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Abstract

47 XXX (triple X) and Turner syndrome (45,X) are sex chromosomal abnormalities
with detrimental effects on health with increased mortality and morbidity. In kary-
otypical normal females, X-chromosome inactivation balances gene expression
between sexes and upregulation of the X chromosome in both sexes maintain stoi-
chiometry with the autosomes. In 47,XXX and Turner syndrome a gene dosage imbal-
ance may ensue from increased or decreased expression from the genes that escape
X inactivation, as well as from incomplete X chromosome inactivation in 47, XXX. We
aim to study genome-wide DNA-methylation and RNA-expression changes can
explain phenotypic traits in 47,XXX syndrome. We compare DNA-methylation and
RNA-expression data derived from white blood cells of seven women with 47,XXX
syndrome, with data from seven female controls, as well as with seven women with
Turner syndrome (45,X). To address these questions, we explored genome-wide
DNA-methylation and transcriptome data in blood from seven females with 47 XXX
syndrome, seven females with Turner syndrome, and seven karyotypically normal
females (46,XX). Based on promoter methylation, we describe a demethylation of six
X-chromosomal genes (AMOT, HTR2C, IL1IRAPL2, STAG2, TCEANC, ZNF673),
increased methylation for GEMINS, and four differentially methylated autosomal
regions related to four genes (SPEG, MUC4, SP6, and ZNF492). We illustrate how
these changes seem compensated at the transcriptome level although several genes
show differential exon usage. In conclusion, our results suggest an impact of the
supernumerary X chromosome in 47,XXX syndrome on the methylation status of

selected genes despite an overall comparable expression profile.

KEYWORDS
differential gene expression, DNA-methylation, triple-X, Turner syndrome, X chromosome

inactivation, X-chromosome aneuploidies
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1 | INTRODUCTION

47 XXX (triple X) syndrome is a common sex chromosomal abnormal-
ity with an incidence of 1 in 1,000 live born girls (Stochholm, Juul, &
Gravholt, 2010; Viuff et al., 2015). The syndrome has detrimental
effects on health with increased morbidity and mortality (hazard ratio
2.5 and median reduced lifespan of 7.7 years) (Stochholm et al., 2010;
Swerdlow, Schoemaker, Higgins, Wright, & Jacobs, 2005). The syn-
drome may be undiagnosed for years with a median age at diagnosis
of 18.2 years due to the lack of pathognomonic traits (Stochholm
et al., 2010) and only about 10% of the expected number of 47 XXX
are ever diagnosed (Berglund et al., 2019), which means that if more
were diagnosed, the age at diagnosis could change. The age at diagno-
sis in clinic-based studies, typically stemming from pediatric research
groups, is of course lower because of ascertainment bias (Bishop
et al, 2019; van Rijn & Swaab, 2015; Wigby et al., 2016). 47 XXX
newborns are comparable to normal females except for lower birth
weight and smaller head circumference (Robinson, Lubs, Nielsen, &
Sorensen, 1979). Later, the syndrome manifests with accelerated
growth, a lower 1Q (70% have an 1Q below 90), and an increased inci-
(Otter, Didden, &
Curfs, 2012), language and autism-like disorders (Bishop et al., 2011;

dence of psychiatric Schrander-Stumpel,
van Rijn et al, 2014; van Rijn, Stockmann, van Buggenhout, van
Ravenswaaij-Arts, & Swaab, 2014). Evidence suggest an increased
prevalence of kyphosis/scoliosis (Buchan et al, 2014; Otter,
Schrander-Stumpel, & Curfs, 2010), epilepsy, physical disorders in
general (Tartaglia, Howell, Sutherland, Wilson, & Wilson, 2010), pre-
mature ovarian failure, and few achieving motherhood (Goswami
et al., 2003; Otter et al., 2010; Stochholm et al., 2010). Klinefelter syn-
drome (47,XXY), another sex chromosome aneuploidy, is also associ-
ated with a high degree of comorbidity and psychiatric disorders
(Gravholt et al., 2018). In addition, the overrepresentation of X-linked
genes as well as the pathogenic role of microduplications in intellec-
tual disability, suggest a possible incomplete inactivation of the super-
numerary chromosome X as a causal mechanism. An early study
found methylation of the X chromosomes in 45,X and 47,XXX individ-
uals to be profoundly different. They used a method combining spe-
cific monoclonal antibodies against 5-methyl cytosine and then
hybridization using a microarray to assess genome methylation to
533 genes on the X chromosome (Kelkar & Deobagkar, 2010). This
method allowed them to study the entire X chromosome, or at least
the genes that were present on their microarray. However, they could
not identify single genes, but only genomic regions. Interestingly, they
identified motifs with significant similarity to microRNA sequences, to
be enriched in methylated regions specific to the inactive
X. Interestingly, previous studies using the XIST/FMR-1 methylation
ratio as a surrogate measure of X chromosome inactivation (XClI;
Mehta et al., 2012) as well as low-resolution DNA-methylation analy-
sis on Klinefelter syndrome (Sharma et al., 2015) support incomplete
XCl in X chromosome aneuploidies. Recently, we described genome
wide hypomethylation and RNA expression changes in Turner syn-
drome (45,X) (Trolle et al., 2016), and found a number of genes that
may be implicated in the pathogenesis of Turner syndrome, for

example associated with congenital urinary malformations (PRKX),
premature ovarian failure (KDMé6A), and aortic aneurysm formation
(ZFYVE9 and TIMP1) 2016), and

haploinsufficiency of TIMP1 (normally expressed from both X chromo-

(Trolle et al, implicated
somes) combined with the presence of a specific single nucleotide
variant in TIMP1's paralog TIMP3 (on Chromosome 22), with the pres-
ence of bicuspid valves and aortopathy (Corbitt et al., 2018).

No studies have so far investigated whether genome-wide analy-
sis of DNA-methylation and RNA-expression changes can explain phe-
notypic traits in 47,XXX syndrome. To this end, we compared DNA-
methylation and RNA-expression data derived from white blood cells
of seven women with 47 XXX syndrome, with data from seven female
controls, as well as with seven Turner syndrome (45,X). We examine
whether DNA methylation and RNA-expression changes also are pre-
sent in 47,XXX syndrome and discuss how these could relate to the
phenotype. In addition, we relate changes in DNA methylation to

transcriptomic changes in the context of protein interaction networks.

2 | METHODS

21 | Subjects

Seven women with 47 XXX syndrome were recruited from the outpa-
tient clinic at Department of Endocrinology (median age with range: 28.4
[19.0; 43.2]). Seven women with karyotypically proven Turner syndrome
(34.0 [27.6; 42.19]) and their age-matched female controls (32.6 [22.0;
43.5]) previously participating in a comprehensive study of the cardiovas-
cular phenotype of Turner syndrome served as controls (Mortensen,
Erlandsen, Andersen, & Gravholt, 2013) and data concerning methylation
and RNA expression has been published for a larger group of Turner syn-
drome females before (Trolle et al., 2016). All participants underwent

DNA-methylation profiling and gene expression profiling.

2.2 | Sample preparation

2.2.1 | Illlumina 450K methylation assay
EDTA-treated peripheral blood samples were stored immediately and
until use at —80°C. Genomic DNA was extracted using QIAmp Mini
Kit (Qiagen, Germany). For each sample, 1 pg of genomic DNA was
bisulfite converted using Zymo EZ DNA methylation Kit. The methyla-
tion level was measured using the Infinium HumanMethylation450
Beadchip Kit (lllumina, Inc., San Diego, CA) at Aros Applied Biotech-
nology A/S (Aarhus, Denmark).

2.2.2 | [Illumina 450K microarray data
preprocessing

Data were analyzed using the R package minfi (Aryee et al., 2014).
Detection p values were calculated to identify failed positions with a
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p-value cut-off >.01. According to these criteria, probes were removed
if they failed in more than 20% of the samples (n = 361). Individual
positions were removed at the specified cut-off. No samples had a pro-
portion of failed probes exceeding 1% or a median intensity below 11.
Raw data were normalized implementing the preprocessing choices of
Genome Studio with background normalization and control normali-
zation. Next, we applied subset-quantile-within-array-normalization
correcting for technical differences between Infinium Type | and I
assay designs allowing both within-array and between-sample nor-
malization (Wu & Aryee, 2010). Cross reactive probes (n = 29,541),
probes with SNPs documented in the C or G of the target
(n = 18,286), and probes on the sex chromosomes (n = 11,352) were
excluded, leaving 415,015 probes. Subsequently, methylation values
where calculated as M values (logit[beta]) (Du et al., 2010)

Beta
M—value = log2 <1 — Beta>

Multidimensional scaling (MDS) plots were evaluated to identify
clusters of samples behaving differently than expected. Finally, probes
were annotated to the human genome version 19 using the enhanced

lllumina annotation developed by Price et al. (2013).

2.2.3 | Estimate differential cell counts

To account for differences in cell composition Minfi's esti-
mateCellCounts was used returning the relative proportions of CD4+
and CD8+ T-cells, natural killer cells, monocytes, granulocytes, and B-

cells in each sample (Houseman et al., 2012).

224 |
positions

Identifying differentially methylated

To identify positions where methylation is associated with the karyo-
type, we fitted a multiple linear model that utilizes a generalized least
squares model and an F-test (ImFit of R-package Limma (Smyth, 2005)
allowing for missing values. The sample variances were squeezed by
computing empirical Bayes posterior means. A Bonferroni adjusted
family wise error rate below 0.05 was considered significant. The
model was applied without and second with adjustment for the esti-
mated relative cell proportions (CD4+ and CD8+ T-cells, natural killer
cells, monocytes, granulocytes, and B-cells) as well as age. Since small
changes in M values might be of spurious biological significance, we
added a delta M-value-threshold excluding all differentially methyl-
ated positions (DMPs) with a |delta-M-value| < 0.3.

2.2.5 | Identifying differentially methylated regions

DMRcate was used to identify differentially methylated regions
(DMRs; Peters et al., 2015). DMRcate identifies and ranks the most

Seminars in Medical Genetics

DMRs across the genome based on kernel smoothing of the differen-
tial methylation signal. The model performs well on small sample sizes
and builds on the well-established Limma package (Smyth, 2005) all-
owing us to incorporate estimated cell proportions as covariates. A
Benjamini-Hochberg corrected false discovery rate (FDR) <0.05 with
a |delta-M-value| > 0.3 was considered significant. Following FDR cor-
rection, regions were agglomerated from groups of significant probes
with a distance of less than 1,000 nucleotides to the next significant

probe. Only DMRs with two or more probes are reported.

226 | Xchromosome analysis with respect to
DNA methylation

Quality control and normalization were done as for the autosomes. In
addition, cross reactive probes (n = 1,201), probes containing SNPs
(n =1,078), and known male hypermethylated genes (of the MAGE,
GAGE, and LAGE gene family) were excluded (n = 193) leaving 8,757
probes to map uniquely to the X chromosome. The number of
inactivated X chromosomes differs between our three groups while all
retain one active X chromosome. Hence, the promoter methylation of
the supernumerary inactivated X chromosome in 47, XXX syndrome
could be assessed by the formula (beta value of triple-X x 3) — (beta
value of female controls x 2) and in female controls as formula (beta
value of female controls x 2) — (beta value of Turner syndrome x 1)
corresponding to the method previously reported by Cotton
et al. (2015)). The beta differences were calculated applying the func-
tion pairwiseCl using the package pairwiseCl returning the median
Beta value of the supernumerary X chromosome along with a boot-
strap (n = 999) based 95% confidence interval. We then used the
methylation status of the promoter region to categorize each gene as
inactivated (median beta value >30%) or activated (<18%) according
to the criteria reported by Cotton et al. (2015)). A significant differ-
ence in activation status was determined by nonoverlapping confi-

dence intervals.

2.2.7 | RNA-seq sample preparation, library
construction, and sequencing

Blood samples were drawn using RNApax gene tubes and placed 2 hr
at room temperature, sequentially stored overnight at —21° before
storage at —80°. Whole transcriptome, strand-specific RNA-Seq librar-
ies facilitating multiplexed paired-end sequencing were prepared from
total RNA using the Ribo-Zero Globin technology (Epicenter, an
lllumina Company) for depletion of rRNA and globin mRNA followed
by library preparation using the ScriptSeq technology (Epicenter, an
lllumina Company). Depletion and library preparation were automated
on a Sciclone NGS (Caliper, PerkinElmer) liquid handling robot. The
total RNA (1.7 pg per sample) was subjected to Baseline-ZERO DNase
prior to depletion. Total RNA was purified using Agencourt RNAClean
XP Beads before and after DNase treatment followed by on-chip elec-

trophoresis on a LabChip GX (Caliper, PerkinElmer) and by UV
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measurements on a NanoQuant (Tecan). Cytoplasmic and mitochon-
drial rRNA as well as globin mRNA were removed from 400 ng DNase
treated total RNA using the Ribo-Zero Globin Gold Kit (Human/
Mouse/Rat, Epicenter, an lllumina Company) following the manufac-
turer's instructions and the quality of the depleted RNA was esti-
mated on a LabChip GX (Caliper, PerkinElmer). Synthesis of
directional, paired-end, and indexed RNA-Seq libraries were con-
ducted using the ScriptSeq v2 kit (Epicenter, an lllumina Company)
following the recommended procedure and the qualities of the RNA-
Seq libraries were estimated by on-chip electrophoresis (HS Chip,
LabChip GX, Caliper, PerkinElmer) of a 1 ul sample. The DNA concen-
trations of the libraries were estimated using the KAPA Library Quan-
tification Kit (Kapa Biosystems). The KAPA ¢gPCR reactions were
prepared on a Zephyr NGS liquid handling robot (Caliper,
PerkinElmer). The RNA-Seq libraries were multiplexed paired-end

sequenced on an lllumina NextSeq (75 bp reads).

2.2.8 | RNA-seq analysis

Paired demultiplexed fastq files were generated using bcl2fastq
(llumina) and initial quality control was performed using FastQC.
Adapter GATK
ReadAdaptorTrimmer tool followed by mapping to the Human

trimming  was  conducted using the
genome (hgl9). The gene expression was estimated relative to the
known set of genes, as provided from the GENCODE project, using
Tophat, Bowtie, and Cufflinks (Trapnell et al., 2012). The HTSeqg-
count software (in union method) was applied to produce raw read
counts which were then submitted for analysis in R using edgeR
(Robinson, McCarthy, & Smyth, 2010). All non-informative features
were removed (n =5). Filtering was done removing features with
less than one counts per million (cpm) in seven samples leaving
16,334 (10,040 coding genes) for downstream analysis (Anders
et al., 2013). A generalized linear model was fitted yielding an overall
p value. Second, p values and log fold changes (logFC) were retrieved
from the individual comparisons of 47 XXX versus 46,XX, 47 XXX
versus Turner syndrome, and 46,XX versus Turner syndrome. Genes
mapping to the autosomes were retrieved yielding a matrix of 9,820
genes. MDS plots were used to explore the count tables and to
assess if samples clustered according to karyotype (Figure 2b,c).

To address the hypothesis that loss of sex-chromosome material
manifests itself in differential expression of X-linked genes, crude
p values and logFCs were retrieved for genes mapping to the sex
chromosomes and FDR p values calculated using Benjamini-

Hochberg's equation.

229 | Differential exon usage

DEXSeq (Anders, Reyes, & Huber, 2012) was used to evaluate differ-
ential exon usage and results from the female contrast returned.
Exon-usage fold changes were calculated by fitting for each gene, a

generalized linear model from the joint data of all its exons. The

autosomes and X chromosome were considered as two independent

hypotheses. An FDR < 0.05 was considered significant.

2210 | Integration of methylation and expression,
correlation, and association with network hotspots

The Functional Epigenetic Modules (FEM) R-package was used to inte-
grate methylation data with expression data, perform differential analysis
needed to detect association with protein network hotspots (Jiao,
Widschwendter, & Teschendorff, 2014). Functional enrichment test of
genes in identified network hotspots was carried out using the topGO R-
package (Adrian Alexa and Jorg Rahnenfuhrer [2016], topGO: Enrichment
Analysis for Gene Ontology). For methylation, this was done at the gene
level using GenStatM and at the gene level with the most significant dif-
ferentially methylated CpGs among TSS200 and first Exon regions using
GenStatMsp. For GenStatMsp, if the criteria were not met, we selected
the most significant differentially methylated CpGs among TSS1500.

2.2.11 | Analysis software

Statistical computations were performed using R 3.1.3 (R Foundation
for Statistical Computing, Vienna, Austria) with Bioconductor 3.0
(Gentleman et al., 2004). Graphics were made using the basic R func-
tions, RCircos (Zhang, Meltzer, & Davis, 2013), ggbio, Gviz, DEseq
(Anders et al., 2013), DEXSeq, and ggplot2 (Wickham, 2009). The

package knitr was used for data documentation.

3 | RESULTS

3.1 | Methylation and expression profiling of
47 XXX syndrome, normal females, and Turner
syndrome

To identify epigenetic and transcriptomic differences between 47 XXX,
control females (46,XX), and females with only one X chromosome
(Turner syndrome; 45X) we performed DNA methylation and gene
expression profiling using lllumina 450K microarray and RNA-seq,
respectively. The experimental design consisted of seven females in each
group (Figure 1a), which were profiled for genome-wide DNA methyla-
tion (Figure 1b) and gene expression levels (Figure 1c). The profiling data
were analyzed by clustering (Figure 1d), with significant differences
between the groups was found (Figure 1e) and detection of network hot-

spots using integrated methylation and expression data (Figure 1f).
3.2 | Incomplete XCl in 47, XXX syndrome
traceable in autosomal epigenome and transcriptome

With previous studies indicating a genome wide regulatory role of sex

chromosomal linked genes (Raznahan et al., 2018), we speculated that
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(a) Study subjects

7 Turner females (45X)

PURLARH Hhp0e

7 Control females (46XX)
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7 Tripple X females (47XXX)

(b) Methylation profiling
Samples (n=21)
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() Expression profiling _,
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Genes
(RNAseq)

(d) Classification by clustering

46XX
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(e) Differential analysis

46,XX vs 45X
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DsC2
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47,XXX vs 46,XX

4

(f) Functional characterization
of regulated genes

GO, KEGG, Networks

FIGURE 1 An overview of experimental setup and analysis workflow of the presented studies. (a) Twenty-one study subjects; seven Turner
females (45,X); seven control females (46,XX); and seven 47,XXX syndrome females. Samples from subjects were profiled for methylation (b) and
expression (c) levels. (d) Classification of group samples by clustering. (e) Differential analysis of methylation and expression. (f) Identification of
protein network hotspots for genes with methylation-expression correlation

gain or loss of an X chromosome was traceable in the autosomal
epigenome and transcriptome of individuals with 47, XXX syndrome.
In support, we found segregation of the three groups, 47,XXX, con-
trols, and TS, based on autosomal DNA methylation data (Figure 2a),
but not autosomal expression (Figure 2b,c and Supplementary
Figure S1). X chromosome expression showed better separation than
autosome expression data, with 45X clearly separated from the two
other groups, but with an overlap between controls and 47,XXX.

The X chromosome is enriched for genes involved in intellectual
disability and affective disorders (Ji, Higa, Kelsoe, & Zhou, 2015).
These findings suggest a link between phenotypes such as lower 1Q
and psychiatric comorbidity and the supernumerary X chromosome in

47 XXX syndrome. In karyotypically normal females, XClI balances

gene expression between sexes and upregulation of the X chromo-
some in both sexes, of at least some genes, and maintain stoichiome-
try with the autosomes (Pessia, Engelstadter, & Marais, 2014; Pessia,
Makino, Bailly-Bechet, McLysaght, & Marais, 2012). In 47 XXX syn-
drome, a gene dosage imbalance is possible through at least two
mechanisms. First, disruption of gene dosage balance may ensue from
an increase in expression from supernumerary escape genes, espe-
cially those encoding components of large protein complexes, with
disruption of stoichiometry possibly resulting in nonfunctional protein
complexes (Pessia et al., 2012). Second, incomplete XCI may result in
increased X chromosome gene expression. To address these ques-
tions, we explored differences in methylation as a measure of the
completeness of XCIl. We then compared the X chromosome
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(a) Autosome methylation
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(b) Autosome expression
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lllustrative segregation according to karyotype by multidimensional scaling plots. For DNA methylation results, we chose the

5,000 most variable positions as this yielded the greatest separation, and for RNAseq data, we chose the 500 most variable positions. (a) Five
thousand most variable positions for autosomal DNA methylation values. (b) Five hundred most variable autosomal RNAseq expression values.
(c) Five hundred most variable X chromosome RNAseq expression values. BCV, biological coefficient of variation

expression profile of 47,XXX syndrome with that of TS as well as
karyotypically normal females.

We found six X chromosome genes (AMOT, HTR2C, IL1RAPL2,
STAG2, TCEANC, and ZNF673) with a significant change in promoter
methylation profile indicating a shift from normally being methylated

(and inactivated) in karyotypically normal females (Cotton et al., 2015)

(beta value >30%), to much less methylated in 47, XXX syndrome (beta
value <18%) (Figure 3). Only one gene (GEMINS8) shifted from being
demethylated to methylated, with two other genes showing a border-
line change (CDK16 and SMC1A) (Supplementary Figure S2). Addition-
ally, six other genes showed an insignificant change in promoter

methylation profile (Figure 3). Despite the methylation changes, only
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FIGURE 3 Plot of genes
differentially methylated in 47 XXX
syndrome versus in female controls
(46,XX). The plot illustrates the
reduced methylation of the
supernumerary X chromosome in

47 XXX syndrome. The plot is based
on beta values (Y-axis) of CpGs
associated with a transcription start
site according to lllumina's definition.
Only genes with a beta value above
30% (red dashed line) in female
controls accompanied by a beta value
below 18% (green dashed line) in

47 XXX are plotted. Transcription
start sites with a beta value above
30% are known to be associated with
inactivated genes and transcription
start sites with beta values below
18% to be associated with active
genes (Cotton et al., 2015). Dots are
medians and spikes are the 95%
confidence interval (bootstrap based
on 999 resamplings), red asterisks
indicate significance. Expression
values are provided in Supplementary
Figure S2 -4
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Genes activated in 47,XXX but inactivated in 46,XX
according to methylation status
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GEMIN8, AMOT, and STAG2 were expressed in the studied tissue
(blood). Interestingly, the change in methylation status of these three
genes did not manifest itself at the mRNA level (Supplementary
Figure S3) and the genes did not show differential exon usage, imply-
ing a gene dosage buffering at a post-transcriptional level, for exam-
ple, mMRNA stability.

As another proxy for XCl, we evaluated the expression of the X-
inactive specific transcript (XIST) and its activator JPX. We found a
clear correlation between number of X chromosomes and XIST
expression, as expected (Figure 4a). Further characterization of
expression differences of genes on X chromosome between the three
genotypic classes revealed 24 coding, including 6 pseudoautosomal
genes and 13 noncoding genes (Figure 4b). When comparing 47 XXX
with 46,XX and 45,X females the noncoding genes XIST, JPX, and TSIX
showed differential expression with an incremental effect of addi-
tional X chromosomes (Figure 4a). TSIX is antisense to XIST and was
only with low, but significant different expression across groups. In
mice, Tsix prevent accumulation of Xist on the future active female X
chromosome (Maclary et al., 2014). In humans, the role of TSIX is sub-
ject to debate and at present, it has no proven role in XCI. Interest-
ingly, of two other genes known to escape X inactivation, one
(IQSEC2) was not expressed, and the other (TCEANC) showed
increased methylation, but no effect was seen on expression.

XX
XXXL1¥
XX
XXX1¥
XX9%
XXXLY
XX9%
XXXy
XX
XXXL¥
XX
XXXL¥
XX
XXXL1¥
XX
XXX1¥
XX9%
XXXLY

Karyotype

There is enrichment of X-Y gene pairs encoding regulators of
(Bellott
et al, 2014), and aneuploidy is associated with DNA methylation

transcription, translation, as well as protein stability
changes possibly changing the status of cryptic splice sites (Carrozza
et al., 2005). Hence, we wanted to assess the impact of the super-
numerary X chromosome on differential exon usage. We found five
genes showing differential exon usage (TKTL1, PIN4, VSIG4,
MAP7D2, and DDX3X). No differential expression or methylation
was seen for the four remaining genes. We have previously found
differential exon usage of VSIG4 in Turner syndrome (Trolle
et al., 2016), and VSIG4 seems to be involved in general fetal devel-
opment and pulmonary function with highest expression in placenta,
lung, adrenal gland, heart, and liver. It is also expressed in macro-
phages and has been suggested to be an inhibitory ligand
maintaining T-cell unresponsiveness in healthy tissues (Helmy
et al., 2006; Vogt et al., 2006). DDX3X has a paralog on the Y chro-
mosome, is ubiquitously expressed and involved in numerous
nuclear processes, such as transcriptional regulation, pre-mRNA
splicing, and mRNA export, and cytoplasmic processes such as trans-
lation, cellular signaling, and viral replication, and mutations in
DDX3X is also a frequent cause of X-linked mental retardation,
almost always affecting females (Snell & Turner, 2018; Snijders

et al., 2015).
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FIGURE 4 X chromosome RNA expression in Turner syndrome (45,X), female controls (46,XX) and 47 XXX syndrome. (a) Boxplot with
overlayed dotplot of expression of the XIST gene and it's regulator JPX as well as it's antisense RNA, TSIX. Plot illustrates the increased XIST, JPX,
and TSIX expression with additional X chromosomes. (*) indicates p value <.05. (b) Venn diagram of the X chromosome illustrating the RNA
expression comparing 47,XXX with female controls and the more pronounced differences in the other two comparisons, that is, 45,X versus

46, XXX, and 45,X versus 47, XXX. Genes of the pseudoautosomal region are given in red and * denotes noncoding RNAs. (c) X chromosome
ideogram with color coding indicating status of X chromosome genes: X-Y homolog (purple), and Escape gene (yellow) corresponding to the genes

differentially expressed only when comparing 47, XXX with 45,X

Thus, 12 genes had a change in status as assessed by promoter
methylation, with seven X chromosome genes significantly different
in methylation status between 47,XXX and female controls, and in
addition, a number of genes on the X chromosome were differentially
expressed, including XIST, JPX, and TSIX. In conclusion, we find an
overall similar X chromosome expression profile in 47,XXX syndrome
compared with female controls, but a change in exon usage, and a
shift in the level of methylation for several genes.

3.3 | Impact of X-chromosome aberrations on
autosomes

Homologous X-Y gene pairs involved in housekeeping functions has
roles in genome-wide control of chromatin modification, transcrip-
tion, splicing, and translation, and this raises the question if the pres-
ence of an extra X chromosome is traceable in the transcriptome of
the autosomes (Bellott et al., 2014; Papp, Pal, & Hurst, 2003). To this

end, we sought to assess if deviation from the normal amount of X
chromosome material changes autosomal coding and noncoding gene
expression or result in differential exon usage. Second, we hypothe-
sized that X chromosome aneuploidy would have an effect on epige-
netic patterns, possibly traceable in the methylation profile of the
autosomes. Similar to our finding of a nearly identical X chromosome
expression profile between groups, only two autosomal genes (PTPRS
and ANKRD18A) were differentially expressed between the karyo-
typic groups. PTPRS expression was significantly decreased in
47 XXX syndrome compared to normal females (Figure 5) and
ANKRD18A expression increased in 47,XXX syndrome compared to
46,XX and 45X females, despite a comparable methylation profile
across the two genes. We next investigated differential exon usage
between 47 XXX and 46,XX. Interestingly, we found seven genes
(DOCK7, CBLB, EGF, RP11-2H8.2, ALDH1A2, CBFA2T3, and ULK2;
FDR < 0.05) showing differential exon usage, all on different chromo-
somes (Supplementary Table S1). The overall similar autosomal

expression profile as well as the discrete changes in exon usage may
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differential expression between female controls (46,XX) and 47,XXX syndrome (b) this despite a comparable methylation profile across

the gene (c)

both be the consequence of an adequate inactivation of the supernu-
merary X chromosome, as well as the result of autosomal epigenetic
changes dampening the effect of the extra X chromosome. We then
assessed the methylation profile taking a regional perspective by
clustering significant probes into regions containing two or more
DMPs less than a thousand base pairs apart. We identified four
DMRs related to four genes (SPEG, MUC4, SPé6, and ZNF492)

(Supplementary Figure S4). None of these genes were found to be
expressed in blood. We note that the methylation and expression
changes in 47,XXX syndrome was not as pronounced as methylation
and expression changes affecting TS. In TS, the autosome analysis
revealed differential expression of 12 coding autosomal genes and
5 noncoding autosomal genes and on the X chromosome, 13 noncod-
ing genes as well as 24 coding genes.
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3.4 | Are differentially expressed noncoding RNAs
positioned nearby differentially expressed protein
coding genes?

Taking into account all three groups, we found differential expression
of 13 X chromosome ncRNAs as well as 14 autosomal ncRNAs. The
expression of ncRNAs was particular abnormal in TS compared to the
two other groups (Figures 4 and 5, and Supplementary Figure S5). The
smallest difference was seen between 47 XXX syndrome and 46,XX
females, where only XIST, TSIX, and JPX was differentially expressed
(Figure 4), while more genes were differentially expressed when only
comparing 47 XXX and 45X females (Figure 4c). Out of the
27 ncRNAs, 18 have no known function. The location of eight of the
ncRNAs genes were close to differentially expressed genes
(Supplementary Table S2). One ncRNA with unknown function
(G089798) correlated significantly (Rho = 0.8, p value = .048) with a
neighboring differentially expressed gene (SEPT6). Interestingly, we
found differential expression of two pseudogenes—the X-linked trans-
lation initiation factor (EIF1AXP1) and the X-linked ribosomal protein
S4 (RPS4XP6) and their corresponding genes (EIFIAX and RPS4X)
when comparing TS with 47, XXX syndrome.

3.5 | Integration of methylation with expression
and association with protein network hotspots

To enable an integrated analysis of epigenetic and expression differ-

ences between the three analyzed groups, we first matched gene
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methylation and expression statistics from the three differential ana-
lyses (45X vs. 46, XX; 45X vs. 47 XXX; and 46,XX vs. 47 XXX) by
shared gene IDs. This allowed us to search for interactome hotspots,
which are protein-protein interaction (PPI) subnetworks in which a
significant number of genes are associated with a phenotype of
interest, in this case represented by differential changes among the
three groups. The FEM R-package was specifically developed to per-
form such analysis using integrated 450K methylation and gene
expression data (Jiao et al., 2014). We first performed differential
analysis of the three contrasts. The described differential methyla-
tion statistics was integrated with the differential expression statis-
tics from GenStatR analysis similarly carried out on the three
pairwise comparisons. The integrated differential statistics was
applied to the FEM tool.

In total, we identified 12 network hotspots corresponding to
eight unique seed genes (AXIN1, CD2, CXCL5, GADD45A, NRP1, signal
transducer and activator of transcription 4 [STAT4], ZBTB16, and
ZFYVEY; Supplementary Table S4). STAT4 was found for the 45,X ver-
sus 47,XXX contrast with 13 network members (p = 7.0 x 1075%;
Figure 6a). The gene members are functionally enriched for T-helper
1 type immune response (p = 6.0 x 10™7; GO-BP; Supplementary
Table $5) and interleukin-18 binding (p = 1.2 x 10~7; GO-MF; Supple-
mentary Table S5). The STAT4 gene show reduced expression in 45X
which correlate with a high methylation level in 3'UTR, for four out of
seven 45X females. AXIN1 was found for the 46,XX versus 47 XXX
contrast with 32 network members (p = .004). The gene members are
functionally enriched for cell-cell signaling by wnt (p = 1.8 x 1075;

GO-BP; Supplementary Table S5), cell surface receptor signaling

(b) STAT4 3'UTR methylation versus expression
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FIGURE 6 Network hotspot and methylation-expression correlation for STAT4. (a) Depicted is the functional epigenetic module centered
around seed STAT4. Edge widths are proportional to the average statistic of the genes making up the edge. Node colors denote the differential
DNA methylation statistics as indicated. Border colors denote the differential expression statistics. Note that STAT4 exhibits the expected
anticorrelation with hypomethylation (yellow) leading to overexpression (red). (b) Scatterplot of the methylation levels in 3’ UTR versus

expression levels for STAT4



NIELSEN ET AL

AMERICAN JOURNAL OF

medical genetics

_WILEY_L_*

pathway (p = 4.3 x 10~%; GO-BP; Supplementary Table S5) and other

members of the wnt signaling family.

4 | DISCUSSION

The present study illustrate the more subtle effects of the supernu-
merary X chromosome in 47, XXX syndrome compared to the effect of
the missing X chromosome in TS (Sharma et al, 2015; Trolle
et al.,, 2016). Sex chromosome aneuploidies have been suggested as
human models for the study of the sex chromosomes and numerous
lines of evidence support a relationship to morbidity and mortality
through X-linked genes (Raznahan et al., 2018). The present study
explores the impact of an extra X chromosome on the genome-wide
DNA methylation and expression profile and investigates the com-
pleteness of XCl in 47, XXX syndrome in comparison with karyotypi-
cally normal females.

The supernumerary X chromosome is associated with an
expected significant increase in XIST, TSIX and JPX expression, indicat-
ing that XIST inactivate the supernumerary X chromosome. However,
methylation data show that despite this increased expression of XIST,
the inactivation process is incomplete at the single gene level, leading
to seven genes (AMOT, HTR2C, IL1IRAPL2, STAG2, TCEANC, ZNF673,
and GEMINS) with significant promoter methylation differences. This
indicates a shift in methylation status from 47,XXX to female controls.
AMOT, STAG2, and HTR2C are of particular interest since they partici-
pate in multiprotein complexes with the possibility to disrupt stoichi-
ometry resulting in for example improper folding and functioning
(Supplementary Table S3). Hence, this shift in promoter methylation
status may result in abnormal multiprotein complexes. Interestingly,
STAG2 regulate the separation of sister chromatids during cell division
and is involved in the regulation of gene expression. In addition,
STAG2 has previously been implicated in familial skewed X inactiva-
tion (Renault, Renault, Copeland, Howell, & Greer, 2011) as well as
playing a role in controlling chromosome number (Solomon
et al., 2013). STAG2 participates in a multiprotein complex with
RAD21, SMC1A, as well as SMC3 and both up and downregulation of
STAG2 may disrupt the function of the protein complex. Interestingly,
SMCI1A is located near one of the differentially expressed ncRNAs in
our study (G088519). HTR2C may explain part of the lower body mass
index recorded in 47, XXX syndrome cohorts (Otter et al., 2010), as it
plays a role in the regulation of appetite and eating behavior (Heisler
et al.,, 2002). Lastly, ZNF673 seem to be a factor in X-linked mental
retardation and hence a possible factor in the lower IQ associated
with 47 XXX syndrome (Lugtenberg et al., 2006). Our expression pro-
files provided data for three of the seven genes (GEMIN8, AMOT, and
STAG2). Despite the methylation results 47, XXX and female controls
showed similar expression levels for these three genes. This could
suggest a compensatory regulation at a higher level, for example,
through mRNA degradation or factors like histone modifications,
maintaining the inactivation status in spite of methylation changes
(Prestel, Feller, & Becker, 2010).

Seminars in Medical Genetics

In keeping with the X chromosome expression analysis, only two
autosomal genes (PTPRS and ANKRD18A) were differentially
expressed in white blood cells. Differential expression of PTPRS seem
to fit well with the 47, XXX phenotype as the gene is thought to play a
major role in development and differentiation of the neuroendocrine
system (Batt, Asa, Fladd, & Rotin, 2002). ANKRD18A, found near the
differentially expressed ncRNA, G084562, has previously been
reported to show increased promoter methylation and decreased
mRNA expression in a study of Tourette's syndrome and OCD
(Yu et al., 2015). OCD has been described in TS individuals in particu-
lar those with an X ring chromosome (Abd, Patton, Turk, Hoey, &
Howlin, 1999).

We speculate that the overall comparable autosomal expression
profile could be the result of methylation changes dampening the
effect of an extra X chromosome. We identified four DMRs relating
to four genes (SPEG, MUC4, SP6, and ZNF492). However, these genes
were not expressed in the tissue of study here, preventing us from
drawing conclusion on the effect of the methylation. Still, we found
SPEG of particular interest since it interacts in a protein complex with
MTM1, whose gene is located on the X chromosome and change in
expression may disrupt stoichiometry (Agrawal et al., 2014).

Evidence accumulates that ncRNAs play roles in transcriptional
regulation. ncRNAs are implicated in chromatin modifications, cis and
trans gene regulation, RNA-protein interactions, as well as function-
ing as molecular scaffolds (Guttman & Rinn, 2012). XIST (cis-regulator)
and JPX (trans-regulator) are prime examples of ncRNAs with funda-
mental roles in XCl. Intriguingly, recent research indicates that
ncRNAs may recruit the de novo methyltransferase DNMT3b and
hence repress transcription through DNA methylation. As such,
ncRNAs may be involved in the perturbed DNA methylation profile of
aneuploidy syndromes (Skakkebaek et al., 2018). We found differen-
tial expression of several ncRNAs. The relation of these ncRNAs to
differentially expressed coding genes suggests that they may either
have a regulatory role or that they are incidental byproducts of tran-
scription of coding genes. Only one ncRNA (G089798) correlated sig-
nificantly with expression of its nearby coding gene (SEPT6).
Interestingly, SEPT6 plays a role in acute myeloid leukemia with AML
previously reported in TS patients (Manola et al., 2008), as well as
coarctation of the aorta (Moosmann et al., 2015). We also found that
other ncRNAs were differentially expressed and related to genes
known to participate in protein-DNA and PPl (RNF144A), in the regu-
lation of transcription (KDM5C, EIF253, and ZFX), and chromatin rem-
odeling (KDM5C), possibly contributing to or alleviating the TS and
47 XXX phenotypes. Lastly, two ncRNAs (EIFIAXP1 and RPS4XPé)
which are pseudogenes of differentially expressed genes (EIF1AX and
RPS4X) were differentially expressed, and we speculate that they par-
ticipate in the regulation of their coding counterpart. RPS4X has previ-
ously been implicated in Turner syndrome (Fisher et al., 1990;
Omoe & Endo, 1996; Rajpathak et al., 2014; Zhang et al., 2013). It
encodes the ribosomal protein S4 and transcription is dosage sensitive
(Fisher et al., 1990; Just, Geerkens, Held, & Vogel, 1992), and thus it
could also be thought to play a role in 47, XXX syndrome.
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The fact that a gene is not differentially expressed, does not
exclude differential exon usage potentially giving rise to proteins with
altered functionality. Hence, we performed whole genome differential
exon usage analysis and found five X chromosome genes (TKTL1,
PIN4, VSIG4, MAP7D2, and DDX3X) and seven autosomal genes
(DOCK7, CBLB, EGF, RP11-2H8.2, ALDH1A2, CBFA2T3, and ULK2)
showing differential exon usage. DDX3X links to mental retardation
(Snijders et al., 2015) and ULK2 to brain development and hence these
two gene are candidates to explore in future studies.

Since the 47 XXX phenotype differs with respect to development
both anthropometrically and mentally, we acknowledge tissue specific
expression as a likely explanation for the lack of expression of some
genes in our study. The differing tissue tolerance to aneuploidy
(Fragouli, Wells, & Delhanty, 2011) also adds to this with the brain
possibly being more dosage sensitive (Nguyen & Disteche, 2006). We
chose leukocytes as tissue of choice due to the difficulty in gaining
brain tissue and the invasive methods needed when obtaining muscle,
fat, or liver biopsies. Histone modifications may change methylation
status as well as regulate transcription directly and it would be inter-
esting to study this in the future.

The network analysis identified STAT4 as a hotspot seeding gene
in the 45X versus 47, XXX contrast. STAT4 encodes a transcription
factor that is required for development of Th1 cells from naive CD4+
T-cells and IFN-y production in response to IL-12 (Bacon et al., 1995;
Kaplan, 2005). The hotspot represented by STAT4 has 12 gene mem-
bers (STAT4, IL18R1, IL18RAP, IL12RB2, NMI, IRF1, ZNF467, HLX,
IFI35, BATF, SNAPC5, IL18, and IL18BP) that are functionally enriched
for “T-helper 1 type immune response” and “interleukin-18-mediated
signaling pathway,” which is relevant since disturbances in the
immune system and autoimmune diseases have been associated with
TS. This relation to immune processes was further highlighted by the
hotspot represented by CD2 with seven gene members (CD2, CD59,
CD53, CD48, CD58, CD244, and NCR1), all involved in immune pro-
cesses. In addition, network analysis identified AXIN1 as a hotspot
seeding gene in the 46,XX versus 47 XXX contrast, with 32 gene
members, especially members of the Wnt signaling family, being
involved in multiple signal transduction pathways both during
embryogenesis and also in cancer development.

There are limitations related to this study, and they include the
lack of a validation cohort, and the fact that our study was restricted
to DNA methylation and RNA expression in leucocytes from periph-
eral blood samples, and therefore further studies are needed to
establish the impact of DNA methylation and gene expression on
the phenotype in 47, XXX in different tissues, such as brain and ova-
ries. Although the three study groups had similar ages, there was
not a complete match and this can of course have affected the
methylation analyses, which should be seen as a limitation. In addi-
tion, functional validation of the putative genes found here, also
needs to be performed. We are confident that such future studies
will be able to closely link genotype of 47,XXX individuals with the
phenotype and thus possibly explain some or all of the phenotypic
traits related to the syndrome. This should provide a fertile seeding

ground for the development of new clinical interventions and

possibly drugs that can be used in the treatment of individuals with
47 XXX syndrome.

5 | CONCLUSION

In conclusion, we provide evidence of subtle differences in the meth-
ylation status, as assessed by DNA-methylation, affecting both coding
and noncoding genes possibly involved in the 47,XXX phenotype,
although additional functional verification will be necessary. We
describe an overall comparable expression profile only differing with
respect to the two autosomal gene PTPRS and ANKRD18A and at the
level of differential exon usage.
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