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X-chromosome inactivation patterns depend on age
and tissue but not conception method in humans
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Abstract Female somatic X-chromosome inacti-
vation (XCI) balances the X-linked transcriptional
dosages between the sexes, randomly silencing the
maternal or paternal X chromosome in each cell of
46,XX females. Skewed XCI toward one parental
X has been observed in association with ageing and
in some female carriers of X-linked diseases. To
address the problem of non-random XCI, we quanti-
fied the XCI skew in different biological samples of
naturally conceived females of different age groups
and girls conceived after in vitro fertilization (IVF).
Generally, XCI skew differed between saliva, blood,
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and buccal swabs, while saliva and blood had the
most similar XCI patterns in individual females. XCI
skew increased with age in saliva, but not in other tis-
sues. We showed no significant differences in the XCI
patterns in tissues of naturally conceived and IVF
females. The gene expression profile of the placenta
and umbilical cord blood was determined depend-
ing on the XCI pattern. The increased XCI skewing
in the placental tissue was associated with the differ-
ential expression of several genes out of 40 consid-
ered herein. Notably, skewed XCI patterns (> 80:20)
were identified with significantly increased expres-
sion levels of four genes: CD44, KDM6A, PHLDA?2,
and ZRSR2. The differences in gene expression pat-
terns between samples with random and non-random
XCI may shed new light on factors contributing to the
XCI pattern outcome and indicate new paths in future
research on the phenomenon of XCI skewing.
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Introduction

X-chromosome inactivation (XCI) is an epigeneti-
cally regulated mechanism of dosage compensa-
tion balancing expression levels of X-linked genes
between females (XX) and males (XY). In this pro-
cess, either maternally or paternally inherited X chro-
mosome present in individual cells of the developing
female embryo is marked for inactivation. It means
that several hundred physically linked loci become
concomitantly and stably silenced (Patrat et al. 2020);
this silencing is inherited through subsequent somatic
cell divisions. Still, up to one-third of human X-chro-
mosomal genes escape this process and are expressed
from both the active and inactive X chromosomes in
female cells (Tukiainen et al. 2017). The degree of
XCI incompleteness varies between genes, tissues,
and individuals (Shvetsova et al. 2019), and remains
poorly characterized.

Sixty years after Mary Lyon put forth the hypoth-
esis of random X-chromosome inactivation (Lyon
1961), skewed XCI has been reported to associate
with many rare and common disorders (Plenge et al.
2002; Migeon 2020; Juchniewicz et al. 2021). As for
the general female population, the literature is much
scarcer. The most comprehensive population stud-
ies of healthy women and girls showed XCI skewing
ratio>70:30 in 25-27% of the analysed females, and
a ratio> 80:20 in 8—10%, while the ratio>90:10 was
identified only in 1.8% (Amos-Landgraf et al. 2006;
Shvetsova et al. 2019). However, when the threshold
for a skewed XClI ratio was defined as > 65:35, nearly
50% of the population demonstrated imbalanced inac-
tivation of the two X chromosomes (Shvetsova et al.
2019).

Besides the subjectively defined threshold for pref-
erential inactivation of either parental chromosome,
the pattern of XCI (random or skewed) depends on
the age of a woman and the type of examined tissues
(Sharp et al. 2000; Amos-Landgraf et al. 2006; @rsta-
vik 2009). The randomness of XCI in different tissues
may range from 50:50 to 80:20 in the same individ-
ual which can be attributed to the fact that cells with
high mitotic activity have a more skewed pattern than
cells with lower mitotic activity (Sharp et al. 2000;
Knudsen et al. 2007; Bolduc et al. 2008). Still, most
studies on XCI have been performed in DNA from
peripheral blood with intensely dividing cells (Jrsta-
vik 2009). When XCI patterns were determined in
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easily accessible tissues (buccal epithelium, blood,
and hair follicle) and compared with XCI patterns in
several inaccessible tissues (heart, thyroid, kidney,
liver, muscle, and ovary), it appeared that buccal epi-
thelium was preferable over peripheral blood cells for
predicting XCI pattern in inaccessible tissues. The
ovary was the only inaccessible tissue showing a poor
correlation to the buccal epithelium and blood cells
but had a good correlation to hair follicles instead (de
Hoon et al. 2015).

The frequency of XCI skewing was suggested to
increase with age, especially over 55 years (Kris-
tiansen et al. 2005). Longitudinal studies of XCI per-
formed for the same females at an average interval
of two decades confirmed a significant difference in
the degree of XCI skewing with time in females who
were 60 years or older at the time of the first sampling
(Sandovici et al. 2004). On the other hand, Shvetsova
et al. (2019) did not observe an increase in skewing
with age while studying the population with the age
range of 20-64 years. If the age-related skewing of
XCI is more prevalent in the general population, its
biological significance remains unclear, but one of its
possible consequences might be the manifestation of
X-linked disorders in elderly females (Cazzola et al.
2000; Au et al. 2004).

XCI occurs in early embryonic life, but the exact
timing in humans is still elusive (Goto and Monk
1998; Patrat et al. 2020). The current knowledge of
human XCI is mainly based on the studies performed
on embryos obtained by in vitro fertilization (IVF) or
pluripotent stem cells.

Epidemiological data indicate that children con-
ceived in vitro have a greater relative risk of low
birth weight, major and minor birth defects, and rare
disorders involving imprinted genes, suggesting that
epigenetic changes may be associated with assisted
reproduction (Katari et al. 2009). Key events in epi-
genetic reprogramming occur in mammals during
germ cell development and early embryogenesis. IVF
involves the manipulation of many steps of concep-
tion from the stimulation of gamete production to the
ex vivo culture of embryos and includes risk factors
such as advanced maternal age, sperm aneuploidy,
superovulation, in vitro handling of egg and sperm,
and embryo growth in culture. These factors can
lead to epigenetic alterations, slow embryo growth,
or cause cell selection resulting in skewed XCI
(Wu et al. 2014). Studies on mice have shown that
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superovulation disrupts the acquisition of imprints in
growing oocytes and maternal-effect gene products
required for imprint maintenance during preimplanta-
tion development (Market-Velker et al. 2010). Moreo-
ver, a skewed sex ratio in mouse offspring was shown
to result from impaired XCI following the IVF proce-
dure (Tan et al. 2016).

Determination of the effects of IVF on epigenetic
processes in humans, such as the XCI event, is the
current topic of our interest. Thus, this study aimed
to compare XCI patterns between easily accessible
biological materials (saliva, buccal swab, and blood)
of females of different age groups. To elucidate the
effect of assisted reproductive technologies on the
human XCI process, we compared the XCI patterns
of girls born after assisted versus natural conception.
To better characterize how the XCI process is gov-
erned in embryonic development, we also examined
the status of XCI in placental tissue and umbilical
cord blood and determined gene expression profiles
of samples with different XCI patterns.

Materials and methods
Study population and sample collection

Samples of saliva, blood, or buccal swabs were
collected from 227 naturally conceived females of
three age groups: 0-12, 13-35, and over 35 years
for genomic DNA extraction and XCI pattern analy-
sis. Each participant or her parent received a pack-
age containing three sample collection kits: (i) FTA
classic card with multi-barrier pouch (Whatman,
UK) and a single-use safety lancet Medlance (HTL-
STREFA, Poland) for dry blood spot collection;

(i1) two sterile swabs in tubes with a specimen bag
(Hagmed, Poland) for buccal swab collection; and
(iii) Oragene DNA self-collection kit: OG-500 or
OG-575 (DNA Genotek, Canada) for saliva sam-
pling. The kits included step-by-step instructions
for the self-collection of biospecimens. All samples
were coded and handled as anonymous.

Similar sample collection packages were given to
parents of 38 girls (including four pairs of female
twins) conceived in vitro in the age range 0-5 years.
To compare XCI patterns in girls conceived by IVF
and naturally, samples from a commensurate group
of girls from the youngest group of naturally con-
ceived females were selected. Table 1 shows the
characteristics of these two groups as well as three
age groups of naturally conceived females and the
numbers of obtained samples.

Samples of umbilical cord blood and placental
tissue were collected from nine female neonates
born naturally at full term after single pregnancy
as sources of DNA and RNA. Umbilical cord blood
for DNA isolation was collected into tubes with
EDTA and for RNA isolation into PAXgene® blood
RNA tubes (PreAnalytiX, Switzerland) and stored
at — 20 °C. Placental tissue samples were collected
within 30 min after delivery of the placenta. The
biopsies (2.0-2.5 cm?) were taken from four differ-
ent areas of the placenta from the foetal side and
rinsed extensively in phosphate-buffered saline to
remove blood. Each sample was divided into two
halves: one for RNA and the other for DNA isola-
tion. The first half was placed in RNAlater (Sigma
Aldrich, USA), incubated at 4 °C overnight, then
removed from RNAlater, and transferred to a fresh
tube for storage at—80 °C according to the guide-
lines provided by the RNAlater manufacturer. The

Table 1 Characteristics of
the groups compared in this
study

Groups

N  Agerange (years) Mean

Number of samples

age

(years) Saliva Blood Buccal swab Complete set®

Age groups of naturally conceived females

4Complete set of saliva,
blood, and buccal swab;
IVF, conceived by in vitro
fertilization (in all cases the
oocytes were inseminated
by intracytoplasmic sperm IVF 38 0-5
injeCtiOIl7 ICSI); NC, NC 37 0—6

0-12years 66 0-12
13-35 years 89 15-35

>35years 72 36-84

Groups of girls conceived by IVF and naturally

59 54 45 50 34
259 87 49 53 48
47.9 71 43 44 42

1.89 21 14 34 12

2.73 26 24 26 14

naturally conceived
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second half designated for DNA extraction was
placed in an empty tube and stored at — 20 °C.
Additionally, paired saliva samples from mothers of
newborns were collected for DNA testing.

Nucleic acid extraction

The QIAamp DNA Mini kit (Qiagen, USA) was used
to extract genomic DNA from buccal swabs, dried
blood spots, umbilical cord blood, and placenta, and
the prepIT®eL2P reagent (DNA Genotek, Canada)
was used to isolate DNA from saliva samples. RNA
from umbilical cord blood was extracted using PAX-
gene® blood RNA kit (PreAnalytiX, Switzerland)
and from the placenta—using RNeasy® micro kit
(Qiagen, USA).

X-chromosome inactivation analysis

The methylation-sensitive HUMARA (human
androgen receptor) assay (Allen et al. 1992) with
previously described modifications (Juchnie-
wicz et al. 2018) was used to determine XCI pat-
terns in all DNA samples. If the androgen recep-
tor locus was uninformative, X-inactivation status
was assessed at the DXS6673E locus using primers
designed by Beever et al. (Beever et al. 2003) and
their PCR protocol with the following modifica-
tions: both digested and undigested samples (50 ng)
were amplified using 1 XPCR reaction buffer with
1.5 mM MgCl,, 200 pM of each dNTP, 0.2 pM of
each primer (the forward PCR primer was labelled
with the 6-FAM), and 1 U of Taq DNA polymer-
ase (Roche Applied Science, USA) in a total vol-
ume of 15 pl. The PCR conditions were 95 °C for
5 min (initial denaturation) followed by 35 cycles
of 95 °C for 40 s, 58 °C for 40 s, and 72 °C for
40 s, with a final extension at 72 °C for 7 min. PCR
products were separated by capillary electrophore-
sis on an ABI Prism 310 genetic analyser (Applied
Biosystems, USA) in denaturing conditions. Prod-
uct length and peak areas were analysed using Peak
Scanner Software v1.0 (Applied Biosystems, USA).
All samples were analysed in duplicate, and the
ratios obtained were averaged. DNA of a female
with 80:20 skewed XCI was used as a control in
each assay run to assess inter-assay variability.
The XCI pattern was classified as random (50:50
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to 80:20), skewed (80:20 to 90:10) or extremely
skewed (90:10 and more).

Real-time quantitative RT-PCR

Based on the literature search, 40 growth-related
imprinted (Nelissen et al. 2014; Kappil et al. 2015;
Kleijkers et al. 2015; Litzky et al. 2017) or XCI-
escaping (Tukiainen et al. 2017) genes were selected
for placental and umbilical blood gene expression
profiling (ABCAI, ACE2, AR, BID, BLCAP, CD44,
CDY99, CDKNIC, DLKI, ERP27, GRBI10, GYG2,
HI19, HECW2, IGF2, IL9R, JPX, KDM5C, KDMO6A,
MEG3, MEST, NAPILS5, NDN, NNAT, OCA2,
OTC, P2RYS, PAXS8, PHLDA2, PLAGLI, PLCXDI,
PNPLA4, PRKX, RPS4X, STS, SULT4Al, TUB-
GCPS5, XIST, ZFX, ZRSR2). Total RNA was reverse-
transcribed into cDNA using transcriptor first-strand
cDNA synthesis kit. Real-time qRT-PCR was per-
formed using real-time ready custom panel and Light-
Cycler 480 Probes Master on a LightCycler® 480
System platform (all from Roche Applied Science,
Germany). Standard protocols as per manufacturer
recommendations were followed.

Three housekeeping genes—SDHA, YWHAZ, and
TBP—were analysed alongside the genes of inter-
est using the same procedure. Expression stability of
housekeeping genes was determined from raw cycle
threshold (C,) values using the BestKeeper tool (Pfaffl
et al. 2004); SDHA and YWHAZ were selected as the
most stable and applied as reference genes for nor-
malization of results obtained for genes of interest.
Relative expression (RE) was calculated with the 24¢ct
method (Livak and Schmittgen 2001), where AC, was
obtained by subtracting the C, of the gene of inter-
est from the geometric mean of C, of two reference
genes. To calculate the gene expression fold change
(FC), RE for each sample was normalized to the mean
RE obtained for samples of the group with XCI of
50-59%. Fold change values were log,-transformed
before statistical analyses and visualization.

Statistical analysis

Pearson’s y” test was used to compare frequencies of
XCI ratios in each 10% increment from 50 to 100%
as well as random/skewed XCI in different tissues in
each age group, and Kolmogorov—Smirnov test was
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performed to compare distributions. Kruskal-Wal-
lis test followed by Dunn’s multiple comparison
post hoc test was used to compare medians of XCI
ratio in different biological samples of three differ-
ent age groups. Pearson’s correlation coefficient (r)
was calculated to determine the association between
X-inactivation differences in samples of individual
females and their ages. The y? test for independence
(two-way) was used to determine dependencies
between variables. The -test was used to evaluate
significant changes in gene expression in compar-
ison to samples with the XCI of 50-59%, and the
Benjamini—Hochberg procedure was used for con-
trolling the false discovery rate; significance was
declared if the Benjamini—-Hochberg adjusted P
value was smaller than the false discovery rate set
at 0.1. One-way ANOVA with Fisher’s least sig-
nificant difference post hoc analysis was used to
determine the differences in mean gene expression
among all XCI skewing groups; significance was
considered at P value <0.05. Analyses were per-
formed using Statistica v.13 (TIBCO Software Inc.,
USA).

Data visualization

Venn diagrams were constructed using the Inter-
actiVenn tool (Heberle et al. 2015). Volcano plots
were generated using VolcaNoseR (Goedhart and
Luijsterburg 2020) with log,(FC)>I1.0l set as
a fold change threshold and—loglO(adjusted P
value) > 1.0 as the significance threshold. Heat-
maps were created using Heatmapper (Babicki
et al. 2016) software with Euclidean algorithm
used for distance measurement between rows and
columns and average linkage method used for
computing hierarchical clustering. Bland—Altman
plots (with the corresponding calculation of limits
of agreement) were generated using the BA-plot-
teR tool (Goedhart and Rishniw 2021). Boxplots
were created using the Boxplot v0.1.0 tool, and
Uniform Manifold Approximation and Projection
(UMAP) analysis was performed using the UMAP
v0.1.0 tool—both available in Hiplot (https://hip-
lot.com.cn). Correlograms were generated with a
web-based FaDA tool (Danger et al. 2021). Gene
Set Annotation (GSAn) public web server was
used for characterising gene lists with Gene Ontol-
ogy (GO) terms (Ayllon-Benitez et al. 2020).

Results

X-chromosome inactivation patterns in blood, saliva,
and buccal swabs of naturally conceived females

Considering paediatric development, age categories
defined in this study followed age groupings sug-
gested by the WHO (Knoppert et al. 2007). The group
of females 0-12 years comprised neonates, infants,
young children (< 6 years), and children (612 years).
The age group 13-35 years covered adolescents and
young adults, while the group>35 years—middle-
aged and older adults.

No significant differences in the frequency of XCI
ratios were found in blood and buccal swab samples
from naturally conceived females of the three defined
here age groups; however, the difference in the dis-
tribution of XCI ratios in saliva between 0 and 12
and>35 years groups was statistically significant
(Pearson’s X2 test, P=0.01; Kolmogorov—Smirnov
test, P<0.025). Additionally, the median XCI ratio
in samples of saliva in groups 0-12 and>35 years,
blood in groups 13-35 and> 35, and saliva and buc-
cal swabs in the group>35 years differed signifi-
cantly (Fig. 1).

Significantly increased frequency of skewed
(80-90%) and extremely skewed (>90%) XCI was
observed only in the saliva samples obtained from the
females of the oldest group, resulting in 10% and 7%,
respectively (Pearson’s X2 test, P=0.036). The pro-
portion of XCI skewing in other samples was not sig-
nificant (Table 2).

To check the variability in the sample-specific pat-
terns of XCI within the same individual, the differ-
ence in XCI ratio in sample pairs in complete sets of
saliva, blood, and the buccal swab was calculated. In
the youngest group, the greatest difference (29.3%)
was detected for the pair saliva (60:40) and buccal
swab (90:10); the XCI ratio in blood in this girl was
61:39. In the group 13-35 years, the greatest differ-
ence (45.6%) was observed between blood (79:21)
and buccal swab (34:66); saliva XCI in the set from
this 22-year-old female was 55:45. In the oldest
group, the highest difference of over 50% was found
between saliva (11:89) and buccal swab (61:39); XCI
ratio in the blood sample of this 42-year-old woman
was 15:85. Besides the last two cases described
above, there was one more woman (50 years old)
with the difference of preferably inactivated X
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Fig. 1 Distribution of XCI ratios in different biological sam-
ples from naturally conceived females in three different age
groups. A XClI ratios expressed as ratios of the preferentially
inactivated allele with a range of 50:50 to 100:0, with incre-
ments of 10%. Statistical significance in distribution (Kol-
mogorov—Smirnov test) is indicated. B XCI ratios expressed as
continuous ratios of the preferentially inactivated allele with a
range of 50:50 to 100:0. Statistical significance in the median
(Kruskal-Wallis test with Dunn’s multiple comparison post
hoc test) is indicated. C Distribution of XCI ratios in different
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saliva

blood buccal swab

biological samples from girls conceived naturally (NC) or by
in vitro fertilization (IVF). XCI ratios are expressed as continu-
ous ratios of the preferentially inactivated allele with a range
of 50:50 to 100:0. Statistical significance was not observed
(Kruskal-Wallis test). The box shows lower and upper quar-
tiles and whiskers—minimum and maximum values of the
data. The horizontal line inside the box represents median
and dots—individual samples; the points located outside the
whiskers represent outliers



Chromosome Res (2023) 31:4

Page 70f 19 4

Table 2 Distribution of
XCI skewing in different
biological samples from
naturally conceived females
of three different age groups

2Skewed XCI means
inactivation of the same
allele in 80-90% and
extremely skewed XCI
in>90% of cells; n, number
of samples; * indicates
statistical significance
(Pearson’s ;(2 test, P<0.05)

Fig. 2 XCI patterns in
pairs of samples (saliva—
blood, saliva—buccal swab,
and blood-buccal swab)

in complete sets of saliva,
blood, and buccal swab in
124 naturally conceived
females. A Percentage of
pairs of samples (saliva—
blood, saliva—buccal swab,
and blood-buccal swab)
with XCI patterns differ-
ing by 0-9.9, 10-19.9,
20-29.9, 30-39.9, 40-49.9,
and 50-59.9% within one
person in three age groups.
B Scatterplots of XCI dif-
ferences in pairs of samples
(saliva and blood, saliva
and buccal swab, and blood
and buccal swab) within
one person versus age. C
Correlation between XCI
patterns of saliva and blood,
saliva and buccal swab, and
blood and buccal swab. n,
number of complete sets of
saliva, blood, and buccal
swab; r, Pearson correlation
coefficient

Biological sample

Age group (number of samples)

Number (%) of samples with random and

skewed* XCI pattern
Random  Skewed Extremely skewed
Saliva 0-12 years (n=>54) 51 (94) 2 (4) 12)
13-35 years (n=287) 83 (95) 4(5) 0(0)
> 35 years (n=71) 59 (83) 7(10)*  5(N*
Blood 0-12 years (n=45) 44 (98) 0(0) 1(2)
13-35 years (n=49) 48 (98) 1(2) 0(0)
> 35 years (n=43) 41 (95) 2(5) 0(0)
Buccal swab 0-12 years (n=50) 48 (96) 1(2) 1(2)
13-35 years (n=53) 50 (94) 3 (6) 0 (0)
> 35 years (n=44) 43 (98) 1(2) 0(0)
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chromosome within the three collected samples. Her
XCI patterns were 86:14, 75:25, and 40:60 in saliva,
blood, and buccal swab, respectively. Figure 2A pre-
sents percentages of pairs of samples that differ in
XClI patterns at different rates in our three age groups.
XClI difference between saliva and buccal swab corre-
lated weakly with age (r=0.28, P=0.001), a weaker
correlation was observed for XCI difference between
saliva and blood versus age (r=0.18, P=0.041), and
no significant correlation was found between blood
and buccal swab XCI difference and age (Fig. 2B).
Saliva and blood had the most similar XCI patterns
in individual females (r=0.83, P<0.01), while XCI
patterns identified in blood and buccal swab had the
weakest correlation (Fig. 2C).

X-chromosome inactivation patterns in blood, saliva,
and buccal swabs of females conceived by in vitro
fertilization

Comparison of XCI pattern in IVF- and naturally
conceived girls comprised females below 6 years,
i.e. neonates, infants, and young children according
to WHO guidelines (Knoppert et al. 2007). XCI pat-
terns in the tested here biological samples did not dif-
fer significantly between girls conceived by IVF and
naturally (Fig. 1C). In each group, there was one indi-
vidual with extreme XCI skewing—in the IVF group,
a l-year-old girl had an XCI ratio of 92:8 in saliva
and 98:2 in buccal swab (blood XCI in this girl was
78:22), and in naturally conceived group, one girl
(5 years old) had XCI pattern of 93:7, 94:6, and 95:5
in saliva, blood, and buccal swab, respectively. In
both cases, the preferential inactivation of the mater-
nal X chromosome was detected.

X-chromosome inactivation patterns in placental
tissue and umbilical cord blood of females conceived
naturally or by in vitro fertilization

XCI patterns were determined in the placental tissue
and umbilical cord blood of nine girls—eight natu-
rally and one IVF conceived. Table 3 displays neonate
measurements of the girls together with the results
of XCI analysis in the umbilical blood and placen-
tal samples as well as in the saliva of their mothers.
Random XCI in all four examined placental samples
was present in four subjects (501, 503, 504, 505), and
in four others (502, 506, 519, 526), XCI was either
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random or skewed in samples taken from different
areas of the same placenta, while in one subject (507),
random, skewed, and extremely skewed XCI patterns
were detected across four analysed placental samples.
Two of our mother-daughter pairs shared the same
alleles making the determination of X-chromosome
parental origin not feasible. Of the remaining seven
placentas, one showed the preferential inactivation of
the maternally and one of the paternally inherited X,
while five placentas showed heterogeneous XCI pat-
terns with either maternally or paternally inherited X
that was preferentially inactivated in the tested four
samples. Correlation analysis of XCI skewing of nine
mother-daughter pairs did not find a significant corre-
lation (Pearson’s r= —0.3331, P=0.3811) suggesting
that the XCI status of the mother did not affect the
XCI status of her daughter.

The XCI ratios determined in placental tissue and
umbilical cord blood were comparable between the
naturally conceived and IVF groups (Fig. 3A); there-
fore, we decided to combine them and further analyse
them together (especially since the IVF samples were
withdrawn from only one individual). A significant
positive correlation was observed between all neo-
nate measurements (Fig. 3B). However, no signifi-
cant correlations were found either among placental,
cord blood, and mother’s saliva XCI or mother’s
age, besides a moderate and significant correlation
between the mother’s saliva XCI and age (Pearson’s
r=0.54, P=0.004), (Fig. 3B).

Gene expression profile of placental tissue and
umbilical cord blood with different X-chromosome
inactivation patterns

Placental tissue and umbilical cord blood samples
were divided into XCI groups defined by 10% skew-
ing intervals and analysed for gene expression with
a panel of 40 genes using the real-time qRT-PCR
technique (the expression of five genes, IL9R, OTC,
RPS4X, SULT4Al, and ZFX, was undetectable; the
other 35 genes are characterized in Supplemental
Table S1). The 4 test for independence showed that
the XCI skewing variable in different placenta sam-
ples is independent of the individuum from whom
it was collected (;(2 (24, n=27)=21.009, P<0.05);
thus, we pooled the placenta samples of different
individuals and areas according to the XCI skew-
ing value and not the individuum. The expression of
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Fig. 4 Gene expression profile of placental tissue of differ-
ent X-chromosome inactivation (XCI) groups. A Heat map
showing gene expression fold change in placental tissue;
data are presented as row z-score. Hierarchical clustering is
based on log,-transformed fold change values with the aver-
age linkage as the clustering method and the Euclidean dis-
tance measurement method. B Volcano plots present genes
with significant differential expression in samples from groups
with various XCI statuses. For each gene, the fold change

35 and 17 out of 40 profiled genes was detectable in
placental tissue samples and umbilical blood, respec-
tively. Differential gene expression was calculated
relative to the expression assessed for samples with
XCI of 50-59%.

Four major gene clusters with differential
expression between the analysed XCI groups
were observed for the placental tissue (heatmap in
Fig. 4A). Cluster 1 consists of 7 genes that show
general downregulation of gene expression with

2.0 XCl60-69%
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15 15 ZRSR2
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CD44, DLK1,
ERP27, GRB10,
HECW2, KDM6A,
PHLDA2, PLAGL1,
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ZRSR2

(log,-transformed) was calculated against the expression deter-
mined for samples of the group with an XCI status of 50-59%
(comparison group). Gene expression fold change threshold
is set to log,FC=I1.0l, and the significance threshold is set
to—log,y(adjusted P value)=1.0. The total number of genes
with significantly increased expression is given in red in each
of the graphs. C Venn diagram showing the distribution of
shared upregulated genes in placental tissue in groups with dif-
ferent XCI skewing

increasing XCI skewing, while clusters 3 and 4
show general upregulation of gene expression with
increasing XCI skewing. Cluster 3 is the largest
and consists of 14 genes, but it contains two dis-
tinct subclusters with disparate gene expression
within the XCI 60-69% group (the expression of
XIST, KDM5C, OCA2, and GYG2 was upregulated
in this group, while the other 10 genes were down-
regulated). Cluster 4, in terms of gene expression,
is the most distant from the others.
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For the samples of umbilical cord blood, three XCI
skewing groups were identified: 50-59%, 60-69%,
and 70-79%, and the last one consisted of only one
sample with the highest detected XCI ratio of 73:27
(individual 507). Three major gene clusters of dif-
ferential expression between these three XCI groups
were observed (heatmap in Supplemental Fig. S1A)
with an overall downregulation of gene expression
in an individual from the 70-79% XCI group. The
changes in gene expression observed between XCI
50-59% group and the other two groups were statis-
tically insignificant (volcano plot in Supplemental
Fig. S1B; Supplemental Table S2).

The log,-transformed fold change (log,FC) less
than— 1.0 or higher than 1.0 was set as a threshold
for downregulated or upregulated gene expression,
respectively. In the placental tissue, gene expression
did not change significantly between samples with
XCI of 60-69% compared to samples with the most
random XCI of 50-59%. Significant upregulation of
gene expression was however detected in groups with
XCI of 70-79%, 80-89%, and 90-100% (volcano
plots in Fig. 4B, Supplemental Table S3)—transcript
levels of two (PNPLA4, ZRSR2), 13 (CD44, DLKI,
ERP27, GRB10, HECW2, KDM6A, NNAT, PHLDA2,
PLAGLI, PNPLA4, PRKX, TUBGCPS5, ZRSR2), and
11 genes (CD44, DLKI, ERP27, GRB10, HECW2,
KDMO6A, PHLDA2, PLAGLI, PNPLA4, TUBGCPS,
ZRSR2), respectively, were increased. Downregula-
tion of gene expression corresponding to increased
XCI skewing was also observed, but none of it was
significant. Among significantly upregulated genes,
two were shared between placental samples from
groups with XCI skewing of 70-79%, 80-89%,
and 90-100%, while nine genes were shared only
by the latter two groups; two genes were upregu-
lated solely in XCI 80-89% group (Fig. 4C). The
identified genes were annotated to biological pro-
cess (BP) gene ontology (GO) terms such as signal
transduction (G0:0,007,165; GRB10, PRKX, DLKI,
CD44, KDMG6A), cellular protein modification pro-
cess (GO:0,006,464; HECW2, NNAT, PRKX, CD44,
KDMO6A), cell differentiation (GO:0,030,154; PRKX,
DLKI, KDM6A), phosphorylation (G0:0,016,310;
GRBI10, PRKX, CD44), and cell migration
(G0O:0,016,477; GRB10, PRKX, PHLDA2, CD44).

In general, genes that were significantly upregu-
lated in placental tissues from groups with XCI skew-
ing>80% showed very high fold change compared

@ Springer

to the 50-59% XCI group; the log,FC values ranged
from 1.84 up to 18.36 (Supplemental Table S3).
One-way ANOVA showed that gene expression
among all tested XCI groups differed significantly
for CD44, KDM6A, PHLDA2, and ZRSR2 (Fig. 5A).
These genes showed very low expression in placen-
tal tissue samples characterized by random XCI of
50-59%; however, despite the presence of some out-
lier samples, they were significantly upregulated with
an increasing degree of XCI skewing. Expression of
CD44 and PHLDA?2 was significantly upregulated in
groups with XCI skewing of over 80%, while expres-
sion of KDMG6A was significantly upregulated in
groups with XCI skewing of over 70%. The ZRSR2
gene expression increased significantly starting from
the group with XCI skewing of 60% compared to the
group with 50-59% XCI. Interestingly, the CD44,
PHLDA?2, and ZRSR2 genes formed the most distant
cluster 4 (compare the heatmap in Fig. 4A), while the
KDMG6A gene belonged to cluster 3 in which several
other genes with significant differential expression
were also clustered.

The Uniform Manifold Approximation and Projec-
tion (UMAP) analysis, which is a non-linear dimen-
sionality reduction algorithm, was performed to visu-
alize and cluster high-dimensional data. Using gene
expression fold change obtained for CD44, KDMO6A,
PHLDA2, and ZRSR2 genes as the input dataset,
placental tissue samples were distributed into three
distinct groups (Fig. 5B). One group tended to collo-
cate samples with XCI of 50-59%; the second group,
samples with XCI of 70-79%; and the third group,
samples with XCI skewing in the range of 80-100%.
There were some outliers, i.e., samples that belonged
to a particular XCI skewing group; however, due to
similarities in gene expression patterns, they collo-
cated with samples belonging to other XCI skewing
groups.

Comparison of gene expression profile between
placental tissue samples with the reversed pattern of
X-chromosome inactivation

Two individuals (507 and 519) showed reversed
skewed XCI ratios in two separate placental tissue
samples—in one the paternally and, in the other, the
maternally inherited X chromosome was preferentially
inactivated (XCI of 18:82 and 95:05 for individual
507; XCI of 81:19 and 16:84 for individual 519). We
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Fig. 5 Changes in gene expression in placental tissue with
increasing X-chromosome inactivation (XCI) skewing. A Box
plots showing gene expression in placental tissue determined
for XCI skewing groups. The box shows lower and upper
quartiles and whiskers—minimum and maximum values of
the data. The horizontal line inside the box represents median
and dots—individual samples; the points located outside the
whiskers represent outliers. One-way ANOVA with Fisher’s
least significant difference post hoc analysis was performed.
The black asterisk (*) denotes a significant (P value <0.05)
difference compared to the group with an XCI of 50-59%. B
Uniform Manifold Approximation and Projection (UMAP)
graph presenting the distribution of placental tissue samples
from different XCI skewing groups according to the expression
profiles of CD44, KDM6A, PHLDA2, and ZRSR2 genes. C

aimed to find any differences in gene expression pat-
terns between these samples by performing the analysis
of agreement between relative gene expression values
obtained for each of the genes profiled in the analysis
performed on corresponding samples. For this purpose,
we assumed both samples of an individual as replicates.
For both individuals separately, the difference between
the two relative expression measurements obtained for
both samples was plotted against the average of these

Gene expression profiles of two individuals (507 and 519) with
the highest difference in the XCI ratios (shown on the left side
of the heat maps) between placental tissue samples collected.
The heat map shows loglO-transformed, relative expression
(RE) values obtained for each sample. Yellow arrows indicate
differences in gene expression between both placental samples
of an individual as identified by the Bland—Altman analysis of
agreement between corresponding measurements (Bland—Alt-
man plots are available in Supplemental Fig. S2). (D) Corre-
logram evidencing associations between gene expression in
placental tissue. The correlation was assessed with parametric
Pearson correlation analysis on relative expression (RE) data
obtained for each gene. The size of the circles corresponds to
Pearson’s r values. R values with corresponding P values are
presented in Supplemental Table S4

two measurements (Bland—Altman plot) (Supplemen-
tal Fig. S2); points scattered outside the estimated lim-
its of agreement showed inconsistent expression levels
in both examined samples of an individual. For both
individuals, most of the analysed genes had similar
levels of expression in corresponding samples despite
the reversed XCI ratio (Supplemental Fig. S2; points
plotted between the estimated limits of agreement).
Gene expression levels were inconsistent between both

@ Springer



4 Page 14 of 19

Chromosome Res (2023) 31:4

samples only for several genes (Fig. 5C; genes denoted
with yellow arrows); most of them were specific to an
individual. However, for the PAXS8 gene, differences
in expression levels between corresponding samples
occurred in both individuals.

Correlations between gene expression in placental
tissue

Interestingly, significant correlations in gene expres-
sion for several genes profiled in placental tissue
were also found (Fig. 5D, Supplemental Table S4).
Relative gene expression determined by the RT-qPCR
method most strongly correlated between GYG2 and
both DLKI and GRBI0, NAPIL5 and AR, OCA2
and DLKI, GRBI0O and GYG2, and PLAGLI and
both GRB10 and OCA2 genes (Pearson’s r>0.95; P
value <0.05). Significant negative correlations were
also identified between PLAGLI and STS genes,
PRKX, and both STS and TUBGCPS5 genes; however,
the correlations were only moderate (—0.4> Pear-
son’s r> —0.5; P value <0.05).

Discussion

In this study, we confirmed that XCI in healthy, natu-
rally conceived females is not always a random pro-
cess and skewing tends to change with females’ age.
The XCI pattern varies between tissues, while the
strongest correlation of the XCI ratios was established
between saliva and blood. We also confirmed that the
method of conception does not affect the XCI pattern.
Finally, we have shown that the expression of certain
genes involved in chromatin organization, cell prolif-
eration, and growth is increased in the placental tissue
with skewed XCI.

The random XCI pattern was the most common
feature detected in females of all age groups and
all examined tissues here; only 2% of the youngest
(< 12 years) and 7% of the oldest (> 35 years) females
showed the extremely skewed XCI of >90% in blood,
buccal swabs, or saliva. These results are in agree-
ment with previous studies, in which the XCI skew-
ing ratio of >90:10 was identified in about 2-7% of
females under 20-25 years old (Sharp et al. 2000;
Amos-Landgraf et al. 2006; Kloska et al. 2011) and
about 11-16% of female over 60 years (Sharp et al.

@ Springer

2000; Kloska et al. 2011). We also found a positive,
albeit weak, correlation between the degree of XCI
skewing and the age of females. The reported age at
which the XCI ratio shifts toward more skewed dif-
fers between studies as it was shown to shift between
55 and 100 years (Kristiansen et al. 2005; Knudsen
et al. 2007; Bolduc et al. 2008) or as soon as between
5 and 10 years of age (Wong et al. 2011). Although
the increasing frequency of skewed XCI in females
with age is suggested to be a natural consequence of
ageing (Sandovici et al. 2004), the exact mechanism
remains unclear.

Our findings also confirmed that the XCI skewing
ratio in an individual varies between different tissues.
Blood, buccal, and urinary epithelia were shown pre-
viously to have a similar degree of XCI in females
under 25 years; however, in females over 60 years of
age, the extremely skewed XCI of >90:10 was much
more common in blood than in other tissues tested
(Sharp et al. 2000). Here, the frequency of various
XClI ratios in blood and buccal swabs from females
of the three age groups was similar. Only in saliva,
the XCI skewing of 80-90% and 90-100% was more
frequent in females over 35 years.

We also found that the saliva XCI pattern corre-
lates more strongly with the XCI in blood than the
buccal swab. The composition of saliva is not con-
stant, and one might assume that oral epithelial cells
are most abundant. Meanwhile, 74% of the DNA iso-
lated from saliva has been shown to originate from
leukocytes (Thiede et al. 2000). Our analysis of the
XCI pattern in blood, buccal epithelia, and saliva
somewhat provides evidence to support the tissue
composition of saliva.

Only a few females in our study had skewed XCI of
80-100% in more than one cell type simultaneously.
Interestingly, some females showed XCI skewing in
opposite directions in different tissues (including
separate areas of the placenta); i.e. maternal X was
favoured for inactivation in one tissue and paternal X
in another tissue of the individual. In most cases, it
was the buccal swab XClI ratio that was reversed com-
pared to the XCI ratio in blood and saliva. To the best
of our knowledge, this has not been reported previ-
ously; to date, only shifts in the XCI degree toward
greater skewness have been noted in different tis-
sues of a given individual (Sharp et al. 2000; Santos-
Rebougas et al. 2020). The greatest difference in the
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XCI pattern was found in the oldest females, suggest-
ing that the concordance of XCI statuses can weaken
with age (Bittel et al. 2008).

Analysing the parent-of-origin effects on XCI
skewing trait inheritance, we found that the XCI
skewing in mothers does not correlate with that
of the daughters; this seems to be in concordance
with our previous observation that the X-inacti-
vation locus (XIC) does not cosegregate with the
XCI skewing trait suggesting an unknown but auto-
somally inherited factor to be linked to skewing
(Kloska et al. 2011). This is particularly interesting
regarding our results of upregulated expression of
some autosomal genes such as CD44 and PHLDA?2
associated with increased XCI skewing.

One clinically relevant question in our study
concerned the effect of assisted reproductive tech-
nologies on the XCI outcome. The XCI occurs early
in development, but its exact timing in humans is
still inconclusive. According to some studies, the
XCI process occurs in the morula and blastocyst
stages before the implantation (van den Berg et al.
2009), while others postulate that XCI occurs after
the blastocyst stage (Okamoto et al. 2011). Some
studies report that in most female cells at embry-
onic day 7, X-linked genes are biallelically detected,
and XIST RNA is expressed from and clouds both
Xs (Petropoulos el.al. 2016; Reinius and Sandberg
2019), while others indicate a decrease in biallelic
and increase in monoallelic expression of X-linked
genes from the 4-cell to the blastocyst stage indi-
cating that XCI is initiated during preimplanta-
tion development (Moreira de Mello et al. 2017).
One might therefore be concerned whether in vitro
culturing that is carried out, while using assisted
reproductive technologies affects the XCI process.
Our study provides evidence of no significant dif-
ferences in the frequency of XCI skewing between
age-matched, naturally, and IVF-conceived girls
in either saliva, blood, or buccal swabs. In both
groups, extreme XCI skewing of >90% was a rare
feature found in less than 3% of cases per group.
This is consistent with previous findings that in
IVF- and naturally conceived females the frequency
of extreme skewing of >90% (9.1% vs. 0, respec-
tively) and skewing of 80-90% (9.1% vs. 6.5%,
respectively) is not significantly different (Robinson
et al. 2005; King et al. 2010).

Our findings confirm that the IVF techniques are
unlikely to interfere with the XCI process. It is impor-
tant to emphasize that our study is strengthened by
examining XCI in different tissues of age-matched
girls after IVF and those naturally conceived, whereas
previous studies comparing these variables have only
been performed for cord blood samples. We also
recruited only young girls below 6 years to exclude
the influence of the age-related increase of XCI skew-
ing reported elsewhere (Wong et al. 2011). However,
either here or in other studies, the sample size was
relatively small (37 naturally- and 38 IVF-conceived
girls in this study; between 22 and 74 individuals per
group elsewhere); thus, caution to these findings must
be applied, and further studies on larger cohorts are
needed to verify the observations.

A major problem in XCI research is the definition
of the skewing threshold set to classify XCI as skewed
or extremely skewed. The threshold value is debatable
and varies between studies which significantly affects
the interpretation of results. For example, when the
threshold is defined as XCI>70:30, 25-27% of the
healthy females in a population are characterized
by skewed XCI (Amos-Landgraf et al. 2006; Shvet-
sova et al. 2019), but when it is set to > 65:35, nearly
half of the females demonstrate this feature (Shvet-
sova et al. 2019). In our analyses, we did not adopt
such a classification but instead used XCI intervals
of 10% for grouping purposes. With this approach,
we were able to analyse the gene expression patterns
of the samples with the most convergent XCI sta-
tus and compare them with the results obtained for
the samples with the most random XCI status, thus
avoiding discrepancies due to an arbitrary threshold
of skewing. Using this approach, we were able to dif-
ferentiate the XCI skewing groups according to the
transcriptomic profiles, and we found that the expres-
sion of four genes—CD44, KDM6A, PHLDA?2, and
ZRSR2—is higher in samples with XCI>80%. Based
on the expression of these four genes alone, the sam-
ples cluster into three groups—one including samples
with XCI of 50-59%, the second including samples
with XCI of 70-79%, and the third including sam-
ples with XCI>80%. Based on the transcriptomic
profile determined in this study in placental tissue
samples with different XCI ratios, we propose that
the threshold considered as non-random be set to the
XCI>80:20 as examination for transcription showed
that only samples with XCI>80% differ significantly
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from those with the random XCI of 50-59%. Tran-
scriptomic profiles of samples with XCI skewing of
60-69% and 70-79% are more similar to each other
than to samples with XCI > 80%.

To better characterize how the XCI process is regu-
lated in human embryonic development, we examined
the XCI pattern and gene expression in the placenta
as a representative of extraembryonic tissue. The XCI
was already proven to be random in the human pla-
centa (Moreira de Mello et al. 2010), and the placenta
was shown to consist of large patches of cells with an
inactive X chromosome of either paternal or mater-
nal origin (Moreira de Mello et al. 2010; Phung et al.
2022). Here, we confirmed that the XCI pattern varies
greatly between different areas sampled from the foe-
tal side of the same placenta. Regardless of the type
of conception, patches with either random, skewed,
or extremely skewed XCI ratios were identified in
placentas. Interestingly, some placentas differed in
the degree of XCI skewing between patches but not
in the parental origin of the X selected for inactiva-
tion, while others showed a reversed XCI pattern with
preferential inactivation of either paternal or maternal
X depending on the patch. One unanticipated find-
ing was that the expression level of the paired-box 8
(PAX8) gene was a common feature that differentiated
placenta samples with reversed XCI in two individu-
als with this phenomenon. Transcription factor PAXS8
is critical in the formation of tissues and organs dur-
ing embryonic development (Khizer et al. 2021),
but it also promotes the proliferation and survival
of tumour cells when its expression is increased (Di
Palma et al. 2013; Bie et al. 2019). Here, we hypoth-
esize that changes in PAXS expression may affect the
cell cycle or cell viability which in turn may contrib-
ute (as a secondary phenomenon) to skewing the XCI
pattern after a primary XCI event.

Finally, our study provided evidence of differential
expression of several genes involved in signal trans-
duction, protein modification, phosphorylation, cell
differentiation, and cell migration in association with
increased XCI skewing in placental tissue. Notably,
we found significantly increased expression of CD44,
KDMO6A, PHLDA2, and ZRSR2 in samples with XCI
skewing of over 80%. To our knowledge, these genes
were not associated with the XCI skewing phenom-
enon to date. The KDM6A gene, encoding the lysine
demethylase 6A (a histone demethylase) which medi-
ates the removal of repressive methylation of histone

@ Springer

H3K27 to establish transcriptionally permissive chro-
matin and takes a role in chromatin organization is
especially interesting regarding the XCI. KDMO6A
escapes X inactivation and is a dosage-sensitive gene
(Fagerberg et al. 2014; Chi et al. 2021). It has been
shown that the mice Kdm6a (known as Utx) expres-
sion is lower from the inactive than active X chro-
mosome (Xu et al. 2008). Here, with increasing XCI
skewing, we observed a gradually increasing expres-
sion of KDM6A, and we hypothesize that this may
interfere with the XCI process by mediating the dem-
ethylation of a particular X that, for some unknown
reason, is more susceptible and consequently reduc-
ing the local efficiency of inactivation. If such expres-
sion was also characteristic at the beginning of an
XCI event, it could be a factor modulating the effi-
ciency of inactivation towards a particular X of the
pair.

The products of CD44, PHLDA2, and ZRSR2
genes are generally involved in cell growth, prolif-
eration or migration. The CD44 molecule (Indian
blood group), a cell-surface glycoprotein involved
in cell-cell interactions, cell adhesion, and migra-
tion, plays a role in maintaining the placental struc-
tural integrity (Lambertini et al. 2012; Moore et al.
2015), while PHLDA2—the pleckstrin homology-
like domain family A member 2—regulates the pla-
centa growth (Tunster et al. 2010; Lambertini et al.
2012; Moore et al. 2015). Further, the loss of ZRSR2
(zinc finger CCCH-type, RNA-binding motif, and
serine-/arginine-rich 2 protein), a component of the
minor spliceosome (Garsetti et al. 2022), inhibits cell
growth and alters the in vitro differentiation poten-
tial of haematopoietic cells (Madan et al. 2015). We
hypothesize that certain levels of transcription of
these genes may affect survival or growth rate result-
ing in the proliferative advantage of one pool of cells
over the others in a mosaic tissue, ultimately leading
to a substantial XCI skewing.

When analysing X-linked genes, it is also impor-
tant to remember that some of them are subject to
XCI while others escape XCI. The degree to which
a gene escapes XCI varies for genes, tissues, devel-
opmental stages, and individuals. As suggested by
Shvetsova et al. (2019), the presence of individuals
with extreme XCI skewing should allow for analy-
sis of the XCI escape of a gene, as, theoretically, an
escapee gene should show a more balanced expres-
sion from both Xs than a gene subjected to XCI.
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Here, only some of the X-linked genes reported
elsewhere as XCI escapees in the placenta (Phung
et al. 2022) showed higher expression in placentas
with XCI skewing of 80-100%, while expression
of others was similar to that of the most random
samples (XCI of 50-59%) (Supplemental Fig. S3).
As two upregulated escapee genes, both coding for
histone demethylases (KDMS5C and KDM6A), are
involved in transcription regulation and chroma-
tin remodelling, any changes in their transcription
may be responsible for the preferential inactivation
of the X-chromosome carrying an allele character-
ized by higher expression (or vice versa). Similarly,
only for some subject-to-XCI genes, we have found
the differential expression in tissues with random
vs. skewed XCI (Supplemental Fig. S3). It seems
therefore that skewing does not uniformly affect the
expression of either all subject-to-XCI genes or all
XCI-escapee genes suggesting other mechanisms
involved in this variation.

We are aware of limitations to our gene expres-
sion study, as it was performed on full-term placenta,
while the XCI process occurs in early development.
Thus, the gene expression patterns established here
may be different from those that occur around the
time of the XCI event. Furthermore, we determined
expression profiles for a small number of placenta
samples, and our approach was limited to examining
only transcripts and not protein abundance. However,
the differences in gene expression patterns between
samples with random and skewed XCI provide new
insights into the factors contributing to deviations
from XCI randomness and pinpoint new directions
for future studies of the XCI process.

In conclusion, our study confirmed that X-chromo-
some inactivation patterns in humans depend on age
and tissue but not on the method of conception. In our
opinion, the placenta, due to its patchy X inactivation,
appears to be a promising tissue type for transcrip-
tomic and proteomic studies to deepen our under-
standing of the X-chromosome inactivation skewing
phenomenon.
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