicates the transcripts from the ¢.658A>C mutant allele. Analyses in the parents yielded two bands of 866 bp and 751 bp.
RT-PCR of Patient 2 showed three bands of 866 bp, 778 bp, and 751 bp. The 866 bp band corresponds to the correctly spliced transcripts from the c.658A>C allele and the
€.338A>G allele. The 778 bp band corresponds to exon 5-skipped transcripts, and the 751 bp band to the exon 7-skipped transcripts. (d) Quantitative RT-PCR analysis of the
transcript levels from the ¢.338A and the ¢.338G alleles of Patient 2 and their family members. Transcripts from the HPRTT allele were used as a quantification control. The
correctly spliced transcripts from the ¢.338G allele of Patient 2 showed 25% of the normal level. By contrast, the transcript levels from the ¢.338G allele of the father were
not affected.
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Fig. 3. Clonogenic survival curves for X-ray-irradiated fibroblasts. (a) Radiosensitivity was measured by counting colonies surviving radiation doses of 0-6 Gy. Colony survival
was expressed as a logarithm. ATLD, ataxia~telangiectasia-like disorder; A-T, ataxia-telangiectasia. A-T cells were highly sensitive to radiation. Cells from Patients 1 and
2, and ATLD all showed intermediate levels of sensitivity. Microcell-mediated transfer of a human chromosome 11 (including the MRET1A locus) into the cells from Patient
2 restored radiation sensitivity. (b) Formation of MRE11 and NBS1 radiation-induced nuclear foci. Cells were analyzed by immuno-staining at 24 h after 6 Gy irradiation.
Normat cells served as a control, and NBS cells served as an NBN-deficient reference. MRE11 and NBS1 formed nuclear foci after irradiation in normal cells. In contrast, cells

from Patients 1 and 2 showed only very faint signals.

transcripts from the ¢.338G allele of Patient 2 showed 25% of the
normal level (Fig. 2d). By contrast, the transcript levels from the
€.338G allele of the father were not affected. The ¢.338A>G substi-
tution was not detected in 100 normal Japanese individuals.

3.2. Cells from Patients 1 and 2 exhibit radiation-hypersensitivity

A clonogenic radiation sensitivity assay was performed on fibro-
blast cells from Patients 1 and 2 on ATLD and A-T cells as references,
and on normal cells as a control. The cells from Patients 1 and 2,
and ATLD were hypersensitive to X-ray irradiation, as measured by
the share of surviving fractions after irradiation (Fig. 3a). A-T cells

showed more marked radiation-hypersensitivity than in Patients
1 and 2, and ATLD. We introduced chromosome 11 (containing
the MRET1A locus) into the cells from Patient 2 through microcell-
mediated transfer [12]. Two microcell-hybrid clones obtained and
both showed restoration of radiation-sensitivity (Fig. 3a).

Next, we studied MRE11 and NBS1 radiation-induced nuclear
foci formation 24 h after exposure to 6 Gy. MRE11 and NBS1 formed
nuclear foci after irradiation in normal cells. In contrast, cells from
Patients 1 and 2 showed only very faint signals of NBS1 and MRE11.
It is noteworthy that a few NBS1 foci were present in Patient 1.
These findings are likely to be compatible with the level of the
protein in the cells (Fig. 3b).
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Table 1
Chromosomal aberrations in lymphocytes after 2 Gy irradiation.
Cells No. of cells analyzed Chromosome aberrations Total no. of aberrations Chromosome
Chromatid break Chromosome break Quadriradial chromosome aberrations per cell
Normal 100 10 17 3 20 0.20
ATLD 100 12 46 64 122 1.22
Patient 1 105 20 64 47 178 1.70
Patient 2 100 66 65 67 198 1.98
A-T 100 62 102 34 198 198

Table 1 lists chromosomal aberrations induced by ionizing radi-
ation in LCLs from Patients 1 and 2, ATLD and A-T. Chromosome
aberrations scored included chromatid and chromosome breaks
and quadriradials. Cells from Patients 1 and 2 both showed an
increase of aberrations comparable to those in ATLD and A-T cells.

3.3. Cells from Patients 1 and 2 have levels of ATM activation
higher than those in ATLD cells

We analyzed cells from Patients 1 and 2, A-T, and ATLD for
radiation-induced ATM activation. ATM is phosphorylated at ser-
ine residue 1981 in response to irradiation [20]. We therefore gave
0.5 Gy of y ray radiation to LCLs from Patients 1 and 2, A-T, and
ATLD, and analyzed with Western blotting the intensity of their
phosphorylated ATM bands. The LCLs from Patients 1 and 2 showed
an increased intensity of the phosphorylated ATM band after irra-
diation, while very little ATM phosphorylation was observed at 0
and 15 min after irradiation in ATLD cells (200704L), and a phos-
phorylated band appeared only after 30 min (Fig. 4a). The fibroblast
cells of Patients 1 and 2, and ATLD (D6807SVT) showed responses
similar to the LCLs (Fig. 4b).

3.4. Cells from Patients 1 and 2 have G2/M checkpoint defects,
and levels of p53 and caspase 3 activation higher than those in
ATLD cells i

Mitotic index was examined in the cells irradiated with 2 Gy of
vy ray in order to monitor the ATM-dependent G2/M checkpoint.
Fibroblasts from Patients 1 and 2, and ATLD (D6807SVT) 30 min
after irradiation all showed a slight decrease in mitotic index, inter-
mediate between control and A-T cells. At 2 h after irradiation, cells
from Patients 1 and 2 showed a decrease of mitotic index to the level
of normal cells, while ATLD cells showed a response intermediate
between the control and A-T cells (Fig. 5a).

We studied phosphorylation of p53, an ATM substrate, in the
LCLs from Patients 1 and 2, A-T, and ATLD. The LCLs from Patients 1
and 2 showed an increase of p53 phosphorylation at serine residue
15 after irradiation, whereas ATLD cells showed a noticeably small
increase of p53 phosphorylation (Fig. 5b). We also studied caspase
3 activation in the cells from Patients 1 and 2, A-T, and ATLD as an
endpoint of ATM-dependent apoptosis by Western blotting. Cas-
pase 3 cleavage was apparent after irradiation in normal cells and
Patients 1 and 2 cells, but not in A-T and ATLD cells (Fig. 5¢).

4. Discussion

We have described two unrelated patients with severe micro-
cephaly resembling Nijmegen breakage syndrome (NBS). NBS is
a hereditary disorder caused by biallelic mutations of the NBN
gene [7-9]. It is characterized by severe microcephaly, a bird-like
facial appearance, growth and mental retardation, chromosomal
instability, and cellular radiosensitivity [21]. The two patients we
described both had all these features, but they showed neither
immunodeficiency nor cancer predisposition, as is typical of NBS.
We sequenced the NBN, MRE11A, and RAD50 coding sequences in

both patients, and found only the MRE11A mutations. Patient 1 had
c.658A>C substitution plus a splicing mutation in the MRET1A gene,
and Patient 2 had ¢.658A>C substitution and ¢.338A>G substitution.
The c.658A>C substitution common to both patients resulted in a
reduced level of normally functioning MRE11 protein. On the other
hand, the ¢.338A>G substitution in Patient 2 resulted in a reduced
level of MRE11 protein with a single amino acid substitution in
the highly conserved domain. Therefore, the splicing mutation in

d
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Fig. 4. Radiation-induced ATM activation. (a) Western blot analysis of phosphory-
lated ATM protein after irradiation of LCLs with 0.5 Gy -y ray. A-T cells served as an
ATM-deficient cell line, and ATLD LCL (200704L) was used as a control. Phospho-
rylated ATM in LCLs from both Patients 1 and 2 increased after irradiation, while
ATLD cells did not. ATLD LCL (200704L) was derived from a compound heterozy-
gote for a MRET1A missense mutation {p.Trp243Arg) and a splicing mutation that
resulted inexon 10 skipping, leading to an in-frame deletion (p.340-366del27) with-
out correctly spliced transcripts [15]. The statistical significance of the differences
in phosphorylated ATM/total ATM was examined by t-test. *p <0.05; **p <0.01 (nor-
mal, Patient 1, or Patient 2 versus ATLD). The data are shown as average = standard
error determined from three separate experiments. (b) Western blots of phospohry-
lated ATM protein at 30 min after irradiation of fibroblasts with 0.5 Gy of y ray. A-T
cells served as an ATM-deficient cell line, and ATLD fibroblasts (D6807SVT) harbor-
ing homozygous nonsense mutations were used as a control. Phosphorylated ATM
in fibroblasts from both Patients 1 and 2 increased after irradiation, whereas ATLD
cells did not.
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Fig. 5. Radiation-induced G2/M checkpoint and, p53 phosphorylation and caspase 3 activation as indicators of ATM activation deficiency. (a) Ataxia-telangiectasia (A-T)
fibroblasts were used as an ATM-deficient reference, and ATLD fibroblasts (D6807SVT) harboring homozygous nonsense mutations were used as a control. Cultured fibroblast
cells on a slide were irradiated with 2 Gy of vy ray, and stained 30 min or 2 h later with DAPI and rabbit anti-phospho-histone H3 polyclonal antibody. Mitotic index in each
cell line without irradiation was estimated as 100%. Fibroblasts from Patients 1 and 2, and ATLD cells all showed a slight decrease in mitotic index at 30 min after irradiation,
intermediate between normal and A-T cells. At 2 h after irradiation, cells from Patients 1 and 2 showed a decrease of mitotic index to the level of the normal cells, while ATLD
cells showed a response intermediate between normal and A-T cells. Each column represents an average = standard error from three separate experiments. (b) Western blots
of phospohrylated p53 protein after irradiation. A-T and ATLD cells were used as controls. LCLs were irradiated with 0.5 Gy of y ray. At 15 min and 30 min after irradiation,
the cells were analyzed with Western blotting using rabbit anti-phosphorylated p53 (Ser15) polyclonal antibody (1:1000, Cell Signaling Technology, Beverly, MA) and mouse
anti-p53 monoclonal antibody (1:1000, Oncogene Research Products, CA), Phosphorylated p53 in LCLs from Patients 1 and 2 increased after irradiation, whereas such an
increase was smaller in ATLD cells. The statistical significance of the differences in phosphorylated p53/B-tubulin was tested by t-test. *p<0.05; **p<0.01 (normal, Patient
1, or Patient 2 versus ATLD). The data are shown as average = standard error determined from three separate experiments. (c) Western blot analysis of cleaved caspase 3
protein after 10 Gy ~y-irradiation of fibroblast cells. Cleaved caspase 3 bands were seen in normal, Patients 1 and 2 cells, but not in A-T and ATLD cells.

Patient 1 and the missense mutation in Patient 2 were assumed to It was reported that the MRE11/RAD50/NBS1 protein complex
be functionally debilitating. is involved in radiation-induced ATM activation {14]. We therefore
MRE11A is known as the gene underlying ataxia-telangiectasia- analyzed level of radiation-induced ATM activation in cells from

like disorder (ATLD), a milder and slowly progressive variant of Patients 1 and 2, and those from ATLD patients. Cells from Patients
A-T without microcephaly [5]. To date, seven families with ATLD 1 and 2 showed the level of ATM activation higher than those in
patients have been reported: two in the UK, one in ltaly, three in ATLD cells. The cells from Patients 1 and 2 both showed the levels
Saudi Arabia, and one in Japan. These patients with MRE!1A muta- of p53 phosphorylation and caspase-3 activation higher than those
tions included: compound heterozygotes with a splicing mutation in ATLD cells. The differences are likely to be attributable to the
plus a missense mutation; homozygotes for a missense mutation; presence of normally functioning MRE11 protein in Patients 1 and 2.
compound heterozygotes with a missense mutation plus a non- Several explanations are conceivable for the unusual clinical
sense mutation; and homozygotes for a nonsense mutation. features in the two patients. First, ATM-dependent neuronal apop-
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tosis has been proposed as a mechanism underlying microcephaly
in DNA damage disorders [2,22-24]. According to this model, the
two patients might have undergone extensive neuronal apoptosis
during development due to the relatively higher level of ATM acti-
vation, and developed severe microcephaly, while ATLD patients
cannot activate ATM, thereby failing to engage in apoptosis but
presenting with neurodegeneration. The second possibility is that
the effect of microcephaly might be mediated through NBS1. Since
MRE11A mutations often affect the levels of NBS1 and RAD50, and
NBS1 deficiency uniformly leads to microcephaly, the effect of these
MRE11A mutations might be indirect and those that resultin greater
diminution in the levels of NBS1 might be more prone to micro-
cephaly. The third possibility is that an additional gene(s) other
than MRE11A might be involved in development of microcephaly.
The molecular mechanism underlying neuropathology remains to
be elucidated.

In conclusion, we have identified and characterized the two
patients with MRET1A mutations but severe microcephaly. This
report suggests that MRE11 deficiency has a wider spectrum of the
clinical features than that has been thought.
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Abstract X-chromosome inactivation (XCI) is an essential
mechanism in females that compensates for the genome
imbalance between females and males. It is known that XCI
can spread into an autosome of patients with X;autosome
translocations. The subject was a S-year-old boy with
Prader-Willi syndrome (PWS)-like features including hypo-
tonia, hypo-genitalism, hypo-pigmentation, and develop-
mental delay. G-banding, fluorescent in situ hybridization,
BrdU-incorporated replication, human androgen receptor
gene locus assay, SNP microarrays, ChiP-on-chip assay,
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bisulfite sequencing, and real-time RT-PCR were performed.
Cytogenetic analyses revealed that the karyotype was
46,XY,der(X)t(X;15)(p21.1;q11.2),—15. In the derivative
chromosome,. the X and half of the chromosome 15 seg-
ments showed late replication. The X segment was maternal,
and the chromosome 15 region was paternal, indicating its
post-zygotic origin. The two chromosome 15s had a biparen-
tal origin. The DNA methylation level was relatively high in
the region proximal from the breakpoint, and the level
decreased toward the middle of the chromosome 15 region;
however, scattered areas of hypermethylation were found in
the distal region. The promoter regions of the imprinted
SNRPN and the non-imprinted OCAZ genes were completely
and half methylated, respectively. However, no methylation
was found in the adjacent imprinted gene UBE3A, which
contained a lower density of LINEI repeats. Our findings
suggest that XCI spread into the paternal chromosome 15 led
to the aberrant hypermethylation of SNRPN and OCA2 and
their decreased expression, which contributes to the PWS-
like features and hypo-pigmentation of the patient. To our
knowledge, this is the first chromosome-wide methylation
study in which the DNA methylation level is demonstrated
in an autosome subject to XCI.

Introduction

X-chromosome inactivation (XCI) is a genetic mechanism
in females in which one of the two X chromosomes are sto-
chastically inactivated in the early stages of embryonic
development. In each cell, the inactivated X-chromosome
is randomly chosen; therefore, paternal and maternal X
chromosomes have a 50% probability of being inactivated,
and females are functional mosaic of two cell populations
(Lyon 1961, 1962).
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XCl is an essential mechanism for normal development
that contributes to gene-dosage compensation process in
females (Takagi and Abe 1990). Failure of XCI in females
leads to embryonic lethality or abortion on the basis of
observations in the embryos of cloned animals (Xue et al.
2002; Yang et al. 2007) or severe phenotypes at birth in
humans (Schmidt and Du Sart 1992; Kubota et al. 2002).
X-inactivation is mediated by the X inactive-specific tran-
script gene (XIST), a cis-acting RNA molecule (Brown
etal. 1991). Studies using ectopic mouse Xist integrated
into an autosome have demonstrated that Xist RNA coats
the transgenic autosomes, leading to the reduced expres-
sion of genes over 50 cM, and suggest that long-range cis
effects occur on the autosome (Herzing et al. 1997; Lee
and Jaenisch 1997; Lee etal. 1996). In this report, we
describe a boy with t(X;15)(p21.1;q11.2), and analyze the
breakpoints, status of the XIST gene, extent of XCI spread
on an autosome using the DNA methylation status at the
CpG islands of genes related to the patient’s clinical fea-
tures. To date, only three studies have measured the
spread of X inactivation by gene expression analysis using
a somatic cell hybrid that carries the translocated chromo-
some (Giorda et al. 2008; White et al. 1998) or allele-spe-
cific  quantitative RT-PCR  using  heterozygous
polymorphism (Sharp etal. 2002). In this report, we
investigate how XCI spreads in an autosome using a
microarray-based method. To our knowledge, this is the
first report that demonstrates the level and extent of XCI
in an autosome at a chromosome-wide level in terms of
DNA methylation.

Methods

Chromosome and fluorescent in situ hybridization (FISH)
analyses

High-resolution G-banded chromosomes were prepared
from peripheral blood lymphocytes according to standard
procedures. FISH using bacterial artificial chromosome
(BAC) DNA as a probe was performed on metaphase chro-
mosomes of the patient with der (X). Chromosome slides
were pre-incubated in 2x SSC at 37°C for 30 min, dena-
tured in 70% formamide with 2x SSC at 72°C for 2 min,
and then dehydrated at —20°C in ethanol. Cloned DNA was
labeled with SpectrumGreen TM-11-dUTP or SpectrumOr-
ange TM-11-dUTP (Vysis, Downers Grove, IL, USA) by
nick translation and denatured at 76°C for 10 min. The
probe-hybridization mixture (10 mL) was applied to the
chromosomes, and they were incubated at 37°C for 16 h.
Slides were washed three times in 4x SSC, 0.1% Tween-20
at 45°C and mounted in an anti-fade solution (Vector, Bur-
lingame, CA, USA) containing DAPL

@ Springer

We used 32 BAC clones to confirm the break point of
the X chromosome and to confirm the presence of the XIST
gene in the der (X). We also used 12 BAC clones to con-
firm the breakpoint of chromosome 15. The BAC clones,
their locations, and the containing gene are shown in Sup-
plemental Table 1. All of the clones were selected using the
UCSC genome browser database (http://genome.ucsc.edu).

Quantitative RT-PCR analysis

Total RNA was isolated using the RNeasy Mini Kit
(Qiagen, Hilden, Germany) according to the manufac-
turer’s instruction. Reverse transcription and real-time RT-
PCR were carried out using SYBR ExScript RT-PCR Kit
(Takara, Kyoto, Japan). Quantitative real-time RT-PCR
analysis was performed in triplicate with an Applied Bio-
systems (Foster City, CA, USA) Prism 7700 Sequence
detection system according to the manufacturer’s instruc-
tions. The mRNA expression levels, normalized against
those of the corresponding GAPDH mRNA levels, were
relatively quantified. The primer pairs used for the GAPDH
and OCA2 genes were GAPDH (HA031578, Takara) and
OCA2 (HA032005, Takara), respectively, and the primer
sequences for the XIST gene were: XIST-113202F, 5'-
GCAGTTTGCCCTACTAGCTCCT-3' and XIST-11456R,
5'-TCCTCAGGTCTCACATGCTCA-3'".

X-chromosome inactivation analyses

Replication R-banding study was performed on chromo-
somes stained with DAPI as described elsewhere (Uehara
et al. 2001).

The human androgen receptor gene locus (HUMARA)
assay using methylation-specific PCR was performed as
described previously (Kubota et al. 1999). Briefly, the
assay uses a bisulfite-treatment followed by PCR, and we
obtained the inactive X pattern based on the methylated
allele at the HUMARA locus and the active X pattern
based on the unmethylated allele at the same locus. Both
patterns were used to calculate the XCI ratio (Kubota
et al. 1999).

Methylated DNA immunoprecipitation (MeDIP) assay
using a human CpG island microarray

The methylation status of the CpG islands (CGIs) was
analyzed using the methylated DNA immunoprecipitation
method with a human CGI oligonucleotide microarray
system according to the manufacturer’s protocol (Agilent
Technologies, Santa Clara, CA, USA). Briefly, sonicated
genomic DNA was prepared and used for immunoprecipi-
tation with a 5-methylcytidine monoclonal antibody
(BI-MECY-1000) (Eurogentec, Seraing, Belgium). We

— 269 —



123

Hum Genet (2012) 131:121-130

labeled 250 ng of methylation-enriched DNA samples and
reference (input, non-enriched control) DNA samples,
which were not amplified, with Cy3 and Cy35, respec-
tively, using an Agilent Genomic DNA Labeling Kit
PLUS (Agilent Technologies). Labeled DNA was hybrid-
ized to the custom array containing 5,859 high-density
probes specific for the CpG promoters on chromosome
15, which was designed using the eArray Agilent web-
based database (hgl8, NCBI 36.3) on a 44K platform
CpG promoter microarray. The array was scanned with an
Agilent G2565BA microarray scanner (Agilent Technolo-
gies). All experiments were performed in duplicate. We
compared methylation between the patient and two nor-
mal controls, according to the previously described meth-
odology (Sharp et al. 2010).

Bisulfite DNA sequencing

Genomic DNA was extracted from peripheral lymphocytes,
and bisulfite treatment of genomic DNA was performed
using the EpiTect Bisulfite Kit (Qiagen) according to the
manufacturer’s instructions. Primers for the bisulfite geno-
mic sequencing PCR were designed using the online pro-
gram MethPrimer (http://www.urogene.org/methprimer/
index1.html). The amplified PCR products were sequenced
using the following primers:

SNRPN-F, 5'-AAAAACTTTAAAACCCAAATTCC-3";
SNRPN-R, 5'-GTGGGGTTTTAGGGGTTTAGTA-3';
UBE3A-F, 5'-TTCTAACACCAACCCCTTC-3";
UBE3A-R, 5'-AGTTTTTY (C and T) GGTGTGGATA
GGTA-3';

OCA2-F, 5'-TGTGTTTGTGTTGTAGGAGGGGT-3";
OCA2-R, 5'-CCCACAAAACTACCCACATAACC-3';
UBRI-F, S'-AATATTTTTTGGGGTTTGTAGGT
GA-3';

UBRI-R, 5'-CAAAACCAACACTAAACAAAACCT
C-37;

TRIP15-F, 5-GAAAGGGTAAAGTTAGGGTTTAT
AT-3';

and TRIP15-R, 5'-CCTACTTCTCCAACAAAAAAA
AA-3,

Single nucleotide polymorphism (SNP) analysis using
a microarray

SNPs on chromosome 15 were analyzed using the Human
317K-Duo Bead chip array, and SNP genotypes were deter-
mined using the GenomeStudio software (Illumina, San
Diego, CA, USA). More than 317,000 tagSNPs markers on
this chip were selected using the database of the Interna-
tional HapMap Project Phase I and Phase II (NCBI build
36.3/hg18).

Genomic search for transposable elements

The UCSC data (NCBI 36.3/hg18) were searched for LINE1
(L1), Mammalian-wide Interspersed Repeat (MIR), and Alu
transposable elements using the RepeatMasker Program (Ver.
3.2.7). We focused on the SNRPN, UBE3A, and OCAZ2 genes,
and plotted the elements using the R program (Ver. 2.10).

Results
Proband

The male proband was a 5-year-old boy and the only child
of healthy and non-consanguineous parents. The pregnancy
was not eventful and he was born at the 41st week of gesta-
tion and weighed 2,933 g. Body length and head circumfer-
ence were at the 50th percentile (49 and 35.5cm,
respectively). Hypotonia was prominent and nasogastric
tube was required for feeding during the neonatal period.
PWS-like dysmorphic features were noted, including small
mouth, micrognathia, rocker-bottom feet, hypopigmented
hair, cryptorchidism, and hypogenitalism. Abdominal ultra-
sound revealed a horseshoe kidney, while head MRI dem-
onstrated hypo-plastic corpus callosum and occipital
arachnid cyst. He had severe motor developmental delay
and spastic quadriplegia: at the age of 20 months he could
not control his head and could not roll over. A wheelchair
was required to move and continuous drainage of saliva
was necessary due to difficulties with swallowing.

Cytogenetic analysis

High-resolution G-banding showed an abnormal karyotype:
46,XY,der(X)t(X;15),—15 in all 50.cells analyzed (Fig. 1a).
Karyotypes of both parents were normal (data not shown).
To confirm the break point of the derivative X chromosome
in the patient, FISH analyses were performed, in which a
series of BAC probes to the X chromosome were hybrid-
ized on metaphase spreads of the patient’s lymphocytes. As
a result, the signals from the RP11-172M3 probe (Spec-
trumOrange), mapping to Xp21.2, and from RP11-134B11
(SpectrumGreen), mapping to Xp21.1, were detected on the
normal X chromosome, whereas only signal from RP11-
134B11 (SpectrumGreen), mapping to Xp21.1, was
detected on the derivative X chromosome, indicating that
the break point of the derivative X was located between
these probes (Xp21.2-p21.1 region) (Fig. 1b). Likewise, the
signals from the RP11-79C23 probe (SpectrumOrange),
mapping to 15q11.1-11.2, and from RP11-357P4 (Spectrum-
Green), mapping to 15q11.2, were detected on the normal
chromosome 15, whereas only signal from RP11-357P41
(SpectrumGreen), mapping to 15q11.2, was detected on the
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Fig. 1 Cytogenetic analyses of the patient. a GTG-banded full karyo-
type of the patient. No mosaicism was found in the 50 cells examined.
An arrow indicates the breakpoint of the derivative X chromosome.
b FISH analysis using the RP11-172M3 probe (SpectrumQOrange) at
Xp21.2 (a signal shown in red) and the RP11-134B11 probe (Spec-
trumGreen) at Xp21.1 (two signals shown in green). The presence of a
green signal, but not a red signal, in the derivative X chromosome (der

derivative X chromosome, indicating that the break point of
the derivative X was located between these probes
(15q11.2) (Fig. 1c). Taken together, the patient’s karyotype
was interpreted as 46,XY,der()t(X;15)(p21.1;q11.2),—15.

SNP analysis of chromosome 15

To determine the parental origin of the chromosomes 15 in
the patient, we examined the 9303 SNPs on chromosome
15 and found that 444 SNPs demonstrated the biparental
inheritance of chromosome 15 in the patient (Table S2).
The remaining SNPs were uninformative and none showed
uniparental origin. Since the SNRPN gene promoter region
was extremely methylated, in which the normally unmethy-
lated paternal allele was methylated presumably due to
XCI, the chromosome 15 region in the derivative X was
determined to be of paternal origin. Therefore, together
with the results of the HUMARA assay, in which the nor-
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(X)) indicate that the breakpoint is located between the two probes
(Xp21.2-p21.1). ¢ FISH analysis using the RP11-79C23 probe (Spec-
trumOrange) at 15g11.1-q11.2 (a signal shown in red) and the RP11-
357P4 probe (SpectrumGreen) at 15q11.2 (two signals shown in
green). The presence of a green signal, but not a red signal, in the
derivative X chromosome (der (X)) indicate that the breakpoint is
located between the two probes (15q11.1-q11.2)

mal X and derivative X chromosomes were maternal, SNP
analysis suggests that the derivative X consisted of the
maternal X chromosome and the paternal chromosome 15.

X-chromosome inactivation analysis

To examine the XCI status in the derivative X chromo-
some, we first performed FISH analysis with a BAC probe
containing the XIST gene to confirm its presence. As a
result, the signal from the BAC probe RP11-13M9 (Spec-
trumGreen) was retained in the normal and derivative X
chromosomes, as was the signal from the X-chromosome
control probe RP11-402H20 (SpectrumOrange) at the Xq
subtelomeric region (Fig. 2a). Replication R banding analy-
sis demonstrated that the derivative X chromosome was
inactivated, and this inactivation covered the X chromo-
some and the proximal 15q region; however, the inactiva-
tion did not spread distal to 15q in all the 100 cells

— 271 —



Hum Genet (2012) 131:121-130

A B

Fig. 2 Cytogenetic analysis for X-chromosome inactivation. a FISH
analysis using the RP11-13M9 probe (SpectrumGreen), covering the
XIST gene (two signals shown in green) and the RP11-402H20 probe
(SpectrumOrange), located at the Xg-subtelomeric region (two signals
shown in red), indicating that the derivative and normal X chromo-
somes have an XIST gene. b Replication R-banding study in the pa-
tient. A late replication/no banded segment was observed in the

examined (Fig. 2b, upper and lower panels with enlarge-
ment). We also confirmed XIST gene expression in the
patient using real-time RT-PCR at almost the same level as
in the mother, a normal female (Fig. 2c), suggesting XIST
expression from the allele on the derivative X chromosomie.

The HUMARA assay showed that the patient had a
relatively non-random (skewed) XCI pattern (89:11)
whereas the mother had a random XCI pattern (41:59).
In addition, two copies of the HUMARA gene locus
(Xq12) were inherited from the mother and no copy was
inherited from the father (Fig.3). These data indicate
that the XIST gene was expressed from the derivative X,
leading to the XCI effect spreading to the middle of the
chromosome 15 in the derivative X beyond the break
point, and also indicate that the normal and derivative X
chromosomes were transmitted from the mother. The
relatively skewed inactivation pattern in the patient was
consistent with the result of the replication study, in
which one X (presumably the derivative X) was prefer-
entially inactivated in all cells examined.

c XIST

Mother
Father |
Patient

Patient

b Lo
[0 @
£ £
o ©
s L

derivative X chromosome beyond the 15¢l4 region, which was
assessed by the R-banding pattern of the normal chromosome 15 (see
lower enlarged panel). ¢ Real-time RT-PCR assay for XIST gene
expression in the patient and parents. d Real-time RT-PCR assay for
OCAZ gene expression in the patient and parents. The axis represents
the relative expression level for the mother (¢, d)

DNA methylation analyses of CGIs on chromosome 15
of the derivative X chromosome

To further understand the spread of XCI on the chromo-
some 15 of the derivative X in terms of DNA methylation,
we performed MeDIP analysis using CGI microarray to
identify CGI hypermethylated regions in the patient in
comparison with two healthy male controls (Fig. 4, upper
panel). As a result, we observed constant CGI hypermethy-
lation from the break point, beyond the OCA2 locus
(15g12), to 15q14 [40 Mb from the centromere]. In the
middle of 15q, from 15g21.1 [50 Mb] to 15¢22.2 [60 Mb],
including UBRI (15q15.2) and TRIPI5 (15q21.1), CGI
hypermethylation was rarely detected. However, scattered
CGI hypermethylation was observed in the remaining telo-
meric region distal to 15g22.2 [60 Mb] in the patient
(Fig. 4, upper panel). :
In the proximal region, the CGls of SNRPN, ATP10A,
and OCAZ2 were hypermethylated in the patient, whereas
that of UBE3A, which was located in the middle of these
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(Inactive X)

Father

Unmethylated allele
(Active X)

Methylated allele
(Inactive X)

Patient

89:11

Unmethylated allele
{Active X)

Mother

Methylated allele
(inactive X)
41:59

Unmethylated allele
(Active X)

Fig. 3 Molecular analysis of X-chromosome inactivation. The HU-
MARA assay, based on methylation-specific PCR, demonstrates that
the peak area of “Maternal X (1)” is much larger than that of “Maternal
X (2)” in the methylated allele (Inactive X) lane in the patient, indicat-
ing relatively non-random (skewed) inactivation (89:11). However, the
peak area of “Maternal X (1) is affected by a shadow peak of “Mater-
nal X (2)” in the unmethylated allele (Active X) lane, by PCR slippage
error at the triplet repeat locus, because the allele difference between

genes, was not hypermethylated (Fig. 4, middle panel).
In the middle region, the CGls of UBRI and TRIPIS
were not hypermethylated in the patient (Fig. 4, middle
panel).

Bisulfite sequencing analyses confirmed the results
obtained from the MeDIP analysis. The CGI of SNRPN was
extensively hypermethylated in the patient, whereas a
healthy control showed ~50% methylation. Since SNRPN
is an imprinted gene in which only the maternal allele is
hypermethylated, this observation suggests that the nor-
mally unmethylated paternal allele (presumably the allele
on the derivative X) was methylated in the patient (Fig. 3,
lower panel). In the CGI of OCA2, the patient showed
~50% methylation whereas the control was not methylated,
indicating that one of the two alleles (presumably the allele
on the derivative X) was hypermethylated in the patient
(Fig. 4, lower panel). This observation was consistent with
the lower expression level of this gene in the patient

@ Springer

“Maternal X (1)” and “Maternal X (2)” is only 3 base pairs (1 triplet).
Therefore, in this case, we only consider the result in the methylated
allele (Inactive X) lane. In the mother, the patterns of the peak area of
“Maternal X (1)” and “Maternal X (2)” are similar between the meth-
ylated (Inactive X) and unmethylated allele (Active X) lanes, indicat-
ing random inactivation (41:59). In the father, no peak is detected in
the methylated allele (Inactive X) lane and only 1 peak is detected in
the unmethylated allele (Active X) lane, as expected

(Fig. 2e). Taken together, the CGIs of the genes at 15q11.2-
12 were hypermethylated presumably due to the spread of
XCI in the derivative X.

However, the CGI of UBE3A was not shown to be
hypermethylated by either the microarray assay or bisul-
fite sequencing analysis (Fig. 4, middle and lower panels);
however, CGIs of the adjacent genes, SNRPN and
ATPI0A, were hypermethylated (Fig. 4, middle panel),
indicating that the CGI of UBE3A might have some mech-
anism to escape the X-inactivation effect. We observed a
lower density of LINE-1 and Alu elements in the
upstream region of UBE3A (GenBank Accession No.:
NM_000462) (Fig. 4, light blue area) compared with that
in the upstream region of SNRPN (GenBank Accession
No.: NM_003097) (Fig. 5, light pink area). As for MIR
elements, no difference was found between these regions
and both regions only contained a few MIR eclements
(Fig. 5). :
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Fig. 4 DNA methylation analyses of CGls in the chromosome 15 of
the derivative X chromosome. Upper panel: profile of the DNA meth-
ylation difference between the chromosome 15 segment of the patient’s
derivative X chromosome and the chromosomes 15s of two healthy
controls obtained by MeDIP analysis using CGI microarray analysis.
Middle panel: enlarged view of the MeDIP analysis for genes on chro-
mosome 15. Spots indicate the genomic positions of the oligonucleo-
tides used for hybridization in the microarray assay, were designed

As expected, the CGls of the genes in the distal region,
UBRI and TRIPI5, were not methylated (Fig. 4, middle
and lower panels).

Distribution of transposable elements

We observed a high density of L1 elements in the upstream
regions of the SNRPN and OCA2 genes. However, the L1
density was low in the upstream region of the UBE3A gene.
MIR elements were rarely detected in the upstream regions of
all three genes. A high density of Alu transposable elements
was observed in the upstream regions of the SNRPN gene, but
not in the upstream regions of the OCA2 and UBE3A genes.

Discussion

We molecularly characterized of the spread of XCI in an
autosome of a boy with a t(X;15)(p21.1;q11.2) transloca-

within the CGls of the genes. The red arrows indicate the transcrip-
tional direction of the genes. The averages of hybridization determine
the level of DNA methylation, which is shown as a green or blue line.
Lower panel: bisulfite sequences of the CGIs on chromosome 15. Open
circle: hypo-methylated CpG, closed circle: hypermethylated CpG.
Genomic locations of the first and the last CpG in the sequence ana-
lyzed from the transcriptional start site are designated above the bisul-
fite sequence results

tion. In this study, we found that (1) the XIST gene was
active in the derivative X chromosome; (2) XCI and CGI
hypermethylation constantly extended into the proximal
region of the chromosome 15 section of the derivative X
(breakpoint: ~15q14 [40 Mb from the centromere]); (3)
CGI hypermethylation was not observed in the middle of
15q (15¢21.1 [50 Mb]: ¢22.2 [60 Mb]); and (4) scattered
CGIl methylation was found in the distal 15q region
(15¢g22.2 [60 Mb]: telomere). The CGI of UBE3A was not
hypermethylated, although those of adjacent genes [e.g.,
the imprinted SNRPN gene and non-imprinted ATPI0A
(normally unmethylated)] (DuBose et al. 2010) were aber-
rantly - hypermethylated. These results indicate that the
spread of XCI from a translocated X chromosome is limited
and gradually decreases (although it depends on the gene)
in an autosome (Fig. 6).

As for the clinical relevance of these findings, the copy
of Xq was completely inactivated in most of the cells, prob-
ably due to the selection of cells in which the derivative X
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Fig. 5 Schematic illustration of the density of L1, MIR, and Alu
repetitive sequences in the regions surrounding the transcription start
sites of the SNRPN, UBE3A, and OCA2 genes. A triangle (red, black,
or green, respectively) indicates LINET, MIR, or Alu sequences. The
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SNRPN, UBE3A, and OCA2 gene regions are shown by the arrows at
the rop. The physical distance (Mb) from the telomere of the short arm
of chromosome 15 is shown at the bottom

Fig. 6 Schematic representa-

tion of the molecular character-

ization of the patient with a
t(X;15)(p21.1;q11.2) transloca- Xq
tion. Open circle (oval and hexa-

gon): hypo-methylated (active)

gene, closed circle (oval and

hexagon): hypermethylated
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was active and the normal X was inactive during early
development. Thus, some of the patient’s clinical features
should be due to gene inactivation caused by the spread of
XCI, including OCA2 and SNRPN, which may contribute to
the hypo-pigmentation of the patient’s skin and hair
(Akahoshi et al. 2001; Brilliant et al. 1994) and the Prader—
Willi syndrome-like features, respectively.

Wirth et al. reported a case with a translocation between
chromosomes X and 15 [t(X;15)(q28;q12)]. In this case, the
translocation was balanced (no monosomy), The XCI pat-
tern was random (42:58), and XCI did not spread into the .

@_ Springer

chromosome 15 part of the derivative X chromosome
(Wirth et al. 2001). Because SNRPN and the adjacent HBII-
85 C/D box snoRNA (a transcript presumably related to the
PWS phenotype) were disrupted by the breakpoint located
in 15q12, the patient showed PWS-like features, such as
obesity with an obsession for food, hypogonadism, and
mental retardation at the age of 20 years, but did not have
characteristic facial features, neonatal episodes of muscular
hypotonia or failure to thrive. On the other hand, our
patient’s condition was more severe than the case of Wirth
et al. and had features not described in that study, probably
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because our patient not only had inactivation of the genes in
the proximal chromosome 15 by XCI spread (including
SNRPN) but also had a larger monosomic region of Xptel-
p21.1, although the proportion of the cells, in which the
der(X) was active, was small.

Several cases with XCI spread to the translocated auto-
some have been reported (Orellana et al. 2001; Sharp et al.
2001; Solari et al. 2001; Stankiewicz et al. 2006). Among
these cases, the majority have shown the spread of XCI in
an autosome (e.g., chromosomes 10, 14, and 15) (Orellana
etal. 2001; Sharp etal. 2001; Stankiewicz et al. 2006).
However, a few cases have not shown such a spread (e.g.,
chromosomes 2 and 21) (Solari et al. 2001). Thus, it may
depend on the presence of certain features that facilitate
XCI spread in the vicinity of the breakpoint on an autosome
(Stankiewicz et al. 2006; Wirth et al. 2001). It has been
suggested that XIST needs some sort of genomic “way sta-
tion™ to aid its spread, (Gartler and Riggs 1983) and that a
certain class of transposons called long interspersed
(LINET or L1) elements, (Lyon 1998) which are enriched
on the X chromosome compared with autosomes, (Bailey
et al. 2000; Popova et al. 2006) may be candidates for these
way stations. It was recently discovered that LINE elements
were expressed and their transcripts co-localize with the
XIst-coated X chromosome during the X-inactivation time
window in mice, LINE1 expression was observed in an
autosome around an Xist gene that was integrated into a
mouse autosome, and the efficiency of silencing by Xist
correlates with the. local concentration of full-length and
truncated LINEs during the establishment and maintenance
of inactivation (Chow et al. 2010). If these observations are
true for each gene, then the “de novo” DNA methylation in
the CGI of SNRPN and OCA2 may represent the high
silencing efficiency of XIST due to the high local concentra-
tion of LINEI, whereas the “escape from de novo DNA
methylation” in the CGI of UBE3A may represent the low
silencing efficiency of XIST due to the low local concentra-
tion of LINE1. Contrary to the situation with LINE1, Alu
repetitive elements are thought to be more enriched in
genes that escape inactivation (Wang et al. 2006) and, simi-
lar to LINEI, MIR elements are found at low levels in
genes that escape inactivation (Ke and Collins 2003). How-
ever, our data did not support these hypotheses because
UBE3A did not have a higher density of Alu repeats or a
‘lower density of MIR elements than SNRPN in our study.
Further extensive analysis at multiple distal genes will be
necessary to elucidate the “way station” hypothesis in the
spread of XCI in an autosome.

Since the HUMARA assay used in this study has an
error rate <5% (Kubota etal. 1999), the patient’s ratio
(89:11) did not indicate a non-random (extremely skewed)
XCI pattern. Thus, this result indicates the possible exis-
tence of a mosaic pattern and/or cells in which the deriva-

tive X is active. However, we did not find direct evidence
for either of these possibilities, either by G-banding karyo-
typing (50 cells) or by replication R banding analysis (100
cells), respectively. If there are cells in which the derivative
X is active and the normal X is inactive, then Xp (21.1-tel)
monosomy can affect the phenotype; however, we did not
observe the typical features described in females with Xp
monosomy (Ogata et al. 1998), possibly because the pro-
portion of these cells with an active derivative X and inac-
tive normal X is low (~11%). It is also possible that some
of the patient’s features (e.g., cryptorchidism and hypogen-
itarism) may be caused by a Klinefelter-like karyotype,
rather than inactivation of the PWS critical region on chro-
mosome 15, since the patient had two X chromosomes and
one Y chromosome (although one X chromosome is
deleted between Xp21.1-p tel).

For the mechanism leading to the translocation, we can
deduce that the initial event was a non-disjunction of the X
chromosomes during maternal meiosis I, since the patient
carried both maternal homologs. The translocation onto the
X chromosome may be post-zygotic, given the juxtaposi-
tion of the paternal 15q on the maternal X chromosome.
Furthermore, the absence of mosaicism, as determined
from the cytogenetic (BrdU staining) and molecular
(HUMARA assay) studies, imply the possibility that the
translocation occurred very early during development,
probably during the first post-zygotic divisions, as seen in a
previous report (Orellana et al. 2001).

In summary, we demonstrated the extent and tendency
of XCI spreading in an autosome in terms of DNA methyl-
ation using a microarray-based method. Further studies in
different cases with t(X;A) translocations will contribute to
a better understanding of the pathogenesis of congenital
and acquired diseases, including hematological malignan-
cies (Manola et al. 2007; Vassiliou et al. 2006) and may
elucidate the properties of genes that determine whether
they are subjected to or escape XCIL.
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