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X chromosome regulation of autosomal gene expression in
bovine blastocysts

Yuichiro Itoh? and Arthur P. Arnold?®
1Department of Integrative Biology & Physiology, University of California, Los Angeles, CA

Abstract

Although X chromosome inactivation in female mammals evolved to balance the expression of X
chromosome and autosomal genes in the two sexes, female embryos pass through developmental
stages in which both X chromosomes are active in somatic cells. Bovine blastocysts show higher
expression of many X genes in XX than XY embryos, suggesting that X inactivation is not
complete. Here we reanalyzed bovine blastocyst microarray expression data from a network
perspective with a focus on interactions between X chromosome and autosomal genes. Whereas
male to female ratios of expression of autosomal genes were distributed around a mean of 1, X
chromosome genes were clearly shifted towards higher expression in females. We generated gene
coexpression networks and identified a major module of genes with correlated gene expression
that includes female-biased X genes and sexually dimorphic autosomal genes for which the sexual
dimorphism is likely driven by the X genes. In this module, expression of X chromosome genes
correlates with autosome genes, more than the expression of autosomal genes with each other. Our
study identifies correlated patterns of autosomal and X-linked genes that are likely influenced by
the sexual imbalance of X gene expression when X inactivation is inefficient.
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Introduction

In mammals, the process of female-specific inactivation of one X chromosome leads to
dosage compensation, resulting in similar ratios of expression of X genes to autosomal
genes in both sexes. X inactivation prevents a strong female bias in X gene expression in
somatic tissues, which would otherwise be expected based on the strong sex bias of sex
chromosome gene expression that occurs in other groups that lack effective sex chromosome
dosage compensation (Baverstock et al. 1982; Kuroda et al. 2001; Kuroiwa et al. 2002;
McQueen et al. 2001; Itoh et al., 2007, 2010; Arnold et al., 2008; Ellegren et al. 2007;
Naurin et al., 2011, 2012; Zhang et al., 2010; Wolf and Bryk, 2011; Harrison et al., 2012;
Uebbing et al., 2013). X inactivation does not eliminate sexual bias, but shifts the curve of
bias away from strong female bias (higher expression in females relative to males) so that
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the modal sexual bias of X genes is zero. Dosage compensation results in a system in which
autosomal and X chromosome genes show about the same distribution of sexual bias (see
Figure 1), with different amounts of bias in each tissue (Itoh et al., 2007). The tissue-specific
matching of sexual bias in autosomal and X gene expression is probably regulated by
network interactions between X and autosomal genes, which drive expression of each other
in gene networks in each tissue. Sex biasing signals, for example gonadal hormones and sex
chromosome encoded factors, likely set up different degrees of sexual bias in each type of
tissue, which are then propagated through the networks composed of X and autosomal
genes.

Mammalian embryonic somatic tissues, however, pass through a stage of ineffective dosage
compensation, prior to final random X inactivation in epiblast-derived tissues. The pattern of
establishment of full X inactivation differs across species. In bovine blastocysts, most X
chromosome genes are expressed higher in XX than XY embryos, indicating that X
inactivation is incomplete at this stage (Bermejo-Alvarez et al., 2008). Because the
blastocyst stage is well before gonadal differentiation, several phenotypic sex differences
observed in domestic cattle blastocysts are caused by sex chromosome effects (inherent
differences in expression of X and Y genes), rather than by gonadal hormones. These
include higher mitochondria DNA copy number in males, longer telomere length in females,
sex differences in methylation and the mRNA expression of some methylation-related
enzymes, and a difference in glucose metabolism (Tiffin et al., 1991; Bermejo-Alvarez, et
al., 2008). Most likely, incomplete inactivation of the X chromosome is the primary cause of
sex differences in blastocysts because almost 90% of X genes are expressed higher in
females relative to males (Bermejo-Alvarez et al., 2009, 2011a). This early stage of biased X
gene expression could lead to long-term effects on glucose/protein metabolism or epigenetic
regulation (Bermejo-Alvarez et al., 2011b).

We reasoned that X inactivation may be variable at the blastocyst stage of domestic cattle,
and that a subset of autosomal genes might be under the influence of X genes which have
higher expression in females relative to males due to the inefficient X inactivation.
Accordingly, we have reanalyzed gene expression profiling of bovine blastocysts (Bermejo-
Alvarez et al., 2010) and used Weighted Gene Coexpression Network Analysis (WGCNA)
(Zhang and Horvath, 2005; Langfelder and Horvath, 2008) and other methods to discern
patterns of gene expression across embryos. We found that the genes are categorized into 8
groups (modules) by the pattern of gene coexpression, with the largest module comprising
sexually dimorphic genes. The X chromosome genes in this large module correlated with
significantly more autosome genes than average, suggesting that X chromosome genes
regulate autosome genes in this module. We also show that one of the modules with
compensated X genes has a biased distribution of X genes along the X chromosome.

Materials and methods

Microarray data

Gene expression profiles of bovine blastocysts were obtained from GEO (Bermejo-Alvarez
etal., 2010: GSE17921). There were 18 pools of Day 7 blastocysts (60 blastocysts per pool)
derived from in vitro fertilization. Briefly, X- and Y-sorted sperm were used from three
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different bulls, and three replicate fertilizations were performed for each bull. Thus there are
18 samples (3 bulls x 3 replicates x 2 sexes). The expression data for Longissimus dorsi
muscle from 36 month old cattle were obtained from GEO database (Zhang et al., 2011:
GSE19586). Three males and three females in this dataset were analyzed, with an average
age of 35.4 + 0.11 months.

Data analysis

Statistical analyses, including Wilcoxon rank sum test, two-sample Kolmogorov-Smirnov
test, and resampling statistics, were performed in R (http://www.r-project.org/). A t-test was
used to test sex differences in gene expression (p<0.05), followed by False Discovery Rate
Analysis (Benjamini and Hochberg, 1995, p<0.1).

Weighted gene correlation network analysis (WGCNA, Zhang and Horvath, 2005) was
performed with R package WGCNA (Langfelder and Horvath, 2008) using the 5000 most
variable genes based on coefficient of variation of gene expression levels. WGCNA places
genes into a relatively small number of modules based on common patterns of correlation of
expression of the genes with each other, across samples. Thus, genes within modules are
regulated by common factors that vary across modules. Genes within modules may drive the
expression of other genes in the modules, or be driven by similar factors that are not part of
the module. The selection of the 5000 most variable genes was based on the largest number
of genes that we could analyze within our computational capacity.

To test the significance of the regional distribution of brown module X genes, we ran a
permutation test for all 258 X chromosome genes that were included in the WGCNA
analysis. In brief, we shuffled 258 genes and randomly selected 29 genes (the number of X
genes in the brown module). Then we asked how many times no gene would be assigned to
the region of the X chromosome where brown module genes are lacking. This procedure
generated a probability for finding the brown module distribution by chance. The locations
of bovine X chromosome genes were from Ensembl genome database (http://
www.ensembl.org).

For the large turquoise module, the correlation of expression values between X genes and
autosome genes were compared. We tallied the number of autosomal genes that were
significantly correlated with each X or autosomal gene.

We also used NEO software in R (Aten et al., 2008) to orient edges in turquoise module of
the gene coexpression network. This procedure evaluated several competing causal models
relating the sex of the sample and the correlated expression of numerous pairs of X and
autosomal (A) genes. Two predominant causal models are that the sex determines
expression of the X gene, which then influences expression of the A gene (Model 1), or the
alternative Model 2 that the sex determines the expression of the A gene which then
influences the expression of the X gene. For example, we concluded that Model 1 was
supported if the pattern of coexpression of an X-A gene pair met two criteria: (a) the
LEO.nb score was greater than 0.5 (meaning that the statistical fit to Model 1 was at least at
least 3-fold better than the fit to Model 2, Aten et al., 2008), and (b) that the Chi-square
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goodness of fit p value to Model 1 was high, greater than 0.89 (mlogp.M.AtoB score less
than 0.05).

Results

Sex differences in autosomal and X chromosome gene expression

To visualize the effect of partial inactivation of X chromosome in bovine blastocysts, the
male to female ratios of expression for autosomal and X chromosome genes were compared
with those from muscle of 36 month old calves (Figure 1A). In blastocysts, the distribution
of male to female ratios for X genes was female-biased, in contrast to 3-year old calves, in
which the modal M:F ratio was 1 (log, ratio=0). Based on both a Wilcoxon rank sum test
and a two-sample Kolmogorov-Smirnov test, the distributions of M:F ratios of A and X
genes were significantly different (p< 2.2e-16) in blastocysts but not in calves (Wilcoxon
rank sum test: p=0.3477; two-sample Kolmogorov-Smirnov test: p= 0.2038), probably
because of efficient X inactivation in calves. In blastocysts, the ratio of expression of X to A
genes was consistently above 1 for female samples, but below 1 for male samples (Figure
1B), suggesting that the X:A ratio is correlated with degree of X inactivation. The female
ratios were significantly higher than those for males (t-test: p= 8.46e-13), reflecting the
higher expression of X genes in females.

Variable X inactivation likely drives formation of sexually biased gene network
coexpression modules

We used Weighted Gene Co-expression Network Analysis (WGCNA,; Langfelder and
Horvath, 2008) to detect 8 modules of genes that have module-specific patterns of co-
expression across microarray samples (Table 1, Supplemental table 1). Virtually all of the
sex-biased genes are found in three modules, turquoise, red, and pink. Of these the most
salient is turquoise, the largest module that included 1549 genes, 31% of the 5000 genes
analyzed, by far the largest percentage (12%) of X genes of any module, and more than 2/3
of all X genes analyzed. This large module therefore represents a major pattern of co-
expression among these samples. The turquoise module had the lowest mean M:F ratio of X
chromosome gene expression (0.91) of all modules, and a lower M:F ratio of autosomal
gene expression than in other modules. In this largest module, more than 80 percent of X
genes were sexually dimorphic (154 genes were female-biased, FDR<0.1, Table 1).
Surprisingly, almost half of autosomal genes were also significantly different between male
and female (494 female-biased and 219 male-biased genes, FDR<0.1, Table 1). These
results suggest that the expression of X chromosome genes, driven by variation in X
inactivation across pools of blastocysts, in turn alters the expression of autosomal genes in
turquoise module. Indeed, the distribution of M:F ratios of expression of turquoise module X
genes was significantly female biased (Wilcoxon rank sum test: p< 2.2e-16; two-sample
Kolmogorov-Smirnov test: p< 2.2e-16), more than the X chromosome as a whole (Figure 2).
On the other hand, the distribution of M:F ratios of autosomal genes had two distinct peaks,
with about two-thirds of the genes showing higher expression in females (Figure 2 and 3).
This bimodal distribution of autosome genes suggests that variation in X inactivation across
samples, leads to variable female bias in X gene expression that causes variable up- or
down-regulation of a large group of specific autosomal genes.
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The red module (122 genes) had the second largest X chromosome gene content (5 genes or
4.1%). The mean M:F ratio of red module genes was about 1 for A genes but 0.94 for X
genes (Table 1). Whereas 3 out of the 5 X chromosome genes were significantly female-
biased, 31 autosomal genes were sexually biased (21 towards female, 10 towards male,
Table 1). Despite having a mean M:F ratio around 1 (Table 1), the distribution of M:F ratios
of red module genes had a bimodal distribution, showing significant male- or female-bias
(Figure 3). Thus, although the number of the X chromosome genes was smaller in the red
than turquoise modules, the distribution of M:F ratios of autosome genes in these two
modules were similar.

The pink module (79 genes) had only 2 X chromosome genes, and one of those genes was
significantly female-biased (Table 1). Seven autosomal genes were female-biased, whereas
29 genes were male-biased. Similar to the turquoise and red modules, the M:F ratios showed
a bimodal distribution, with male peak higher and larger than female's (Figure 3). Figure 4
shows the patterns of variation of the level of the turquoise and pink module eigengenes,
which are the first principal component of gene expression for each module. In the turquoise
module, the eigengene expression pattern was low in males and high in females, but the
opposite eigengene pattern was found in the red module. Similar clear expression patterns
according to sex were not observed in the other 6 modules.

X chromosome genes regulate autosome genes in the turquoise module

We evaluated the hypothesis that turquoise module X genes regulate the expression of
autosomal genes, rather than the reverse. In the turquoise module, we first calculated the
correlation coefficients of gene expression between pairs of X and autosomal genes, and
between pairs of autosomal genes and the other autosomal genes. Thus, each autosomal gene
had 1548 correlation coefficient values which represent the number of genes in the turquoise
module (=1549) minus 1, including the values for X or autosomal genes. This analysis was
to evaluate which gene groups, X or A genes, have higher connection to autosomal genes as
a correlation. For each X and autosomal gene, we counted the number of autosomal genes
with which that gene correlated significantly (p<0.05 without FDR). In general, expression
of X genes correlated with more A genes than A genes with themselves (Figure 5). In this
set of genes, X genes correlated with an average of about 800 A genes, whereas A genes
correlated with only 400 autosome genes (Figure 5B). This higher correlation between X
and A genes in turquoise module was not observed in the other modules (Supplemental
figure 1). Autosomal genes with greater sexual bias (M:F ratios above or below 1) were
more correlated with X genes than those lacking sexual bias (Figure 5C). This different
pattern of correlation between X and autosomal genes was not found in other modules.

Using the edge orienting analysis R package NEO, we found that the pattern of coexpression
of pairs of X and A genes fit Model 1 (sex influences X gene expression which then
influences A gene expression, see Methods) in 5588 gene pairs, whereas the data fit Model 2
better for 1129 gene pairs. This result is compatible with the idea that the sex difference in A
genes was predominantly driven by the sex difference in X genes.
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Modules lacking sexual bias

The other 5 modules (blue, brown, yellow, green, and black) almost completely lacked
genes with significant sex bias (Table 1). This was also confirmed in the histograms of M:F
ratios of autosome genes, which showed unimodal distributions with the peak around 0 for
these modules (Figure 3). These modules contained 0-3.7% X chromosome genes. However,
the expression of these X genes was comparatively uninfluenced by the variation in X
inactivation across samples,

The brown module had the highest percentage of X chromosome genes in those 5 unbiased
modules, yet the average M:F ratios of X chromosome genes was the closest to 1 (Table 1).
We have examined whether X genes in the modules were distributed non-randomly along
the X chromosome (Figure 6). Although the turquoise module did not show any specific
pattern, the X genes in the brown module showed a non-random distribution (permutation
test: p=0.007), avoiding the region near the Xist locus. A non-random distribution of X
genes was not observed in other modules.

Examination of the Gene Ontology of genes in 8 modules did not uncover particularly
striking relationships, suggesting that module membership was not determined significantly
by gene function (Table 2). The genes with the common GO term “extracellular region”
were significantly more frequent in both the brown and turquoise modules, indicating that
there was not a specific relationship between the degree of X inactivation and gene function.
A disproportionate number of phosphorylation genes were found in the blue module, and
intercellular function genes in the yellow module.

Discussion

Using previously reported bovine blastocyst microarray gene expression data, we have
examined the pattern of expression of X chromosome and autosomal genes across samples,
with regard to sexual bias and relation to X inactivation. Using WGCNA, we classified
genes into 8 modules of coexpression. Most salient was the large, sexually biased turquoise
module comprising 30% of all genes analyzed, with 2/3 of X genes, in which X genes were
consistently female-biased. Autosomal genes were more often expressed higher in females
than males, although a sizable minority of genes had the opposite direction of sexual bias. In
this module, the expression of X genes was correlated with expression of autosomal genes
more often than autosomal genes were correlated with each other. This pattern of results
suggests that the turquoise module pattern was caused by the dominant sex difference in X
gene expression which in turn drove the expression of A genes that were responsive to these
X genes. The large size of the turquoise module suggests that inefficient X-inactivation is a
major force driving sex differences in expression throughout the autosomal genome of
blastocysts.

Although the higher expression of X genes in XX blastocysts is the most likely source of the
significant sexual bias in autosomal genes of blastocysts, other sex-biasing factors are
present at this stage. These include the presence of a paternal imprinting on X genes only in
XX blastocysts, the presence of Y genes only in XY blastocysts, and the presence of a large
heterochromatic X chromosome only in XX cells that have some X inactivation (Arnold,
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2012). Epigenetic heterochromatizing factors may be sequestered away from autosomes in
those blastocysts showing greater amounts of X inactivation, reducing the amount of
autosomal heterochromatin and activating expression of autosomal genes in XX blastocysts
more than XY (Wijchers et al., 2010; Wijchers and Festenstein, 2011). Although it is
impossible to exclude any of these sex-biasing factors, the chromosome-wide expression of
genes from both X chromosomes is the most likely explanation, given the pattern of results
reported here. Whatever the source of sexual bias, it was clearly a major factor influencing
the formation of gene coexpression modules. Nonetheless, the factor forming the modules
did not create any specific accumulation of genes with same or similar functions that make
the genes in the same group, which suggests that the autosome genes regulated by inefficient
X inactivation (or some other factor explained above) during blastocyst stage have many
functions, and thus may be sex-biased more because of the number of X chromosomes
rather than because of any selection for sexual bias in blastocyst function. Indeed, some of
the genome-wide sex differences in expression caused by the X chromosome imbalance may
offset each other, and represent adaptive counteracting forces that reduce the sex biasing
effect of widespread sex difference in X gene expression. Nevertheless, these processes
could have long term effects to create sex biased in tissue function (Bermejo-Alvarez et al.,
2011b).

The lack of complete X chromosome dosage compensation found in bovine blastocysts is
somewhat reminiscent of other systems in which sex chromosome dosage compensation is
not effective. In birds, the large Z chromosome has two copies in males (ZZ) compared to
one in females (ZW). Male Z chromosomes are not effectively dosage compensated
(Baverstock et al. 1982; Kuroda et al. 2001; Kuroiwa et al. 2002; McQueen et al. 2001; Itoh
etal., 2007, 2010; Arnold et al., 2008; Ellegren et al. 2007; Naurin et al., 2011, 2012; Zhang
et al., 2010; Wolf and Bryk, 2011; Uebbing et al., 2013). The pattern of overall female bias
in X genes (vs. less in autosomes) found in bovine blastocysts has some similarity to the
male bias of Z gene expression in birds (compare figure 1A to fig 1 of Itoh et al., 2007).
However, the degree of female bias in X genes shown in figure 1A is more modest than the
male bias of Z gene expression in birds. The most likely explanation is that M:F expression
was averaged over 60 blastocysts in each XX sample, so that blastocysts at different stages
of X inactivation contributed to the average, muting the female bias that would be most
extreme in blastocysts with the least dosage compensation.

Gene network analysis classified the genes of blastocyst microarray data into 8 modules.
These modules can be separated into two groups based on the expression pattern of
autosome genes: bimodal in sexual bias (turquoise, red, and pink module) and unimodal (the
other modules). In the modules with bimodal autosomal expression, which have male- and
female-biased genes and only a few unbiased genes, the autosome genes can be regulated by
sexually dimorphic X chromosome genes. This was most clearly observed in the turquoise
module. X chromosome genes correlated with turquoise autosomal genes more than
autosomal genes correlated with each other. This pattern is expected if the sex bias in
expression of autosomal genes is caused by the sex bias in X genes. Moreover, the gene
coexpression data more often fit a causal model in which the sex difference in X gene
expression drives the sex differences in A gene expression, compared to the reverse model.
Although it may be more likely that the X genes in one module are those that drive sex bias
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of genes in the same module, we cannot exclude the possibility that X genes in other
modules drive sexual dimorphism outside of their own module. A minority of X genes
appeared to be expressed at the same level in the two sexes, suggesting that network or other
expression constraints prevented higher expression of these in females despite the lack of
complete dosage compensation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(@) The distribution of male to female ratios of genes encoded by the X chromosome and
autosomes in bovine blastocysts (left, 13262 probes) or muscle tissue from 36 month-old
animals (right, 13226 probes). Bin size=0.1 for blastocyst, bin=0.25 for 36 months cattle. (b)
Mean expression levels of X genes were divided by the mean expression levels of autosome
genes, and plotted for each of the 18 samples. Male ratios were significantly lower than
female ratios (t-test: p= 8.461e-13).
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Figure2.
The distribution of male to female ratios of genes encoded by the X chromosome and

autosomes for turquoise module genes. X chromosome genes in this module had female-
biased expression. Autosomal genes were either female-biased or male-biased, with almost
no genes showing sexual equivalence. Bin size=0.05.
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Figure3.

The distributions of male to female ratios of expression of genes encoded by autosomes in
each module. Autosomal genes for turquoise, red, and pink modules were either female-
biased or male-biased, with almost no genes showing sexual equivalence. In the other
modules, autosome genes had little sexual bias. Bin size=0.01.
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Figure4.
The expression value of the module eigengene is graphed for turquoise and pink modules,

across the 18 samples. The two modules were both sexually dimorphic, but show different
patterns of sexual dimorphism, accounting for the separation of the genes into these two
modules.
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Figure5.
X chromosome genes, more than autosomal genes, correlate with autosomal genes in

turquoise module. a) The numbers of autosomal genes that correlated significantly (p<0.05)
with X (red) and autosomal (black) genes are plotted. Each circle represents an individual
gene. b) Box plot of the numbers of significantly correlated with autosomal genes in 5A. X
genes correlated with more autosomal genes than autosomal genes did (t-test: p-value <
2.2e-16). ) The relationship between male to female ratio and the number of X genes that
correlated with each autosomal genes in the turquoise module. The turquoise module
autosomal genes with lower M:F ratios were correlated with a higher number of X genes,
compared to autosomal genes with higher M:F ratios.
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Figure®6.

X chromosome location of turquoise and brown module genes. The top panel shows 258 X
chromosome genes which were in the 5000 gene set used for gene network analysis.
Turquoise module genes were randomly distributed along the X chromosome. Brown
module genes were lacking in the region around the Xist locus. A permutation test showed
that the distribution of brown module genes outside of the near-Xist region (60925306 bp <
thick line < 91441704 bp) was unlikely to occur by chance (p=0.007).
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