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In eutherian mammals, dosage compensation of X-linked genes is achieved by X chromosome inactivation. X inactivation

is random in embryonic and adult tissues, but imprinted X inactivation (paternal X silencing) has been identified in the

extra-embryonic membranes of the mouse, rat, and cow. Few other species have been studied for this trait, and the data

from studies of the human placenta have been discordant or inconclusive. Here, we quantify X inactivation using RNA

sequencing of placental tissue from reciprocal hybrids of horse and donkey (mule and hinny). In placental tissue from the

equid hybrids and the horse parent, the allelic expression pattern was consistent with random X inactivation, and

imprinted X inactivation can clearly be excluded. We characterized horse and donkey XIST gene and demonstrated that

XIST allelic expression in female hybrid placental and fetal tissues is negatively correlated with the other X-linked genes

chromosome-wide, which is consistent with the XIST-mediated mechanism of X inactivation discovered previously in mice.

As the most structurally and morphologically diverse organ in mammals, the placenta also appears to show diverse

mechanisms for dosage compensation that may result in differences in conceptus development across species.

[Supplemental material is available for this article.]

In placental mammals, including humans, dosage compensation

in females is achieved by random X chromosome inactivation

(Lyon 1961;Monk andHarper 1979; Tan et al. 1993). X inactivation

is regulated by the X inactivation center (Xic). The silencing of

the inactive X (Xi) spreads outwards along the chromosome from

Xic. Xist is a noncoding RNA in mouse, which is transcribed only

from the Xi. It coats the Xi in cis and represses X-linked gene ex-

pression. All eutherianmammals appear to performXist-dependent

random X inactivation to achieve dosage compensation in fetal

and adult tissues (Ideraabdullah et al. 2008; Payer and Lee 2008).

There is another form of X inactivation in mammals termed

imprintedX inactivation. ImprintedX inactivationwas discovered

in both embryonic and extra-embryonic tissues in marsupials

(Cooper et al. 1990; Al Nadaf et al. 2010) and in extra-embryonic

tissue (which gives rise to placenta) in eutherian mammals.

Imprinted X inactivation has been reported in the mouse (Huynh

and Lee 2001, 2005; Heard and Disteche 2006), rat (Wake et al.

1976), and cow (Xue et al. 2002). The situation in humans is still

unresolved (Goto et al. 1997; van den Berg et al. 2009; Moreira de

Mello et al. 2010), and little is known about the X inactivation

status in the placentae of other mammals.

In the mouse germline, the paternal X chromosome (Xp) is

silenced by a process called meiotic sex chromosome inactivation

(MSCI). After fertilization, Xp is activated and biallelic expression

is observed for X-linked genes at the two-cell stage. Subsequently, at

the eight-cell stage, only the Xp is inactivated through imprinted

X inactivation (Huynh and Lee 2001, 2005; Heard and Disteche

2006). The extra-embryonic tissues retain imprinted X inactivation,

and the X-linked genes (except Xist) are transcribed only from the

maternal X chromosome. At implantation (E3.5–E4.5), the paternal

X is reactivated, and the X-linked genes are transcribed from both

parental X chromosomes in the inner cell mass (Mak et al. 2004;

Okamoto et al. 2004). Then at the blastocyst stage embryonic day 6.5

(E6.5), randomX inactivation takes place, andoneof the twoparental

X chromosomes is randomly inactivated (Cheng andDisteche 2004).

Hybrids of the horse, donkey, and other equids provide an

ideal system for investigating X inactivation in the placenta. In

1964, Mukherjee and Sinha (1964) found cytological evidence for

random X inactivation in leukocytes of a single female mule,

supporting the Lyon hypothesis. In 1969, Hamerton et al. (1969,

1971) reported nonrandom X inactivation in female mules, sug-

gesting that the X inactivation might be aberrant in mules. How-

ever, subsequent studies revealed that this could be due to selection

during cell culture and/or the sampling effect of random X in-

activation (Mukherjee and Mukherjee 1970; Mukherjee and Milet

1972; Serov et al. 1978). The whole-genome level tools now

available for equids and the availability of highly purified placental

tissues have enabled us to address the question of X inactivation in

extra-embryonic membranes in the genus Equus.

Results

Profile of transcriptome-wide allelic expression ratios

is consistent with random X inactivation in mule placenta

RNA-seq was performed on placental tissue (chorionic girdle tro-

phoblast isolated from day 33–34 conceptuses) from six horses,

four donkeys, sevenmules, and twohinnies (Fig. 1A). Sixty percent

to 70% of the sequence reads were uniquely mapped to the horse

reference genome (Supplemental Table S1). Relative allelic expres-

sion ratios in the mule and hinny conceptuses were established by

directly counting the allele-specific sequence reads at SNP positions

within expressed transcripts (Wang et al. 2008). These data covered

more than 7000 geneswith sufficient read depth at informative SNP

positions to infer allele-specific expression ratios.

Because a mule is an offspring from a horse mother and a

donkey father, male mules inherit their X chromosome from a
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horse and their Y chromosome from a donkey (Fig. 1B). This im-

plies that 100% expression of the horse allele for X-linked genes is

expected. (Fig. 1C). In female mules, each parent transmits an X

chromosome (Fig. 1B), giving rise to three possible patterns of al-

lelic expression depending on the form of X inactivation:

Imprinted or leaky imprinted X inactivation

If there is imprinted X inactivation in the placentae of equids, as in

themouse, theXpwill be inactivated. In this case, wewould expect

to see 100% expression from the horse (maternal) allele for X-linked

genes (except XIST ) (Fig. 1C). If the imprinted X inactivation is

leaky, as in marsupial X inactivation in placenta, we would expect

preferential expression from the maternal (horse) allele.

Random X inactivation

If X inactivation is random, expression fromboth parental alleles is

expected in the placental tissue, with an expression ratio that is

variable across individuals, due to the sampling of random X in-

activation among cells (Fig. 1C).X inactivationhappens early during

development, when there are a limited number of placental pro-

genitor cells. Once the X inactivation status is determined, it is fixed

in the daughter cells, giving rise to a somatic clone of cells with the

same X inactivated. Under random X inactivation, each cell has

a 50% chance of having the maternal (or paternal) X chromosome

remain active, and each cell could be viewed as an independent

Bernoulli trial. In the tissues as a whole, the probability of having

a certain number of cells with active maternal X would be expected

to follow the binomial distribution. When the sample size of cells

is small at the initiation of X inactivation, the among-individual

variability will be large (Fig. 1C). The magnitude of interindividual

variability due to this sampling effect hasbeenquantified inhumans

and the mouse (Amos-Landgraf et al. 2006; Wang et al. 2010).

No X inactivation

The third possibility is to observe homogeneous biallelic ex-

pression, which would imply that the mule placenta has no X

inactivation. In this case, the among-individual variability of

allele-specific expression ratios would be comparable to that of

autosomal genes.

To investigate which form of X inactivation is consistent with

our observed data in the chorionic girdle, we plotted the distri-

bution of allelic expression proportions in two male mules (mule-

3703 and mule-3710) and two male hinnies (hinny-3702 and

hinny-4108) for the autosomal genes and X linked genes, re-

spectively (Fig. 2A). RNA-seq data from male mule and hinny

conceptuses showed a distribution of allele-specific expression for

autosomal genes centered on 50:50 (Fig. 2A). These males also

displayed 97%–99% expression of the maternal X allele and

1%–3% leakage due to the biallelic expression of the genes in the

pseudoautosomal region (PAR) (Supplemental Fig. S1; Raudsepp

et al. 2004). The allelic expression results obtained from hybrid

males served as a control to demonstrate the lack of bias in our

RNA-seq methods, SNP calling, and allelic expression analyses.

We then examined the distributions of allele-specific expres-

sion in five female mule placenta samples (mule-3561, mule-3669,

mule-3680, mule-3713, and mule-4107). For autosomal genes, the

distributions were centered on 50:50 without any parental bias,

similar to the results in the male mules and hinnies (Fig. 2B). For

X-linked genes, we also observed biallelic expression, but there

was much greater among-individual variance, with the percentage

paternal allele ranging from 33%–69% (Fig. 2B). The coverage of

over 170 X-linked genes (990 informative X-linked SNPs) with

relatively high expression level in each individual suggests that the

variability is a chromosome-wide effect. This among-individual

variability is specific to X-linked genes and is expected due to the

sampling effect of random X inactivation. These results are con-

sistent with random X inactivation in the mule placenta.

Confirmation of random X inactivation in mule placenta

tissues using allele-specific pyrosequencing

The allelic expression ratios for 26 selected X-linked genes outside

the PAR in the RNA-seq data covary among individuals in a con-

certed way (Fig. 3A), with a variance of 0.355 andmean coefficient

of variation (CV) of 0.431. Two PAR genes, AKAP17A and ZBED1,

showed much less variability, with an average variance of 0.0037

and a CVof only 0.109 (Fig. 3A), significantly less than that for the

non-PAR genes (P = 0.002, bootstrap test for comparing the vari-

ance for two independent groups). The remarkably tight covaria-

tion across genes for non-PAR genes is consistentwith the presence

of random X inactivation in mule placenta, and the low inter-

individual variability of PAR genes demonstrates the expected

biallelic expression for these genes.

To confirm our finding in the RNA-seq data, we quantified the

allelic-specific expression in 16 selected X-linked genes uniformly

distributed along the X chromosome in the same five female mule

chorionic girdle samples using pyrosequencing (Marsh 2007), as

an independent verification (Supplemental Table S2; Supplemental

Data S1). We plotted the proportion of the horse (maternal) expres-

sion in the five mules for the 15 non-PAR genes and observed a pat-

tern similar to the RNA-seq data (Fig. 3B, left panel). The substantial

covariation across multiple genes seen in the pyrosequencing results

confirms that the mule placenta displays random X inactivation.

Profiling X inactivation status in two other tissues in the mule

The equid day 33 placenta consists of several extra-embryonic

tissues: the invasive trophoblast cells of the chorionic girdle, the

noninvasive trophoblast (chorion and allantochorion), and the

yolk sac. Among these placental tissues, the chorionic girdle, which

we examined, provides the progenitor cells of the endometrial cups

Figure 1. Results under different forms of X inactivation in mule pla-
centa samples. (A) Image of day 33 horse conceptus, showing fetal and
placental tissues, including the invasive trophoblasts known as the cho-
rionic girdle. (B) Transmission of X chromosome inmale and femalemules.
(C ) Expected results of allelic expression ratios for male mule and female
mule under different forms of X inactivation.
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that secrete equine chorionic gonadotrophin (eCG). To exclude the

possibility that random X inactivation is only present in a specific

placental tissue in mule, we examined the X inactivation status in

another placental tissueof the samemule individuals.Weperformed

pyrosequencing experiments on16X-linkedgenes in chorion samples

of three mules (mule-3669, mule-3680, and mule-3713). Although

only three individual samples were tested, substantial variability of

allelic expression is captured for 15 genes outside the PAR, with the

proportion of horse allelic expression ranging from 0.1–0.8 (Supple-

mental Fig. S2A). The allelic expression

pattern is consistent with random X inac-

tivation in the chorion samples as well. As

expected from the chorionic girdle samples,

in the chorion the PAR gene AKAP17A also

had a 50:50 expression ratio, and no vari-

ation was observed across the three in-

dividuals (Supplemental Fig. S2A).

In the mouse embryonic tissue dur-

ing early development, there is imprinted

X inactivation at the eight-cell to morula

stage, which is then replaced by random X

inactivation in the inner cell mass of the

blastocyst stage. If the fetal X inactivation

process inmule is the same as in themouse

and humans, we would expect random

X inactivation in fetal tissue. To test this

hypothesis, we performed pyrosequencing

assays to quantify allelic expression of 13

X-linked genes in fetal samples of the same

five femalemules.We observed covariation

of the allelic expression ratios among five

individuals, consistent with the sampling

effect due to random X inactivation (Sup-

plemental Fig. S2B). Therefore, the pat-

terns of the allele-specific expression for

X-linked genes in the extra-embryonic tis-

sues (chorionic girdle and chorion) re-

semble the fetal tissue, suggesting that

random X inactivation happens in all

three tissues in day 33 mule conceptuses.

Random X inactivation

in the horse placenta

The random X inactivation discovered in

the mule placenta might be a hybrid-spe-

cific artifact due to potential dysregulation

of X inactivation in interspecific hybrids.

To check this possibility, we selected 14

widely dispersed genes along the X chro-

mosome with informative SNPs in five

individual female horses (Supplemental

Table S3; Supplemental Data S2). Allele-

specific expression in horse day 33 cho-

rionic girdle samples was quantified by

pyrosequencing in all five female horses

and a control male horse. In every infor-

mative (heterozygous) conceptus and for

every gene tested, expression from both

parental alleles was observed, demon-

strating lack of imprinted X inactivation

in horse placenta (Fig. 4). The allelic ex-

pression levels in the five chorionic girdle samples covary across

the 14 genes, a pattern that is consistent with the previously de-

scribed sampling effect due to random X inactivation (Fig. 4).

Mechanism of X inactivation in equids: Characterizing the XIST

transcript in the horse, donkey, and mule

To study the mechanism of X inactivation in equids, we identified

and annotated the XIST transcript in the horse and donkey. The

Figure 2. Transcriptome-wide distribution of allele-specific expression ratios in male and female
mules and hinnies for autosomal and X-linked genes. (A) Histograms of the allelic expression ratios from
the horse allele in chorionic girdle samples of two male mules (mule-3703 and mule-3710) and two
male hinnies (hinny-3702 and hinny-4108). (B) Histograms of the allelic expression ratios from the horse
(maternal) allele in chorionic girdle samples of five female mules (mule-3561, mule-3669, mule-3680,
mule-3713, and mule-4107). In these plots, the y-axis shows the percentage of genes in each category
of allele-specific expression ratio. The x-axis is the proportion of allelic expression from the horse in the
mules and hinnies, ranging from 0 to 1. The average allelic expression proportion and number of in-
formative genes with sufficient expression are labeled for each individual. (Top) Plots for autosomal
genes in blue; (bottom) X-linked genes plotted in pink; (middle) comparison of mean maternal vs. pa-
ternal expression ratios between autosomal and X-linked genes for each sample.

Random X inactivation in mule and horse placenta
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noncoding XIST transcript is present in the horse reference ge-

nome, but its gene model is not annotated. From our RNA-seq

data in the female horse, donkey, and mule, we found that the

horse/donkey XIST is expressed in day 33 chorionic girdle. We

discovered seven transcribed exons in the RNA-seq data, corre-

sponding to the seven exons in the mouse Xist RefSeq gene

model NR_001463 (Supplemental Fig. S3; Supplemental Table

S4). The horse XIST is on the minus strand of the X chromosome

(55,226,251–55,258,045 bp, UCSC equCab2 assembly), the same

orientation as in the mouse and humans. We aligned the horse

XIST sequence to the mouse sequence using MUSCLE, version

3.8 (Edgar 2004), and found that the average sequence identity

between the horse and mouse is 63%. The horse exon 1 is

separated into three fragments by two gaps in the genome as-

sembly. The exon structure is conserved between the horse and

mouse, except for some exon length differences (Supplemental

Table S4).

The sequence identity between the horse and human XIST is

77%. Although, the humanXIST has higher sequence similarity to

the horse than the mouse transcript, there are differences in the

exon models. The human RefSeq gene has six exons (Supple-

mental Fig. S3), five of which correspond to mouse and horse

exons 1, 3, 4, 6, and 7. Human exon 2, which is also present in

other primate species (Horvath et al. 2011), could not be found in

the mouse or horse. From the sequence

alignment, mouse and horse exon 2 and

5 could be identified in humans by ho-

mology, but they are not expressed in the

human XIST transcript (A Clark, M Ho,

and M Roberson, unpubl.). From the

horse and donkey RNA-seq data, the

XIST exon model in the horse and don-

key is the same, without any major exon

length or splicing difference detected. At

the sequence level, the horse and donkey

XIST have high sequence similarity, with

only 23-nucleotide differences between

the horse and donkey in the transcripts

studied.

Mechanism of X inactivation in equids:

XIST expression in male

and female equids

In somatic cells, the expression of the

noncoding XIST transcript has been

shown to be critical for X inactivation in

the mouse and humans. It is expressed

only from the inactive X chromosome

(Xi), and spreads in cis to coat the inac-

tivated X. XIST is not expressed in males

because males have only one X chro-

mosome and it is always active. If the

random X inactivation we observed in

female horses and mules is regulated by

the horse XIST transcript, we would ex-

pect that it is expressed only in females.

In fact, we were only able to detect XIST

expression in female horse, donkey, mule,

and hinny chorionic girdle samples (Sup-

plemental Figs. S4, S5) and in femalemule

and hinny fetus samples (Supplemental

Fig. S5). This finding suggests that equine XIST likely plays the ho-

mologous role in X inactivation in equids.

Mechanism of X inactivation in equids: Allele-specific

expression of XIST is associated with the allelic expression

of other X-linked genes chromosome-wide

Because XIST is only expressed from the inactive X in individual

cells, the proportion of cells in a given tissue expressing XIST from

one parent could determine the proportion of cells with inactive X

from that parent. Therefore, we could use the allelic expression

ratio from paternal XIST allele to estimate the maternal expression

ratio of other X-linked genes, if the two parental XIST alleles have

similar expression levels in a single cell (Supplemental Fig. S6A).

However, in F1 mice from crosses of inbred strains, the allelic

expression for X-linked genes cannot be estimated usingXist allelic

expression, because the expression levels from the two parental

Xist alleles are different. In hybrid mouse F1 animals, the relative

Xist expression from the two parental alleles varied substantially

depending on the cross, due to the Xce effect. Xce is the X chro-

mosome control element that maps to a region on the X chromo-

some containing Rr18 (formerly known asXite) and the promoter of

Tsix (Cattanach and Isaacson 1967; Simmler et al. 1993; Courtier

et al. 1995; Chadwick et al. 2006; Valley and Willard 2006). In F1

Figure 3. Plot of allelic expression proportions in five female mules for 28 X-linked genes in RNA-seq
data and 16 X-linked genes in pyrosequencing verification data. (A, left) Allelic expression profiling of 26
X-linked genes in five female mules from the RNA-seq data. The x-axis simply arrays the five individuals.
Plotted on the y-axis is the proportion of expression from the horse allele. Two genes (AKAP17A and
ZBED1) in the pseudoautosomal region are highlighted in the right panel. (B, left) Allelic expression
profiling of 15 selected X-linked genes in five female mules from pyrosequencing verification. The x-axis
arrays the five individuals as in panel A. Plotted on the y-axis is the proportion of expression from the
horse allele. The PAR gene AKAP17A is highlighted in the right panel.

Wang et al.
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mice, the X chromosome with a stronger Xce allele has lower ex-

pression from theXist allele. In any given tissue, the relativenumber

of cells with an active Xm (maternally inherited X) and Xp (pater-

nally inheritedX) cannot be estimated by the allelic expression ratio

of the two parental Xist alleles (Wang et al. 2010) because the ex-

pression level from the two Xist alleles is dramatically different,

due to different strengths of Xce (X controlling element) alleles.

From our AKR–PWD reciprocal crosses, we observed;90% of Xist

is expressed from the AKR allele, and 80% of Xist expression is

from the B6 allele in B6-CAST reciprocal crosses (Wang et al.

2010). This strong cis-eQTL (cis-regulating expression quantita-

tive trait locus) effect is due to the different strength of the Xce

alleles among mouse inbred lines (Supplemental Figs. S6B, S7).

To further understand the mechanism of X inactivation in

equids, we performedpyrosequencing experiments to quantify the

allele-specific expression for XIST in the female mule chorionic

girdle trophoblast. When the allelic expression ratios for XIST and

other X-linked genes were compared in five female mules, we ob-

served expression of XIST from both the horse and donkey alleles

(Fig. 5A). This is unlike the situation in the mouse placenta in

which Xist is imprinted with 100% paternal expression, another

observation consistent with a lack of imprinted X inactivation in

mule placenta. In addition, a negative correlation in expression

betweenXISTand the alleles of other genes on the cis chromosome

was observed (Fig. 5A). Since we assume that XIST is expressed

from the inactive X, we plotted the XIST allelic expression ratios

from the donkey allele (Fig. 5B), and it overlapped perfectly with

other X-linked genes (average correlation coefficient, 0.969), sug-

gesting equine XIST functions by repressing the expression of

the Xi. The same pattern holds in mule chorion and fetal samples

(Fig. 5C,D). This relationship was not observed in crosses of mouse

inbred strains, because of the strong Xce effect (Supplemental

Fig. S6B). Our finding is consistent with a mechanism in which

XIST regulates random X inactivation by coating the inactive X in

cis in the mule placenta and fetus, as has been described in the

mouse.

From the mule XIST pyrosequencing data, we also conclude

that the Xce alleles have similar strength in the horse and donkey,

at least across the alleles sampled in this study. Interestingly, we

should be able to use the allelic expression ratio for the XIST gene

to predict the allelic expression ratio for all X-linked genes chro-

mosome-wide in any given tissue of any given female, which is not

possible in crosses of mouse inbred strains because of the strong

Xce effect.

Degree of sampling effect due to random X inactivation varies

from tissue to tissue

A key characteristic of randomX inactivation is the sampling effect

of relative allelic expression that is seen across different indi-

viduals. If the X inactivation is random and the determination of

X inactivation status in each tissue is independent, the sampling

effect of X inactivation is predicted to vary across tissues. In tissues

that have a small, homogeneous population of cells at the time

of X inactivation, such as the chorionic girdle and chorion, the

among-individual variability in allelic expression ratio will be high,

due to the smaller number of trials. In contrast, for tissues with

a large number of founder cells at the time of X inactivation, there

will be lower among-individual variability for allelic expression

ratios of X-linked genes. For samples of mixed tissues or cell types,

the distribution of allelic expression ratios is no longer binomially

distributed but instead is a mixture distribution usually with lower

variance.

We observed significant variation in allelic expression for the

X-linked genes among multiple female mule individuals in three

different tissues (Fig. 6), consistent with X inactivation establish-

ment at a time in development when each tissue is composed of

a limited number of cells.

We predict that tissues with greater heterogeneity of cell types

at the initiation of X inactivation will have smaller variance. In-

deed, for chorionic girdle and chorion trophoblast samples, which

are derived from a pure population of a single cell type, the vari-

ability was larger (range, 0.1–0.8; mean variances, 0.025 and

0.018); whereas in the fetal sample, which consists of a mixture of

different tissues and cell types, the variation was lower (range,

0.45–0.75; mean variances, 0.004). If each individual tissue is an

independent trial of randomX inactivation, we would also predict

Figure 4. Pyrosequencing results for 14 X-linked genes in female horse
chorionic girdle trophoblast samples. Plotted are allele-specific expression
percentages in horse day 33 chorionic girdle samples quantified by
pyrosequencing in five female horse samples. (Green) Horse reference
allele; (orange) alternative allele. Uninformative homozygous loci are not
shown. We observed variable biallelic expression for all 14 genes rather
than preferential maternal expression, suggesting random X inactivation
in horse placenta. Within genes, we also observed the cis-eQTL effect
(EIF1AX, RGAG4, RBMX, and FLNA). The horse X chromosome ideogram
was drawn from the work by Bowling et al. (1997).

Random X inactivation in mule and horse placenta
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that therewill be no correlation in different tissueswithin the same

individual. As expected, we found no significant correlation (r =

0.147, P > 0.05) across tissues (Supplemental Fig. S8). Both results

provided further evidence that the X

inactivation in mule placenta is truly

random.

Discussion

Random (not imprinted) X

inactivation in the equid placenta

The vast majority of studies of X inacti-

vation have analyzed human or mouse

samples; investigations of X inactivation

in other mammals are rare and limited in

scope, relying on a single or a fewX-linked

gene(s). This study represents the first

systematic analysis of global X chromo-

some inactivation outside of humans

andmice.We studied reciprocal hybrid placental tissue of horse and

donkey crosses, because their level of genome divergence made it

possible to distinguishmaternal and paternal alleles of nearly every

Figure 5. Allelic expression of XIST transcripts for five female mules in chorionic girdle, chorion, and fetus samples. (A) The horse/maternal expression of
XIST transcripts in five femalemule chorionic girdle samples (thick blue line). The allelic expression proportions of 26 X-linked genes from the RNA-seq data
are plotted in the background. On the x-axis are the five individuals. Plotted on the y-axis is the proportion of expression from the horse allele. (B) The
donkey/paternal expression proportion (1-horse) of XIST transcript in five female mule chorionic girdle samples (thick blue line). (C ) The donkey/paternal
expression proportion (1-horse) of XIST transcript in three female mule chorion samples (thick blue line). The allelic expression proportions of 15 X-linked
genes from the pyrosequencing results are plotted in the background. On the x-axis are the three individuals. Plotted on the y-axis is the proportion of
expression from the horse allele. (D) The donkey/paternal expression proportion (1-horse) of XIST transcript in five female mule fetus samples (thick blue
line). The allelic expression ratios of 13 X-linked genes from the pyrosequencing results are plotted in the background. On the x-axis are the five individuals.
Plotted on the y-axis is the proportion of expression from the horse allele.

Figure 6. Plot of allelic expression of 13 X-linked genes in female mule chorionic girdle, chorion, and
fetus samples. Plotted in this figure is the allelic expression profiling of 13 X-linked genes in five female
mules from the RNA-seq data. The x-axis simply arrays the five fetus samples, three chorion samples, and
five chorionic girdle samples. Plotted on the y-axis is the proportion of expression from the horse allele.

Wang et al.
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gene. We analyzed all X-linked genes with detectable expression

levels, using RNA-seq and allele-specific pyrosequencing to accu-

rately quantify allelic expression with a CVof 2%. Seven thousand

autosomal genes and X-linked genes in the PAR were used as

controls. Three different tissues were examined in five femalemule

conceptuses, a sample sufficiently large to assess interindividual

variation in allelic expression ratios. The XIST expression profile

in the mule trophoblast was consistent with the mechanism for

X inactivation demonstrated earlier in mice. Finally, we tested

14 X-linked genes in horse placental trophoblast cells to provide

intraspecies verification of our results. These aspects of our de-

sign and data set make us confident that X chromosome inacti-

vation in the placentae of mules and horses is random and not

imprinted.

Is there dysregulation of X inactivation

in interspecific hybrids?

Aberrant X inactivation profiles have been reported in cloned

animals (Xue et al. 2002), and there was some evidence of dysreg-

ulation of X inactivation in mules and hinnies (Hamerton et al.

1969, 1971). Subsequent studies found that the nonrandom X

inactivation in the mule and hinny may be an artifact due to the

cell selection effect (Mukherjee and Mukherjee 1970; Mukherjee

andMilet 1972). In our RNA-seq study, we did not find evidence for

hybrid dysregulation of X inactivation in mule tissues. Whether

there is hybrid dysregulation of X inactivation in other hybrid

systems remains an open question.

Evolutionary considerations of X inactivation

in the mammalian placenta

Our findings provide evidence that imprintedX inactivation in the

placenta might not be the general case in eutherian mammals.

These results beg the question, why are there different forms of X

inactivation in the eutherian placenta but not in other tissues?

From an evolutionary perspective, monoallelic maternal expres-

sion in imprinted X inactivation has a clear disadvantage. By giv-

ing up diploidy, every X-linked gene acquires an expression pat-

tern that is effectively hemizygous.When thematernal copy of the

X harbors a recessive deleterious allele, the effect could be lethal for

organisms with imprinted X inactivation, whereas organisms with

random X inactivation will still have 50% of cells expressing the

normal paternal allele. However, the mammalian placenta is a

specialized organ that is critical for maternal–fetal nutrient, gas,

andwaste exchange. Important cell signaling, cell–cell interaction,

and immunological functions are performed in the placenta,

where direct contact of the maternal and fetal tissues occurs. In

imprinted X inactivation, expressing only the maternal X-linked

genes could potentially reduce the possibility of female immune

response to paternal antigens and reduce the maternal–fetal in-

consistencies by matching the maternal genotype for X-linked

genes.

If we assume that imprinted X inactivation is the ancestral

state because of its presence in marsupials, eutherian mammals

evolved different strategies in the placenta: mice, rats, and cattle

retain imprinted X inactivation, whereas the horse (and most

probably the donkey) has developed randomX inactivation. With

the powerful tools of RNA sequencing now available, it should be

possible to identify the type of X inactivation employed in the

placentae of various mammals and to determine the evolutionary

branchpoints that led to divergence for this trait.

Methods

Horse, donkey, and mule conceptus recovery and dissection

Adult male and female horses and donkeys were maintained at

facilities at Cornell’s Baker Institute for Animal Health. Timed

intra-and interspecies pregnancies were established using standard

methods in equine reproduction (collection of semen and artificial

insemination, transrectal ultrasound determination of ovulation

and pregnancy). Equine conceptuses from pregnant horse mares

and jenny donkeys were collected on days 33–35 after ovulation

using standard nonsurgical techniques (Antczak et al. 1987). After

collection, the conceptuses were micro-dissected into distinct tis-

sues (chorionic girdle, allantochorion, fetus, etc.) with the aid of

a dissectionmicroscope and ophthalmic instruments. Tissues were

snap frozen in liquid nitrogen and stored at �80°C until use. An-

imal care was performed in accordance with the guidelines set

forth by the Institutional Animal Care and Use Committee of

Cornell University under protocol 1986-0216.

RNA sample extractions and QC

Total RNA samples were extracted from snap-frozen placental tis-

sues using the RNeasy or RNeasy Plus mini kit (Qiagen) following

the manufacturer’s protocol. Samples were eluted in sterile MilliQ

water and stored at �80°C. RNA quality and concentration was

assayed on an Agilent BioAnalyzer 2100 (Agilent) for a RNA In-

tegrity Number (RIN) score. All samples tested had RIN scores

above 9.0, and most had scores from 9.8–10.0.

Illumina sequencing of the transcriptome and allele-specific

expression analysis

Our initial mRNA-seq experiments were performed on total RNA

samples from one horse (horse-3879, 20 lanes), one donkey

(donkey-3689, 10 lanes), one mule (mule-3703, eight lanes), and

one hinny (hinny-3702, eight lanes) chorionic girdle sample (day

33–34) using an Illumina Genome Analyzer (Illumina). The mRNA-

seq librariesweremadewith 3mg of starting total RNA samples using

the mRNA-seq 8-Sample Prep Kit (Illumina), following the Illumina

protocol for mRNA sequencing sample preparation. To quantify the

variability of allelic expression ratios for X-linked genes in female

samples, we also did RNA-seq on additional samples from five

horses, three donkeys, and five mules (Supplemental Table 1), with

the Illumina Genome Analyzer IIx (GAIIx). Image analysis and base

calling were performed with the Illumina pipeline (version 1.3).

Data analysis and statistical methods used for estimation of total

expression level and allelic expression ratios from RNA-seq data are

available in the work of Wang et al. (2011).

Verification of allele-specific expression in mules

by pyrosequencing

To verify the allelic expression ratios inferred from the RNA-seq

data in the mule chorionic girdle samples using an independent

method, we selected 16 X-linked genes with detectable expression

level and informative SNPs in the RNA-seq data (TMSB4X, EIF1AX,

ATP6AP2, DDX3X, UBA1, MSN, PDZD11, RPS4X, SH3BGRL, GLA,

AMMECR1, NDUFA1, AIFM1, RBMX, VMA21, and HCFC1). The

selected genes are evenly distributed along the X chromosome

to assess whether effects were chromosome-wide (Supplemental

Table S2). Unlike other X-linked genes with only one copy in

males, genes in the PAR have two alleles in bothmale and females.

To check the allelic expression ratios for PAR genes, we included

two of them, AKAP17A and ZBED1 (Supplemental Table S2). To
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study the mechanism of X inactivation, we annotated the horse

and donkeyXIST transcripts and did SNP discovery using this data

resource. We selected an informative SNP between the horse and

donkey in XIST, which does not overlap the predicted TSIX tran-

script region (Supplemental Table S2).

We quantified the allelic expression for all 19 selected

X-linked genes in total RNA samples of five female and one male

mule chorionic girdles by allele-specific pyrosequencing. Pyro-

sequencing PCR and sequencing primers were designed with

PyroMark Assay Design Software, version 2.0.1.15 (Qiagen). To

guarantee that there are no SNPs within primers, SNP positions

between and within the horse and donkey were labeled and ex-

cluded for the primer design. The PCR amplification of cDNA

templates was carried out in 40 mL volumes using Ampli-TaqGold

polymerase (Life Technologies) under the following cycling

conditions: one cycle of for 5 min at 95°C; 45 cycles 45 sec at

95°C, 30 sec at 50°C–57°C, and 20 sec at 72°C; followed by one

cycle of 10min at 72°C. PCR products were prepared immediately

according to the manufacturer’s protocol and then loaded on the

PSQ 96MA Pyrosequencer (Qiagen) with the PyroMark Gold Re-

agents (Qiagen) using the Allele Quantification method (AQ).

Two technical replicates were done for each gene in each sample,

and the average ratio was used for data analysis.

Allelic expression ratios were quantified in embryonic tissue;

pyrosequencing assays were performed for the same 19 X-linked

genes in fetus of the same five female mule individuals tested in

chorionic girdle.We also carried out allele-specific pyrosequencing

in another placental tissue (chorion) in three of the five female

mules for which we have that tissue.

Verification of allele-specific expression in horses

by pyrosequencing

To quantify the allelic expression ratios in progeny of horse 3

horse crosses, we needed informative SNPs within horse. DNA se-

quence heterozygosity within the female horse samples is much

lower than horse–donkey differences, and it is especially difficult

to find informative SNPs that are heterozygous across all five fe-

male horses in the RNA-seq data. To confirm our X inactivation

results in horse 3 horse crosses, we selected three X-linked genes

for pyrosequencing verification within horse. Based on the SNP

calling from thehorse RNA-seqdata in chorionic girdle samples, 14

genes (PDHA1, EIF1AX, ATP6AP2, RP2, CLCN5, HUWE1, RGAG4,

MAGT1, UPF3B, GPC3, RBMX, CXorf40A, NAA10, and FLNA) with

informative heterozygous SNPs in at least three female horses were

selected (Fig. 4; Supplemental Table S3). To confirm the genotypes

called from RNA-seq data, we did SNP genotyping in onemale and

five female horse genomic DNA samples using pyrosequencing.

The results matched the RNA-seq calls. Allele-specific expression

ratios were quantified using pyrosequencing of cDNAs made from

the chorionic girdle of the six horse samples.

Data access

IIlumina RNA-seq data in this study have been submitted to the

NCBI Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.

nih.gov/geo/) under accession no. GSE36352.
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