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X chromosome inactivation in the human placenta
is patchy and distinct from adult tissues
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Summary
In humans, one of the X chromosomes in genetic females is inactivated by a process called X chromosome inactivation (XCI). Variation

in XCI across the placentamay contribute to observed sex differences and variability in pregnancy outcomes. However, XCI has predom-

inantly been studied in human adult tissues. Here, we sequenced and analyzed DNA and RNA from two locations from 30 full-term preg-

nancies. Implementing an allele-specific approach to examine XCI, we report evidence that XCI in the human placenta is patchy, with

large patches of either maternal or paternal X chromosomes inactivated. Further, using similar measurements, we show that this is in

contrast to adult tissues, which generally exhibit mosaic X inactivation, where bulk samples exhibit both maternal and paternal X chro-

mosome expression. Further, by comparing skewed samples in placenta and adult tissues, we identify genes that are uniquely inactivated

or expressed in the placenta compared with adult tissues, highlighting the need for tissue-specific maps of XCI.
Introduction

X chromosome inactivation (XCI) evolved in therian

mammals at the same time as the development of invasive

placentation and is important for many biological pro-

cesses.1 XCI is a mechanism to regulate the dosage of

gene expression due to the differences in the number of

X chromosomes between the sexes: genetic females (XX)

have two X chromosomes while genetic males (XY) have

only one X chromosome.2,3

There are two levels of XCI. The first level is at the whole-

chromosome level, where either the maternal X or the

paternal X is chosen for inactivation. The choice of which

X is inactivated has been observed to happen in one of two

ways: random XCI (the maternal and paternal X are inacti-

vated with equal probability) and imprinted XCI (the

paternal X is inactivated). In mice, the extraembryonic lin-

eages that ultimately give rise to the placenta and some

extraembryonic membranes show paternally imprinted

XCI.4–6 Paternally imprinted XCI has also been reported

in rats,7 cows,8 and marsupial mammals.9–11 However, in

mice, the embryonic lineages that ultimately give rise to

the rest of the fetus exhibit random XCI.4 Random XCI

has also been reported in mule and horse placenta.12

The second level of XCI concerns which individual

genes are subject to inactivation (silenced or not ex-

pressed) on the inactive X chromosome. Previous studies

have aimed to determine what genes on the X chromo-

some escape XCI in a variety of tissues (see Carrel

and Brown13 for an overview of expression from the

inactive X). Carrel and Willard14 studied biallelic expres-
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sion in primary human fibroblast cell lines and rodent

and human somatic hybrids. Cotton et al.15 used DNA

methylation data to characterize escape status in 27

adult tissues. Gene-specific inactivation has also been

shown to vary between tissues and individuals in mouse

and human.16,17 However, previous cross-tissue studies

on gene-specific escape from XCI did not include the

placenta.

The human placenta is a transient tissue that is formed

early in pregnancy and develops from the outer layer of

the pre-implantation embryos.18,19 The placenta has the

genotype of the fetus and plays a critical role in pregnancy

by regulating nutrition and protecting the developing

fetus from the pregnant person’s immune system.20

Improper placenta development can lead to complica-

tions, such as pre-eclampsia and fetal growth restriction.21

It is important to study gene-specific escape in the placenta

because XCI could play an important role in pregnancy

complications. Gong et al.22 found that the spermine syn-

thase gene (SMS) that modulates fetal growth restriction, a

common pregnancy complication, may escape XCI in the

placenta, but not in other tissues. Further, the degree of

XCI skewing could be associated with pregnancy loss.23

Therefore, understanding XCI in this early formed tissue

is critical for understanding downstream developmental

effects.

Previous research suggests that XCI across the entire X

chromosome in the placenta is random and patchy, but

these studies relied on a limited number of loci and did

not investigate chromosome-wide, gene-specific vari-

ability or compare with adult tissues.24,25 Further, one of
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Figure 1. Schematic possible patterns of X chromosome inactivation
Prior to XCI, both the maternal and the paternal X chromosomes are present (purple cells). The blue cell represents the maternal X is
inactivated, and the red cell represents the paternal X is inactivated. If XCI occurs very early in development and propagates to all
daughter cells, we would observe extreme skewing, where all placentas show the same X inactivated. In this case, the same X chromo-
some is inactivated in both sites sampled from this study. If XCI occurs at an intermediate stage, XCI is random but is present with large
patches of daughter cells with only the maternal X or paternal X. In this case, three possible scenarios can happen: (1) both of the sites
sampled in this study happen to come from two patches with the same X inactivated, (2) each site sampled in this study comes from two
patches with different X inactivation, and (3) one of the sites sampled in this study comes from the boundary of two patches. If XCI
occurs very late in development, there are either small or no patches, creating a mosaic pattern of XCI.
the challenges of previous research on XCI is that indirect

methods have been used to infer inactivation. Gong et al.22

and Tukiainen et al.17 used higher expression in females as

compared with males as a proxy for escape genes, rather

than directly measuring inactivation status. Slavney

et al.26 observed that escape genes tend to show higher

expression compared with inactivated genes in both males

and females but with little ability to discriminate between

individual gene escape and inactivation, especially for het-

erogeneously escaping genes.

Here, we utilized next-generation sequencing to charac-

terize genome-wide patterns of XCI in the human

placenta. We further compared patterns of XCI between

the placenta and adult tissues in humans and analyzed

genes with an XCI status that is unique to the placenta.

We studied allele-specific expression from 30 full-term

placentas from uncomplicated pregnancies by performing

whole-exome and whole-transcriptome (from two loca-

tions) sequencing, where the sex of the offspring was as-

signed female at birth. We further utilized data from the

Genotype-Tissue Expression (GTEx) project to study and

compare patterns of XCI in adult tissues.27 Using our

experimental approach, we have the capacity to observe

(1) extreme skewing in the human placenta, where all pla-

centas show the same X inactivated in both sites; (2)
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patchiness, where the placenta exhibits patches of

daughter cells either maternal or paternal X expression

only; or (3) mosaicism, where clusters of cells in a sample

exhibit both maternal and paternal X chromosome

expression (Figure 1). In this study, we limited analysis

of gene-specific inactivation to placental and adult tissues

with skewed XCI to directly measure allele-specific expres-

sion. We observed evidence for skewing (large patches of

exclusively maternal or paternal X expression) in the hu-

man placenta that is not present in adult tissues. We also

compared genes that are inactivated, genes that escape

from inactivation, and genes that show variable escape

between the placenta and adult tissues. While a majority

of genes are concordant for inactivation status between

the placenta and adult tissues (71%), we observed a subset

of genes that show opposite patterns between the

placenta and adult tissues.

Our results provide additional evidence that XCI in the

human placenta is random and patchy. Our study further

shows that patterns of X inactivation differ between em-

bryonic tissue and adult tissues, consistent with different

developmental structures of these tissues. Finally, we iden-

tified genes with unique XCI status in the placenta. We hy-

pothesize that these genes could play an important role in

the placenta and pregnancy.



Material and methods

Samples collection
Working with the Yale Biobank, we collected samples from 30 pla-

centas, where the sex of the offspring was assigned female at birth.

We confirmed that the samples were genetically XXby the presence

of heterozygous sites across the X chromosome. The placenta

samples were collected immediately following birth from term

(R36 weeks and 6 days) uncomplicated pregnancies delivered

by cesarean section. Placentas were collected and sequenced at

two different times, with 12 placenta samples in the first

batch (OBG0044, OBG0068, OBG0111, OBG0115, OBG0120,

OBG0133, OBG0156, OBG0170, OBG0174, OBG0175, OBG0178,

and OBG0166) and 18 in the second (OBG0022, OBG0024,

OBG0026, OBG0028, OBG0030, OBG0039, OBG0050, OBG0051,

OBG0066, OBG0121, OBG0138, OBG0180, OBG0188, OBG0201,

OBG0205, OBG0289, OBG0338, and OBG0342).

Placental tissue samples were obtained through rapid sampling

(%30 min post-delivery). Tissue samples were taken from the

‘‘maternal’’ side, midway between the chorionic and basal plates,

from the periphery of the lobules, avoiding maternal tissue,

consistent with best practices.28 Sampling sites were free of visible

infarction, calcification, hematoma, and tears (areas of frank

visible pathology were avoided). Whenever possible, tissue sam-

ples were obtained from distinct cotyledons of the placenta in

opposing quadrants of the placenta (far from one another

spatially).

The sampling protocol was as follows:

1. Orient the placenta maternal side up (basal plate upper-

most) and identify sampling areas in each of the four

placental quadrants.

2. At each site, remove the basal plate (to remove maternal tis-

sue)�1 to 2mmby trimmingwith a pair of sterile scissors to

expose villous tissue.

3. Cut a ‘‘grape-sized’’ (approximately 1 to 2 cm3; 5 to 6 g) tis-

sue lobule from each of the four quadrants.

4. Wash the tissue thoroughly twice in phosphate-buffered sa-

line (PBS) solution and blot on clean gauze.

5. From each grape-sized lobule, cut away eight smaller pieces

(�1 to 2 mm3) using a scalpel.

6. For each sampling quadrant, place four of the�50-mg tissue

pieces in a labeled cryovial. Snap freeze immediately in

liquid nitrogen. Store samples at �80�C until ready for

use; aliquot individual tissue pieces as needed per research

protocols.

7. For each sampling quadrant, place four of the tissue pieces

in a labeled cryovial containing 1 mL of RNAlater solution

(RNA-stabilizing agent). Store the cryovials in the 4�C
benchtop fridge for a minimum of 48 h, and a maximum

of 7 days, per RNAlater manufacturer protocol. After a min-

imum of 48 h, use a pipette to remove the RNAlater solution

from the cryovials and immediately snap freeze in liquid ni-

trogen. Store samples at �80�C until ready for use; aliquot

individual tissue pieces as needed per research protocols.
Whole-exome sequencing
DNA was extracted from one flash-frozen collection site for each

individual. Exome libraries were prepped and sequenced to

approximately 503 coverage with 100-bp paired-end sequence

on the Illumina NextSeq at the Yale Genome Sequence Center.
Hu
Whole-transcriptome sequencing
From each placenta, two separate sites from opposite quadrants

were collected. RNAwas extracted, and RiboZero stranded libraries

(RF) were prepared and sequenced to approximately 40 million

reads per samplewith 100-bp paired-end sequence on the Illumina

NovaSeq at the Yale Genome Sequence Center.
Exome sequence data processing
We used fastqc v.0.11.829 for quality control and aggregated results

from fastqc by using multiqc v.0.9.30 We trimmed adapters using

bbduk as part of bbmap v.38.22.31 Sequences were trimmed both

left and right for phred quality of 30, minimum length of 75 bp,

and average read quality of 20 or greater to keep only high-quality

reads.31 Quality was checked after trimming (Figure S1). We

confirmed genetic XX females by examining the reads mapped ra-

tio between the X chromosome and chromosome 19 (chrX/

chr19), between the Y chromosome and chromosome 19 (chrY/

chr19), and between the Y chromosome and the X chromosome

(chrX/chrY). We observed that sample OBG0175 has a lower

chrX/chr19 reads mapped ratio than other samples in this study

(Figure S2). Therefore, we removed sample OBG0175 from further

analyses. We used bwa-mem v.0.7.1732 to map to a female-specific

reference genome. Specifically, wemapped the exome samples to a

sex chromosome complement informed reference genome in

which the Y chromosome is hard masked (to avoid mismapping

of X-linked reads to homologous regions on the Y chromosome

in the XX samples). Mapping exome samples to a reference

genome with the Y chromosome hard masked has been shown

to increase the number of variants genotyped on the X chromo-

some.33 To generate the sex chromosome complement reference

genome, we employed XYalign.33 XYalign created a Y-masked gen-

code GRCh38.p12 human reference genome for aligning XX indi-

viduals.34 We used picard v.2.18.2735 to mark PCR duplicates. To

genotype variants, we used GATK v.4.1.0.0.36–38 We first used

GATK’s HaplotypeCaller to generate GVCF files. Second, we com-

bined GVCF from 66 samples using GATK’s CombineGVCFs (30

placenta samples and an additional 36 samples from a separate

study in the group [unpublished data] here to increase power to

genotype variants). Finally, we used GATK’s GenotypeGVCFs to

call variants. Following GATK’s best practice, we obtained high-

quality variants by filtering using GATK’s Variant Quality Score Re-

calibration (VQSR). We tabulated the number of heterozygous var-

iants for each sample in Table S1. Because we sequenced the

placenta samples in two separate batches, we plotted the principal

component for the exome data using the package SNPRelate in R39

and observed no separation by batch from the exome data

(Figure S3).
Whole-transcriptome data processing
Samples were checked for quality using fastqc v.0.11.8,29 and re-

sults were aggregated across samples using multiqc v.0.9.30

Adapters were removed and sequences were trimmed both left

and right for phred quality of 30, minimum length of 75 bp,

and average read quality of 20 or greater using bbduck v.38.22.31

Quality was checked after trimming (Figure S4). Trimmed RNA

sequencing (RNA-seq) female placenta reads were then aligned

to a sex chromosome complement informed reference genome

with the Y chromosome hard masked with Ns33,40 using the gen-

code GRCh38.p12 reference genome.34 RNA-seq samples were

aligned using HISAT2,41 which has been shown to be a robust

aligner for high-throughput RNA-seq reads. Total reads mapped
man Genetics and Genomics Advances 3, 100121, July 14, 2022 3



and duplicate reads were visually checked using BAMtools stats

(Table S2).42

Obtaining allele counts for allele-specific expression

analysis
We used GATK ASEReadCounter (v.4.1.0.0) to obtain allele

counts36 with the following thresholds: min-depth-of-non-

filtered-base ¼ 1, min-mapping-quality ¼ 10, and min-base-

quality ¼ 10. GATK ASEReadCounter automatically filters out

duplicated reads. Duplicated reads are suggested to be removed

for allele-specific expression analysis.43 The number of heterozy-

gous and expressed variants for each sample are reported in

Table S3.

GTEx data processing
We downloaded ASEReadCounter counts for the X chromosome

and chromosome 8 from the GTEx project, approved for project

no. 8834 for General Research Use in GTEx to M.A.W. We only

considered tissues with more than 10 samples per tissue and

excluded two non-primary tissues: Epstein-Barr virus (EBV)-

transformed lymphocytes and cultured fibroblasts, leaving 45

tissues to be analyzed in this study. We list the GTEx tissues,

the number of samples per tissue examined in this study,

and the number of skewed samples per tissue in Table S4.

Notably, the tissue size sampled for each tissue in the GTEx da-

taset was approximately equal to that of the placental tissue

samples collected in this study, with GTEx requiring samples

to be less than 4 mm in thickness. Length may have been

longer, ranging from 5 to 10 mm in length and width, though

it is difficult to discern from the Tissue Harvesting Work Instruc-

tion (https://gtexportal.org/home/samplingSitePage) whether

this full aliquot was used for the sequencing experiments.

Computing unphased median allele balance
For each heterozygous and expressed variant, ASEReadCounter

tabulates the number of reads (the count) for the reference allele

and the alternate allele. The total read count is the sum of the

read count of the reference allele and the read count of the alter-

nate allele. We define the biased allele to be the allele with more

read counts. For each heterozygous and expressed variant, the un-

phased allele balance is the ratio between the read count of the

biased allele and the total read count. Then, for each sample, the

median allele balance is calculated by computing the median un-

phased allele balance across all heterozygous and expressed

variants.

Defining threshold for allele-specific expression
To determine the threshold for defining biased allele expression,

we plotted the unphased allele balance across all variants

for each individual for chromosome 8 and the X chromosome

(Figure S5). We observed that the unphased allele balance

of most variants on the X chromosome is greater than 0.8,

while the unphased allele balance of most variants on

chromosome 8 is less than 0.8 (Figure S5). Therefore, in this

study, we used 0.8 as a threshold for biased allele-specific

expression.

Determining which X chromosome is inactivated
At the whole X chromosome level, to determine whether the same

X chromosome is inactivated at the two extraction sites for each

placenta sample, we employed a phasing strategy on the X chro-
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mosome by defining that the biased alleles (the alleles with higher

counts) are on the same haplotype. We restricted this analysis to

contain only heterozygous and expressed variants that are shared

between the two extraction sites. For consistency, we defined

extraction site A to be the site with more expressed variants where

the unphased allele balance is greater than 0.8. We defined the

activated X chromosome to consist of alleles where its allele bal-

ance (the ratio between this allele’s read count and the total read

count) is greater than 0.8. In cases where the allele balance is

less than 0.8, we picked an allele at randomwith equal probability

between the reference allele and the alternate allele. Then, we

computed the allele balance (defined as the ratio between the

biased allele’s count and total count) for the alleles on the same

X chromosome. We called this phased allele balance. At each

site, we computed the median phased allele balance to use as sum-

mary statistics. To compute phased allele balance, we followed this

procedure:

1. Find expressed variants that are shared between site A and

site B.

2. Using the shared expressed variants between site A and site

B, tabulate the number of expressed variants that exhibit

biased expression (i.e., unphased allele balance is greater

than 0.8).

3. Pick a site to base phasing from based on the number of ex-

pressed variants with biased expression. For example, if site

A has 50 expressed variants with biased expression and site

B has 60 such variants, phasing is based on site B.

4. Phasing strategy (using site B to base phasing): the ex-

pressed haplotype is generated by the following calcula-

tion: For each expressed variant that is shared between

site A and site B, pick the allele with allele balance greater

than 0.8 to be on the expressed haplotype. If allele balance

is less than 0.8, choose an allele at random with equal

probability.

Validatingmethod based on allele-specific expression to

quantify XCI
We validated our approach to determine skewness by examining

the non-pseudoautosomal regions (nonPARs) of the X chromo-

some in males. We collected samples from 12 placentas, where

the sex of the offspring was assigned male at birth. Even though

the X chromosome in males is haploid, some variants are incor-

rectly genotyped as being heterozygous when diploidy is assumed

when genotyping with GATK (Table S5). Regardless, these hetero-

zygous variants exhibit mostly skewed expression, indicating

that our method of combining both the whole-exome and

whole-transcriptome sequence data is robust to determine skew-

ness (Figure S6).
Classifying genes into genes that are inactivated, genes

that escape XCI, and genes that show variable escape
At the per-gene level, we only considered samples that show

skewed expression (allele balance is greater than 0.8). There are

52/58 samples in the placenta dataset and 525/4,958 samples in

the GTEx dataset exhibiting skewed expression that were used

for this analysis. For each gene on the X chromosome, we only

considered a gene if there were at least five informative samples

where in each sample there is at least one heterozygous and ex-

pressed variant for that gene. If there are more than one heterozy-

gous and expressed variant for a gene, we summed up the counts

https://gtexportal.org/home/samplingSitePage
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Figure 2. X chromosome inactivation is
patchy in the human placenta and mosaic
in the human heart
Phased allele balance aggregated across vari-
ants for each sample is shown for site A
(open black circle) and site B (filled red trian-
gle). Each point is the median value across
variants. Median was used to minimize the
effect of outliers. The dotted gray horizontal
lines denote allele balance of 0.2 and 0.8.
(A) Placenta X chromosome. We removed
variants that fall within the pseudoautoso-
mal regions (PARs) prior to computing
medians.
(B) Placenta chromosome 8.
(C) Heart X chromosome.
for the biased allele and calculated allele balance by dividing the

summed counts of the biased allele by the summed counts of

the total counts. We categorized a gene as being inactivated if its

allele balance is greater or equal to 0.8 in at least 70% of the sam-

ples and the median allele balance across all samples is greater or

equal to 0.8. We categorized a gene as escaping from XCI if at

most 30% of the samples have allele balance for this gene R0.8

and the median allele balance across all samples is %0.75. Other-

wise, the gene is annotated as showing variable escape across all

individuals. See Note S1 for more information on gene categoriza-

tion and Table S6 for status of specific genes.
Coordinates used of PARs and XIST
As defined for GRCh38.p12,44 we used the following coordinates

for the pseudoautosomal region 1 (PAR1), PAR2, and XIST:

PAR1: position 10,001 to position 2,781,479 on the X

chromosome

PAR2: position 155,701,383 to position 156,030,895 on the

X chromosome
Human Genetics and Gen
XIST: position 73,820,651 to position

73,852,723 on the X chromosome

Results

Whole-chromosome level of X

chromosome inactivation differs

between the placenta and adult

tissues

We observed evidence for patchiness in

XCI in the placenta. To examine pat-

terns of XCI in the human placenta,

we sequenced the whole transcriptome

from two separate extraction sites of

the same placenta. We then employed

a phasing strategy on the X chromo-

some using whole-exome and whole-

transcriptome sequence data. Briefly,

at heterozygous sites that exhibit allelic

imbalance, we reasoned that the biased

alleles (the alleles that are expressed in

a higher proportion) are all on the

same X chromosome (see material
and methods). In 17/29 placentas, both sites in the

placenta exhibited extremely skewed X inactivation, either

with both extraction sites showing the same inactivated X

chromosome (12 placentas; Figures 2A and S7A) or each

site showing the opposite X chromosome inactivated

(five placentas; Figures 2A and S7B). In the remaining 12

placentas, we observed one extraction site showing skewed

XCI and the other showing variable proportions of both X

chromosomes being expressed (Figures 2A and S7C). In

this subset, we postulated that one of our samples was

collected on the boundary of two different patches of X in-

activated cells. To validate that the patterns we observed

on the X chromosome are indeed XCI, we repeated the

same analyses on chromosome 8, where all samples

showed biallelic expression (Figure 2B). Our results suggest

that the human placenta is organized into large patches

with either the maternal or paternal X chromosome being

inactivated.
omics Advances 3, 100121, July 14, 2022 5



Figure 3. Whole chromosome level of X
chromosome inactivation differs between
the placenta and adult tissues in humans
Unphased median allele balance is plotted
for the placenta in this study (purple) and
for 45 adult tissues in the GTEx dataset
(blue). Each point of the violin plot is the
median allele balance for each sample.
Because there are no multiple site sam-
plings for the GTEx data, unphased allele
balance was computed. Here, the pseu-
doautosomal regions of the X chromo-
some are removed.
We found that patterns XCI in the placenta are different

from adult tissues (Figures 2 and 3). We first compared the

pattern of whole-chromosome XCI in the two placenta

samples we collected with whole-chromosome XCI in

two regions collected from adult human hearts (left

ventricle and atrial appendages) sampled by the GTEx con-

sortium (Figures 2A and 2C).27We identified 85 individuals

with RNA-seq data for both of these locations in the heart

and employed the same phasing approach as in the

placenta. In the heart tissue, both regions exhibit biallelic

expression (both maternal and paternal X expression) in

91% of individuals (Figure 2C). This is in stark contrast

to the placenta, where none of individuals exhibit biallelic

expression at both regions (Figure 2A).

We further found the same biallelic pattern of XCI

across all 43 adult tissue samples, in contrast to the

placenta (Figure 3). Because other adult tissues include a

single sample,27 to assess chromosome-wide XCI, we

compared median allele balance computed from the

biased allele for each sample. While most placenta sam-

ples (90%) exhibit skewed allele balance (i.e., allele bal-

ance greater than 0.8), most samples from adult tissues

(89%) exhibit biallelic expression (i.e., allele balance be-
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tween 0.5 and 0.8) (Figure 3). Similar

to the placenta, however, also we

observed biallelic expression across

all adult tissues on chromosome 8,

as expected (Figure S8). Together,

these results suggest that patterns of

whole-chromosome XCI differ be-

tween the placenta and adult tissues.

Gene-specific escape comparison

between the placenta and adult

tissues

We observed a large degree of vari-

ability in gene-specific escape in the

placenta, both across and within indi-

viduals. We categorized genes on the

X chromosome using only samples

that exhibit skewed median allele bal-

ance across the X chromosome (i.e.,

median allele balance greater than

0.8; see material and methods). Only
seven genes (4%) show evidence for escape across all sam-

ples with the ability to assay, while 73 genes (37%) show

evidence of inactivation across all samples (Figure S9).

Rather, most genes, 116 genes (59%), show a gradient of

the proportion of samples that exhibit evidence for escape.

In addition, heterogeneity exists between two sites within

individuals (Figure S10). Given the tremendous heteroge-

neity in evidence for escape, we additionally investigated

the ratio of female-to-male gene expression across

X-linked genes. We observed that genes in all three classes

(escape, variable, and inactivated) exhibit a range of fe-

male-to-male gene expression ratios, with higher gene

expression in females as compared with males underpow-

ered to determine whether a gene has escaped X inactiva-

tion (Figure S11).

We found similarities and differences in gene-specific

escape and inactivation in the human placenta when

compared with the adult tissues. We used 525 skewed adult

tissue samples in the GTEx dataset (out of 4,958 total sam-

ples) and 52 skewed samples in the placenta dataset (out of

58 total samples) to categorize XCI status (see material and

methods). A gene is considered for this analysis if there are

at least five informative samples (i.e., an informative



Figure 4. Gene-specific escape comparison between the placenta and adult tissues
(A) A heatmap showing genes that are inactivated in both the placenta and adult GTEx tissues (yellow), genes that escape X chromosome
inactivation in both the placenta and adult GTEx tissues (dark blue), and genes that exhibit variable escape across individuals in both the
placenta and adult GTEx tissues (light blue).
(B and C) Boxplots showing median allele balance across all samples in the placenta (purple) and adult tissues in GTEx (blue) for the
three genes that show evidence for escaping XCI in the placenta but being inactivated in the adult GTEx tissues (B) and for the two genes
that show evidence for being inactivated in the placenta but escaping in the adult GTEx tissues (C). Each point of the box plot is the
median allele balance computed across variants for that gene (see material and methods).
sample is defined as having at least one heterozygous and

expressed variant for that gene) in both the placenta data-

set and the GTEx dataset. We found 186 such genes. Out of

these 186 genes, 132 genes (71%) show the same pattern of

escape or inactivation between the adult tissues and the

placenta dataset (Figure 4A). Specifically, 111 genes are in-

activated, 15 genes escape, and 6 genes show variable

escape between the adult tissues and the placenta. We

also observed differences between the adult tissues and

the placenta. We found three genes that escape in the

placenta but are inactivated in adult tissues: ACOT9,

CASK, and TSC22D3 (Figure 4B). We found two genes

that are inactivated in the placenta but escape in adult tis-

sues: ARSD and PRKX (Figure 4C). We examined the map-

ping quality and total RNA read counts of the variants in

these genes to confirm that these observations are not arti-

facts (Figure S12). These results suggest that, while the ma-

jority of genes on the X chromosome show consistent XCI

between the placenta and adult tissues, a subset exhibits

opposite patterns that could be attributed to the unique

nature of the placenta tissue, which is an embryonic tissue.

Finally, for a subset of our placenta samples, we also had

access to maternal exome samples and used these to assess

whether the silenced sample was maternal or paternal in

origin and observed that most inactivated X chromosomes

were paternal in origin (Table S7). In 18/30 placentas, we

also sequenced the whole exome of the decidua, allowing

us to determine whether the maternal or paternal X chro-

mosome is inactivated (see material and methods). In 8/18
Hu
placenta samples where both extraction sites show the

same inactivated X chromosome, it is the paternal X that

is silenced in both (Table S7). In 3/18 placenta samples

where one extraction site shows skewed X inactivation

while the other extraction site shows both X chromosomes

being expressed, in two of these cases, the paternal X is

silenced (Table S7). In 7/18 placenta samples the two

extraction sites necessarily show the opposite X chromo-

some being activated, either maternal or paternal

(Table S7).
Discussion

We observed that XCI in the human placenta is organized

into large patches of maternal or paternal X expression.We

utilized whole-exome and whole-transcriptome sequence

data to analyze allele-specific expression across female pla-

centas and found evidence that the human placenta ex-

hibits large patches of maternal or paternal X chromosome

expression. While patchy XCI in the human placenta has

been observed in humans previously, these prior studies

rely on a few SNPs and a few genes in a limited number

of samples.24,45 For example, Looijenga et al.45 examined

two samples from each of the nine female (46, XX) full-

term placenta samples, using methylation in a single

gene, androgen receptor, as a readout, they found that

three placentas exhibited predominantly maternal X inac-

tivation, one exhibited paternal X inactivation, and the
man Genetics and Genomics Advances 3, 100121, July 14, 2022 7



remaining five exhibited both maternal and paternal al-

leles. In a different study, with at least five informative

SNPs used to infer X inactivation status in a single site

collected from 22 placentas, the authors similarly observe

some placentas have maternal X inactivation, some have

paternal X inactivation, and others show biallelic expres-

sion across the X-linked SNPs.24 From this, the authors

proposed that the human placenta has large patches of

maternal or paternal X inactivation. These studies typically

relied on a single gene, as in Looijenga et al.,45 or when

these studies did not include multiple samplings from

the same placenta, the number of samples is small (i.e.,

three) as in Moreira de Mello et al.24 With improved sam-

pling (i.e., sampling two independent locations from

each placenta, from opposing quadrants) and genome-

wide sequencing, we confirm that patterns of XCI are pre-

dominantly patchy in the human placenta.

We found distinct patterns of XCI between the placenta

and adult tissues in humans: while most placenta samples

(�90%) exhibit skewed expression, only about 11% of sam-

ples from human adult tissues exhibit skewed expression.

This is consistent with previousmethylation-based analyses

that observed skewed inactivation across different develop-

mental layers of the placenta,25 suggesting that each villus

tree is clonally derived from a few precursor cells and that

there is little cell migration across placental regions. This

is in contrast to adult tissues, where we observe very little

skewing, suggesting more cell migration during develop-

ment, though both observations are contingent on the

size of the tissue sample analyzed in bulk, where samples

with more cells are more likely to capture both X chromo-

somes being expressed. Per our reading of the sample collec-

tion in GTEx (see material and methods), the bulk sample

sizes were approximately the same size at collection (aiming

for 10 mm3 10 mm3 4 mm) compared with the placenta

samples collected here (10–20 mm cubed); however, it is

not clear what size of this sample was sequenced by

GTEx, compared with what was sequenced here (2 mm

cubed was sequenced per placenta sample). It is possible

that a larger bulk sample was sequenced by the GTEx con-

sortium, resulting in the signal for biallelic expression

across most adult tissues.

Although we found high concordance in genes that are

inactivated and genes that escape between the placenta

samples and adult tissues (Figure 4), we found a subset of

genes with unique XCI status in the placenta. Specifically,

we found five genes that show patterns that are unique to

the placenta: ACOT9, CASK, and TSC22D3 are inactivated

in adult tissues but escape XCI in the placenta (Figure 4B).

ACOT9 has been associated with syndromic X-linked intel-

lectual disability Turner Type,46 but the function of ACOT9

in the placenta is unclear. CASK is critical in brain develop-

ment post-natally,47 as well as prenatal brain development

in bothmales and females, but with varying phenotypes,48

potentially due to its escape from inactivation (biallelic

expression) in females compared with males. TSC22D3 is

an immunity-related gene. Syrett al.49 observed that
8 Human Genetics and Genomics Advances 3, 100121, July 14, 2022
TSC22D3 is overexpressed in females compared withmales

in Tcells of patients with systemic lupus erythematosus. In

contrast to the previous three genes, ARSD and PRKX, both

genes in the pseudoautosomal region, escape XCI in adult

tissues but are inactivated consistently across regions in

the placenta (Figure 4C). Larson et al.50 observed that

ARSD is inactivated in at least one ovarian tumor sample,

highlighting a potential parallel between the placenta

and tumor development.50 PRKX has been previously re-

ported to escape in adult fibroblasts and lymphoblasts.51

Curiously, PRKX is also involved in fetal kidney develop-

ment,52 and so perhaps its silencing is important for

dosage during development, but further studies are needed

to determine whether there are sex differences in PRKX

expression in the placenta. We hypothesize that these

five genes could be further studied for a potential role in

pregnancy and pregnancy complications.

We additionally show that sex differences in gene

expression are not sufficient on their own to determine

whether a gene escapes inactivation or not (Figure S11).

This highlights the importance of understanding both

inactivation status and expression differences between

the sexes. Gong et al.22 used female-biased gene expression

as a proxy for identifying potential genes that escape XCI

in the placenta. Twenty-eight of forty-seven potential

escape genes identified by Gong et al.22 were reported pre-

viously as being inactivated or unknown. Of these, 3/28

genes exhibit variable escape in our placenta data

(MBTPS2, SMS, and PIN4) and only 1/28 genes exhibit ev-

idence for escaping (CXorf36). This means the other 24/

28 show female-biased expression but no evidence of

escape in the placenta. Thus, it will be critical for studies

interested in studying XCI to assess allele-specific expres-

sion explicitly.

There has also been interest in whether the maternal or

paternal X chromosome is preferentially inactivated. In

mice, the paternal X is preferentially inactivated in extra-

embryonic tissues,53 potentially due to unique methyl-

ation of XIST in sperm compared with eggs resulting.54

Further, the paternal X is preferentially inactivated in rat

yolk sac.7 However, as we show here, approximately half

of our samples show patchiness of XCI, with both parents’

X chromosomes being expressed in one quadrant or the

other. This is consistent with observed randomness of X

inactivation in the placenta in horses as well.12 That said,

for the subset of samples where only one parent’s X chro-

mosome is expressed in both quadrants, we curiously

observe that, overwhelmingly, it is the paternal X chromo-

some that is inactivated.

Future work should also focus on confirming whether

certain genes that show a variable pattern of inactivation

across the two quadrants studied here are indeed variable

using spatial transcriptomic or single-cell analyses. Sin-

gle-cell data for the placenta have been generated (e.g.,

Pique-Regi et al.,55 Vento-Tormo et al.,56 and Ashary

et al.57) that could potentially be used for future analyses

of this inactivation heterogeneity. Unfortunately, the



samples used in this study were collected in a manner

inconsistent with using them for single-cell isolation.

In conclusion, we confirmed that XCI in the human

placenta is skewed but patchy and conducted allele-spe-

cific expression analyses in adult tissues to show that, in

contrast to the placenta, most adult samples show mosaic

inactivation in bulk samples. Using the subset of adult tis-

sues that do show skewed inactivation, we identified a sub-

set of genes showing patterns of XCI that are unique to the

placenta that should be further investigated for their roles

in pregnancy and placentation. We further report that sex

differences in expression are not sufficient to predict X

inactivation and that, where there is bias (only one par-

ent’s X chromosome being inactivated across the two sam-

ples), this tends to be the parental X chromosome.
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