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ARTICLE INFO ABSTRACT
Keywords: X chromosome dosage compensation (XDC) refers to the process by which X-linked genes acquire
Autoimmune diseases expression equivalence between two sexes. Ohno proposed that XDC is achieved by two-fold
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Mental developments
SP1

XCI escapees

upregulations of X-linked genes in both sexes and by silencing one X chromosome (X chromo-
some inactivation, XCI) in females. However, genes subject to two-fold upregulations as well as
the underlying mechanism remain unclear. It’s reported that gene dosage changes may only affect
X-linked dosage-sensitive genes, such as protein complex coding genes (PCGs). Our results
showed that in human PCGs are more likely to escape XCI and escaping PCGs (EsP) show two-fold
higher expression than inactivated PCGs (InP) or other X-linked genes at RNA and protein levels
in both sexes, which suggest that EsP may achieve upregulations and XDC. The higher expressions
of EsP possibly result from the upregulations of the single active X chromosome (Xa), rather than
escaping expressions from the inactive X chromosome (Xi). EsP genes have relatively high
expression levels in humans and lower dN/dS ratios, suggesting that they are likely under
stronger selection pressure over evolutionary time. Our study also suggests that SP1 transcription
factor is significantly enriched in EsP and may be involved in the up-regulations of EsP on the
active X. Finally, human EsP genes in this study are enriched in the toll-like receptor pathway, NF-
kB pathway, apoptotic pathway, and abnormal mental, developmental and reproductive pheno-
types. These findings suggest misregulations of EsP may be involved in autoimmune, reproduc-
tive, and neurological diseases, providing insight for the diagnosis and treatment of these
diseases.

1. Introduction

The male mammalians have one X chromosome, while females have two copies. The sex chromosomes of mammals (X and Y)
originated from a pair of autosomes about 150 million years ago [1,2]. Then X and Y chromosomes began to diverge, possibly caused
by recombination suppression events, such as inversions on the Y chromosome [3,4]. Except for the two small pseudo-autosomal
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regions (PARs), the Y chromosome did not recombine between chromosomes or undergo a different type of recombination in a single
chromosome called gene conversion [5] and gradually degenerated and lost most of its genes [6]. This leads to between-sex gene
content imbalance: male XY versus female XX. To maintain gene expression balance between sexes, XDC takes place, in which, ac-
cording to Susumu Ohno, one random X chromosome in females is inactivated, and the expression of the active X chromosome in
females and the single-copy X in males are doubled [7]. In this way, the expression of X-linked genes becomes equivalent between the
two sexes, and at the same time, maintains the dosage balance between X-linked and autosomal genes [8]. This two-step model is
established as a foundation of our understanding of the evolution of mammal sex chromosomes [9,10].

However, in general, no or only weak up-regulations of X-linked genes at both RNA and protein levels have been observed [11-13],
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Fig. 1. Comparisons of gene expression at transcriptome and proteome levels between the X chromosome and autosomes in human tissues. (A) The
relationship between X-linked protein complex coding genes (PCGs) and XCI escaping. Escapees and inactive genes refer to X-linked genes that can
escape XCI or be subject to XCI. PCGs and non-PCGs refer to genes encoding protein complex coding genes or not. (B) Global expression value for
each gene by taking the average of its expression values across tissues. The labels of the X-axis are AuP, EsP, InP, AuNP, EsNP, and InNP. EsNP and
InNP refer to non-protein complex coding genes that can escape XCI or be subject to XCI, respectively. AuNP means non-protein complex coding
genes in autosomes. (C) The median RNA expression of genes in 5 groups (AuP, EsP, InP, EsNP, InNP) across 23 tissues. (D) The corresponding RNA
expressions of AuP, EsP, and InP in males and females. (E) Global protein expression value for each gene by taking the average of its expression
values across tissues. (F) The X:AA ratios between EsP, InP, and AuP across 30 tissues. In all boxplots, the central horizontal line represents the
median value and the top and bottom lines of the box are the 25th and 75th percentiles. “*” = p < 0.05, “**” = p < 0.01 and “***” = p < 0.001.
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questioning the two-fold upregulation of the entire X chromosome [14]. An alternative hypothesis is that only part of the X chro-
mosome may be dosage compensated, as demonstrated in silkworm [15], chicken [15,16,17], and platypus [18]. In this scenario,
dosage-sensitive genes may be more likely to achieve dosage compensation [19]. PCGs are thus good representatives of
dosage-sensitive genes [19], such as, in yeast most protein complex genes are likely to be dosage sensitive [20], and In multicellular
organisms, PCGs were found overrepresented among dosage-balanced ohnologues [19] and many haploinsufficient genetic diseases
are caused by PCGs [21]. Expression levels of X-linked genes coding large protein complexes are similar to autosomal genes and may
achieve upregulations [19].

Over 20% of X-linked genes can escape XCI (termed as XCI escapees), which are expressed from both active X (Xa) and inactive X
(Xi) chromosomes in females [22]. XCI escapees in humans are clustered on X and probably regulated at the chromatin domain level
[23,24]. XCI escapee genes have been reported to exhibit higher expression than X-inactivated genes across tissues, [25] suggesting
that XCI status may be associated with X upregulations and XDC, but the specific relationship as well as how XCI status affects XDC of
dosage-sensitive genes (i.e. PCGs) remains unclear.

Moreover, upregulations and XDC of XCI escapees can be achieved by either upregulations of Xa or escaping expression from Xi.
Allele-specific expression analyses of RNA-seq datasets revealed that expression from Xi reaches low levels, on average 33%, of
expression from Xa [23,26]. These two mechanisms (Xa upregulations and Xi escaping) may contribute to the XDC differently and their
contributions to XDC are still unknown.

In the study, we propose that only some genes on the X chromosome achieved upregulations and XDC. We want to find out X-linked
genes that may achieve upregulations and XDC, measure the possible contributions of Xa and Xi in the upregulations, explore the
underlying mechanism for upregulations of X-linked genes, estimate the selection pressure of X-linked genes using dN/dS values, and
finally identify candidate genes that may underlie X chromosome inactivation-related diseases.

2. Results
2.1. PCGs are more likely to escape X chromosome inactivation (XCI)

Firstly, we focus on the relationship between protein complex coding genes (PCGs) and XCI escaping status. According to the
statuses of XCI escaping and being PCGs, X-linked genes are divided into four groups: EsP, InP, EsNP (escaping non-PCGs), and InNP
(inactive non-PCGs) (Supplementary Table 1). We found that 59.3% of PCGs can escape XCI, compared with only 45.2% of non-PCGs
(Fig. 1A and 59.3% vs. 45.2%, chi-square test with Yates’ correction, p = 0.0157). These results suggest that PCGs may have some sort
of connection with XCI escaping.

2.2. EsP but not InP show higher expression at transcriptome and proteome levels and may achieve total X chromosome dosage
compensation

Next, we adopted a method, which used the expression of autosomal genes as the reference, to evaluate the role of XCI escaping
statuses and being PCGs in XDC [19,27]. That is, X:AA = 1 means total dosage compensation, and X:AA = 0.5 indicates that no dosage
compensation occurs. Autosomal protein complex genes and the rest are referred to as AuP and AuNP, respectively.

At the transcriptome level, we obtained RPKM values for all genes in each tissue from the Genotype-Tissue Expression project
(GTEx) and found that the global expression levels of EsP are similar to that of AuP (Fig. 1B, p = 0.926, EsP:AuP = 0.900). By contrast,
InP showed significantly lower expression than that of EsP and AuP (p = 0.005 and 0.0002, respectively), with only about half of the
expression level of the latter groups (InP:EsP = 0.533 and InP:AuP = 0.478). These results indicate that EsP is twofold expression of InP
at the mRNA level, which remains true for most tissues, as shown in Fig. 1C. In addition to females, the EsP also shows significantly
higher expression than InP in males (Fig. 1D, p = 0.014), implying that the higher expressions of EsP mainly result from the upre-
gulations of Xa, rather than escaping expressions from Xi. Moreover, EsP and InP genes, on average, are expressed at similar levels
between two sexes (Fig. 1D, p = 0.791 and 0.922, respectively). To further test that escaping XCI alone can’t explain the higher
expression of EsP than InP, we also compared the expression of EsNP and InNP, where these genes are less dosage-sensitive. For PCGs,
the global expression of EsP is significantly higher than that of InP (Supplementary Fig. 1A, EsP:InP = 1.96, p = 0.0097), but no
significant difference is observed for nonPCGs (Supplementary Fig. 1B, ESNP:InNP = 1.27, p = 0.3243). Moreover, there is a significant
synergistic effect of being PCGs and XCI escaping status in the higher expression of EsP (Supplementary Table 2, two-way ANOVA, p =
0.0008) and XCI status is not significant separately (Supplementary Table 2, two-way ANOVA, p = 0.4364). These results suggest that
the upregulation of active X, rather than escaping XCI, may mainly account for the higher expression of EsP — a group of dosage-
sensitive genes.

Similar to the results at the transcriptome level, EsP also generally exhibited two-fold higher expression than InP at the protein level
(Fig. 1E, p = 0.010). Moreover, while the InP:AuP ratio is 0.522 (p = 0.016), the EsP:AuP is close to 1 (p = 0.316), which still holds for
most tissues as shown in Fig. 1F.

We can also ask whether the expression levels of EsP genes became higher in evolution. Z-score was used to measure expression
changes, and positive Z-scores mean expression increases since the human/Chimpanzee common ancestor [28]. We found that Genes
in group EsP have greater Z-scores than other X-linked genes (Supplementary Fig. 1C, p = 0.008). Moreover, the median Z-score of
genes in the EsP group is 0.2, compared to other X-linked genes with a median Z-score close to O (i.e., no change). Several increased
genes tend to occur in a cluster (data not shown). These data suggest that several EsP genes such as SH3KBP1 and HDAC6 may be
slightly increasing more expression during the recent evolution of the X chromosome.
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2.3. Transcription factor SP1 is enriched in genes of group EsP

The specific mechanism for upregulations of X-linked genes is not fully understood. As EsP genes possibly achieve two-fold
upregulations, we tried to explore the underlying expression regulation mechanisms of EsP, such as transcription factors, compared
to InP, EsNP, and InNP using the Enrichr tool (see Methods) [29]. No significantly enriched motifs are found in the InP, EsNP, and
InNP. By contrast, there are six significantly enriched motifs in EsP (Fig. 2A). Among them, SP1, PAX4, and USF are known specific
transcription factors and SP1 ranks first (p = 2.175E-06). Then we extracted the SP1 binding sites of genes from RegNetwork database
[30] and found that more than 43% (32/73) of EsP genes contain SP1 binding motifs around their promoter regions. SP1 can play
parallel roles with YY1 and CTCF in regulating XIST transcription from the XIST promoter [31]. And the binding motif of SP1 was
reported to be exclusively enriched in the regulatory elements on the Xa rather than Xi [32,33].

Moreover, PCGs with SP1 binding sites have significantly higher protein expression than genes without SP1 binding sites both on
the X chromosome (p = 0.008) and autosomes (p < 0.001) (Fig. 2B). Within the EsP class, genes with SP1 binding motifs also exhibit
higher expressions than genes without SP1 binding motifs (Fig. 2C, p = 0.031). Expressions of EsP without SP1 binding motifs were
marginally higher than those of InP (p = 0.0309), suggesting that there may be other factors besides SP1. These results suggest that SP1
may, at least in part, takes part in the upregulations of EsP on the Xa.

There have been no reports about including PAX4 and USF1 in XCI in the literature so far. PAX5 has been reported to be signif-
icantly enriched in XCI escapees via a secondary mechanism instead of a sequencing-dependent manner [34]. PAX4 may also
participate in XDC similarly. USF belongs to basic helix-loop-helix leucine zipper family and can activate transcription through
pyrimidine-rich initiator elements and E-box motifs.

2.4. EsP showed lower dN/dS ratios and may be under stronger purifying selection pressure

Next, we want to find out the differences in selection pressures between EsP and InP using dN/dS ratios. dN/dS < 1 suggests
purifying selection and dN/dS > 1 indicates adaptive selection [35]. Expression levels are reported to be highly correlated with
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Fig. 2. SP1 may be responsible for the dosage compensation of X-linked escaping PCGs. (A) Escaping protein complex coding genes (EsP) genes are
significantly enriched with six binding motifs. X-axis indicates the —log10 adjusted p values and Y-axis indicates the motifs. (B) Autosomal PCGs
(AuP) and X-linked PCGs (EsP + InP) with SP1 binding motifs are significantly higher than corresponding PCGs without SP1 binding motifs. (C)
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means that genes have SP1 binding motifs. “*” = p < 0.05, “**” = p < 0.01 and “***” = p < 0.001.



Z. Xing et al. Heliyon 9 (2023) e17721
sequence evolutionary rates, and genes with higher expression levels tend to be under greater selection pressure [36,37]. We found
that protein expressions of EsP and InP are not associated with dN/dS (Fig. 3A), and the dN/dS ratios of EsP are still significantly lower
than that of InP after removing the effects of protein expression levels (Fig. 3B, ANCOVA test, p = 0.034), suggesting that ESP may
suffer from a stronger purifying selection.

2.5. EsP are enriched in important pathways and phenotypes and may be underlying mechanisms for XCI-related diseases

Then we tried to explore the possible downstream consequences of EsP genes having high dosages in females and males. We
performed gene functional enrichment analysis (see Methods) and found that 22 GO terms (17 BP terms, 2 CC terms, and 3 MF terms)
are significantly enriched with EsP genes (Fig. 4A, adjusted p < 0.05 for these 22 GO terms). Most enriched GO terms are associated
with immune regulations, including NF-kappaB and toll-like receptor-related pathways, as well as apoptosis (GO: 2001234) and cell
division (GO: 0007052 and GO: 0007059) (Fig. 4B). By contrast, InP genes were enriched only in one term (GO: 000609, pyruvate-
related pathway, adjusted p = 0.02214). There were no significantly enriched terms for genes in EsNP and InNP, and even the top-
ranking terms are independent of the above signaling pathways.

Similarly, we adopted the phenotypic information in the MGI phenotype database to analyze the phenotypic differences between
EsP and three other groups using Enrichr (see Methods). There are three significantly enriched phenotype terms for EsP: abnormal
learning and memory, abnormal developmental pattern, and abnormal reproduction system (Fig. 5). By contrast, there were no terms
for genes in the other three groups. The X chromosome has accumulated a disproportionate number of genes associated with mental
functions [38] and reproduction [39], and the enrichment results of EsP are consistent with previous studies [39], suggesting that
dysregulations of EsP may partly underlie X-linked abnormal phenotypes.

2.6. Overexpression of EDA2R may be associated with systemic lupus erythematosus

EsP may provide us with a collection of probable candidate genes, dysregulations of which may cause autoimmune diseases [40].
Taking systemic lupus erythematosus (SLE) for example, we built a PPI network between 71 SLE pathogenic genes (obtained from
DisGeNET database [41]) and EsP genes and found that many EsP genes had direct protein-protein interactions with SLE pathogenic
genes (Supplementary Fig. 2), suggesting these genes may be involved in SLE. Moreover, a recent study reveals that SLE is likely due to
the partial reactivation of Xi resulting from the lack of XIST in rare CD11c+ atypical B cells. They identified 36 XIST-dependent
reactivated X-linked genes [42]. So, it is reasonable to suppose that overexpression of X-linked dosage-sensitive genes resulting
from Xi reactivation may participate in SLE. EDA2R is the only gene in EsP that belongs to Xi-reactivated genes from XIST knockout
and is over-expressed in both SLE patients with active and less active diseases (Fig. 6). EDA2R encodes a lesser-known TNFR super-
family member and mediates the activation of the non-canonical NF-kappa-B pathway [43]. EDA2R requires the kinase activity of NIK
and IKKa to bind TRAF2 and TRAF6. Although EDA2R has not been investigated in SLE, it is significantly upregulated in Sjogren’s
syndrome (SS) compared to healthy individuals [44]. Sjogren’s syndrome is frequently associated with SLE and rheumatoid arthritis.
These results highlight the potential functional implication of EDA2R in SLE and other autoimmune diseases.
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3. Discussion
3.1. Escaping but not inactive PCGs may achieve X upregulations and dosage compensation

Ohno hypothesized that XDC is achieved by random XCI in females and two-fold expression increases of X-linked genes in both
sexes [7]. Previous research did not show evidence of global X up-regulation, which may be limited to dosage-sensitive genes, such as
PCGs [12,19]. It has been reported that X:AA = 1 indicates possible dosage compensation, and X:AA = 0.5 means that there was
possibly no dosage compensation [19,27]. From our study, we found that PCGs are more likely to escape XCI. And EsP shows similar
expressions to autosomal PCGs, almost twice InP expressions, at both RNA and proteome levels, suggesting that EsP but not the InP
may have achieved upregulations and XDC, which is partly consistent with the previous report that X-linked PCGs may achieve XDC
[19]. The discrepancy may be due to the overrepresentation of XCI escapees in PCGs. As nearly 60% of PCGs can escape XCI, the overall
distribution will deviate to EsP, and expression signals of InP may be shielded. When we put EsP and InP together (meaning all PCGs),
the ratio (E + I)/A is 0.837 and near 1, which may partly account for this phenomenon. Our two-way ANOVA results revealed that
PCGs and escaping XCI had a significant synergistic effect on higher expressions of EsP (Supplementary Table 2, p < 0.05 with Tukey
post hoc test). Moreover, EsP genes have greater median Z-scores than other X-linked genes (Supplementary Fig. 1C), suggesting that
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they became higher in expression level in evolution during the recent evolution of the X chromosome. These results further support the
hypothesis that EsP may achieve upregulations and XDC. Since our results are based on the bulk RNA-seq from GTEZX, it will miss the
cellular heterogeneity of gene expressions between different cell types.

3.2. Upregulations of EsP possibly result from higher expressions of Xa rather than escaping expression of Xi

In human, most EsP and InP genes exhibited similar expression levels between females (XaXi) and males (XaY) (Fig. 1D), suggesting
that escaping expressions from Xi may have little influence on overall expressions [25]. We found EsP showed higher expression levels
than InP in both females and males (Fig. 1D), implying that higher expressions of EsP relative to InP may mainly result from high
expressions of Xa rather than escaping expression from Xi if assuming the same regulatory mechanism is used in both sexes. Since we
have found EsP shows similar expressions to autosomal PCGs, almost twice of InP expressions (Fig. 1) and only EsP may have achieved
two-fold upregulations, these above results suggested upregulations of EsP may result from higher expressions of Xa rather than
escaping expressions of Xi, which were consistent with the report that expression level of escapee genes from the Xi is usually lower
than from Xa [45]. For example, as a XCI escapee, TLR7 expression from Xi usually accounts for a small portion of Xa [42].

3.3. SP1 may be responsible for X up-regulation and dosage compensation of EsP

Several mechanisms participated in the X up-regulation process, including RNA stability, translational regulation, and increased
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ribosome density [46-49]. Different mechanisms may have independently evolved to increase expression levels of corresponding
X-linked genes [39]. We found SP1 motif is significantly enriched in the promoters of EsP rather than InP (Fig. 2A, p < 0.05), which is
consistent with a previous report that SP1 was exclusively enriched in transcriptome regulation elements of expressed genes in Xa [32,
33]. We further extracted SP1 binding information of genes from RegNetwork database [30]. PCGs with SP1 binding sites showed
significantly higher protein expressions than PCGs without SP1 binding sites on autosomes and the X chromosome (Fig. 2B). These
results indicate that SP1 may be involved in the up-regulations of EsP on the Xa.

Since we found EsP shows similar expressions to autosomal PCGs, almost twice of InP expressions, in box males and females,
suggesting that only EsP (Escaping PCGs) but not the InP(Inactive PCGs) may have achieved two-fold upregulations on the Xa. If this
assumption is true, there seem to be some common characteristics between XCI escaping on Xi and up-regulations on Xa. So, the
mechanisms of X upregulation, including SP1, may help genes on Xi escape inactivation. CpG islands DNA (CGIs) methylation is
associated with gene silencing in XCI [50]. SP1 can recruit RNA polymerase II, prevent the spreading of heterochromatin [51,52],
protect CGIs from de novo methylation and maintain expression of downstream genes [53,54]. Mutations of SP1-binding sites fail to
maintain the unmethylated state of the Aprt gene CGI [51]. These results SP1 showed that SP1 might also participate in XCI escaping
on the Xi. And XCI escaping may serve as contingent effects of XDC due to some unknown transcriptional regulation mechanisms rather
than the direct cause.

3.4. EsP genes are involved in several important pathways and abnormal phenotypes

The phenotypic consequences of sex chromosome aneuploidies highlight the importance of X-linked dosage-sensitive genes in
autoimmune diseases, reproductive diseases, and neurodevelopmental disorders, but the underlying genes remain unclear [55-58].
Genome-wide association studies (GWAS) studies often excluded the X chromosome because of genetic complexity, limiting our
understanding of its roles in complex diseases [57]. Moreover, Variable escape genes recently were reported to be significantly
enriched in female-biased diseases [59]. We found that EsP genes, rather than InP, EsNP, and InNP, are enriched with several
important pathways, including apoptosis, NF-kB, Toll-like receptors, and abnormal phenotypes and are highly associated with X
chromosome-related diseases. For example, IRAK1 in EsP acts as the MyD88 complex on/off switch to activate the NF-xB inflammatory
pathway and is a susceptibility gene for SLE (Fig. 4C) [40]. Apoptosis is a programmed cell death process, which maintains tissue
homeostasis. Defects of apoptosis may result in uncleared apoptotic cells and their accumulation in tissue and initiate systemic
autoimmunity in several chronic inflammatory diseases, including SLE and Rheumatoid Arthritis [60]. NF-kB signaling pathway is
reported to play crucial roles in the proper maturation and development of lymphocytes and dendritic cells. Abnormal NF-kB signaling
will result in the secretions of autoreactive T-cells and has also been implicated in the pathogenesis of the autoimmune disease [61].
Toll-like receptors (TLRs) belong to the family of pattern recognition receptors that recognize a wide range of pathogen-associated
molecular patterns (PAMPs). They are released by the host cells and trigger various intracellular pathways to protect against
invading microorganisms. Several studies pointed out the essential role of TLRs in the pathogenesis of autoimmune diseases. TLR
pathway-associated proteins, such as IRAK, TRAF, and SOCS, are often dysregulated in autoimmune diseases [62]. Women account for
80% of patients with autoimmune diseases [63]. Klinefelter syndrome patients (males, XXY) have a 14-fold higher risk to develop SLE
than normal males (XY) [63], suggesting that the high risk of SLE is dominated by the increased expressions of X-linked genes,
especially immune genes [42]. Genes escaping XCI may be expressed higher in females than males and thus cause female-biased
immune reactions such as higher antibodies, misregulation of these escaping dosage-sensitive genes may cause serious autoimmune
diseases [64].

We also discovered a significant enrichment of EsP genes with abnormal learning and memory, abnormal developmental patterns,
and abnormal reproduction system (Fig. 5). Evidenced is emerging for the influence of X-linked genes upon intelligence. RPS6KA3 and
MAOA in EsP are involved in brain development. The MAOA gene provides instructions for making the enzyme monoamine oxidase A,
which is involved in the breakdown of the neurotransmitter’s serotonin, epinephrine, and dopamine and is associated with regulating
mood, emotion, sleep, and appetite. Monoamine oxidase A appears to be involved in normal brain development and is a susceptibility
gene for psychiatric disorders [65,66]. The RPS6KA3 gene encodes a member of the RSK (ribosomal S6 kinase) family of growth
factor-regulated serine/threonine kinases. RSKs appear to have important roles in cell cycle progression, differentiation, and cell
survival. Dysfunctions of RPS6KA3 are associated with intellectual disability [67]. It seems promising to explore the role of mis-
regulations and mutations of RPS6KA3 in brain diseases. So, EsP may play important roles in immune, reproduction, and brain
development and may need to compensate for haploinsufficiency during the evolution of sex chromosomes. Expression changes of EsP
resulting from sex chromosome aneuploidies may underlie sex chromosome aneuploidies-related disorders.

We further found that the dN/dS ratios of EsP are still significantly lower than that of InP (Fig. 3B, ANCOVA test, p = 0.034) after
removing the effects of differences of gene expression levels in the ANCOVA test, which indicate that EsP genes may be under strong
functional constraints possibly because these significantly enriched pathways of EsP are highly conserved across different organisms.
The inconsistent results between this study and Zhang, Y. et al. (2013) [68] at the dN/dS ratios of XCI escapees may be due to that the
classifications of XCI status are based on different datasets.

3.5. Misregulations of EsP such as EDA2R are highly associated with autoimmune diseases
It’s recently reported that the fidelity of XCI maintenance was impaired in the CD11c+ atypical B cells, a rare population in healthy

individuals but aberrantly expanded in autoimmune diseases [42]. Loss of XIST and partial reactivation of Xi in CD11c+ atypical B
cells result in overexpression of X-linked immune genes including TLR7 [45], raising a possibility that certain autoimmune diseases
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seem to be due to abnormal reactivation of X-linked dosage-sensitive immune genes from Xi [64]. Overexpression of TLR7 plays an
important role in the development and pathogenesis of SLE [69]. As a XCI escapee, TLR7 expression from Xi usually only accounts for a
small portion of Xa and can revert to a similar expression as Xa when activated by XIST knockout [42]. Similarly, as EsP are more likely
to be dosage-sensitive and enriched in important pathways, EsP genes are possibly predisposed to reactivate and overexpress in Xi and
underlie autoimmune diseases, such as SLE. We found that EDA2R in EsP can be reactivated by XIST knockout and over-expressed in
SLE patients with active and less active diseases (Fig. 6), suggesting the misregulations of EsP and the potential functional role of
EDAZ2R in the SLE and other autoimmune diseases.

3.6. Future perspective

Given that bulk RNA-seq presents an average expression of genes among all cells in a cell pool, it is interesting to analyze the
cellular heterogeneity of EsP expressions at the single-cell levels and perform functional experiments to explore their roles in auto-
immune diseases.

4. Conclusion

Using transcriptome, proteome and other data, we demonstrated that EsP shows similar expressions to autosomal PCGs, almost
twice of InP expressions in boxes female and males, implying that EsP may achieve two-higher upregulations and higher expressions of
EsP relative to InP may mainly result from upregulations of Xa. SP1 motif is significantly enriched in EsP and EsP genes with SP1
binding sites showed significantly higher protein expressions than EsP without SP1 binding sites. These results suggest that SP1 may be
involved in the up-regulations of EsP on the Xa. Moreover, EsP genes are involved in several important pathways and abnormal
phenotypes. We also found that misregulations of EDA2R may be associated with SLE. We hope that our study could provide several
candidate genes that may underlie XCI-related diseases.

5. Methods
5.1. Obtaining protein-complex coding genes (PCGs)

Human protein complex datasets were downloaded from the PCDq database (https://dbarchive.biosciencedbc.jp/data/pcdq/
LATEST/pcdq_subunit_ member.zip) [70]. PCDq database predicted human protein complexes based on six integrated PPI data
(BIND, DIP, MINT, HPRD, IntAct, and GNP_Y2H) by finding densely connected regions in the PPI network and then manually
annotating the predicted complexes to confirm that they are experimentally defined protein complex members in literature [70]. We
used BioMart (v.GRCH37) (https://grch37.ensembl.org/biomart/martview/, Ensembl 75) to retrieve genomic coordinates of protein
complex coding genes (PCGs) and 3463 autosomal and 143 X-chromosomal PCGs, respectively, were obtained by homemade Perl
script. Other genes were classified as non-PCGs. In this study, we use PCGs as the representatives of dosage-sensitive genes.

5.2. Obtaining XCI escaping status of X-linked genes

The XCI status of X-linked genes on chromosome X was obtained from a prior study [25]. As the XCI status of most genes is highly
consistent across tissues and variable escapees seem to be tissue specific [25], they classified X-linked genes into XCI escapees and
X-inactivated genes and used an inclusive definition of XCI escapees: genes that showed significant evidence of escape in any number of
tissues or individuals were classified as escape genes [25]. Genes without XCI status information were excluded. We chose the HGNC
gene symbol as the standard, and other formats such as Ensembl ID are converted to gene symbols using the online Hyperlink
Management System tool (http://biodb.jp/).

5.3. X-linked genes grouped by XCI status and PCGs

This study investigated the effect of dosage sensitivity and XCI status on X chromosome dosage compensation. We divided genes on
chromosome X into four groups according to escape status and protein complex coding information to facilitate further comparison.
The four groups are abbreviated as EsP, InP, EsNP, and InNP, respectively (Supplementary Table 1). To reduce the effects of other
factors, we did not consider the genes without corresponding escape and protein complex information. Similarly, protein-complex
coding genes on the autosome are referred to as group AuP (3463 genes), and other autosomal genes are referred to as AuNP.

5.4. Human transcription profiles in GTEx database

To assess the differences in transcription levels of different groups of genes, we downloaded the publicly available gene expression
data from the GTEx database, which used RPKM (Reads per kilo base per million mapped reads) as the gene expression quantification
method [71]. GTEx provided RPKM values of 56318 genes for 30 different tissue types of 78 American women and 138 American males
(http://www.gtexportal.org/static/datasets/gtex_analysis_v6/rna_seq_data/GTEx_Analysis_v6_RNA-seq RNA-SeQCv1.1.8_gene_
median_rpkm.gct.gz).

We only consider the entire tissues for tissues with multiple subtypes, excluding the expression data of subtypes and excluded sex-
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specific tissues (cervix, fallopian tube, ovary, uterus, vagina, prostate, and testis) finally, leaving 23 tissue types. Then we used
homemade scripts to extract the expression levels of the autosomal and X chromosome genes. 2 genes in EsNP and 7 in InNP had no
corresponding expression data; others have one-to-one correspondence. Many genes in several tissues cannot be expressed or are
expressed at alow level, which may affect the estimation of the average expression level of groups. Therefore, we adopted a fixed cutoff
(0.1 RPKM) which has been used in GTEx [71] and other projects [25,72]. We calculate the average RPKM values of genes across all the
tissues in which the gene is expressed.

5.5. Human proteome profiles in HPM database

We downloaded human proteome from the Human Proteome Map (HPM) portal. Analytical processes and methods can refer to the
literature [73]. HPM is an interactive resource by integrating the massive peptide sequencing result from the draft map of the human
proteome project. The HPM contains protein expressions of more than 17,000 human genes, covering over 84% of the annotated
human protein-coding genes from individuals with clinically defined healthy tissues, which includes 17 adult tissues, 6 primary he-
matopoietic cells, and 7 fetal tissues. We obtained the RPKM values of 30057 proteins form HPM in RefSeq protein format and then
converted them into HGNC format through the Hyperlink Management System tool (http://biodb.jp/). After excluding 2395 RefSeq
proteins without corresponding gene symbols, we obtain protein expression of 27662 genes. The expression of autosomal and X genes
was extracted by a homemade Perl script. Most genes have protein expression values: AuP (3134 genes, 90.5%), group EsP (66 genes,
90.4%), group InP (44 genes, 88%), EsNP group (184 genes, 88%) and InNP group (202 genes, 84.2%).

5.6. Exploring the role of XCI escaping statuses and being PCGs in XDC

If dosage compensation occurs, gene expression levels will revert to original levels as ancient autosomes. Otherwise, they will be
about the same as half of the original levels. Because the dosage changes during sex chromosome evolution are thought to mainly affect
the X-linked genes, we adopted a method used in previous research [19,27], which used the expression of autosomal genes as the
reference. That is, X:AA = 1 means total dosage compensation, and X:AA = 0.5 indicates that no dosage compensation occurs.
Autosomal protein complex genes and the rest are referred to as AuP and AuNP, respectively.

5.7. The evolution of expression of X-linked genes

We have adopted a method described previously [28], in which a Bayesian approach is employed to infer the ancestral expression
state in the human/Chimpanzee common ancestor. Z-score was used to measure expression changes, and positive Z-scores mean
expression increases since the common ancestor [28]. X-linked genes were divided into group EsP and other genes due to the small size
of genes of some groups.

5.8. Evolutionary selection pressure analysis of X-link genes

We employ dN/dS ratios to measure the selection pressure of genes. And the corresponding dN and dS of human and rhesus one-to-
one orthologous protein-coding genes were downloaded from the online Ensembl BioMart (v.GRCH37) database (https://grch37.
ensembl.org/biomart/martview/, release 75). By necessity, we exclude genes without corresponding dN or dS values. Differences
of dN/dS values between each group are measured by pairwise Mann-Whitney U tests.

5.9. Statistical analysis

In this study, the differences of RPKM values, protein levels and dN/dS ratios between groups were measured by Mann-Whitney U
tests in the R language. ANCOVA and ANOVA tests were performed by aov function in R language. TukeyHSD package (v.4.0.3) in the
R language was used to perform the ANOVA post hoc test.

5.10. Functional enrichment analysis of X-linked genes

The functional enrichment analysis of X-linked genes is performed on the Online Enrichr database with the default setting [29],
which integrates various commonly used databases. Our research mainly involves three databases: GO, KGEE, MGI Mammalian
Phenotype database, and Genome Browser PWMs [29]. Genome Browser PWMs is a TF binding motifs database, MGI Mammalian
Phenotype is a commonly used mouse phenotype database. We extracted SP1 binding information of genes from RegNetwork database
[30]. ClusterProfiler package (v.3.16) in R was used to perform the visualization of functional enrichment Results [74].

5.11. RNA-seq datasets of SLE patients

We wanted to find out the overexpressed X-linked genes in SLE patients. RNA-seq of healthy donors, less active SLE, and active SLE
patients are obtained from the GEO database (accession number GSE97264). DESeq2 package (v.1.29.16) in R was used to retrieve
differentially expressed genes (DEGs) between healthy individuals and SLE patients with |logoFC| > 1 and adjust p < 0.05.
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6. List of abbreviations

The abbreviations and their full name are listed below: X chromosome dosage compensation (XDC); X chromosome inactivation
(XCD); protein complex coding genes (PCGs); escaping PCGs (EsP); inactivated PCGs (InP); EsNP (escaping non-PCGs); InNP (inactive
non-PCGs); active X chromosome (Xa); inactive X chromosome (Xi); pseudo-autosomal regions (PARs); Genotype-Tissue Expression
project (GTEX); systemic lupus erythematosus (SLE); CpG islands DNA (CGlIs); Genome-wide association studies (GWAS); pathogen-
associated molecular patterns (PAMPs) and RPKM (Reads per kilo base per million mapped reads).
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