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Fig. 2 Case with posterior
correction. a Before surgery.
b After surgery. ¢ Final
follow-up

Ap”

15q11-13 soon after birth. GH supplement treatment
(4 mg/week) and a diet therapy were started when he was
5 years 11 months. Scoliosis was observed in this patient at
7 years of age, and he was subsequently introduced to our
Orthopedics Department. The Cobb angle was 37 degrees
at T6-L1 at the first consultation. However, the scoliosis
deteriorated to a Cobb angle of 55 degrees at T2-L3 and
the sagittal alignment was 31 degrees of kyphosis at T1-
T12 and 33 degrees of lordosis at L1-81 at 11 years of age.
We tried to use an under-arm brace treatment during the
observation period, but he hated the brace owing to his
mental retardation and was unable to put it on. At the time
of surgery, his height was 148 cm, his weight was 72 kg,
his BMI was 15.2 kg/m® and he had leptosomatic habitus.
There were no abnormal data in blood analyses and no
neurological deficits. There were also 1io abnormal findings
by CT or by MRI including anomalies and deformities of
the spinal cord and vertebrae. The GH supplement treat-
ment had been performed for 5 years 6 months before
surgery. In conmsideration of his bone fragility, we per-
formed the growing rod method, which can maintain
growth, and it was planned with two stages of surgery to
produce a stronger anchor. In the first surgery, a hook was
anchored in the upper edge region and a screw was
attached at the lower edge, and autologous iliac bone was
only transplanted on the edges. After 6 months, a strong

Lateral AP

Lateral

anchor was confirmed with bone fusion. Next, posterior
correction was performed with the Mykres system of spinal
instrumentation at T2~L1. A straight tandem connector was
used at the thoracolumbar area, and the hook and pedicle
screw with the strong anchor through bone fusion were
connected with a rod. After this surgery, the scoliosis was
corrected to a Cobb angle of 27 degrees and the sagittal
alignment was 30 degrees of kyphosis at TI1-T12. The
quantity of bleeding was 120 ml and the operation time
was 2 h 20 min. A doctor from the Department of Pedi-
atrics provided mental support to the patient both preop-
eratively and postoperatively. Presently, rod extension of
1.5 cm is still being continued every 6 months (Fig. 3).

Discussion

Holm and Laumnen [5] reported that the spinal curvatures in
15-20% of the PWS patients eventually require surgical
management. In our study, the frequency of patients who
needed surgery was 9.6% (13/136). Accadbled et al. [2]
described 16 patients who underwent surgery from 1997 to
2004 for scoliosis in PWS. Regarding complications, there
were nine major complications, including four cases of
severe kKyphosis above the fusion, two deep infections and
one transient paraplegia. The four kyphosis cases required
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Fig. 3 Case with the growing rod procedure. a Preoperative photograph and X-ray. b After surgery. ¢ Final follow-up. d Height in PWS male
with respect to age. Weight in PWS male with respect to age

@ Springer



Eur Spine J

reoperations, three of which were for complications
involving permanent spinal cord injury. In that study, GH
supplement treatment was administered to 7 of the 16
patients, but most of the patients were obese. Furthermore,
the surgeries involved the use of Harington or Luque
instrumentations, which are no longer used.

Weiss and Goodall [6] performed a systematic review in
2009, and concluded that the rate of complications after
spinal fusion in patients with scoliosis in PWS was very
high and that their death rates were higher than those of
patients with adolescent idiopathic scoliosis. Furthermore,
the long-term side-effects of the interventions were detri-
mental, such that the risk—-benefit ratios favored conserva-
tive approaches over spinal fusion surgery.

As a cause of suffering after surgery for scoliosis in
PWS, Rees et al. [1] reported that postoperative respiratory
complications can become serious owing to restrictive
respiratory disorders caused by the severe obesity peculiar
to PWS, deterioration of the quantity of ventilation by the
small height and imperfect function of the respiratory
muscles with myopathy. Furthermore, they pointed out that
preoperative breathing function training is difficult in PWS
pauents because of their mental retardation. They further
stated that a bleeding tendency is brought on by weakness
of the blood vessel walls owing to connective tissue
abnormalities. In addition, we were concerned about the
risk of surgery because there is higher risk of infection
associated with the high frequency of diabetes in PWS.

Mohara et al. {7] reported a case of a 14-year-old patient
who was severely obese (BMI: 34.4 kg/m?) and had
obstructive pulmonary disease and sleep . apnea. After
correcfion surgery, breathing control by a ventilator was
required owing to atelectasis for 13 days. In addition,
Kakutani et al. [8] described a case of a 17-year-old boy
who was severely obese (BMI: 37.5 kg/m?) and had a Cobb
angle of 75 degrees at T10-L3 with a very rigid spinal
deformity. In that report, the authors had hoped to operate
by anterior release, posterior correction and fusion. How-
ever, anterior release was impossible because of a restric-
tive pulmonary disorder caused by the severe obesity. The
authors described that the correction could not be achieved
at a satisfactory level, because only posterior correction
was able to be performed. However, Tokutomi et al. [9]
reported a case of cardiopulmonary impairment caused by
severe kyphoscoliosis in PWS. A breathing function
imperfection can decrease the quality of life of PWS
patients with severe kyphoscoliosis. We need to make a
greater effort to improve the surgical outcomes.

On the other hand, Gurd and Thompson [10] described
an operation for scoliosis in PWS in a 7-year-old girl. They
reported that the girl underwent surgery although her
laminas were too weak to hold a Harrington rod. In a recent
report from Japan, Yamada et al. [11] reported that a

patient with Cobb angles of 43 degrees at T1-T5, 60
degrees at T5-T11 and 52 degrees at T11-L4 was suc-
cessfully treated surgically using modern instrumentation
(XIS-SS system) via a posterior approach. Nohara et al. [7]
reported good results in a 12-year-old girl with PWS who
had a BMI of 21.4 kg/m® and a Cobb angle of the main
curve of 106 degrees at T6-L1. A Smith-Petersen osteot-
omy at T2-L3, anterior release at T7-T12 and correction
and fusion at T6~T10 were performed in this patient. After
the surgery, the Cobb angle was corrected to 20 degrees
and the correction rate was 82%. In addition, Kakutani
et al. [8] reported that T12-13 anterior correction fusion
was performed in an 11-year-old girl. Her BMI was 23 kg/m”
and the quantity of bleeding was 477 ml. Her Cobb angle was
correcied to 23 degrees postoperatively from 69 degrees
preoperatively without any complications.

There are reports about difficulties associated with
management comnected with the severe obesity that is
peculiar to PWS, as well as difficulties associated with
breathing management and mental retardation. Therefore,
surgery remains controversial in PWS based on previous
reports, considering that there are high rates of complica-
tions in patients with PWS undergoing surgery and the
health-related benefits of such surgery in these patients are
unclear. It is difficult to make clear decisions regarding the
optimal approaches for surgical treatment or conservative
treatment for PWS patients. Indications for surgery are
necessary to determine individual cases.

Recently, the treatment of PW'S has improved remarkably
in the field of pediatrics. GH supplement treatment was
started in Japan in January 2001, and many reports have
described its utility and positive effects such as height
acceleration, body mass reduction and muscular strength
improvement worldwide. However, there are some concerns
regarding the risks involved in GH treatment of PWS
patients. First, there was a report of sudden death owing to
the use of GH treatment [12]. Although the relationship
between the sudden death and GH treatment was completely
unclear, Nagai et al. [13] subsequently reported that the
causes of sudden unexpected death did not differ between
PWS patients with or without GH treatment. GH treatment
has now become contraindicated for patients who are seri-
ously obese or have a high breathing obstacle. Therefore,
careful use of GH treatment is necessary in PWS patients.

Second, the possibility of deterioration in scoliosis was
suggested, although we have particularly reported that
there was no connection between the frequencies of sco-
liosis in GH treatment and non-treatment groups (14, 15].
Based on the backgrounds of these studies, GH treatment
has recently been recommended at an early age, and it is
assumed that its long-term use is not a problem. It is
important that PWS patients are treated intensively from
3 years of age, because obesity begins at around this time.
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GH supplement treatment is effective for height acqui-
sition, body composition improvement, natural activity and
muscular strength improvement, but the greatest purpose of
GH use is body composition improvement. All of our
patients except one were treated with long-term GH sup-
plement treatment in the Department of Pediatrics from
childhood.

Recently, a sex hormone supplement treatment has also
been shown to be effective for body composition, mental
and bone density improvements. Osteoporosis is caused by
imperfect sex hormone secretion in PWS, and this symptom
was reported to lead to a risk of more than 29% for a bone
fracture once in the lifetime of PWS patients [16]. Preop-
eratively, improvement in the bone density is important.

Regarding complications, only early dislodgment of the
hook and a superior infection were encountered. Fortu-
nately, there were no dangerous complications such as
neurological deficits, vascular damage or deep infections.
However, an additional operation was performed in two
patients. One patient was an 8-year-old girl whose surgery
only involved anterior fusion around the apex of the sco-
liosis to restrain its progression. After 11 years, the
kyphoscoliosis had deteriorated at the upper fused level.
Accadbled et al. [2] also reported that 4 of 16 patients had
progression of serious kyphosis at the upper fused level
during their follow-up periods. In our case, the growing rod
method was indicated at the present time. In the other case,
a screw had been pulled out at the lowest level of the cor-
rection level. This patient underwent surgery using subla-
minar wiring by a polyethylene tape. However, it was
considered that the influence of osteopenia and uncon-
trolled behavior associated with the mental retardation
contributed to the loose screw,

Fortunately, the operative outcomes in our patients were
better than in those of some other reports [5, 6]. Some
reasons are: first, the Pediatrics Department provided
intense preoperative therapy with GH supplement treat-
ment, sex hormone supplement treatment, diet and so on
for a long term owing to the completely uncontrolled
general conditions in all patients. As a result, the patients
had a reduced BMI and improved bone density before
surgery. Although breathing function evaluation was dif-
ficult because all PWS patients have mental retardation,
our patients can be expected to show improvements in their
breathing functions. In our patients, we operated using
anterior correction fusion. If patients are not obese and do
not have breathing function imperfections, surgeons will be
able to perform anterior surgery. Therefore, the GH sup-
plement treatment administered was a very effective ther-
apy. In other words, the GH supplement treatment reduced
- the surgical risk in PWS patients. Consequently, spinal
surgeons are able to choose greater ranges of operative
methods for successful correction fusion for difficult cases.
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Second, in our institution, the spinal surgeons were
supported in the preoperative and postoperative therapies
by pediatricians who had abundant experience of PWS
patients. In addition, there was cooperation by the families
of the patients who were well educated about the charac-
teristics of PWS by their pediatricians. Sometimes PWS
patients exhibited uncontrolled behavior for orthopedics
preoperatively or postoperatively owing to their mental
retardation. It is considered that these supports were nec-
essary for smooth treatment. Therefore, the medical team
care of orthopedic surgeons and pediatricians was indis-
pensable for the treatment of this disease.

Recently, the dual growing rod technique [17] has been
developed. Since all PWS patients have mental retardation,
many of them hate brace treatment. In our patients, the
brace-wearing rate was low (2/9). When these patients are
infants and young children, corrective surgery is required.
The dual growing rod technique was found to be an
effective method. However, this method requires a lot of
distraction surgery to maintain steady growth.

With the development of spinal instrumentation for
pediatric surgery, instrumentation for the growing rod
method was developed using the strong claw technique,
thereby enabling a low profile with an increase in the
correction power. In addition, a tandem connector for
infants was developed, meaning that the distraction surgery
became less invasive. Subsequently, we devised a better
technique for the growing rod method of spinal correction,
50 that we could obtain a strong anchor production for bone
fragility in infants or young children. The resulting spinal
corrective surgery was separated into two operations. First,
anchor production alone was performed with a hook at the
upper end, a pedicle screw at the lower end and a bone graft
from the autologous iliac bone. After the anchors became

- strong with complete bone fusion, correction fusion surgery

was performed in a second operation.

It is considered that the device for anchor formation that
leads to stronger bone fusion was effective for avoiding
early dislodgment of the hooks in patients who had bone
fragility as infants or young children.

Conclusions

In this study, the frequency of patients with PWS who
required surgery in this study was 9.6% (13/136). GH
therapy was administered in eight of the nine patients
examined who underwent surgery. The mean BMI was
22.5 kg/m?, and a few obese patients underwent surgery.

‘Regarding complications, one patient experienced early

dislodgment of the hook and one patient experienced a
superior wound infection. There were no severe compli-
cations such as deep infections or neurovascular damage.
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Therefore, we consider that GH treatment before surgery
may reduce postoperative complications. Brace treatment
was only performed in two of the nine patients. The
growing rod method was effective for PWS patients who
resisted brace treatment owing to mental retardation.
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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,derCOt(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 OCA2 genes were completely
and half methylated, respectively. However, no methylation
was found in the adjacent imprinted gene UBE3A, which
contained a lower density of LINE1 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 XCL

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 monse 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 etal. 1997; Lee
and Jaenisch 1997; Lee etal. 1996). In this report, we
describe a boy with t(3;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-
tares. 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.

Metheds

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 S8C 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 SS8C, 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 OCAZ2 genes were GAPDH (HA031578, Takara) and
OCAZ (HAQ32005, Takara), respectively, and the primer
sequences for the XIST gene were: XIST-113202F, 5'-
GCAGTTTGCCCTACTAGCTCCT-3' and XIST-11456R,
5-TCCTCAGGTCTCACATGCTCA-3',

KX-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 etal. 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 Cp@G island microarray

The methylation status of the CpG islands (CGls) 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 S5-methylcytidine monoclonal antibody
(BI-MECY-1000) (Eurogentec, Seraing, Belgium). We
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labeled 250 ng of methylation-enriched DNA samples and
reference (input, non-enriched control) DNA samples,
which were not amplified, with Cy3 and Cy5, respec-
tively, using an Agilent Genomic DNA Labeling Kit
PLUS (Agilent Technologies). Labeled DNA was hybrid-
ized to the custom array contajning 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/
index | .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,

OCAZ2-F, 5'-TGTGTTTGTGTTGTAGGAGGGGT-3';
OCA2-R, 5'-CCCACAAAACTACCCACATAACC-3';
UBRI1-F, 5 -AATATTTTTTGGGGTTTGTAGGT
GA-3",

UBRI-R, 5-CAAAACCAACACTAAACAAAACCT
C-3%

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 (Ilumina, 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/hgl8). :

Genomic search for transposable elements

The UCSC data (NCBI 36.3/hg18) were searched for LINE]1
(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 OCA2 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-
ton 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(CO(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 Xp2l.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 15g11.1-11.2, 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 (SpectrumOrange) 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,X Y ,derQOt(3;15)(p21.1;g11.2),—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 15q11.1-q11.2 (a signal shown in red) and the RP11-
357P4 probe (SpectrumGreen) at 15¢11.2 (two signals shown in
green). The presence of a green signal, but not a red signal, in the
dervative 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 2 consisted of the
maternal X chromosome and the paternal chromosome 15.

X-chromosome inactivation analysis

To examine the XCT 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
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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 ¥g-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. 2¢), snggesting XIST
expression from the allele on the derivative X chromosome.

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.
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derivative X chromosome beyond the 135gl4 region, which was
assessed by the R-banding patiern 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 agsay for
OCAZ2 gene expression in the patient and parents. The axis represents
the relative expression luvel 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 avnalysis using CGI microarray to
identify CGL 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 treak point. bevond the OCA2 locus
(15q12), to 15¢i4 [40 Mb fron: the centromere]. In the
middle of 15q, from 15g21.1 [50 Mb] to 15g22.2 [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 15q22.2 [60 Mb] in the patient
(Fig. 4, upper panel).

In the proximal region, the CGls of SNRPN, ATFI0A,
and OCA?2 were hypermethylated in the patient, whereas
that of UBE3A, which was located in the middle of these
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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 thaw 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 CGIs of UBR! and TRIPIS5
were not hyperinethylated 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

JAN

)

7

£

Unmethylated allele
{Active X)

Methyiated allele
(inactive 3

89:11
Unmethylated allele
{Active X)

Methylated allele
{Inactive X}

41:59
Unmethylated allele
(Active X)

“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
X1 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 elements

(Fig. 5).



Hum Genet (2012) 131:121-130

127

Break point chromosome 15
------- - - - R e [ bt S | " P —
g, qi2 q132 ql4 g21.1 q21.3 q22.2 23 qtzzs.“? g25.3 q26.2
centromere £ 5 telomere
il b dl
g}t o 48 lh é_,; [ ‘,. J :Ahu“hm JH g: ;J
127
\ B0 20 100
e q12 qi5.2 g21.1 {Mb)
8
= SNAPN UBESA ATP10A OCA2 v T AP
(g & ® \
E L4
E ?\\ \ i o} \ \
o . " —
£ [ = ,.,,__ R
2 t\ o | L M > / =“*—-=:——-—:/:t—=
SNRPN UBESA OCA2 UBR1/TMEMG5 TRIP15
-4004 -3698 +571 +286 -122 -300 278854439 -27965/+619 +475 +343
oF  Fooooss 4 *4 v
= -
83es = 2
QOG0
§ : S a0a090 =5 o
= oce o S oan0:
a ﬁmcmoc

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 CGIs of the genes in the distal region,
UBRI and TRIP15, 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¢q21.1 [50 Mb]: q22.2 [60 Mb]); and (4) scattered
CGI methylation was found in the distal 15q region
(15g22.2 [60 Mb]: telomere). The CGI of UBE3A was not
hypermethylated, although those of adjacent genes [e.g.,
the imprinted SNRPN gene and non-imprinted ATPI10A
{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 LINE1, MIR, or Alu sequences. The

direction of each triangle indicates the transcriptional direction. The
SNRPN, UBE3A, and OCA2 gene regions are shown by the arrows at
the top. The physical distance (Mb) from the telomere of the short arm
of chromosome 15 is shown at the bortom

Fig. 6 Schematic representa-
tion of the molecular character-
ization of the patient with a

t(X;15)(p21.1;q11.2) transloca- Xq Xq
tion. Open circle (oval and hexa-
gon): hypo-methylated (active) : . .
gene, closed circle (oval and @ 5 XIST (Inactive) XIST (Active)
hexagon): hypermethylated s
(inactive) gene. Open and closed ! SNRPN % Break point
squares indicate low density and i q11.2 UBE3A 0 SNRPN
high density of LINE] copies in Xp | ATP10A @
the promoter {egions of the 9133 OCA2 ) ‘
genes, Tespectively i i
- qi52 UBR1 T
g21.1 TRIP15 -, .
Normal X 1(X;15) chr. 15
(maternal) (maternal (maternal)
/paternal)

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; Shap 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 etal. 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
XClI 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
(LINE1 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
Xlst-coated X chromosome during the X-inactivation time
window in mice, LINE] expression was observed in an
autosome around an Xist gene that was integrated into a
mouse autosome, and the efficiency of silencing by Xisz
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 LINE1, whereas the “escape from de novo DNA
methylation” in the CGI of UBE3A may represent the low
silencing efficiency. of XJST due to the low local concentra-
tion of LINE]1. 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 LINE1, 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.
Fuarthermore, 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 XCL
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