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Abstract

Xq28 (involving MECP2) duplication syndrome is a severe neurodevelopmental disorder in males, most females are asymp-

tomatic carriers, but there are phenotypic heterogeneities in the females. Skewed X-chromosome inactivation (XCI) seems to

prevent duplicated region activation in asymptomatic females, but it remains controversial. Herein we reported two asymp-

tomatic females (daughter and mother) with interstitial Xq28 duplication. HUMARA and RP2 assays showed that both had

complete skewed XCI, the Xq28 duplicated chromosome was inactivated in the daughter, but surprisingly, it was activated in

her mother. Interestingly, by combining RNA sequencing and whole-exome sequencing, we confirmed that XIST only expressed

in the Xq28 duplication chromosomes of the two females, indicating that the Xq28 duplication chromosomes were inactive.

Meanwhile, MECP2 and most XCI genes in the duplicated X-chromosomes were not transcriptionally expressed or upregulated,

precluding major clinical phenotypes in the two females, especially the mother. We showed that XCI status detected by RNA

sequencing was more relevant for establishing the clinical phenotype of MECP2 duplication females. It suggested there were

other factors maintaining the XCI status in addition to DNA methylation, a possible additional inhibition mechanism oc-

cured at the transcriptional level in the unmethylated X-chromosome, counter balancing the MECP2 duplication’s detrimental

phenotype effects
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Abstract

Xq28 (involving MECP2 ) duplication syndrome is a severe neurodevelopmental disorder in males, most
females are asymptomatic carriers, but there are phenotypic heterogeneities in the females. Skewed X-
chromosome inactivation (XCI) seems to prevent duplicated region activation in asymptomatic females,
but it remains controversial. Herein we reported two asymptomatic females (daughter and mother) with
interstitial Xq28 duplication. HUMARA and RP2 assays showed that both had complete skewed XCI,
the Xq28 duplicated chromosome was inactivated in the daughter, but surprisingly, it was activated in
her mother. Interestingly, by combining RNA sequencing and whole-exome sequencing, we confirmed that
XIST only expressed in the Xq28 duplication chromosomes of the two females, indicating that the Xq28
duplication chromosomes were inactive. Meanwhile, MECP2 and most XCI genes in the duplicated X-
chromosomes were not transcriptionally expressed or upregulated, precluding major clinical phenotypes in
the two females, especially the mother. We showed that XCI status detected by RNA sequencing was more
relevant for establishing the clinical phenotype of MECP2 duplication females. It suggested there were
other factors maintaining the XCI status in addition to DNA methylation, a possible additional inhibition
mechanism occured at the transcriptional level in the unmethylated X-chromosome, counter balancing the
MECP2 duplication’s detrimental phenotype effects.

KEYWORDS

MECP2 duplication, skewed X-chromosome inactivation (XCI), human androgen receptor (HUMARA )
assay, RNA sequencing, allele-specific expression (ASE)

INTRODUCTION

Xq28 (involving MECP2 ) duplication syndrome (MDS) is a severe neurodevelopmental disorder. Signs and
symptoms include infantile hypotonia, delayed psychomotor development, severe intellectual disability, poor
speech development, progressive spasticity, recurrent respiratory infections, and seizures (Van Esch, 1993).
MDS is caused by a duplication (or triplication) of the gene methyl CpG binding protein 2 (MECP2 ), which
increases the expression of transcription regulator MeCP2 (Makrythanasis et al., 2010; Ramocki et al., 2009).
MeCP2 protein overexpression could have detrimental effects on brain development and function, as shown
in mouse models and humans (Collins et al., 2004; Ramocki & Zoghbi, 2008; Van Esch et al., 2005).

Initially, MDS was considered fully penetrant in males, and most females with duplications were asymp-
tomatic carriers. However, later reports revealed a mild to severe clinical phenotype in more than 20 affected
females with MECP2 duplication, including larger cytogenetic changes resulting in MECP2 duplication and
intrachromosomal (intraC) Xq28 duplication (El Chehadeh et al., 2017; Van Esch, 1993).

X-chromosome inactivation (XCI) is a transcriptional silencing mechanism of the X-chromosome initiated by
the transcription of XIST , which encodes a long non-coding RNA, transcribes mono-allelically, and spreads
in cis along the inactive X (Xi) chromosome. XCI induces progressive epigenetic silencing by recruiting
chromatin remodeling enzymatic complexes, thereby imposing repressive histone and DNA changes to the
Xi chromosome. One X-chromosome is inactivated at random in females, but some females show preferential
inactivation for one of the two X-chromosomes (skewed XCI) (Lee, 2011). Skewed XCI can cause phenotypic
heterogeneity of X-linked disorders in females (Horga et al., 2019; Orstavik, 2009; Y. Sun et al., 2019). XCI
seems to be essential forMECP2 expression in Xq28 duplication females, which affects the phenotype.

XCI pattern analysis has generally been conducted by human androgen receptor (HUMARA ) assay, a
polymerase chain reaction (PCR)-based X-chromosome inactivation assay that uses a methylation-sensitive
restriction enzyme. However, using the classic mean, some reports did not correlate XCI and the severity
of the phenotype in females affected by Xq28 duplication (Bijlsma et al., 2012; El Chehadeh et al., 2017;
Fieremans et al., 2014; Scott Schwoerer et al., 2014). We speculated it was because the HUMARA assay
did not directly reflect the transcriptional level of the genes in Xq28. Recently, quantification of allelic
read counts and allele-specific expression (ASE) by RNA sequencing has been used as a direct XCI assay
(Tukiainen et al., 2017; Zito et al., 2019). We investigated two females in a daughter-mother relationship,
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each possessing interstitial Xq28 duplication (involvingMECP2 ) opposite skewed XCI at the methylated
level, as detected by HUMARA assay and RP2 assay. Through RNA sequencing (RNA-seq), we revealed
that chromosomes with Xq28 duplication were both silent at the transcriptional level, and the dosages of
genesMECP2 and IRAK1 spanning the Xq28-duplicated region were not upregulated. This finding explains
why both females were asymptomatic, especially the mother.

METHODS AND PATIENTS

Patients

A 34-year-old healthy woman II2 had given birth to a boy with typical symptoms of MECP2 duplication
syndrome. These symptoms included infantile hypotonia, delayed psychomotor development, poor speech
development, intellectual disability, and recurrent respiratory infections. She wanted to give birth to a second
child. To explore the genetic cause and phenotypic effects of skewed XCI, we performed a single-nucleotide
polymorphism (SNP) array and whole-exome sequencing (WES) for her and her asymptomatic mother I2.
Meanwhile, we detected the XCI states of the two females by HUMARA /RP2 assays and RNA-seq.

This study followed the Ethics Committee of Women’s Hospital’s recommendations, School of Medicine
at Zhejiang University. All participants provided informed consent in accordance with the Declaration of
Helsinki. The Review Board of the Women’s Hospital, School of Medicine, Zhejiang University in China
approved the study protocol.

DNA/RNA extraction and qPCR

We extracted genomic DNA samples of peripheral blood and fetal amniotic fluid with the GentraPuregene
Kit (Qiagen, Germany). We extracted total RNA with TRIzol reagent according to the manufacturer’s
instructions (Invitrogen). Quantitative real-time (qRT-PCR) was carried out using SYBR Green PCR
Master Mix (Takara, Japan) on the Applied Biosystems 7900HT system. Supp. Table S1 lists the primers.
Melting curve analyses confirmed that all primers were specific for their respective transcript. We used the
ΔΔCt method to determine relative DNA/cDNA levels and determined the fold change by the value of
2-ΔΔ῝τ.

SNP array

We performed the SNP array using the CytoScan HD Array Kit (Affymetrix, USA) according to the man-
ufacturer’s instruction, with around 2,600,000 markers, including 750,000 SNP probes and 1,900,000 non-
polymorphism probes used for comprehensive whole-genome coverage. Data were analyzed by Chromosome
Analysis Suite software (Affymetrix, Santa Clara, CA) based on GRCh38 assembly.

XCI analysis

XCI in the Xq28-duplication females was analyzed by PCR amplification of the HUMARA gene and retinitis
pigmentosa (RP2 ) locus, aspreviously described (Allen, Zoghbi, Moseley, Rosenblatt, & Belmont, 1992;
Machado et al., 2014).

RNA-Seq

We performed RNA-Seq by Biomarker Technologies (Beijing, China) and generated sequencing libraries using
NEBNextR Ultra Directional RNA Library Prep Kit for IlluminaR (NEB, USA) following the manufacturer’s
recommendations. Clustering of the index-coded samples was performed on a cBot Cluster Generation
System using TruSeq PE Cluster Kit v4-cBot-HS (Illumina) according to the manufacturer’s instructions.
After cluster generation, the library preparations were sequenced on an Illumina HiSeq Xten platform. Raw
data (raw reads) in the FASTQ format were first processed through in-house Perl scripts, and clean data
(clean reads) were obtained by removing reads containing an adapter, reads containing ploy-N, and low-
quality reads from raw data. Then, the clean reads were mapped to the reference genome sequence. HISAT2
tools software was used for reference genome mapping. We used Picard-tools v1.41 and SAMtools v0.1.18
to sort through reads, remove duplicated reads, and merge each sample’s bam alignment results. GATK2 or
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SAMtools software was used to perform SNP calling. Raw VCF files were filtered using the GATK standard
filter method, and only SNPs with a distance >5 were retained. Differential expression analysis of two groups
was performed using the DESeq R package (1.10.1)

Whole-Exome Sequencing (WES)

WES was performed by Biomarker Technologies (Beijing, China). The sequencing libraries were generated
using the NimbleGen SeqCap EZ Human Exome V3 (Roche, Basel, Swiss) following the manufacturer’s
recommendations. Clustering of the index-coded samples was performed on a cBot Cluster Generation
System (Illumina, USA) according to the manufacturer’s instructions. After cluster generation, the library
preparations were sequenced on an Illumina HiSeq X Ten platform with a 150 bp paired-end module.

Burrows-Wheeler Aligner v0.7.13-r1126 was used to align each sample’s clean reads with the reference genome
using default parameters. Alignment files were converted to BAM files using SAMtools software. Variant
calling was performed for all samples by using the Haplotype Caller in GATK software.

Fluorescence in situ hybridization

Fluorescence in situ hybridization (FISH) was performed in the female and her mother. Xq28 was tagged
with BAC RP11-119A22 (Illumina) labeled in the red spectrum. The centromere probe was Vysis CEP X
(DXZ1), which was labeled in the green spectrum (Abbott Laboratories).

Results

1. Xq28 intrachromosomal duplications were identified in female II2 (daughter) and I2
(mother) by SNP array, qPCR, and FISH analyses

We detected I1, I2, and II2 by Affymetrix CytoScan HD Array. It showed a 437 kb duplication on the
Xq28 region (chrX:153858452-154332213 in the genome build GRCh38) and 284 kb duplication on the
Xq27.3 region (chrX:144988272-145271978: in the genome build GRCh38) in female II2 and her mother
I2 (Figure 1B), which demonstrated that the Xq28 and Xq27.3 duplications were maternally inherited. The
Xq28 region contains 13 Online Mendelian Inheritance in Man (OMIM) genes (including MECP2, IRAK1,
L1CAM, NAA10, andHCFC1 ). We also performed qPCR to verify the results, and one copy of the gene
dosages of MECP2 and IRAK1 were detected in male I1, whereas two copies were detected in the normal
control female, and three copies were detected in I2 and II2 (Figures 1C, D). FISH analysis on metaphase
chromosomes of females I2 and II2 revealed signals for the MECP2 -containing probe RP11-119A22 only at
Xq28, which indicates that the Xq28 duplications were tandem repeats that had not integrated elsewhere in
the genome (Figures 1E, F).

2. HUMARA and RP2 assays showed that females I2 and II2 possessed complete skewed
XCI, but in the opposite X-chromosome

As presented in Figure 2, we performed PCR-based HUMARA andRP2 assays to assess the XCI patterns
in I2, II2. After digestion with the methylation-sensitive restriction enzyme HpaII, we found that only
the inactive X-chromosome could synthesize the PCR products. We determined the origin of the inacti-
vate X-chromosome by segregation analysis. The undigested PCR product of II2 gave two peaks (267/287
inHUMARA and 359/381 in RP2 ). A single peak represented a single peak (287 in HUMARA and 359
in RP2 ) for the HpaII-digested product (Figures 2C, F), which indicated that the inactivate allele was
inherited from her mother I2. The assay of the undigested PCR product of the mother I2 gave two peaks
(281/287 inHUMARA and 359/374 in RP2 ). A major peak (281 inHUMARA and 374 in RP2 ), detected
by assaying the HpaII digested product (Figures 2B, E), was different from that in the inactivated product
allele of II2. The above results indicate that complete skewing of XCI was found in the female II2 and her
mother I2, and was different from that of the inactivate X-chromosome (Figures 2, 4). The 287 bp peak of
HUMARA PCR products, 359 bp peak ofRP2 PCR products in II2, and the Xq28 duplication were derived
from the mother I2, which were linked to the same X-chromosome. However, the allele, which gave a peak of
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287 bp after HUMARA PCR, a peak of 359 bp after RP2 PCR, and the Xq28 duplication, was inactivated
in II2 but activated in I2.

3. No additional serious pathogenic mutations on the X-chromosomes were detected in I2 by
exome sequencing

Since MECP2 duplication in I2 might be on the active X-chromosome, we hypothesized the presence of
an additional more serious pathogenic mutation on the other X-chromosome that would be responsible for
skewing. As Affymetrix CytoScan HD Array detected no other likely harmful copy number variations in
I2 but not in II2. Then we performed exome sequencing on DNA for females I2 and II2, we screened the
mutations of genes in the OMIM catalog and found some that existed in I2 but not in II2. There were 12
mutations on the X-chromosomes, including one nonsense mutation and 11 missense mutations. Only three
genes (NROB1 , DMD, and USP9X ) were involved in diseases, but there was no evidence to show that the
three missense gene mutations were pathogenic (data not shown).

4. For both II2 and I2, the heterozygous SNP rs144237473 (chrX:73846325) in XIST only
expressed in the X-chromosome with Xq28 duplication, which indicates that the Xq28-
duplication chromosome was inactive

To identify variants that may cause primary skewing in I2, we perfomed RNA sequencing in the peripheral
mononuclear blood cells (PMBCs), data quality summary of RNA sequencing was listed in Supp. Table S2.
we identified eight SNPs near the XIST region in I2 and II2 by exome sequencing (Supp. Table S3). All
SNPs were consistent in I2 and II2 and therefore not considered potential primary skewing causes in I2. We
also quantified the degree of skewing of XCI using a metric based on theXIST ASE from paired RNA-seq
and DNA-seq data. It showed that heterozygous alleles of rs144237473 (chrX:73846325) (G:0/A:288) were
expressed in a homozygous condition in II2, which is maternal inheritance. Similarly, the allelic expressions
of rs144237473 (G:0/A:291) in I2 were complete skewed (Supp. Table S3, Figure 4). We also verified the
SNP in DNA and cDNA by Sanger sequencing (Figure 3A), which revealed that each female’s inactive
X-chromosome was the same chromosome with Xq28 duplication.

5. Most XCI genes in the X-chromosome with Xq28 duplication of the two females were not
transcriptionally expressed

XCI statuses of X-linked genes were defined as escape, variable escape, and inactive. XCI genes, such as
MECP2 and IRAK1 , were only expressed in the active X (Xa) chromosome. Escape XCI genes, located
mostly in the pseudoautosomal region, were expressed both in Xa chromosomes and the inactive X (Xi)
chromosome. Variable escape XCI genes were determined to be variable XCI statuses (Tukiainen et al.,
2017).

We listed all SNPs information on the X-chromosome detected by both RNA sequencing and WES. For I2
and II2, in the non-pseudoautosomal region, where most SNPs of XCI genes in the X-chromosome with Xq28
duplication were no transcription, and there was a lower overall transcription for variable and escaping XCI
genes (Supp. Table S4).

6. MECP2 and IRAK1 on the Xq28-duplicated alleles of the two females were not transcrip-
tionally expressed by RNA sequencing

Then we focused on the Xq28-duplicated region (Supp. Table S5). All SNP expressions of XCI genes
(MECP2, IRAK1, TMEM187, TKTL1 ) in II2 and I2 were in a homozygous condition, indicating com-
plete skewed XCI in II2 and I2. In the Xq28-duplicated region, there are several informative SNPs, which
can definite parental origin, such as MECP2 (chrX:154030040), IRAK1 (chrX:154013378, chrX:154018741,
chrX:154019032), TMEM187 (chrX:153982271, chrX:153982294, chrX:153982503, chrX:153982797) (Figure
4 and Supp. Table S5). DNA and cDNA genotypes of MECP2 (chrX:154030040) were also detected by
PCR-sanger sequencing (Figure 3B). It showed that the alleles inheriting from the mother I2, which is with
Xq28 duplication, were not transcriptionally expressed. Likewise, in the variable XCI genesHCFC1 , NAA10
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and the escaping XCI gene RENBP , the duplicated alleles inherited from the mother I2 were in lower ex-
pression. As informative SNPs of XCI genes presented in Figure 4 and Supp. Table S5, we found that the
XCI genes MECP2 andIRAK1 on the Xq28-duplicated alleles of II2 and I2 were in silencing transcription.

7. MECP2 and IRAK1 genes spanning the Xq28 duplication were not upregulated by RNA-
seq and RT-PCR

There were transcriptions of genes spanning the Xq28-duplicated region in the peripheral mononuclear blood
cells (PMBCs) by RNA-seq. Expression dosages of the MECP2 and IRAK1 genes showed no significant
difference between II2 and I2 (Supp. Table S6). We also detected the mRNA of MECP2 and IRAK1 in
the two females and three normal females by RT-PCR (Figure 5). The expression dosages ofMECP2 and
IRAK1 in the Xq28-duplication females were not upregulated compared to those of the normal females.

DISCUSSION

Here we reported two interstitial Xq28-duplication (involvingMECP2 ) females (daughter and mother) with
an asymptomatic phenotype. By HUMARA and RP2 assays, the chromosome with Xq28 duplication was
inactive in female II2 (daughter) but was active in female I2 (mother). There should have been a related
clinical phenotype in I2, and upregulated MECP2 gene expression, but I2 was an asymptomatic carrier.
While by combing RNA-seq and RT-PCR, we found thatXIST only expressed in the Xq28-duplication chro-
mosomes for I2 and II2. It indicated that the Xq28-duplication chromosomes were inactive. We also found
that the XCI genes MECP2 and IRAK1on two females’ Xq28-duplicated alleles were not transcriptionally
expressed nor upregulated by RNA-seq and qPCR. This can explain why the two females, especially I2, were
asymptomatic carriers.

We summarized duplicated regions in Xq28, XCI states and the clinical features of the two asymptomatic
females in this study and other seven symptomatic females, inheriting their duplication from their symp-
tomatic mothers (Table 1) (Bijlsma et al., 2012; Novara et al., 2014; Reardon et al., 2010; Scott Schwoerer
et al., 2014; Shimada et al., 2013). As similar with I2 in this study, only by HUMARA assay, some females’
clinical phenotype did not necessarily correlate with the XCI pattern, such as the mothers of case 2, 3, 4, 6
and the daughter of case 7. If XCI is really random, transcriptions of MECP2 on the duplicated allele and
normal allele are random. Mothers of case 4, 6 with MECP 2 duplication should have abnormal phenotypes,
during to overexpression of MECP2, but they were asymptomatic. We thought it was because HUMARA
assays could not always refect the real XCI states.

HUMARA/RP2 assays revealed methylation of the X-chromosome at the genomic DNA level (Allen et
al., 1992; Machado et al., 2014), but some reports asserted that the ratio of DNA methylation between
alleles did not always reflect each allele’s ratio of RNA expression. DNA methylation assays are not always
representative of XCI (Swierczek et al., 2012). Clara Xiol et al. reported differences between the XCI pattern
detected by HUMARA assay and final RNA levels of eachMECP2 allele in Rett syndrome (RTT) patients
caused by mutations in the MECP2 gene. This finding suggested that HUMARAassay did not directly
determine the levels of MECP2, and there could be more factors than DNA methylation involved in the
regulation ofMECP2 transcript levels (Xiol et al., 2019). Ehrhart F. et al. also reported that there might be
other factors involved in regulatingMECP2 transcription and/or RNA degradation that would cause changes
in the overall levels of functional MECP2 in RTT (Ehrhart et al., 2016). Therefore, we speculated that DNA
methylation detected byHUMARA /RP2 assay might not necessarily be correlated with the severity of
patients’ clinical presentation with MECP2 gene defects.

XCI status is maintained by more than one factor. In a homozygous mouse, knockout of one of the XCI
factors (XCIF) stanniocalcin 1 (STC1), was expected to have an XCI defect but was phenotypically normal.
Remarkably, MECP2 was not overexpressed in female Stc1(-/-) mice (Bhatnagar et al., 2014), and animal
experiment also confirmed that genetic reactivation of Xi-linked Mecp2 in cerebral cortical neurons of living
mice can bear a homozygous XCIF deletion (Przanowski et al., 2018). It revealed the existence of a mech-
anism(s) that could compensate for a persistent XCI deficiency, so that X-linked gene MECP2 expression is
not upregulated. Meanwhile, many studies showed that duplication dosage inhibition of X-chromosome was
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also observed in 47,XXX females and many species (Meyer, 2005; Meyer, McDonel, Csankovszki, & Ralston,
2004; Nielsen et al., 2020; L. Sun et al., 2013). These lower transcript levels suggested that a inhibition
regulation at a higher level, for example, through mRNA degradation or other epigenetic mechanisms, such
as histone modifications, maintaining the XCI status in addition to DNA methylation (Lee, 2011; Prestel,
Feller, & Becker, 2010). We speculated a potential inhibition mechanism might occurr at the transcriptional
level in the unmethylated X-chromosome with MECP2 duplication, which resulted in a lack of up-regulation
of duplicated MECP2 gene expressions in I2.

As a high-throughput RNA expression assay, RNA sequencing can measure the ratio of duplicated to normal
alleles that have been activated directly for the MECP2 gene at the transcript level. Direct measurement
of the allele expression may provide a better estimate of each inherited chromosome copy’s true cellular
activity, and it also increases our power to accurately estimate XCI, thus reflecting a greater influence of
XCI on clinical manifestations.

The discovery of molecular mechanisms by DNA and RNA-seq in a patient’s peripheral blood that may
be correlated with phenotype in the central nervous system would provide potential benefits in clinical
diagnostic cases that remain unresolved. But this finding is supported by some studies that have discovered
a strong correlation in the gene expression profile of blood with the affected status of many neurological
diseases, such as Parkinson’s disease and Huntington’s disease (Borovecki et al., 2005; Scherzer et al., 2007).
Meanwhile, based on the analysis of ASE patterns by RNA-seq, the skewed XCI states of MECP2 were the
same across 29 human tissues (Tukiainen et al., 2017), so we speculated that the allelic expression of MECP2
in the blood might reflect the state of the nervous system in Xq28-duplication patients.

In conclusion, we explained why transcriptions of MECP2 andIRAK1 genes were not upregulated in the two
Xq28-duplication females with opposite skewed XCI. We showed that XCI detected byHUMARA and RP2
assays did not always reflect the transcriptional level of Xq28 duplication. ASE assay by RNA sequencing,
which reflects the transcription of the MECP2 alleles, is more directly correlated with the clinical pheno-
type. Meanwhile, we speculated there were other factors maintaining the XCI status in addition to DNA
methylation, an additional inhibition mechanism might occur at the transcriptional level in the unmethylated
X-chromosome to counter balance the detrimental phenotype effects of MECP2duplication.
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Legends

FIGURE 1. Xq28 intrachromosomal duplications were identified in female I2 (daughter) and II2 (mother)
by SNP array, qPCR, and FISH analyses. (A) Pedigree of the family. (B) Blue bars indicate a 437 kb
duplication in Xq28 (chrX:153858452-154332213 in the genome build GRCh38) and a 284 kb duplication in
Xq27.3 (chrX:144988272-145271978 in the genome build GRCh38) in I2 and II2. (C) The relative ratio of
the Xq28 (MECP2 and IRAK1 ) regions in I2 and II2 by qPCR. (D) For I2 and II2, a FISH experiment
showed that the MECP2-containing probe (detected by probe RP11-119A22, Spectrum red) occurred only
at Xq28, the X-chromosome centromere was labeled by probe Vysis CEP X (DXZ1) in the green spectrum.
It demonstrated that the Xq28 duplications are tandem repeats that had not integrated elsewhere in the
genome.

FIGURE 2. Polymorphic repeats for HUMARA/RP2 detected X-chromosome inactivation (XCI) pattern
analyses. (A, D) A peak of 267 bp for HUMARA (381 bp for RP2 ) was observed by assaying the undigested
PCR product of I1, and no peaks were observed for the HpaII digested product. (B, E) The undigested
PCR product of I2 gave two peaks of 281 and 287 bp for HUMARA (359 and 374 bp forRP2 ), each, while
only one peak of 281 bp for HUMARA (374 bp for RP2 ) was observed with the HpaII digested product. I2
exhibited complete skewing of XCI, and the inactivated X-chromosome was linked with the 281 bp peak of
HUMARA (374 bp peak of theRP2 ) PCR products. (C, F) The undigested PCR product of the proband II2
gave two peaks of 267 and 287 bp for HUMARA (359 and 381 bp for RP2 ). One X-chromosome linked with
the 287 bp forHUMARA (359 bp for RP2 ) was inhibited from the mother I2, and the other was inhibited
from the father I1. The product of HpaII digestion gave only one peak of 287 bp for HUMARA (359 bp
forRP2 ) to II2, which also demonstrated complete skewing of XCI. Still, the inactivated X-chromosome was
linked with the 287 bp forHUMARA (359 bp for RP2 ), which is different from that of the mother I2.

FIGURE 3. Sequence analysis of the genomic DNA and RT-PCR product of the XIST (chrX:73846325)
and MECP2 (chrX:154030040) cDNA from PMBCs. (A) The genotypes of XIST (chrX:73846325) were wild
type, G>A Het, G>A Het, G>A Hom, G>A Hom in I:1 (DNA), I:2 (DNA), II:2 (DNA), I:2 (cDNA), II:2
(cDNA). (B) The genotypes of MECP2 (chrX:154030040) were G>A Hom, wild type, G>A Het, wild type,
G>A Hom, in I:1 (DNA), I:2 (DNA), II:2 (DNA), I:2 (cDNA), II:2 (cDNA). Yellow arrows indicate the
SNPs.

FIGURE 4. XCI pattern and linkage analyses based on the polymorphic repeats for HUMARA/RP2 and
RNA-seq. Schematic diagram of Xq28 duplication, HUMARA/RP2 PCR products, and RNA-seq in the
pedigree. By HUMARA/RP2 assays, Xq28 duplication of I2 occurred in the X-chromosome, whose allele
was linked with the 287 bp peak ofHUMARA PCR product and 359 bp peak of the RP2 PCR product. The
X-chromosome was activated and delivered to the II2, but the X-chromosome of I2 was inactivated. Based on
RNA-seq assays, for both I2 and II2, the heterozygous SNP rs144237473 (chrX:73846325) in XISTexpressed
only in the X-chromosome with Xq28 duplication, and XCI genesMECP2 and IRAK1 expressions on the
Xq28 duplicated alleles of the two females were not transcriptional expressions. Variable XCI genes HCFC1
, NAA10 and the escaping XCI gene RENBP , the duplicated alleles inherited from the mother I2 were in
lower expression. RNA-seq indicated that the duplicated Xq28 chromosome was inactive.

* Reported XCI status refers to the XCI status in the list available in Tukiainenet al. (2017)

# It indicated that the X-chromosome was inactive based on the locus detected by DNA methylation assay
or RNA-seq.

GT: genotype, the genotype of the locus.

() Allele depth; the number of reads supporting either the reference genotype or SNP genotype by RNA-seq.
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FIGURE 5. Relative expression fold of MECP2 (A) andIRAK1 (B) from peripheral blood mononuclear
cells (PMBCs) in control females, I2, and II2 by qPCR. Expression dosages of theMECP2 and IRAK1 genes
showed no significant difference in I2, II2, and control females.
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