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patients harboring the Xq27.3q28 deletion with different
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Abstract
A heterozygous deletion at Xq27.3q28 including FMR1, AFF2, and IDS causing intellectual disability and characteristic facial features is very rare in females, with
only 10 patients having been reported. Here, we examined two female patients with
different clinical features harboring the Xq27.3q28 deletion and determined the
chromosomal breakpoints. Moreover, we assessed the X chromosome inactivation

Department of Molecular Neurology,
The University of Tokyo, Tokyo, Japan

(XCI) in peripheral blood from both patients. Both patients had an almost over-

5

lapping deletion at Xq27.3q28, however, the more severe patient (Patient 1) showed
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skewed XCI of the normal X chromosome (79:21) whereas the milder patient
(Patient 2) showed random XCI. Therefore, deletion at Xq27.3q28 critically affected
brain development, and the ratio of XCI of the normal X chromosome greatly affected the clinical characteristics of patients with deletion at Xq27.3q28. As the
chromosomal breakpoints were determined, we analyzed a change in chromatin
domains termed topologically associated domains (TADs) using published Hi‐C data
on the Xq27.3q28 region, and found that only patient 1 had a possibility of a drastic
change in TADs. The altered chromatin topologies on the Xq27.3q28 region might
affect the clinical features of patient 1 by changing the expression of genes just
outside the deletion and/or the XCI establishment during embryogenesis resulting in
skewed XCI.
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1 | INTRODUCTION

X chromosome inactivation (XCI) in the female mammals ensures

Partial deletions of the X chromosome cause a variety of X‐linked

cells, either the maternally or the paternally derived X chromosome is

disorders, and male patients with deletions usually have more severe

randomly inactivated. Once XCI is established, the XCI pattern is

phenotypes than female patients, because females have a single

stably maintained throughout the cells' life and is passed onto its

active X chromosome due to mosaicism. The process of random

progeny cells. Various epigenetic mechanisms are involved in the

dosage compensation between XX and XY cells (Lyon, 1961). In XX
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inactivation processes, such as noncoding RNA XIST (X inactive specific

X chromosome, caused by Xq27.3q28 deletion in the patient, is as-

transcript; MIM# 314670) mediated gene silencing, histone modifica-

sociated with a severe phenotype.

tions, and DNA methylation (Boggs, Connors, Sobel, Chinault, & Allis,
1996; Brown et al., 1991; Gilbert & Sharp, 1999; Heard et al., 2001;
Jeppesen & Turner, 1993; Wolf, Jolly, Lunnen, Friedmann, & Migeon,

2 | M A T E R I A L S AN D M E T H O D S

1984). Moreover, random XCI can be disrupted, especially in females
carrying deleterious mutations on one or both X chromosomes. Pre-

2.1 | Patients

ferential inactivation of the mutated X chromosome enables females
to mitigate the effect of the mutation, and preferential inactivation of

Written informed consent was obtained from the parents of each

the normal X chromosome results in clinical features similar to that

patient. Experiments were conducted after obtaining approval from

observed in male patients with the mutation. In general, random XCI

the institutional review board of the Institute for Developmental

preferentially inactivating one X chromosome by chance is called

Research, Aichi Developmental Disability Center (approval number

skewed XCI (defined as >75% inactivation of one allele; Nesterova

16‐12 and 17‐01) and the Human Genome, Gene Analysis Research

et al., 2003). On the contrary, nonrandom XCI, which preferentially

Ethics Committee, of the University of Tokyo. This study complied

inactivates the mutant X chromosome because of functional selection

with the Declaration of Helsinki.

is called selective XCI.

Patient 1 was a girl aged 1 year and 7 months, and the second

The FMR1 (MIM# 309550), AFF2 (MIM# 300806; also known as

child born to healthy, nonconsanguineous Japanese parents. The

FMR2), and IDS (MIM# 300823) genes are located at the Xq27.3q28

pregnancy was uneventful. Her birth weight, height, and occipito-

locus, which are the causal genes for Fragile X syndrome (MIM#

frontal circumference (OFC) were 3,012 g (−0.4 SD), 54.5 cm (2.8 SD),

300624), FRAXE mental retardation syndrome (MIM# 309548), and

and 34.5 cm (0.8 SD), respectively. The Apgar score was 9 at 1 min.

Hunter syndrome (mucopolysaccharidosis II, MIM# 309900), re-

Development was extremely delayed from early infancy. She held her

spectively. Fragile X syndrome and FRAXE mental retardation syn-

head at 1 year and 2 months of age and sat up with support at 1 year

drome are caused by unstable expansion of a CGG repeat in the

and 5 months of age, however, she was unable to sit still by herself.

FMR1 or a CCG expansion located upstream of AFF2, which results in

At 9 months of age, the Kyoto Scale of Psychological Development

suppression of FMR1 or AFF2 transcription and decreased protein

(K‐test), which is one of the most widely used developmental tests in

levels in the brain, respectively. Hunter syndrome is characterized by

Japan,

X‐linked mucopolysaccharide storage disease, caused by deficiency

Language‐Social, and Overall scores were undeterminable, 38, 65,

of iduronatesulfatase (IDS).

and 35 (each healthy controls' score is 100), respectively (Koyama,

showed

that

her

Postural‐Motor,

Cognitive‐Adaptive,

Male patients with deletion of one of the three genes manifest

Osada, Tsujii, & Kurita, 2009). At 1 year and 7 months of age, her

the typical phenotypes of each disease with different degrees of

weight, height, and OFC were 11.0 kg (0.6 SD), 80.7 cm (−0.2 SD), and

mental retardation (Gecz, Gedeon, Sutherland, & Mulley, 1996;

43.5 cm (−2.1 SD), respectively. She had a square and hypotonic face,

Gedeon et al., 1992; Steen‐Bondeson et al., 1992). It is noted that

prominent forehead, horizontal and thick eyebrows, deep‐set eyes,

Hunter syndrome is characterized by coarse facial features (Young,

full cheeks, depressed and flat nasal bridge, small nose, anteverted

Harper, Newcombe, & Archer, 1982), Fragile X syndrome with pro-

nares, short and prominent philtrum, open mouth, exaggerated cu-

minent forehead and large ears (Mattei, Mattei, Aumeras, Auger, &

pid's bow, thick lower lip, large tongue, short neck (Figure 1a,b), and

Giraud, 1981); however, dysmorphic features are not observed in

thick limbs compared with the truncus. In addition, she was unable to

FRAXE mental retardation syndrome (Stettner, Shoukier, Hoger,

speak. The progression of her cognitive activity was very slow, and

Brockmann, & Auber, 2011). Therefore, male patients with

she was always afraid of strangers. Neurological examination re-

Xq27.3q28 deletion encompassing IDS, FMR1, and AFF2, have clinical

vealed that she had hypotonia with normal tendon reflexes. Brain

features similar to that of Hunter syndrome and Fragile X syndrome,

magnetic resonance imaging (MRI) at 9 months showed an enlarged

including severe intellectual disability, developmental delay, hypo-

anterior corner of the lateral ventricle, dilatation of the third ven-

tonia, and characteristic facial appearances (Birot et al., 1996). In

tricle, forehead hypoplasia, rotational failure of the bilateral hippo-

contrast, female patients with Xq27.3q28 deletion show a variety of

campus, midbrain hypoplasia, and hypogenesis of the corpus callosum

clinical features with various XCI status in each case (Clarke

(Figure 1f,g). The laboratory investigations showed that IDS activity

et al., 1992; Marshall et al., 2013). Here, we present two unrelated

and urine mucopolysaccharides were in the normal range.

female patients, harboring similar overlapping deletions at the

Patient 2 was a girl aged 2 years and 2 months and the first child

Xq27.1q28 locus, encompassing FMR1, AFF2, and IDS genes. They

of healthy, nonconsanguineous Japanese parents. The family history

had different clinical features as well as XCI status. We analyzed the

was unremarkable. She was born at 40 weeks and 6 days of gestation.

molecular mechanism underlying skewed X inactivation in the patient

The pregnancy was uneventful. Her birth weight, height, and OFC

with a severe phenotype, by whole‐exome sequencing and Hi‐C data

were 2,792 g (0.4 SD), 50.5 cm (−0.1 SD), and 34.2 cm (0.4 SD), re-

browser. We found that the chromosomal structure of topologically

spectively, and her Apgar scores were 8/1 and 10/5. A peritoneal

associated domains (TADs) of the deleted regions of the patient may

ovarian cyst was found at 36 weeks of gestation. After birth, her

be changed. These results suggest that a structural change of the

estrogen level was high, but decreased to normal levels by 9 months of
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F I G U R E 1 Facial appearances and brain magnetic resonance imaging (MRI) findings of patients 1 and 2. Frontal and lateral views of patient
1 at 1 year and 7 months of age (a,b) and patient 2 at 2 years and 2 months of age (c,d). Patient 2 had hyperextensible fingers (e). Brain MRI
imaging of patient 1 at 9 months of age (f,g) and patient 2 at 20 months of age (h,i). Sagittal T1 (f,h) and adaxial T2 (g,i)

age. She held her head at 4 months of age, rolled over at 6 months of

hybridization (FISH) was performed as described (with modification;

age, and sat up unassisted at 8 months of age; however, she still could

Fukushi et al., 2003), with metaphase chromosome spreads obtained

not hold herself in a standing position without support at

from both patients. Bacterial artificial chromosome (BAC) clones,

2 years and 2 months of age. At 1 year and 4 months of age, K‐test

RP11‐533L19 (Xq27.1) and RP11‐102A7 (Xp22; Thermo Fisher

showed that Postural‐Motor, Cognitive‐Adaptive, Language‐Social, and

Scientific), fosmid clones, WI2‐2895K2 (Xq27.1), WI2‐3804K18

Overall scores were 44, 48, 40, and 45, respectively. She developed

(Xq27.1), WI2‐3562H11 (Xq28) and WI2‐3825B5 (Xq28; BACPAC

West syndrome at 1 year and 7 months of age and was successfully

Resources Center), and IDS genomic DNA (exons 2‐7; 13,998 bp)

treated with ACTH (adrenocorticotropic hormone) therapy. At the age

were used as probes. RP11‐533L19, fosmid clones and IDS genomic

of 2 years and 2 months, her facial appearance was similar to that of

DNA were labeled with Digoxigenin‐11‐dUTP, alkali‐stable (Roche),

patient 1, however, to a milder degree (Figure 1c,d). She had hyper-

and RP11‐102A7 with Biotin‐16‐dUTP (Roche), respectively. Probes

extensible fingers (Figure 1e). Although she sometimes made eye

were detected with anti‐digoxigenin‐rhodamine (Roche), or Strepta-

contact, she did not respond to the call of her name. She had few

vidin Alexa Fluor® 488 conjugate (Thermo Fisher Scientific). Finally,

requests or complaints and no interest in toys. She demonstrated

the chromosomes were stained with 4′,6‐diamidino‐2‐phenylindole

stereotypic movements including hand flapping, hand wringing, brux-

(DAPI; Roche).

ism, and sleep rhythm disturbance, however, she did not fulfill the
diagnostic criteria of Rett syndrome. Brain MRI at 1 year and 8 months
showed an enlarged trigone, posterior, and inferior horn of the lateral
ventricle, hypoplasia of the forehead, hypogenesis of the first part of

2.3 | Single‐nucleotide polymorphism (SNP) array
comparative genomic hybridization

the corpus callous, and mild hypoplasia of vermis (Figure 1h,i). The
laboratory investigations showed that IDS activity and urine muco-

SNP array comparative genomic hybridization (SNP array CGH)

polysaccharides were in normal ranges.

analysis was carried out using an Affymetrix CytoScan HD® array
(Affymetrix) containing 740,304 polymorphic (SNP) and 1,953,249
non‐polymorphic (copy number probes) markers, as previously

2.2 | Cytogenetic analysis

described (Fukushi et al., 2018).

Chromosomal samples were prepared from the lymphoblastoid cell
lines (LCLs), established through Epstein–Barr virus transformation

2.4 | Characterization of breakpoints

of peripheral blood samples obtained from the patients (with informed consent) and healthy volunteers (Yamada et al., 2010).

We performed FISH analyses using fosmid clones to determine the

Chromosomal analysis was performed using GTG‐banded chromo-

deletion breakpoints in the patients. Finally, we determined that

somes at a resolution of 400–550 bands. Fluorescence in situ

the deletion breakpoints at Xq27.1 of patient 1 and 2 were in
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WI2‐3804K18 and WI2‐2895K2 and those at Xq28 were in WI2‐

a template. ARHGAP6 was used as the reference gene. The nucleotide

3825B5 and WI2‐3562H11, respectively. Primer pairs used to am-

sequences of the primers were as follows: FMR1 CGG sense, 5′‐GTC

plify the deletion breakpoints at Xq27.1 and Xq28 in both patients

AGACTGCGCTACTTTGA‐3′, FMR1 CGG antisense, 5′‐AGCCCCGC

were as follows. Patient 1: Xq27.1 sense, 5′‐TCAGCTGTGCAAAG

ACTTCCACCACCAGCTCCTCCA‐3′ and ARHGAP6 sense, 5′‐AACT

ACAACAA‐3′; and Xq28 antisense, 5′‐GCCCTGAGAATGGCATTTC

CACGCACCTGTAATTG‐3′, ARHGAP6 antisense 5′‐GCCAGGCTCCA

T‐3′. Patient 2: Xq27.1 sense, 5′‐AACTCCCAGGTAATCTTGCAT‐3′;

GTTACCTT‐3′.

and Xq28 antisense, 5′‐ACCAGATCCAGTACAGACATA‐3′. The
polymerase chain reaction (PCR) products were purified and sequenced using the GenomeLab™ GeXP Genetic Analysis System

2.8 | Nascent RNA FISH

(SCIEX) and GenomeLab™ Dye Terminator Cycle Sequencing with
Quick Start Kit (Beckman Coulter).

Cell samples were prepared as described by “Immunocytochemical
staining.” Thereafter, cells were permeabilized in 1% Triton X‐100/1×
PBS for 5 min at room temperature and washed three times in 70%

2.5 | Androgen receptor (AR) gene methylation
assay

ethanol. Before nascent RNA FISH, cover glasses were dehydrated by
different grades of ethanol: 70%, 80%, 95%, and air‐dried for 5 min
each. Cells were hybridized with the following probes (0.3 mg per

The inactivation status of the X chromosome was analyzed by as-

cover slip), for overnight at 37℃. We used fosmid clone WI2‐

sessing methylation at the AR gene (MIM# 313700) locus, based on

3059O20 (XIST) at Xq13.2, and BAC clone RP3‐346O6 (ATRX, also

previously described protocols (Allen, Zoghbi, Moseley, Rosenblatt, &

called chromatin remodeler; MIM# 300032) at Xq21.1 as probes.

Belmont, 1992), with modifications. In brief, genomic DNA from the

These probes were labeled with SpectrumGreen‐ and SpectrumRed‐

patients and their parents was isolated from peripheral blood leu-

dUTP (Abbott), respectively, with overnight incubation. Thereafter,

kocytes and digested with the methylation‐sensitive restriction en-

the cells were washed three times in 50% formamide/2× SSC

zyme HhaI, resulting in digestion of alleles residing on the active

(pH 7.2–7.4) at 37℃ for 7 min, and three times in 2× SSC at 37℃ for

X chromosome. Subsequent PCR with primers flanking the HhaI re-

5 min. Finally, the cells were stained with DAPI.

striction site and the polymorphic CAG repeats amplified only alleles
on the inactive X chromosome. The two amplified products were
compared directly by Sanger sequencing. The XCI ratio of the in-

2.9 | Family‐based whole‐exome sequencing

dividuals was quantified using an arbitrary mixture of PCR products
of the AR locus from parents of the patients. The XCI pattern

A family‐based whole exome analysis was performed in patient 1 and

was defined as skewed with a cut‐off value of ≥75:25 of the

her parents using a SureSelect V6 + UTR kit (Agilent) and a

X‐inactivation ratio.

HiSeq2500 sequencer (Illumina). Variant calling and detection of
possible de novo mutations were performed as previously described
(Isojima et al., 2014).

2.6 | Immunocytochemical staining
LCLs of both patients were fixed in 3% paraformaldehyde in

2.10 | Statistical analysis

phosphate‐buffered saline (PBS) for 10 min and washed twice with
PBS. The aliquot of cells (0.5 × 106 cells) was prepared by cen-

Results are presented as mean ± SD of at least three separate ex-

trifugation at 800 rpm for 2 min (Cytospin, SAKURA) on poly‐L‐lysine

periments performed in duplicate. Differences between samples in

coated cover glasses. Cells were incubated with blocking solution (5%

nascent RNA FISH were analyzed by one‐way analysis of variance.

bovine serum albumin and 0.1% Tween‐20 in PBS) for 2 hr, followed

p < .05 was considered statistically significant.

by incubation with the anti‐FMRP antibody (1:1,000 dilution; Abcam),
overnight at 4℃. Thereafter, the cells were washed three times with
PBS for 10 min each, and incubated with secondary Alexa Fluor 594

3 | RE SU LTS

goat anti‐rabbit IgG (1:500 dilution; Thermo Fisher Scientific) for 1 hr
at room temperature. Finally, the cells were stained with DAPI.

3.1 | Determination of the deletion breakpoints in
two patients with Xq27.1q28 deletions

2.7 | Analysis of FMR1 CGG repeat length

G‐banded chromosome analysis revealed that similar regions on the

PCR was performed to examine the number of CGG repeat units in

were deleted in both patients. FISH analysis further confirmed that

the 5′‐untranslated region (5′‐UTR) of the FMR1 gene by the

the deletion in both patients encompassed the region between

GC‐RICH PCR System (Roche), using genomic DNA of the patients as

Xq27.1 and Xq28, where the FMR1 and IDS genes were located

distal long arm of the X chromosome, 46,X,del(X)(q27.3; Figure 2a–c),

KATOH
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(Figure 2d–g). We determined the deletion breakpoints in both pa-

replicated fragment separates from the template and switches to the

tients by SNP array CGH analysis and FISH analysis using fosmid

replication fork at the breakpoint of Xq27.1 with GT (patient 1) or

clones, and PCR employing a primer pair flanking the deleted region.

GTTC (patient 2) microhomologies (Step 2), and following replication

The results revealed that patient 1 had a 10.959 Mb deletion at

restarts (Step 3; Figure 3c). Thus, the FoSTeS model (Carvalho

Xq27.1q28 (between 140,403,599 bp and 151,275,822 bp, GRCh38)

et al., 2009) of the deletion mechanism was considered in both pa-

and patient 2 had a 9.172 Mb deletion at Xq27.1q28 (between

tients. Both patients had FMR1, AFF2, and IDS deletions in common,

140,536,088 bp

however, in patient 1 SOX3, MAMLD1, MTM1, MTMR1, CD99L2, and

and

149,777,416 bp,

GRCh38),

respectively

(Figure 3). We did not find the deletion in the parents of either

HMGB3 genes were also included in the deletion region (Figure 2f,g).

patient (Figure 3a). The FoSTeS model (Carvalho et al., 2009) of the

Three major genes showed high scores of the probability loss‐of‐

deletion mechanism was considered in the two patients because 2‐bp

function intolerance (pLI) scores (FMR1; 0.65, AFF2; 1, IDS; 1). MTM1

(GT) and 4‐bp (GTTC) microhomologies were identified in patient 1

and MTMR1 showed a high score (score = 1) of the pLI scores in these

and patient 2, respectively (Figure 3c). In the FoSTeS model, the

genes, suggesting that hypotonia in patient 1 was attributable to the

replication fork stalls at the breakpoint of Xq28 (Step 1). Next, the

deletion of MTM1 and MTMR1 (Table S1). However, no meaningful

F I G U R E 2 Cytogenetic analysis of the X
chromosomes of the patients. (a–c) Patients 1
and 2 had deletions in the Xq27.3q28 region.
The G banded X chromosomes of patient 1
(b) and patient 2 (c) are shown. The patients'
normal X chromosomes are on the left and
deleted X chromosomes are on the right.
(d) Map of the deletion constructed with FISH
probes (red bar). Arrow shows Xq27.3 region.
(e) FISH analysis of patient 1 and patient 2 are
shown. Signals of RP11‐533L19 (red) were
found on Xq27 (indicated by the white arrow).
The yellow arrow indicates the deletion of the
Xq27 region. IDS (red) signal was not found on
one X chromosome. RP11‐102A7 (green) was
used as a marker for the X chromosome
(Xp22). (f–g) SNP array CGH revealed the
deletion at Xq27q28 in patient 1 (f) and
patient 2 (g). The x‐ and y‐axes denote the
log2 ratio and MIM gene position,
respectively. Nucleotide positions are
established according to GRCh38/hg38.
CGH, comparative genomic hybridization;
FISH, fluorescence in situ hybridization;
SNP, single‐nucleotide polymorphism
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deletion or duplication responsible for the severe intellectual dis-

nucleotide (green, paternal origin) was dramatically increased

ability and developmental delay seen in patient 1 was detected by

(Figure 4a). The relative T/A ratio before and after digestion by HhaI

the SNP array CGH analysis in both patients.

(T is maternal origin, A is paternal origin) was 21.0 ± 2.7% from the
mother and 79.0 ± 2.7% from the father (Figure 4c). Therefore, patient 1 represented a skewed X inactivation pattern, caused by

3.2 | Identification of the different X chromosome
inactivation patterns in the two patients

preferential activation of the maternal X chromosome. In patient 2,
30 CAG repeats were detected in the maternal allele and 29 in the
paternal allele (Figure 4b). The relative A/T ratio before and after

We analyzed the methylation patterns of the AR gene on Xq12.

digestion by HhaI (A is maternal, T is paternal) was 54.8 ± 1.4% from

Twenty‐nine CAG repeats were detected in the maternal allele and

the mother and 45.2 ± 1.4% from the father (Figure 4d). Therefore,

38 in the paternal allele of the AR gene in patient 1 (Figure 4a). HhaI

inactivation of the X chromosome of patient 2 was random. Next, we

treated genomic DNA demonstrated that the height of T nucleotide

also performed immune histochemical staining using anti‐FMRP an-

(red, maternal origin) was dramatically decreased and the height of A

tibody with LCLs of patients and controls. The results revealed that

F I G U R E 3 Determination of the deletion breakpoints of the patients. (a) Chromosomal deletions in the family members and three controls
were investigated by polymerase chain reaction. Lane numbers are as follows: Lane 1, patient (P); Lane 2, father (F); Lane 3, mother (M); Lane 4,
control 1 (C1); Lane 5, control 2 (C2); and Lane 6, control 3 (C3). About 300 bp DNA fragment containing the deletion breakpoint of patient 1
and about 600 bp DNA fragment containing the deletion breakpoint of patient 2 were observed. The sizes (bp) of the DNA markers are
indicated on the left. (b) Nucleotide sequences at the deletion breakpoints of the patients. Single and double underlines indicate the control
nucleotide sequences of Xq27.1 and Xq28, respectively. Vertical arrows indicate deletion breakpoints. (c) FoSTeS models of the deletion
mechanism in the patients. In the FoSTeS model, the replication fork stalls at the breakpoint of Xq28. Next, the replicated fragment separates
from the template and switches to the replication fork at the breakpoint of Xq27.1 with GT (patient 1) or GTTC (patient 2) microhomologies,
following which, replication restarts
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F I G U R E 5 ATRX was monoallelically expressed in LCLs regardless of Xq27q28 deletion and XCI status. (a) Representative images of LCLs
after nascent RNA FISH for X‐linked ATRX (green) and XIST primary transcripts (red). DAPI (blue) for nuclear stain. Normal XaXi cell (monoallelic
ATRX signal and XIST domain; left) and ATRX biallelic cell (right) are presented. Scale bar = 25 μm. (b) Quantification of the nascent RNA FISH
patterns for ATRX in LCLs from control, patient 1, and patient 2 (p calculated by one‐way ANOVA; mean ± SD; n > 330). ANOVA, analysis of
variance; DAPI, 4′,6‐diamidino‐2‐phenylindole; FISH, fluorescence in situ hybridization; LCL, lymphoblastoid cell lines; PCR, polymerase chain
reaction; SD, standard deviation; XCI, X chromosome inactivation

more than 95% of the cells were stained in three normal female

left picture). The mean value of monoallelic expression in the LCLs of

controls, however, approximately 20% and 50% cells were stained in

controls, patient 1, and patient 2 were 99%, 92%, and 98%, respec-

patient 1 and patient 2, respectively (Figure 4e,f). More than 99% of

tively (Figure 5b). Therefore, monoallelic expression of the X‐linked

individuals with Fragile X syndrome have been shown to have

gene is maintained in LCLs, regardless of Xq27.1q28 deletion and XCI

expanded CGG repeats (>200 repeat units; Kremer et al., 1991;

status.

Verkerk et al., 1991). Therefore, we determined the number of FMR1
CGG repeat units and found that the two patients had a normal
number of CGG repeats (Figure 4g). These results suggest that the

4 | D IS C U S S I O N

XCI statuses in LCLs of both patients reflect that of original peripheral blood.

We report here, two female patients with 10.96 and 9.17 Mb deletions, respectively, at the Xq27.1q28 locus, which includes three well‐
known disease‐causing genes, FMR1, AFF2, and IDS. Female patients,

3.3 | Determination of the ATRX expression profiles
and X inactivation state in two patients with
Xq27.1q28 deletions

harboring the Xq27.3q28 deletions, present a variety of clinical features. We summarize the clinical features, deleted regions in Xq27q28,
and XCI states (random/skewed/selected) of the two presented patients, along with ten female and three male patients in Figure 6 and

To investigate the X inactivation pattern in the presented patients,

Table 1 (Birot et al., 1996; Brusius‐Facchin et al., 2012; Burruss, Wood,

we analyzed the expression of the X‐linked gene ATRX at Xq21.1,

Espinoza, Dwivedi, & Holden, 2012; Clarke et al., 1991, 1992; Clarke,

which is normally silent on the inactive X chromosome, using nascent

Willard, Teshima, Chang, & Skomorowski, 1990; Dahl et al., 1995;

RNA FISH on LCLs from the female control and the two patients. We

Marshall et al., 2013; Probst et al., 2007; Schmidt et al., 1990, 1992;

detected only one ATRX signal with XIST signal and two ATRX signals

Zink et al., 2014). All patients had FMR1, AFF2, and IDS deletions on

without XIST signal in the LCLs from control and patients, respec-

one allele. Almost all patients (10/12 female and 3/3 male) presented

tively (Figure 5a, right picture). One ATRX signal and one cloud‐like

intellectual disability and developmental delay, regardless of the size

XIST signal was detected in almost all LCLs (Figure 5a, monoallelic,

of the deleted regions, sex, or XCI states (random/skewed/selected).

F I G U R E 4 Patient 1 had skewed X inactivation. (a–d) Methylation analysis of the families of patient 1 (a, c) and patient 2 (b,d) are shown.
(a, c) PCR was performed using genomic DNA digested with or without HhaI as a template, and the obtained PCR products were analyzed by
Sanger sequencing. The ratio of inactivation of each allele was analyzed at the polymorphic CAG repeats on the AR locus, indicated by arrows,
and the height of each peak represented the amount of the inactive X chromosome. (c,d) The relative heights of the two alleles are shown
(skewed XCI ratio; mean ± SD; n > 3). Xm, maternally inherited X chromosome; Xp, paternally inherited X chromosome. (e) Immunostaining of
LCLs with anti‐FMR1 antibodies (red) and DAPI (blue). The female control (left), patient 1 (middle), and patient 2 (right). Scale bar = 50 μm.
(f) The ratio of FMRP‐positive cells/total cells (red signal positive in panel e) of the female control, patient 1, patient 2, and their parents
(mean ± SD; n > 600). (g) The length of FMR1 CGG repeat region of patient 1, patient 2, and their parents. DAPI, 4′,6‐diamidino‐2‐phenylindole;
LCL, lymphoblastoid cell lines; PCR, polymerase chain reaction; SD, standard deviation; XCI, X chromosome inactivation
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Moreover, 6/12 female and 3/3 male patients showed hypotonia, and

analyzed the TAD of the deleted region on the X chromosome of

3/12 female patients had epilepsy. Dysmorphic facial features were

both patients, using the Hi‐C data browser in the brain (http://

described in 9/12 female and 3/3 male patients. Female patients (re-

promoter.bx.psu.edu/hi-c/view.php; Figure S1A). In patient 1, the

ported cases 1, 3‐10, and presented patient 1, 2) did not have defec-

deletion region was located on TAD 1–6 in the cortex. Deletion re-

tive IDS

mucopolysaccharides.

moved these TADs, and TAD 1 and TAD 6 merged into a new single

Therefore, the characteristic facial appearance is a specific feature of

TAD (Figure S1B; Li, Liu, Li, & Li, 2016). In this condition, genetic

this disease, independent of Hunter syndrome. With regard to the

elements, which are located in TAD 1 and TAD 6, could contact each

relationship between X chromosome inactivation status and the clin-

other and might have led to a dramatic chromosome conformational

ical severity, cases 1, 2, 3, and the presented patient 1 had skewed XCI

change and abnormal gene expression in the brain. In contrast, only

of the normal X chromosome and showed profound intellectual dis-

the telomeric region of TAD 1 was broken and no new TAD was

ability and developmental delay. Other cases with random XCI, in-

created in patient 2. Therefore, the chromosome conformation might

cluding patient 2 from our study, had mild clinical features; however,

not have changed dramatically in patient 2. These dramatical three‐

intellectual disabilities and developmental delay were variable.

dimensional changes in patient 1 might have affected the expression

Although there is a concern that the XCI status presented in periph-

of genes just outside the deletion region. Genes in the new TAD were

eral blood and LCLs is not representative of XCI status in the brain, it

listed in Table S2, and several genes related to neuronal function,

is suggested that clinical severity is closely associated with the ratio of

developmental delay, or neurological disease; CCNQ (MIM# 300708;

normal XCI in female patients having Xq27.3q28 deletions.

growth retardation, International Mouse Phenotyping Consortium),

activities and abnormal urine

In this study, patient 1 had skewed XCI (79:21) and showed

NAA10 (MIM# 300013; developmental delay; Casey et al., 2015),

severe clinical features, and patient 2 with random XCI showed mild

MECP2 (MIM# 300005; Rett syndrome), GDI1 (MIM# 300104; ab-

features with moderate intellectual disability and developmental

normal synaptic function; Ishizaki et al., 2000), and developmental

delay. The brain MRI of the patients showed structural brain ab-

delay; Bienvenu et al., 1998) were included (Table S2). Actually, re-

normalities, including hypogenesis of the corpus callosum and fore-

cent studies have reported that the alteration in TAD structure

head hypoplasia. Notably, patient 1 showed more severe brain

causes gene misexpression (Dixon et al., 2018; Lupianez et al., 2015).

abnormalities than patient 2. This is a new finding, which had pre-

In addition to the skewed XCI, TAD rearrangement‐causing mis-

viously not been reported in female cases with Xq27.3q28 deletions.

expression of genes in new TAD of patient 1 may be associated with

As patient 2, who had a milder phenotype and random XCI, also

more severe neurological findings than those in patient 2.

showed brain structural abnormality, it can be presumed that the

Next, we focused on the molecular mechanism of skewed XCI of

brain abnormality was probably caused by haploinsufficiency of the

the normal X chromosome of patient 1. Studies of X inactivation

genes located in the overlapping deletion region of the two patients.

patterns in general population demonstrated that only very small

Moreover, the most notable difference between the 2 patients is the

proportions (8% and 10%) of unaffected females show significantly

characteristic facial appearance; the coarse face and prominent

skewed inactivation (<25:75/>75:25; Amos‐Landgraf et al., 2006;

forehead of patient 1 was similar to those of the male patients with

Nesterova et al., 2003; Shvetsova et al., 2019). However, patients

Xq27.3q28 deletion. Features of patient 2 were similar to that of

harboring Xq27.3q28 deletion, including the presented patient 1 of

patient 1, but milder by comparison. These characteristic facial ap-

the current study, show relatively high ratios of skewed XCI of the

pearances are associated with the ratios of XCI of normal X chro-

normal allele (5/12). Association of skewed XCI and shorter telo-

mosome in female patients with Xq27.3q28 deletion. Therefore,

meres have also been reported in patients with idiopathic premature

these characteristic facial features may be useful in the diagnosis of

ovarian insufficiency (Miranda‐Furtado et al., 2018). These findings

female patients with Xq27.3q28 deletion.

suggest that the chromosomal structures and/or functions may be

Chromosomes form a series of self‐interacting architectural do-

associated with skewed XCI of the normal allele in patient 1. To

mains, termed TADs, and genes within the same TAD tend to be

investigate the XCI state of the presented patients, we examined the

coregulated during development; TAD is thought to provide a

expression of XIST and X‐linked gene ATRX. If Xq27.1q28 deletion

structural basis for regulatory landscapes (Engreitz, Ollikainen, &

directly affected XCI, initiation, establishment, and/or maintenance

Guttman, 2016). In this study, we determined the nucleotide se-

of monoallelic XCI would be perturbed. Our finding that the mono-

quence of the deletion breakpoints of the presented patients, and

allelic state of an X‐linked gene was maintained in LCLs of patients 1

F I G U R E 6 Deletion map of the X chromosome indicating the deleted region which includes IDS, FMR2, and FMR1 in patients with intellectual
disability. (a) Schematic representation of the deleted regions on chromosome Xq27q28 including the FMR1, FMR2, and IDS genes in our
patients and 10 previously reported females (Cases 1–10) and three male patients (Cases A–C) with intellectual disability and developmental
delay. All deletions were mapped according to the UCSC genome browser build 2013 (GRCh38/hg38). The region between FMR1 and IDS is
demarcated with a gray zone. Numbers in parentheses represent the deletion sizes. XCI ratio is shown on the left side of the map. (b) A
high‐resolution view of the Xq27.1, 5′ deletion regions in cases 1, 10, C, and patients 1 and 2 indicated with an orange box in panel a. The
relative positions of genes are indicated by pink alphabets. (c) A high‐resolution view of the Xq28, 3′ deletion region in Cases 1–6, 8–10, A–C,
and patients 1 and 2 indicated with a green box in panel (a). XCI, X chromosome inactivation
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(Table 1) had 27 disease‐associated genes in the deletion region, such
as ABCD1 (adrenoleukodystrophy), MECP2 (Rett syndrome), GDI1
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