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Abstract 

Human cancer-germline (CG) genes are a group of testis-specific genes that become 

aberrantly activated in various tumors. Ongoing studies aim to understand their 

functions in order to evaluate their potential as anti-cancer therapeutic targets. Evi-

dence suggests the existence of subcategories of CG genes, depending on location 

on autosomal or sex chromosomes, reliance on DNA methylation for transcriptional 

regulation, and profile of expression during gametogenesis and early embryogene-

sis. To clarify this issue, we developed CTexploreR, a R/Bioconductor package that 

integrates an up-to-date reference list of human CG genes (n = 146) with multiple bulk 

and single-cell methylomic and transcriptomic datasets. Based on promoter meth-

ylation profiles and responsiveness to a DNA methylation inhibitor, 74% of the CG 

genes were classified as DNA methylation dependent (Methdep). Intriguingly, most 

X-linked CG genes (69/70) fell into this category, thereby implicating DNA methylation 

dependency in the well-documented over-representation of testis-specific genes on 

the X chromosome. We further observed that, whereas X-linked Methdep CG genes 

become demethylated and activated in pre-spermatogonia in the fetal testis, most of 

them resist DNA demethylation in female germ cells and remain therefore silent in 

fetal and adult oocytes. Importantly, a number of X-linked Methdep CG genes (e.g., 

FMR1NB, GAGE2A, MAGEB2/C2, PAGE2, VCX3A/B) maintained this maternal- 

specific imprinting after fertilization, and were expressed exclusively in female pre-

implantation embryos, which inherit a paternal X chromosome. Together, our study 

using the CTexploreR package has allowed us to show that X-linked CG genes 

undergo transient maternal imprinting and contribute therefore to transcriptional sex-

ual dimorphism in early embryos.
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Author summary

Cancer-germline (CG) genes include a set of genes that are normally active 
only in the testis but become aberrantly switched on in different types of tumor, 
making them potential targets for new anti-cancer treatments. We developed a 
new analytical tool called CTexploreR, to study these genes, and observed that 
a large subset of CG genes reside on the X chromosome and use DNA methyla-
tion as a mechanism of repression in non-testicular tissues. In fetal testis, these 
genes lose methylation and become activated in early spermatogenic cells, while 
in female ovaries they stay methylated and remain silent. Notably, we demon-
strate that several CG genes keep this methylation pattern after fertilization, and 
are therefore expressed in female but not male embryos, which inherit only one 
X chromosome of maternal origin. CG genes carrying this transient maternal 
imprinting appear therefore as main contributors of sex-biased mRNA expression 
in preimplantation embryos. Our findings therefore open up new fields of investi-
gation into the functions of CG genes, the sexual dimorphism of early embryos, 
and the intergenerational transmission of epigenetic imprints.

Introduction

Cancer-Germline (CG) genes, also called Cancer-Testis (CT) genes, are a group of 
genes that are normally expressed exclusively in testicular germ cells, but become 
aberrantly activated in a significant proportion of tumors of different histological 
origins. Genes with this particular expression profile were initially identified on the 
basis of their ability to produce tumor-specific antigens recognized by cytolytic 
T lymphocytes [1]. The immunogenicity of CG gene products results from their 
restricted expression in germ cells, which do not express antigen-presenting major 
histocompatibility complexes (MHC) [2]. In contrast, activation of CG genes in tumors 
of somatic origin gives rise to antigenic peptides that are presented at the cell sur-
face and can be recognized as non-self by the immune system. CG genes represent 
therefore ideal targets for anti-cancer vaccines [3,4]. Their unique expression profile, 
however, extends their clinical potential beyond cancer immunotherapy. It is antici-
pated indeed that they may be useful as cancer biomarkers [5], and may represent 
appealing targets for the development of anti-cancer therapies with limited side 
effects [5]. In this regard, studies are underway to elucidate the still poorly under-
stood cellular functions of CG genes, in order to determine whether they contribute to 
oncogenic pathways [6–8].

Since the initial discovery of CG genes, many others have been identified through 
either cloning of tumor antigen-encoding genes or transcriptional profiling. Isolated 
CG genes were found to share several features. First, a majority of CG genes reside 
on the X chromosome [9], and this is believed to result from evolutionary constraints 
for genes with testis-specific functions. The “sexual antagonism“ theory states 
that genes conferring reproductive advantages to males, but not females, become 
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enriched on the X chromosome during evolution [10]. It remains however unclear whether CG genes exert sex-related 
functions. A further observation is that many CG genes residing on the X chromosome belong to gene families, and have 
a recent evolutionary origin, some being specific to the human species [11].

A striking feature of CG genes is that many of them use DNA methylation, a chemical modification of cytosines in CpG 
sequences, as a primary mechanism of transcriptional repression in somatic tissues [12,13]. Aberrant activation of these 
genes in tumors can thus be explained by the process of global DNA demethylation that often accompanies tumorigenesis 
[14–16]. However, the role of DNA methylation has not been investigated for all CG genes, and it is therefore uncertain if 
this mechanism of epigenetic regulation applies to all or only part of them.

In the adult testis, expression of CG genes was observed at various stages of spermatogenesis. Surprisingly, CG 
genes located on the X chromosome display preferential expression in pre-meiotic stages, particularly in spermatogo-
nia [17]. Instead, CG genes residing on a chromosome other than the X are often expressed at later stages of germ cell 
differentiation, including spermatocytes and spermatids. The reason for this chromosome location-dependent expression 
pattern remains unexplained.

A few CG genes were shown to be also expressed in female germ cells [18,19]. It is not clear, however, whether this 
can be generalized to all CG genes. Investigating gene expression in the female germline is not an easy task, because 
pre-meiotic germ cells are only present in the fetal ovary, and oocytes represent only a small proportion of the cells that 
make up the ovarian tissue in the adult.

Finally, several studies reported expression of CG genes in the embryo [20,21]. Uncertainty remains, however, as to 
the embryonic stages where this expression takes place, as well as the extent to which embryonic expression applies to 
most or only few CG genes.

Considering the issues described above, it seems that CG genes may actually fall into different categories, depend-
ing on chromosomal location, transcriptional regulation and expression profile. Establishing such a sub-classification 
would however require access to a database integrating the various characteristics of CG genes. Currently, the ref-
erence database is the CTdatabase [22], a literature-based repository that was published in 2009. The CTdatabase 
references 276 CG genes, but it is no longer updated. A recent re-evaluation of their expression in normal tissues 
using omics data revealed that some genes in this database do not exhibit the expected tissue-specific expression [6]. 
Another limitation of the CTdatabase is that it is not in an easily importable format, and that some genes are not named 
properly, altogether resulting in poor interoperability for downstream analyses. More recent omics studies gave rise to 
other lists of CG genes [23–26]. These lists differ however substantially between each other, mainly because they use 
various criteria to define CG genes. Moreover, many of the lists are provided as supplemental data files rather than 
searchable databases. Lastly, none of these studies explores the involvement of DNA methylation in the regulation of 
individual CG genes.

Here we present CTexploreR [27], a R/Bioconductor package that integrates an up-to-date reference list of CG genes 
with multiple omics databases, including methylomes and transcriptomes of normal and cancerous tissues and cell lines, 
as well as single-cell RNA-Seq and Bisulfite-Seq data of male and female gonads, and of early embryos. Using CTex-
ploreR [27], we have explored the existence of subcategories of CG genes, in relation to DNA methylation dependency, 
chromosomal localization, and expression profile during gametogenesis and embryogenesis.

Results

CTexploreR package

As a first step, we used publicly available omics data to implement a reliable list of CG genes (Fig 1A). RNA-Seq 
data of healthy tissues from the Genotype-Tissue Expression (GTEx) database [28] were examined, and genes 
with expression strictly limited to testis were selected. We noticed, however, that some well-known CG genes, (e.g., 
genes of the MAGE, SSX, CT45A, and GAGE families) were undetectable in the GTEx testis samples. This is likely 
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because of the high sequence similarities between members in these gene families, which cause multi-mapping of 
mRNA reads (i.e., reads aligned to different genomic regions) and consequent elimination in the GTEx RNA-Seq pro-
cessing pipeline. To overcome this issue, raw RNA-Seq data of normal tissues were processed with multi-mapping 
support. Under these conditions, CG genes that were initially missing became observable (S1 Fig), and were added 
to the list of testis-specific genes. We next sought to eliminate genes that show expression in somatic cells of the 
testis, as well as in discrete cell population of somatic tissues. To this end, the gene list was crossed with the Single 
Cell Type Atlas classification [29] of the Human Protein Atlas [30] to exclude genes that were flagged as specific of 
any somatic cell type. This led to a final list of 1493 genes displaying highly restricted expression in testicular germ 
cells.

Next, selected genes were screened in order to identify those that become activated in tumor cells. To this end, RNA-
Seq data from both The Cancer Genome Atlas [31] (TCGA) and the Cancer Cell Line Encyclopedia [32] (CCLE) were 
screened, and genes showing transcriptional activation in at least 1% of tumors and cancer cell lines of any histological 
type were selected. In an additional effort to select genes with high expression specificity, we further eliminated at this 
stage genes that exceeded a threshold level of expression (TPM > 0.5 in > 25% samples) in normal peri-tumoral tissues 
(TCGA).

Our workflow led to a final list of 146 CG genes displaying highly specific expression in testicular germ cells and signif-
icant activation in tumor cells (S1 Table). These genes were transcribed in a table that constitutes the core of the CTex-
ploreR package [27].

We integrated multiple omics datasets into the package, and developed functions that enable to visualize 
expression and promoter DNA methylation of CG genes in normal and tumoral tissues, at either bulk or single-cell 
level (Fig 1B).

Fig 1.  CTexploreR. (A) Summary of the workflow applied for selection of CG genes. (B) Omics datasets integrated into the package.

https://doi.org/10.1371/journal.pgen.1011734.g001

https://doi.org/10.1371/journal.pgen.1011734.g001
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Of note, we also compiled a list of genes referred to as “CG-preferential” (n = 134), which showed an expression that 
was not strictly limited to testis (testis-preferential), but nevertheless displayed significant up-regulation in different tumors 
(S2 Table). We will, however, focus our analyses on the 146 highly specific CG genes.

Comparison of CTexploreR with other CG gene databases

We compared our list of 146 CG genes with those reported in the CTdatabase [22]. Strikingly, 183 out of the 276 genes 
included in the CTdatabase were not present in our list of CG genes (Fig 2A), because they were considered non  
testis-specific and/or not activated in cancer by CTexploreR. On the other hand, 83 of the CG genes we selected in 
CTexploreR had not been previously reported in the CTdatabase. As mentioned above, other lists of CG genes have been 
established more recently based on omics data analyses [23–26], but with no consistency in the selection approaches 
used. Not surprisingly, the amount of selected CG genes varies greatly from one list to another, and overlaps between 
studies are usually very low (Fig 2B). Despite this marked heterogeneity, we observed that 98 of the CG genes listed in 
CTexploreR (67%) are also present in at least one of the other gene lists (Fig 2B). Importantly, 48 genes selected in CTex-
ploreR had never before been classified as cancer-germline. Together, these observations suggest that our list represents 
a very stringent, yet highly representative, selection of CG genes.

A majority of CG genes exhibit DNA methylation dependency

Having generated an interoperable dataset of CG genes, we first set out to determine which of these rely on promoter DNA 
methylation as a mechanism of transcriptional regulation. To this end, we first explored whole genome bisulfite sequencing 
(WGBS) data of normal human tissues, in order to identify CG genes displaying consistent promoter methylation in non- 
expressing somatic tissues. Additionally, we interrogated RNA-Seq data of cell lines (n = 8) that had been exposed to the 
DNA methylation inhibitor 5-Aza-2′-deoxycytidine (5-AzadC) [33–36], with the aim to identify CG genes that become induced 
by the treatment. CG genes that met the two criteria (expected promoter methylation profile, and transcriptional induction by 
5-AzadC) were classified as “ methylation dependent” (Methdep). For a few CG genes (n = 22, mostly including multi- 
mapping genes like MAGE, GAGE, CT45), only the second criteria was used for classification, because WGBS data were 
missing. On the basis of our filtration criteria, 108/146 (74%) CG genes qualified as Methdep (Fig 3A). Visualization of the 
WGBS data confirms that the promoter methylation level of Methdep CG genes is generally high in somatic tissues, and 
substantially lower in testis (mixture of somatic and germ cells) and sperm (Fig 3B). Promoters of Methdep CG genes also 

Fig 2.  Comparison of the CG gene list of CTexploreR with other cancer-testis gene lists. (A) Venn diagram showing overlap between CG genes 
reported in CTexploreR (brown) and in CTdatabase (grey). Note that the analysis was applied to only 246 genes of the CTdatabase, because 30 out 
of the 276 originally reported genes were wrongly annotated. (B) Upset plot showing all intersections between CTexploreR and five other published 
cancer-testis gene lists, sorted by number of intersections and number of intersecting genes. Solid circles in the matrix indicate lists that are part of the 
intersection.

https://doi.org/10.1371/journal.pgen.1011734.g002

https://doi.org/10.1371/journal.pgen.1011734.g002
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showed intermediate DNA methylation levels in placenta, a temporary organ where the expression of several CG genes has 
been reported previously [37]. The promoters of non-Methdep CG genes instead showed highly variable levels of methyl-
ation, with no marked difference between somatic and germline tissues (Fig 3B). The heatmap representation of RNA-Seq 
data of 5-AzadC-treated cell lines (Fig 3C), shows significant up-regulation of Methdep CG genes, but not non-Methdep 
CG genes, upon exposure to the DNA methylation inhibitor in at least one cell line. Together, these results suggest that 
CG genes fall into two categories on the basis of their dependency on DNA methylation for tissue-specific expression: a 
majority being dependent on their promoter DNA methylation status (Methdep, 74%), and the other part (non-Methdep, 

Fig 3.  Determining DNA methylation dependency of CG genes. (A) Selection criteria and proportion of CG genes categorized as DNA methylation 
dependent (Methdep) or non-dependent (non-Methdep). (B) Mean DNA methylation levels of CG gene promoters among normal tissues, inferred from 
WGBS analyses. Each dot represents a CG gene promoter (C) Evaluation of the responsiveness of CG genes to induction by a DNA demethylating 
agent, based on RNA-Seq data on indicated cell lines exposed (+) or not (-) to 5-Aza-2′-deoxycytidine (5azadC). (D) CG gene promoters of Methdep and 
non-Methdep were classified according to the CpG density (number of CpGs per 100 bp) of their promoter region: high (n ≥ 4), intermediate (2 ≤ n < 4), 
low (n < 2). The number of CG genes in each category is represented graphically. (E) Proportions of Methdep genes among CG genes (1 out of the 146 
could not be classified) and non-CG testicular germ cell-specific genes.

https://doi.org/10.1371/journal.pgen.1011734.g003

https://doi.org/10.1371/journal.pgen.1011734.g003
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26%) probably relying on other regulatory mechanisms. Because the density of CpGs impacts on the regulatory effects of 
DNA methylation, we examined the DNA sequences of CG gene promoters. We observed that, compared to non-Methdep 
CG genes, Methdep CG genes more often contain a promoter with an intermediate density of CpGs (Fisher’s exact test: 
p-value = 0.0002; Fig 3D). This is consistent with previous observations indicating that promoters with an intermediate density 
of CpGs are more prone to acquire tissue-specific methylation patterns [38].

We then sought to determine whether CG genes display a particular propensity for methylation dependency, or whether 
this feature is generally shared among all testicular germ cell-specific genes, i.e., even those that do not become activated 
in cancer. To this end, we applied our filtering for methylation dependency to those of the initially selected testicular germ 
cell-specific genes that were not retained as CG genes (n = 1331). The results showed that among these genes, only 
14.7% qualified as Methdep, whereas 85.3% were categorized in the non-Methdep group (Fig 3E). These results show 
therefore strong enrichment of DNA methylation dependency among CG genes (Chi-squared test, p-value = 2.33E-64), 
suggesting that genes using this regulatory mechanism are particularly at risk of undergoing aberrant activation in cancer.

DNA methylation dependent (Methdep) CG genes are enriched on the X chromosome

Chromosomal assignment of the 146 CG genes revealed that 70 of them (48%) map on the X chromosome (Fig 4A). This 
count indicates significant enrichment on the X chromosome, even after normalization to the total number of genes per chro-
mosome, which is in line previous observations [17]. Unexpectedly, 98% (69/70) of the CG genes located on the X chromo-
some belong to the Methdep category. This contrasted with non-Methdep CG genes, which do not show enrichment on the X 
chromosome (Fig 4A and 4B). Of note, a similar observation was made when comparing Methdep and non-Methdep catego-
ries for the testis-specific genes that displayed no activation in tumors and were therefore not categorized as CG genes (Fig 
4B). Together, these results indicate that the bias of CG genes, and more generally of testis-specific genes, for location on the 
X chromosome ascribes to DNA methylation dependency rather than testis-specific expression or function. This observation 
does not fit into the “sexual antagonism“ theory to explain enrichment of testis-specific genes on the X chromosome.

X-linked Methdep CG genes show higher frequencies of activation in tumors

Studies have shown that CG genes vary widely in their susceptibility to become activated in tumors, with some show-
ing activation rates that exceed 50% in certain tumors, and others never reaching more than a few percent [23]. Here, 
we examined if the subcategories of CG genes we defined differ in their propensity to become activated in cancer. To 
this end, RNA-Seq datasets of tumor cell lines (CCLE) and tissues (TCGA) of three histological types (melanoma, lung 

Fig 4.  Enrichment of CG genes on the X chromosome is related to their DNA methylation dependency. (A) Chromosomal distribution of Meth-
dep and non-Methdep CG genes. (B) Enrichment on the X chromosome in relation to DNA methylation dependency was evaluated for all testis-specific 
genes, either CG or non-CG.

https://doi.org/10.1371/journal.pgen.1011734.g004

https://doi.org/10.1371/journal.pgen.1011734.g004
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adenocarcinoma, head and neck carcinoma) were examined. We observed that CG genes of the Methdep category often 
display more frequent activation and higher expression levels in tumors, compared with those in the non-Methdep cate-
gory (Fig 5A and 5B). Highest activation frequencies and expression levels were observed for Methdep CG genes resid-
ing on the X chromosome, and especially for members of the MAGE family (Fig 5C). Note that the activation frequencies 
of individual CG genes in all tumor types can be retrieved in the CTexploreR package.

Fig 5.  Expression of Methdep and non-Methdep CG genes in cancer cell lines (CCLE) and tumor samples (TCGA). (A) Heatmaps showing 
expression levels of CG genes in melanoma (SKCM), lung adenocarcinoma (LUAD) and head and neck carcinoma (HNSC). Fifty randomly selected cell 
lines or tumors are represented for each histological type. The gene order is based on Ward’s clustering. (B) Mean expression levels in positive samples 
(top panel) and activation frequencies (bottom panel) of CG genes in SKCM, LUAD and HNSC. Samples are defined as positive for a gene if its expres-
sion level is ≥ 1 TPM. Welch’s t-test. (C) As in (B) but combining the three cancer types, and identifying X-linked genes. (D) Comparison of co-activation 
of Methdep and non-Methdep CG genes in tumor cell lines and tissue samples.

https://doi.org/10.1371/journal.pgen.1011734.g005

https://doi.org/10.1371/journal.pgen.1011734.g005


PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011734  October 15, 2025 9 / 25

CG genes are frequently found to exhibit co-activation in tumors [14,37], and this was attributed to their dependency on 
DNA methylation and therefore their common susceptibility to become derepressed in tumors that underwent extensive 
genome-wide DNA demethylation [14,39–41]. In support of this contention, we observed that Methdep CG genes show a 
higher tendency to become co-activated in tumor cell lines and tissues, as compared with non-Methdep CG genes which 
displayed more scattered patterns of activation (Fig 5A and 5D). Together, these results confirm that among CG genes, 
those that are regulated by DNA methylation are at higher risk of becoming jointly derepressed in cancer.

DNA methylation and chromosome location influence CG gene expression patterns during spermatogenesis

Previous studies have reported varying patterns of expression of CG genes during spermatogenesis, with X-linked CG genes 
exhibiting a marked bias towards expression in the pre-meiotic stages of germ cell differentiation [17,18,39,42]. The exact 
windows of expression of the different categories of CG genes have however not been systematically defined. To address this 
issue, we analyzed publicly available scRNA-Seq data from adult testis [43,44]. As shown in Fig 6A, the different categories of 
CG genes exhibited contrasted patterns of mRNA expression during the different stages of spermatogenesis. Most X-linked CG 
genes, which also belong to the Methdep category, displayed preferential expression in the pre-meiotic stages of spermatogen-
esis, i.e., from spermatogonia stem cells to early spermatocytes. mRNA levels of these genes decreased in late spermatocytes 
and became completely absent in elongated spermatids and sperm. Of note, a few X-linked Methdep CG genes exhibited a 
dissimilar profile of expression (SPANXB1, SPANXD, SPANXC, DDX53, TGIF2LX), as their mRNA became detectable from the 
round spermatid stage onwards up into the sperm (Fig 6A). Methdep CG genes not residing on the X chromosome displayed a 
less restricted profile of expression, the mRNA of several of them being detected at almost all stages of spermatogenesis (Fig 
6A). Finally, non-Methdep CG genes (irrespective of their chromosomal location) showed varying, albeit limited, expression 
windows, as scRNA-Seq data identified corresponding mRNAs in germ cells representing either the pre-meiotic, meiotic, or 
post-meiotic stages of spermatogenesis (Fig 6A). Together these results indicated that patterns of expression of CG genes during 
spermatogenesis is influenced by both dependency on DNA methylation and location on the X chromosome.

It has been demonstrated that X-linked Methdep CG gene promoters maintain an unmethylated status in sperm, 
even though the genes are no longer expressed at this stage [16]. Post-meiotic silencing of X-linked Methdep CG genes 
therefore likely relies on a DNA methylation-independent mechanism. A plausible explanation is the process of meiotic sex 
chromosome inactivation (MSCI) taking place in spermatocytes, and leading to DNA methylation-independent downregu-
lation of most genes residing on the X chromosome [45,46]. In support of this hypothesis, we observed that the timing of 
disappearance of X-linked Methdep CG mRNAs coincided with that of mRNAs originating from the bulk of genes residing 
on the X chromosome (Fig 6B). This observation therefore suggests that location on the X-chromosome, which undergoes 
MSCI, accounts for the post-meiotic downregulation of X-linked Methdep CG genes.

DNA demethylation and activation of Methdep CG genes in prenatal male germ cells

Because a number of Methdep CG genes are already expressed in spermatogonial stem cells, which correspond to the 
earliest germ cell stage in the adult testis, our next question was to determine whether these genes become demethyl-
ated and activated during prenatal germline development, and if so at which step. In human males, primordial germ cells 
(PGCs) migrate into the developing gonads around post-fertilization weeks (PFW) 4–6. Between PFW 8 and 10, PGC 
start generating germ cells that progress through successive stages of differentiation, together referred to hereafter as 
fetal germ cells (FGCs) (Fig 6C). The ultimate step of FGC differentiation results in the formation of prespermatogonia, 
which accumulate in the fetal gonads between PFW 12 and 20, and remain quiescent until birth [47,48]. A first wave of 
genome demethylation occurs in migrating PGCs, during which about 80% of DNA methylation marks are erased. This is 
followed by a second phase of DNA demethylation, which takes place in the gonads between PFW 7 and 11, and further 
reduces the proportion of methylated CpGs to 6–8% [49].
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Fig 6.  Expression and promoter DNA methylation of CG genes in the male germline. (A) Expression of CG genes in prenatal and adult male germ 
cells, based on scRNA-Seq data. Heatmaps show the data for CG genes (n = 96) that were detected in ≥ 5% of any adult testis germ cell, and for 50 ran-
domly selected cells for each germline stage (PGC: primordial germ cell, FGC: fetal germ cell, Spg: spermatognia, Spc: spermatocyte, Spd: spermatid). 
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In order to assess the expression and DNA methylation status of Methdep CG genes in the different prenatal male 
germ cells stages, publicly available datasets from two studies that profiled the transcriptome (scRNA-Seq) and DNA 
methylome (scBS-Seq) at the single-cell level in prenatal human gonads (harvested between PFWs 6 and 21) were down-
loaded [48,50]. Upon analysis of the male gonads-derived scRNA-Seq data, we observed that the detection of mRNAs 
of Methdep CG genes (X and non-X) increases significantly in prespermatogonia, as compared with PGCs or FGCs (Fig 
6A and 6D). This observation is consistent with previous studies which identified MAGEA4, a protein encoded by an 
X-linked Methdep CG gene, as a specific marker of prespermatogonia differentiation in fetal male gonads [51]. On the 
other hand, examination of scBS-Seq revealed that, while the mean DNA methylation levels of Methdep CG gene promot-
ers are already low (median = 23%) in the earliest embryonic germ cell stages (PFW 6–7), they display further decrease 
(median = 7%) from PFW 17 onwards (Fig 6C and 6D). The latter time window follows the second genome DNA demeth-
ylation and coincides with the accumulation of prespermatogonia. Detailed examination of scRNA-Seq and scBS-Seq 
data for individual Methdep CG genes confirmed that transcriptional upregulation in prenatal male germ cells coincides 
with extensive promoter demethylation (Fig 6E). Together, these data suggest that, although Methdep CG gene promoters 
are already partially demethylated in PGCs, many of them undergo further DNA demethylation after PFW 7, and this is 
associated with increased mRNA expression in prespermatogonia (Fig 6D). Patterns of DNA methylation and expression 
of individual CG genes during germ cell development can be retrieved in CTexploreR.

Limited DNA demethylation and activation of X-Methdep CG genes in female germ cells

Germ cell development in females differs substantially from that in males, especially because meiosis is initiated during 
fetal development (from PFW 12), generating oocytes that remain arrested in the first meiotic prophase. Starting at 
puberty, subsets of oocytes in the ovaries resume maturation at each menstrual cycle, leading to the ovulation of an 
oocyte that further progressed up to the metaphase of meiosis 2 (MII oocyte). Completion of meiosis only occurs after 
fertilization of the MII oocyte. We searched to determine if the CG genes for which we detected expression in male germ 
cells, are also expressed in female germ cells. To this end, we used scRNA-Seq data generated from germ cells of prena-
tal female gonads [48], and from adult oocytes at different stages of maturation [43]. The results showed that mRNAs of 
44% of the CG genes that were identified on the basis of their expression in male germ cells, were not detected in prena-
tal and/or adult female germ cells (compare Figs 6A and 7A). Intriguingly, this male-biased expression was significant only 
for X-linked Methdep CG genes (Chi-squared test, pvalue = 1.99E-7), but not for the two other categories of CG genes 
(Fig 7B). There were however some exceptions among X-Methdep CG genes that displayed detectable mRNA expression 
in female germ cells, either during prenatal (PAGE2, PAGE5) or adult (MAGEB1, MAGEB2, MAGEC1, FTHL17) stages of 
oocyte development (Fig 7A).

We next explored the scBS-Seq data generated from human prenatal gonads [50], in order to establish the DNA meth-
ylation profiles of Methdep CG genes in female embryonic and fetal germ cells. It was reported that, like in males, PGCs 
in females undergo a first partial erasure of DNA methylation marks (down to ~20% methylated CpGs), which is followed 
by a second phase of DNA demethylation between PFWs 7 and 10 leaving only about 7% of CpGs methylated. Of import-
ant note, the inactivated X chromosome is already reactivated by PFW 4 in female PGCs [49]. We observed that in female 
gonads, X-linked Methdep CG genes exhibit a median level of promoter methylation level of 25% with no decrease over 
the post-fertilization weeks (Fig 7C and 7D). This contrasted with the promoters of not-X Methdep CG genes, for which 

(B) mRNA expression levels (mean log counts, 95%CI) of autosomal (n = 18205), X-linked MethDep CG (n = 59) and X-linked non-CG (n = 696) genes 
across adult spermatogenesis. Genes undetected at pre-meiotic stages were excluded from the analysis. The red dashed line represents the onset of 
MSCI. (C) Timing of prenatal male germ cell differentiation. (D) Left panel: Boxplots of mean fractions of fetal germ cells where CG genes are detected 
(count > 0). Right panel: Boxplots of mean promoter DNA methylation levels of CG genes in male germ cells across developmental timepoints, and in 
male somatic cells (Soma). (E) Expression (fraction of positive cells) and mean promoter methylation level (%) of representative examples of CG genes 
in male prenatal germ cells.

https://doi.org/10.1371/journal.pgen.1011734.g006

https://doi.org/10.1371/journal.pgen.1011734.g006
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Fig 7.  Expression and promoter DNA methylation of CG genes in the female germline. (A) Heatmaps showing expression of CG genes (same 
genes as in Fig 6A) at different stages of prenatal and adult female germline development, based on scRNA-Seq data (50 randomly picked cells per 
stage are shown). (B) Number of CG genes expressed (count > 0 in > 10% of cells in scRNA-Seq data) in male or female germ cells of any stage. (C) 
Timing of prenatal female germ cell differentiation. (D) Boxplots of mean promoter DNA methylation levels of CG genes in female germ cells across 
developmental timepoints, and in female somatic cells (Soma). The group of non-CG genes includes 4047 automosal and 137 X-linked genes, which 
were selected on the basis of high DNA methylation levels (> 75%) in somatic cells. (E) Mean promoter DNA methylation levels of X-linked CG genes in 
mature MII oocytes and sperm cells (excluding Y chromosome carrying cells). (F) Comparison of mean promoter DNA methylation levels (%) between 
Methdep CG (n = 40) and non-CG (n = 780) genes residing on the X chromosome, in MII oocytes and in sperm cells.

https://doi.org/10.1371/journal.pgen.1011734.g007

https://doi.org/10.1371/journal.pgen.1011734.g007
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the median DNA methylation level decreased to 6% by PFW 17 (Fig 7D). As a control, we also evaluated the methylation 
status of the bulk of somatically methylated, yet non-CG genes, residing either on autosomes or the X chromosome, and 
confirmed that the median level of DNA methylation within these genes decreases to 7% in prenatal oocytes (Fig 7D). 
Together, these observations suggest that X-linked Methdep CG genes display the specific characteristic of escaping 
extensive promoter DNA demethylation during fetal oogenesis. Importantly, as they do not escape demethylation during 
male germline development (Fig 6D), X-linked Methdep CG genes were expected to exhibit sex-specific DNA methylation 
profiles in fertilizing gametes. This was confirmed by the examination of scBS-Seq datasets generated from adult sperm 
and MII oocytes [52], which showed that DNA methylation levels of X-linked Methdep CG gene promoters are generally 
higher in MII oocytes than in sperm (36.7% vs 11,1%, Welch t-test, pvalue = 1,83E-08) (Fig 7E and 7F). In comparison, 
non-CG genes residing on the X did not show similar preservation of promoter DNA methylation in MII oocytes (Fig 7F).

Sex-specific imprinting and expression of X-Methdep CG in early embryos

It has been shown that most DNA methylation marks carried by gametes (with the notable exception of those on paren-
tally imprinted genes) become rapidly erased after fertilization [53]. Here, we sought to find out if DNA methylation marks 
on X-linked Methdep CG genes, which we found to be specifically present in oocytes, are preserved after fertilization in 
the embryo. If this was indeed the case, one would expect that in male embryos, which inherit only one oocyte-derived 
maternal X chromosome, X-linked Methdep CG genes would maintain a higher level of DNA methylation than in female 
embryos, which inherit two X chromosomes, one of maternal and the other of paternal origin. To address this issue we 
analyzed scBS-Seq datasets generated from mature human gametes and cells isolated from pre-implantation embryos 
at different times post-fertilization [52]. Interestingly, we found that X-linked Methdep CG genes exhibit significantly 
higher promoter DNA methylation levels in male versus female embryos, from the zygote to the blastocyst stage (Fig 
8A), thereby supporting preservation of oocyte-specific DNA methylation on these genes during early embryonic devel-
opment. After implantation, X-linked Methdep CG genes showed extensive de novo DNA methylation in both male and 
female embryos, although they maintained a promoter methylation level that was slightly higher in male embryos (Fig 8A). 
Detailed analysis of scBS-Seq data for individual X-linked Methdep CG genes confirmed male-biased DNA methylation in 
pre-implantation embryos, and also revealed allele-specific DNA methylation profiles in XX female embryos, most likely 
reflecting the presence of an unmethylated allele of paternal origin and a methylated allele of maternal origin (Fig 8B).

We next searched to determine if the sex-specific DNA methylation patterns we observed are correlated with differential 
expression of X-linked Methdep CG genes in male and female embryos. It was to be expected, indeed, that these genes 
would remain silent in XY male embryos, which inherit only a maternal X chromosome on which they are methylated. 
In female embryos, on the other hand, the presence of an X of paternal origin should allow their expression. Analysis of 
scRNA-Seq data generated from human blastocysts of both sexes [52], demonstrated that about 40% of X-linked Meth-
dep CG genes show preferential expression in female embryos, where higher levels of their mRNA were detected in cells 
from both the inner cell mass and the trophectoderm (Fig 8C). Furthermore, genome-wide differential expression analysis 
showed that X-linked Methdep CG genes stand out from all other genes by their preferential expression level in female 
embryos (Figs 8D and S2). Of note, it is unlikely that this expression bias is solely attributable to double gene dosage 
in XX embryos, as the level of female-biased expression (fold change) of X-linked Methdep CG genes was markedly 
higher than that of other genes on the X chromosome (Fig 8D). A few X-linked genes that had not been categorized as 
CG genes (e.g., GAGE12J, GAGE10, CSAG1) nevertheless showed high female-preferential expression. These genes 
actually belong to well-described CG gene families (GAGE, CSAG), but did not pass our highly stringent criteria of inclu-
sion into the CG group of genes. Together, our analyses uncovered an intriguing new feature of human X-linked Methdep 
CG genes, by demonstrating that some of them carry transient sex-specific imprints, and display therefore female-biased 
expression in early embryos. Of important note, the analysis of scRNA-Seq data generated from murine embryos [54] 
revealed that this sex-specific expression does not occur in the mouse (S3 Fig). This can be explained by the lack of 
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Fig 8.  Transient maternal imprinting and sex-specific expression of X-linked Methdep CG genes in preimplantation embryos. (A) scBS-Seq 
data of germ cells and early embryos (male or female) were analyzed to evaluate mean promoter DNA methylation levels of X-linked Methdep CG genes 
(only those initially showing >33% methylation in MII oocytes). Y-carrying sperm cells were excluded from the analysis. Welch’s t-test. (B) Detailed 
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conservation of CG genes in the mouse (S3 Fig), and by the existence of a process of paternal X chromosome inactiva-
tion occurring in early female mouse embryos [55].

Discussion

We created CTexploreR, a R/Bioconductor package, to generate an updated database describing CG genes. We used 
omics data to define a list of 146 CG genes, based on stringent criteria to select genes that become activated in cancer-
ous lesions, but otherwise display highly restricted expression in testicular germ cells. These genes and their main char-
acteristics are listed in a table that constitutes the core of CTexploreR. Additionally, specific functions have been created 
to facilitate access to all the data presented in this study, allowing users to quickly visualize (or extract) mRNA expression 
and DNA methylation profiles of any CG gene in normal or tumoral tissues and cells. Of note, these functions can be 
applied to the analysis of any human gene, extending the utility of CTexploreR to users wishing to test their favorite gene 
in any of the transcriptomic and methylomic datasets.

Our main objective with CTexploreR was to analyze CG genes in a systematic way, in order to investigate the existence 
of gene subgroups differing on the expression pattern, epigenetic regulation, and chromosomal location. A well- 
documented characteristic of CG genes is their reliance on DNA methylation as a primary mechanism of repression in 
somatic tissues [17,53]. There is evidence, however, suggesting that this may not apply to all CG genes [17,56]. The 
present study supports the view that DNA methylation is indeed involved in the regulation of a majority of CG genes 
(74% Methdep CG genes). Yet, a fraction of CG genes do not seem to be directly controlled by DNA methylation (26% 
non-Methdep CG genes). Contrary to Methdep CG genes, which were often co-activated in tumors, non-Methdep CG 
genes exhibited scattered patterns of expression among tumor samples, suggesting that their activation in tumors relies 
on gene-specific regulatory mechanisms rather than a shared process of transcriptional de-repression.

Among the list of 146 CG genes, 48% mapped on the X chromosome. This enrichment is consistent with the previously 
reported observation that genes with testis-specific expression are generally over-represented on the X chromosome in 
mammals [57,58]. The explanation put forward relies on the theory of sexual antagonism, which posits that genes ben-
eficial to males and detrimental to females accumulate preferentially on the X chromosome, because X hemizygosity in 
males allows recessive mutations to fix more efficiently on this chromosome [10,59]. Surprisingly, we observed that enrich-
ment on the X chromosome concerned only the testis-specific genes that display DNA methylation dependency. Genes 
owing their testis-specific expression to mechanisms other than DNA methylation showed unbiased chromosomal distribu-
tion. It seems therefore that the accumulation of testis-specific genes on the X chromosome is not merely associated with 
male-beneficial functions, but also with their DNA methylation-based mode of transcriptional regulation. The reason for 
this is unclear, but may be linked with the evolutionary origin of X-linked CG genes, many of which present as multigene 
families that were recently acquired through palindromic duplications [11,60–62]. Compared to autosomes, the X chromo-
some shows an enrichment in palindromic duplications [63,64]. This may be explained by an increased propensity of the 
X chromosome to undergo rearrangements during male meiosis, resulting from the absence of a fully homologous pairing 
partner during meiotic recombination [63,65]. Interestingly, it has been shown that duplicated DNA segments often show 
high levels of CpG methylation [66,67], thereby suggesting that X-linked CG genes may have acquired these marks at the 
time of their formation. It is expected that with this methylated state, X-linked CG genes spontaneously adopted specific 
expression in germ cells, due to the process of genome DNA demethylation that occurs in the germline during devel-
opment [49,68,69]. In brief, we propose that CG genes on the X chromosome have multiplied as a result of duplication 

scBS-Seq results of representative Methdep X-linked CG genes in male and female germ cells and preimplantation embryos. (C) Expression (TPM) of 
X-linked Methdep CG genes in individual cells of the inner cell mass (ICM) or trophectoderm (TE) of male and female blastocysts. The heatmap shows 
only genes that were detected in > 20% of cells of any type. Y-linked genes are shown as controls. (D) Volcano plot representing the result of a global 
differential expression analysis comparing female and male blastocyst cells.

https://doi.org/10.1371/journal.pgen.1011734.g008

https://doi.org/10.1371/journal.pgen.1011734.g008
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processes that concur with DNA methylation, and hence adopted “by default“a testis-specific expression pattern dictated 
by global epigenetic fluctuations in germ cells.

X-linked Methdep CG genes were for the most part silenced from the spermatocyte stage onwards. This coincides with 
the well described process of meiotic sex chromosome inactivation (MSCI), which leads to DNA methylation-independent 
downregulation of most genes residing on the X chromosome during meiosis 1 [45,46]. Location of Methdep CG genes 
on the X chromosome appears therefore as a necessary feature to limit their expression during the pre-meiosis and 
meiosis 1 stages of spermatogenesis. This may be another contributing factor to the enrichment of these genes on the X 
chromosome.

Contrasting with X-linked CG genes, CG genes residing on autosomes are mostly single-copy, and do not exhibit the 
evolutionary novelty of those located on the X chromosome [11,70]. Our analysis indicated that half of non-X CG genes do 
not seem to depend on DNA methylation for their tissue-specific expression. These non-Methdep CG genes had variable 
activation profiles in the adult testis, where they showed narrow expression windows in defined stages of spermatogen-
esis. Such particular expression profiles are likely imposed by specific sets of transcription factors that become activated 
sequentially before and during male meiosis, as described previously [71].

Although previous studies have reported the expression of several CG genes during oogenesis [48], our study shows 
that about half of CG genes are exclusively expressed during male gametogenesis. This was particularly true for the 
subgroup of X-linked Methdep CG genes, and was consistent with our observation that, whereas the promoters of these 
genes become fully demethylated in male fetal germ cells, they resist DNA demethylation during female germ cell devel-
opment. Of important note, persistent DNA methylation on these gene promoters in female germ cells cannot be ascribed 
to X chromosome inactivation, since the inactive X chromosome is reactivated at a much earlier stage of embryogenesis 
[49]. Thus, X-linked Methdep CG genes belong to the few genomic sequences that escape the process of genome-wide 
DNA demethylation in developing female germ cells [49,50,69]. The mechanisms that allow X-linked Methdep CG genes 
to resist DNA demethylation during female germline development remain to be discovered. Importantly, because X-linked 
Methdep CG genes escape DNA methylation reprogramming during female oogenesis, they may contribute to the trans-
mission of an epigenetic inheritance from the mother to her offspring.

The most intriguing finding of our study is that X-linked Methdep CG genes display female-biased expression in the 
early embryo. This results from the differential fluctuation of their promoter DNA methylation levels during male and female 
germline development, and the preservation of maternally inherited DNA methylation marks during early embryo devel-
opment (Fig 9). Thus, X-linked Methdep CG genes exhibit transient maternal imprinting, which later becomes obliterated 
when the paternal allele also becomes de novo DNA methylated at around the time of implantation. Transient imprints are 
not uncommon in early embryos [72–76], but have moderate impact on mRNA levels for genes residing on autosomes, 
since epiallelic forms of both parents are present. The consequence of transient maternal imprinting is radically different 
when it concerns genes located on the X chromosome, because XY male embryos inherit only the maternal epiallele. 
This is indeed what we observed for X-linked Methdep CG genes, which displayed strong female-biased expression in 
early stage embryos (Fig 9). Genes displaying sex-differential expression in early embryos are a source of great interest 
[75,77,78], because they challenge the notion that sexual differentiation is initiated only after the 6th week of gestation, 
when the master regulator of male gonad differentiation (SRY) starts to be expressed [79,80]. Our transcriptomic analy-
ses in early embryos indicated that X-linked Methdep CG genes show the highest female-biased expression of all genes, 
suggesting that they may have an important impact in preimplantation sexual dimorphism. Even more remarkable is the 
fact that X-linked Methdep CG genes exhibit male-biased expression in germ cells, and instead female-biased expression 
in early embryos (Fig 9).

It is difficult to predict how X-linked Methdep CG genes may impact early embryo biology, because their cellular func-
tions were exclusively investigated in spermatogenic and cancer cells, and remain for the most part ill-defined. Several 
members of the GAGE gene family (GAGE1, GAGE2A, GAGE12J) were among the most differentially expressed genes 
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when we compared male and female embryos. A study in human cancer cells showed that GAGE proteins, and in par-
ticular GAGE12 variants, recruit histone deacetylases on the chromatin, and induce local decompaction to facilitate 
DNA repair [81]. As a result, tumor cells that overexpress GAGE genes were found to be more resistant to irradiation- or 
chemotherapy-induced DNA damage [81,82]. Genes belonging to the MAGE family (MAGEB2,B6 and MAGEC2) also 
displayed substantial female-biased expression in early embryos. Previous experiments in tumor cell lines revealed that 
MAGE proteins modulate the activity and/or stability of P53 and AMPKα1, two master sensors governing cellular stress 
response and metabolic adaptation, respectively [83–85]. Consistently, gene depletion experiments in the mouse revealed 
that Mage proteins exert a protective role in spermatogenic cells of animals that are exposed to a genotoxic stress or to 
long term starvation [86]. If the genes described here above exert similar functions during early embryogenesis, one might 
expect that female embryos will be better protected than male embryos against environmental stress. These CG genes 
could therefore have an impact on the sex ratio of developing embryos when pregnancy occurs in unfavorable conditions. 
Interestingly, it has been shown that mothers enduring famine show a sex-ratio that shifts towards more female births, and 
the same trend was observed in gestating animals that were experimentally undernourished [87,88].

In summary, our work revealed that, on the basis of DNA methylation dependency and chromosomal location, CG 
genes can be divided into three subgroups, which differ in their pattern of expression in tumors, germ cells, and early 
embryos. We also found that the well-known over-representation of testis-specific genes on the X chromosome applies 
specifically to genes that rely on DNA methylation for silencing in somatic tissues, which brings in the need to recon-
sider the evolutionary basis of this enrichment. Finally, we show that, due to differential DNA methylation reprogramming 
during male and female gametogenesis, a set of CG genes display sex-biased expression in early embryos. Therefore, 

Fig 9.  Maternal imprinting of X-linked Methdep CG genes during gametogenesis results in female-specific expression in pre-implantation 
embryos. The parental origin of the chromosomes that are inherited in pre-implantation embryos is indicated: maternal (m), paternal (p).

https://doi.org/10.1371/journal.pgen.1011734.g009

https://doi.org/10.1371/journal.pgen.1011734.g009
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investigations aiming at understanding the function of CG genes, and hence their potential contribution to tumor devel-
opment, should take into consideration not only their role in spermatogenesis, but also their contribution to sex-specific 
embryonic development.

Materials and methods

Selection of CG genes

1.	  Selection of testis-specific and testis-preferential genes using bulk RNA-Seq data from normal tissues. RNA-Seq 
expression data from normal tissues were obtained from the GTEx portal [84] (GTEx_Analysis_2017-06-05_v8_ 
RNASeQCv1.1.9_gene_median_tpm.gct.gz) and used to identify testis-specific and testis-preferential genes. Testis- 
specific genes were defined as genes expressed in testis (TPM ≥ 1) but not in somatic tissues (TPM < 0.5 in all somatic 
tissues), and with an expression value in testis at least 10 times higher than in any somatic tissue. Testis-preferential 
genes were defined as genes expressed in testis (≥ 1 TPM), silent in at least 75% of somatic tissues (TPM < 0.5), and 
for which a certain level of expression (always at least 10x lower than the level detected in the testis) was tolerated in 
a minority (less than 25%) of somatic tissues. Additionally, genes that were initially undetectable in the GTEx database 
(TPM < 1 in all tissues) were tested in another dataset of normal tissues. We used RNA-Seq fastq files of 18 normal 
tissues that were downloaded from ENCODE [89] (accession numbers are listed in S3 Table) that were reprocessed 
(as described in the RNA-Seq processing section) to include or not multi-mapped reads in the counting step. Genes 
that became detectable in testis (TPM ≥ 1) when multi-mapped reads were counted (at least 5x more than when multi-
mapped reads were discarded) but remained low in somatic tissues (expression at least 10x lower than in testis) were 
classified as testis-specific if their TPM value was < 1 in all somatic tissues or as testis-preferential otherwise.

2.	Filtering of germline-specific genes using scRNA-Seq data from normal tissues. The Single Cell Type Atlas classifica-
tion (https://www.proteinatlas.org/download/proteinatlas.tsv.zip) from the Human Protein Atlas [31] was used to exclude 
from our initial selection of testis-specific genes the ones that were flagged as specific of any somatic cell type, includ-
ing somatic cells originating from the testicular tissue. Genes that were excluded because they had low expression in 
some somatic cell types (at least 10x lower than the level detected in any germ cell type) were re-classified as testis- 
preferential genes.

3.	Selection of genes activated in tumors. RNA-Seq data from The Cancer Genome Atlas (TCGA) [85] was downloaded 
using TCGAbiolinks v2.25.3 [90] and used to test the activation of selected genes in 4141 tumor samples correspond-
ing to seven different tumor types (SKCM, LUAD, LUSC, COAD, ESCA, BRCA, and HNSC). Genes detected (TPM > 1) 
in at least 1% of tumors and displaying an expression value higher than 5 TPM in at least one tumor sample were 
selected. To make sure that any expression really originates from a cancer cell rather than the tumor microenvironment, 
we also applied the same activation criteria using RNA-Seq data from the Cancer Cell Line Encyclopedia (CCLE) [86] 
(data and metadata were downloaded from https://ndownloader.figshare.com/files/34989922 and https://ndownloader.
figshare.com/files/35020903). 1229 cancer cell lines originating from 20 different tissue types were tested. The 1% 
activation threshold we choose was justified by the fact that a number of well-known CG genes were detected in only 
1–3% of tumor cell lines.

4.	Additional filtering of leaky genes. TCGA and CCLE data were also used to filter out leaky genes that passed through 
our initial selection criteria of testis-specific genes. We reasoned that a gene not completely silent (TPM < 0.5) in at 
least 20% of the tumor samples and cancer cell lines is at risk to be constitutively expressed rather than induced by a 
tumor-associated activation process. These genes were removed. Similarly, we made use of the normal peritumoral 
samples available in TCGA data to remove from our selected genes those that were already detected in a significant 
fraction of these cells (TPM > 0.5 in more than 25% of normal peritumoral tissues).

https://www.proteinatlas.org/download/proteinatlas.tsv.zip
https://ndownloader.figshare.com/files/34989922
https://ndownloader.figshare.com/files/35020903
https://ndownloader.figshare.com/files/35020903
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5.	Manual curation. All selected genes were visualized using IGV (Integrative Genome Viewer) [91] and a bam alignment 
file from testis. Unexpectedly we observed that for some genes, the reads were not properly aligned on exons but were 
instead spread across a wide genomic region spanning the genes, likely reflecting a poorly defined transcription. These 
genes were removed from our selection.

6.	CG genes on the Y chromosome. CG genes located on the Y chromosome (n = 10), which are present only in male 
individuals, were ignored in subsequent analyses evaluating expression and DNA methylation patterns in tumors, germ 
cells and pre-natal stages of both sexes.

Methylation dependency analyses

WGBS data of 13 normal tissues were downloaded as bed files from ENCODE [89] (accession numbers are listed in S3 
Table). Additionally, a sperm WGBS fastq file was downloaded from SRA (accession SRR15427118) and processed using 
Trim Galore v0.5.0 to trim adapters and remove low quality reads. Methylation calling was done with Bismark v0.20.0 [92]. 
Methylation values corresponding to the same CpG sequenced in forward and reverse sense were averaged. Promoter 
methylation levels represent the mean methylation values of all CpGs located 1 kb upstream, and 200 pb downstream 
each transcription start site (TSS). For genes displaying multiple TSS, we used the TSS of the canonical transcript 
retrieved from the Ensembl database using biomaRt package v2.54.0 [93].

We also used RNA-Seq fastq files of 8 cell lines treated or not with the DNA methylation inhibitor 5-Aza-2′- 
deoxycytidine (5-AzadC), which were downloaded from SRA (accession numbers are listed in S3 Table). The files were 
processed as described in the RNA-Seq processing section, allowing the counting of multi-mapped reads. Differential 
expression analyses were performed in each cell line using DESeq2 (v1.46.0) [94], to identify genes significantly up- 
regulated by 5-AzadC.

Two criteria were used to classify genes as methylation dependent: first, they had to be significantly induced by the 
demethylating agent in at least one of the 8 cell lines (logFC > 2 and p-adjusted value < 0.1). Secondly, their promoter had 
to be highly methylated in normal somatic tissues (mean methylation in all somatic tissues > 50%). When WGBS data was 
missing for a gene, only the second criteria was used for the classification.

CTexploreR provides a measurement of the density of CpGs within each promoter (-1000 bp to +200 bp), expressed 
as number of CpGs/ promoter length x 100 (CpG_density). On this basis genes were classified into three categories 
of promoter CpG densities (CpG_promoter): “low” (CpG_density < 2), “intermediate” (2 ≤ CpG_density < 4), and “high” 
(CpG_density ≥ 4).

RNA-Seq processing

The quality of fastq files was assessed using FastQC (v0.11.8) [95] and Trimmomatics (v0.38) [96] was used remove low 
quality reads and adapters. Reads were aligned on grch38 genome using hisat2 (v2.1.0) [97] and gene expression levels 
were evaluated using featureCounts from Subread (v2.0.3) [98] and Homo_sapiens.GRCh38.105.chr.gtf.gz gtf file. Both 
software were launched with default settings to discard multi-mapped reads. To allow multi-mapping, the -k parameter of 
hisat2 was set to 20 (to increase the number of primary alignments reported) and featureCounts was run with -M parame-
ter (to count reads aligned to multiple locations).

scRNA-Seq datasets

scRNA-Seq data from human adult testis and oocytes were downloaded from GEO (accessions GSE112013 and 
GSE154762) and fetal gonads scRNAseq data was downloaded from (https://cellxgene.cziscience.com/collections/661a
402a-2a5a-4c71-9b05-b346c57bc451Data). Raw counts and annotations provided by the authors were used and stored 
as a SingleCellExperiment object [99]. Count values were normalized and log-transformed using the logNormCounts 

https://cellxgene.cziscience.com/collections/661a402a-2a5a-4c71-9b05-b346c57bc451Data
https://cellxgene.cziscience.com/collections/661a402a-2a5a-4c71-9b05-b346c57bc451Data
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function of the scuttle package [100]. Two scRNA-Seq datasets from blastocysts were used to compare male and female 
embryos (see the differential expression analysis section below). For the first one (from [52]), as raw counts were not 
available, fastq files were downloaded from SRA (accession SRP074598) and reprocessed as described in the RNA-Seq 
processing section. Cells with less than 7E + 06 reads and less than 7500 detected genes were considered as outliers 
and were removed. Raw counts and metadata of the second dataset (from [101]), were downloaded from ArrayExpress 
(E-MTAB-3929).

scBS-Seq datasets

DNA methylation data from fetal germ cells were downloaded as bed files (hg19 coordinates) from GEO (accession 
GSE107714). Oocytes, sperm and early embryos methylation files (hg19 coordinates) were downloaded from GEO 
(accession GSE81233). The mean methylation of each promoter was calculated at each stage or timepoint using methyl-
ation values of all CpG located 1 kb upstream, and 500 pb downstream each TSS (whose coordinates were converted to 
hg19 assembly using liftOver [102]).

Differential expression analyses in male and female embryos

Blastocysts scRNA-Seq raw counts from [52] were summed by embryo ID and by cell-type (ICM or TE derived cells) 
using the summarizeAssayByGroup function of the scuttle package [100]. This led to 5 ICM-derived pseudo-bulk samples 
(2 males and 3 females) and 5 TE-derived pseudo-bulk samples (2 males and 3 females). DESeq2 (v1.46.0) [94] was 
used to perform a differential expression analysis comparing male and female samples, using the design ~ sex + cell-type. 
Similarly, the second blastocyst dataset (from [101]) was used to produce the volcano plot represented in S2 Fig. Counts 
from embryos between E4 and E7 were aggregated by embryo ID, by day and by lineage (epiblast, primitive endoderm, 
trophectoderm or not applicable). Pseudo-bulk samples with less than 3 cells were removed. DESeq2 (v1.46.0) [94] was 
run using the design ~ sex + lineage + day.

CTexploreR package

CTexploreR (www.bioconductor.org/packages/release/bioc/html/CTexploreR.html) has been developed as an exploratory 
visualization tool, allowing users to generate quick representations of CG genes expression and methylation in a series of 
normal and cancer samples [98]. It was developed together with a companion package, CTdata [103], that stores all the 
datasets used by CTexploreR. Both CTexploreR and CTdata are reviewed R/Bioconductor packages.

Statistical analyses and graphical representations

Data analyses were done using R programming language (v 4.4.0). Figures were generated with ggplot2 v3.5.1 [104], 
UpSetR [105] and ComplexHeatmap v2.22.0 [106]. The entire code used to generate figures in this article is available on 
the GitHub repository (https://github.com/UCLouvain-CBIO/2023-CTexploreR). In some figures, statistical significance is 
represented by asterisks (*/**/*** indicates p value < 0.05/0.01/0.001, respectively, ns indicates non-significant).

Supporting information

S1 Fig.  Enabling multimapping in RNA-Seq data analysis reveals members of multigene families that were other-
wise invisible. CG genes that were missing in the GTEx analysis, were re-analyzed using raw RNA-Seq data of normal 
human tissues. Heatmaps compare results depending on whether multimapping was excluded (left) or allowed (right) 
during counting of RNA reads. “Testis-specific“ genes were taken into account for classification into the group of CG genes 
(S1 Table), whereas “Testis-preferential“ were considered for inclusion into the “CG-preferential“ group of genes (S2 Table).
(EPS)

www.bioconductor.org/packages/release/bioc/html/CTexploreR.html
https://github.com/UCLouvain-CBIO/2023-CTexploreR
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011734.s001
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S2 Fig.  Volcano plot of a differential expression analysis comparing female versus male preimplantation embry-
onic cells. The analysis was based on scRNA-Seq data generated by Petropoulos and colleagues (Petropoulos et al., 
2016, Cell 165, 1–15). The results confirm those presented in Fig 8D, which derived from a scRNA-Seq study performed 
by another group (Zhu et al., 2017, Nat Genet 50, 12–19).
(EPS)

S3 Fig.  Little conservation and lack of sex-biased expression of X-Methdep CG genes in the mouse. (A) Ensembl datasets 
were analyze with BiomaRt to evaluate the presence of orthologues of the different categories of human CG genes in the indicated 
species. Conservation was compared to the bulk of X-linked or autosomal human genes, and is expressed as the percentage of 
human genes in the indicated category that have at least one orthologous gene in the species, using either the high or low con-
fidence Ensembl setting. (B) Representation of the volcano plot of Fig. 8D highlighting human X-linked genes with or without a 
mouse orthologue. The figure shows that most sex-biased X-Methdep CG genes do not have a mouse orthologue. (C) Volcano 
plot representing the results of a global differential expression analysis comparing female and male mouse embryos (32-cells stage, 
Borensztein et al. 2017). Mouse X-linked genes that are orthologous to a human X-CG gene are highlighted in red, those that are 
not are in blue. Light grey dots correspond to all non-X mouse genes. The female-biased expression of Xist reflects the inactivation 
of the paternal X chromosome that occurs in early female embryos in mice (but not in humans).
(EPS)

S1 Table.  List of 146 CG genes. 
(XLSX)

S2 Table.  List of 134 CG-Preferential genes. 
(XLSX)

S3 Table.  List of datasets used in CTexploreR analyses. 
(PDF)

Author contributions

Conceptualization: Axelle Loriot, Julie Devis, Charles De Smet.

Formal analysis: Axelle Loriot, Julie Devis.

Funding acquisition: Laurent Gatto.

Investigation: Axelle Loriot, Julie Devis.

Project administration: Laurent Gatto, Charles De Smet.

Software: Axelle Loriot, Julie Devis.

Supervision: Laurent Gatto, Charles De Smet.

Visualization: Axelle Loriot, Julie Devis, Charles De Smet.

Writing – original draft: Axelle Loriot, Julie Devis, Charles De Smet.

Writing – review & editing: Axelle Loriot, Julie Devis, Laurent Gatto, Charles De Smet.

References
	1.	 van der Bruggen P, Traversari C, Chomez P, Lurquin C, De Plaen E, Van den Eynde B, et al. A gene encoding an antigen recognized by cytolytic T 

lymphocytes on a human melanoma. Science. 1991;254(5038):1643–7. https://doi.org/10.1126/science.1840703 PMID: 1840703

	2.	 Jassim A, Ollier W, Payne A, Biro A, Oliver RT, Festenstein H. Analysis of HLA antigens on germ cells in human semen. Eur J Immunol. 
1989;19(7):1215–20. https://doi.org/10.1002/eji.1830190710 PMID: 2527157

http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011734.s002
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011734.s003
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011734.s004
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011734.s005
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011734.s006
https://doi.org/10.1126/science.1840703
http://www.ncbi.nlm.nih.gov/pubmed/1840703
https://doi.org/10.1002/eji.1830190710
http://www.ncbi.nlm.nih.gov/pubmed/2527157


PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011734  October 15, 2025 22 / 25

	 3.	 Marchand M, van Baren N, Weynants P, Brichard V, Dréno B, Tessier MH, et al. Tumor regressions observed in patients with metastatic melanoma 
treated with an antigenic peptide encoded by gene MAGE-3 and presented by HLA-A1. Int J Cancer. 1999;80(2):219–30. https://doi.org/10.1002/
(sici)1097-0215(19990118)80:2<219::aid-ijc10>3.0.co;2-s PMID: 9935203

	 4.	 Thomas R, Al-Khadairi G, Roelands J, Hendrickx W, Dermime S, Bedognetti D. NY-ESO-1 based immunotherapy of cancer: current perspectives. 
Front Immunol. 2018;9:947.

	 5.	 Scudellari M. A ballsy search for cancer targets: there are no magic bullets in the fight against cancer. But by targeting proteins found almost exclu-
sively in tumor cells and the testes, researchers may have discovered the closest thing yet. Megan Scudellari explores how a handful of young 
investigators hope to turn magic into reality. Nat Med. 2011;17:916–9.

	 6.	 Van Tongelen A, Loriot A, De Smet C. Oncogenic roles of DNA hypomethylation through the activation of cancer-germline genes. Cancer Lett. 
2017;396:130–7. https://doi.org/10.1016/j.canlet.2017.03.029 PMID: 28342986

	 7.	 Whitehurst AW. Cause and consequence of cancer/testis antigen activation in cancer. Annu Rev Pharmacol Toxicol. 2014;54:251–72. https://doi.
org/10.1146/annurev-pharmtox-011112-140326 PMID: 24160706

	 8.	 Maxfield KE, Taus PJ, Corcoran K, Wooten J, Macion J, Zhou Y, et al. Comprehensive functional characterization of cancer-testis antigens defines 
obligate participation in multiple hallmarks of cancer. Nat Commun. 2015;6:8840. https://doi.org/10.1038/ncomms9840 PMID: 26567849

	 9.	 Old LJ. Cancer/testis (CT) antigens - a new link between gametogenesis and cancer. Cancer Immun. 2001;1:1. PMID: 12747762

	10.	 Rice WR. Sex chromosomes and the evolution of sexual dimorphism. Evolution. 1984;38(4):735–42. https://doi.org/10.1111/j.1558-5646.1984.
tb00346.x PMID: 28555827

	11.	 Dobrynin P, Matyunina E, Malov SV, Kozlov AP. The novelty of human cancer/testis antigen encoding genes in evolution. Int J Genomics. 
2013;2013:105108. https://doi.org/10.1155/2013/105108 PMID: 23691492

	12.	 De Smet C, Loriot A. DNA hypomethylation and activation of germline-specific genes in cancer. Adv Exp Med Biol. 2013;754:149–66. https://doi.
org/10.1007/978-1-4419-9967-2_7 PMID: 22956500

	13.	 James SR, Link PA, Karpf AR. Epigenetic regulation of X-linked cancer/germline antigen genes by DNMT1 and DNMT3b. Oncogene. 
2006;25(52):6975–85. https://doi.org/10.1038/sj.onc.1209678 PMID: 16715135

	14.	 De Smet C, De Backer O, Faraoni I, Lurquin C, Brasseur F, Boon T. The activation of human gene MAGE-1 in tumor cells is correlated with 
genome-wide demethylation. Proc Natl Acad Sci U S A. 1996;93(14):7149–53. https://doi.org/10.1073/pnas.93.14.7149 PMID: 8692960

	15.	 Kaneda A, Tsukamoto T, Takamura-Enya T, Watanabe N, Kaminishi M, Sugimura T, et al. Frequent hypomethylation in multiple promoter CpG 
islands is associated with global hypomethylation, but not with frequent promoter hypermethylation. Cancer Sci. 2004;95(1):58–64. https://doi.
org/10.1111/j.1349-7006.2004.tb03171.x PMID: 14720328

	16.	 De Smet C, Lurquin C, Lethé B, Martelange V, Boon T. DNA methylation is the primary silencing mechanism for a set of germ line- and tumor- 
specific genes with a CpG-rich promoter. Mol Cell Biol. 1999;19(11):7327–35. https://doi.org/10.1128/MCB.19.11.7327 PMID: 10523621

	17.	 Simpson AJG, Caballero OL, Jungbluth A, Chen Y-T, Old LJ. Cancer/testis antigens, gametogenesis and cancer. Nat Rev Cancer. 2005;5(8):615–
25. https://doi.org/10.1038/nrc1669 PMID: 16034368

	18.	 Koslowski M, Bell C, Seitz G, Lehr H-A, Roemer K, Müntefering H, et al. Frequent nonrandom activation of germ-line genes in human cancer. 
Cancer Res. 2004;64(17):5988–93. https://doi.org/10.1158/0008-5472.CAN-04-1187 PMID: 15342378

	19.	 Nelson PT, Zhang PJ, Spagnoli GC, Tomaszewski JE, Pasha TL, Frosina D, et al. Cancer/testis (CT) antigens are expressed in fetal ovary. Cancer 
Immun. 2007;7:1. PMID: 17217256

	20.	 Loriot A, Reister S, Parvizi GK, Lysy PA, De Smet C. DNA methylation-associated repression of cancer-germline genes in human embryonic and 
adult stem cells. Stem Cells. 2009;27(4):822–4. https://doi.org/10.1002/stem.8 PMID: 19350682

	21.	 Loriot A, Parvizi GK, Reister S, De Smet C. Silencing of cancer-germline genes in human preimplantation embryos: evidence for active de novo 
DNA methylation in stem cells. Biochem Biophys Res Commun. 2012;417(1):187–91. https://doi.org/10.1016/j.bbrc.2011.11.120 PMID: 22155245

	22.	 Almeida LG, Sakabe NJ, deOliveira AR, Silva MCC, Mundstein AS, Cohen T, et al. CTdatabase: a knowledge-base of high-throughput and curated 
data on cancer-testis antigens. Nucleic Acids Res. 2009;37(Database issue):D816-9. https://doi.org/10.1093/nar/gkn673 PMID: 18838390

	23.	 Carter JA, Matta B, Battaglia J, Somerville C, Harris BD, LaPan M, et al. Identification of pan-cancer/testis genes and validation of therapeutic tar-
geting in triple-negative breast cancer: Lin28a- and Siglece-based vaccination induces anti-tumor immunity and inhibits metastasis. bioRxiv. 2023. 
https://doi.org/10.1101/2023.05.09.539617 PMID: 37214884

	24.	 Wang C, Gu Y, Zhang K, Xie K, Zhu M, Dai N, et al. Systematic identification of genes with a cancer-testis expression pattern in 19 cancer types. 
Nat Commun. 2016;7:10499. https://doi.org/10.1038/ncomms10499 PMID: 26813108

	25.	 Jamin SP, Hikmet F, Mathieu R, Jégou B, Lindskog C, Chalmel F, et al. Combined RNA/tissue profiling identifies novel Cancer/testis genes. Mol 
Oncol. 2021;15(11):3003–23. https://doi.org/10.1002/1878-0261.12900 PMID: 33426787

	26.	 Bruggeman JW, Koster J, Lodder P, Repping S, Hamer G. Massive expression of germ cell-specific genes is a hallmark of cancer and a potential 
target for novel treatment development. Oncogene. 2018;37(42):5694–700. https://doi.org/10.1038/s41388-018-0357-2 PMID: 29907769

	27.	 De Smet L, Gatto ALJDADC. CTexploreR. Bioconductor; 2023. https://doi.org/10.18129/B9.BIOC.CTEXPLORER

	28.	 GTEx Consortium. The GTEx consortium atlas of genetic regulatory effects across human tissues. Science. 2020;369(6509):1318–30. https://doi.
org/10.1126/science.aaz1776 PMID: 32913098

https://doi.org/10.1002/(sici)1097-0215(19990118)80:2<219::aid-ijc10>3.0.co;2-s
https://doi.org/10.1002/(sici)1097-0215(19990118)80:2<219::aid-ijc10>3.0.co;2-s
http://www.ncbi.nlm.nih.gov/pubmed/9935203
https://doi.org/10.1016/j.canlet.2017.03.029
http://www.ncbi.nlm.nih.gov/pubmed/28342986
https://doi.org/10.1146/annurev-pharmtox-011112-140326
https://doi.org/10.1146/annurev-pharmtox-011112-140326
http://www.ncbi.nlm.nih.gov/pubmed/24160706
https://doi.org/10.1038/ncomms9840
http://www.ncbi.nlm.nih.gov/pubmed/26567849
http://www.ncbi.nlm.nih.gov/pubmed/12747762
https://doi.org/10.1111/j.1558-5646.1984.tb00346.x
https://doi.org/10.1111/j.1558-5646.1984.tb00346.x
http://www.ncbi.nlm.nih.gov/pubmed/28555827
https://doi.org/10.1155/2013/105108
http://www.ncbi.nlm.nih.gov/pubmed/23691492
https://doi.org/10.1007/978-1-4419-9967-2_7
https://doi.org/10.1007/978-1-4419-9967-2_7
http://www.ncbi.nlm.nih.gov/pubmed/22956500
https://doi.org/10.1038/sj.onc.1209678
http://www.ncbi.nlm.nih.gov/pubmed/16715135
https://doi.org/10.1073/pnas.93.14.7149
http://www.ncbi.nlm.nih.gov/pubmed/8692960
https://doi.org/10.1111/j.1349-7006.2004.tb03171.x
https://doi.org/10.1111/j.1349-7006.2004.tb03171.x
http://www.ncbi.nlm.nih.gov/pubmed/14720328
https://doi.org/10.1128/MCB.19.11.7327
http://www.ncbi.nlm.nih.gov/pubmed/10523621
https://doi.org/10.1038/nrc1669
http://www.ncbi.nlm.nih.gov/pubmed/16034368
https://doi.org/10.1158/0008-5472.CAN-04-1187
http://www.ncbi.nlm.nih.gov/pubmed/15342378
http://www.ncbi.nlm.nih.gov/pubmed/17217256
https://doi.org/10.1002/stem.8
http://www.ncbi.nlm.nih.gov/pubmed/19350682
https://doi.org/10.1016/j.bbrc.2011.11.120
http://www.ncbi.nlm.nih.gov/pubmed/22155245
https://doi.org/10.1093/nar/gkn673
http://www.ncbi.nlm.nih.gov/pubmed/18838390
https://doi.org/10.1101/2023.05.09.539617
http://www.ncbi.nlm.nih.gov/pubmed/37214884
https://doi.org/10.1038/ncomms10499
http://www.ncbi.nlm.nih.gov/pubmed/26813108
https://doi.org/10.1002/1878-0261.12900
http://www.ncbi.nlm.nih.gov/pubmed/33426787
https://doi.org/10.1038/s41388-018-0357-2
http://www.ncbi.nlm.nih.gov/pubmed/29907769
https://doi.org/10.18129/B9.BIOC.CTEXPLORER
https://doi.org/10.1126/science.aaz1776
https://doi.org/10.1126/science.aaz1776
http://www.ncbi.nlm.nih.gov/pubmed/32913098


PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011734  October 15, 2025 23 / 25

	29.	 Karlsson M, Zhang C, Méar L, Zhong W, Digre A, Katona B, et al. A single-cell type transcriptomics map of human tissues. Sci Adv. 
2021;7(31):eabh2169. https://doi.org/10.1126/sciadv.abh2169 PMID: 34321199

	30.	 Uhlén M, Fagerberg L, Hallström BM, Lindskog C, Oksvold P, Mardinoglu A, et al. Proteomics. Tissue-based map of the human proteome. Science. 
2015;347(6220):1260419. https://doi.org/10.1126/science.1260419 PMID: 25613900

	31.	 Cancer Genome Atlas Research Network, Weinstein JN, Collisson EA, Mills GB, Shaw KRM, Ozenberger BA, et al. The cancer genome atlas 
pan-cancer analysis project. Nat Genet. 2013;45(10):1113–20. https://doi.org/10.1038/ng.2764 PMID: 24071849

	32.	 Barretina J, Caponigro G, Stransky N, Venkatesan K, Margolin AA, Kim S, et al. The cancer cell line encyclopedia enables predictive modelling of 
anticancer drug sensitivity. Nature. 2012;483(7391):603–7. https://doi.org/10.1038/nature11003 PMID: 22460905

	33.	 Henrich K-O, Bender S, Saadati M, Dreidax D, Gartlgruber M, Shao C, et al. Integrative genome-scale analysis identifies epigenetic mechanisms 
of transcriptional deregulation in unfavorable neuroblastomas. Cancer Res. 2016;76(18):5523–37. https://doi.org/10.1158/0008-5472.CAN-15-2507 
PMID: 27635046

	34.	 Piunti A, Smith ER, Morgan MAJ, Ugarenko M, Khaltyan N, Helmin KA, et al. CATACOMB: an endogenous inducible gene that antagonizes H3K27 
methylation activity of Polycomb repressive complex 2 via an H3K27M-like mechanism. Sci Adv. 2019;5(7):eaax2887. https://doi.org/10.1126/
sciadv.aax2887 PMID: 31281901

	35.	 Grandin M, Mathot P, Devailly G, Bidet Y, Ghantous A, Favrot C, et al. Inhibition of DNA methylation promotes breast tumor sensitivity to netrin-1 
interference. EMBO Mol Med. 2016;8(8):863–77. https://doi.org/10.15252/emmm.201505945 PMID: 27378792

	36.	 Park J-W, Sahm F, Steffl B, Arrillaga-Romany I, Cahill D, Monje M, et al. TERT and DNMT1 expression predict sensitivity to decitabine in gliomas. 
Neuro Oncol. 2021;23(1):76–87. https://doi.org/10.1093/neuonc/noaa207 PMID: 32882013

	37.	 De Plaen E, Arden K, Traversari C, Gaforio JJ, Szikora JP, De Smet C, et al. Structure, chromosomal localization, and expression of 12 genes of 
the MAGE family. Immunogenetics. 1994;40(5):360–9. https://doi.org/10.1007/BF01246677 PMID: 7927540

	38.	 Weber M, Hellmann I, Stadler MB, Ramos L, Pääbo S, Rebhan M, et al. Distribution, silencing potential and evolutionary impact of promoter DNA 
methylation in the human genome. Nat Genet. 2007;39(4):457–66. https://doi.org/10.1038/ng1990 PMID: 17334365

	39.	 Loriot A, Boon T, De Smet C. Five new human cancer-germline genes identified among 12 genes expressed in spermatogonia. Int J Cancer. 
2003;105(3):371–6. https://doi.org/10.1002/ijc.11104 PMID: 12704671

	40.	 Woloszynska-Read A, Mhawech-Fauceglia P, Yu J, Odunsi K, Karpf AR. Intertumor and intratumor NY-ESO-1 expression heterogeneity is 
associated with promoter-specific and global DNA methylation status in ovarian cancer. Clin Cancer Res. 2008;14(11):3283–90. https://doi.
org/10.1158/1078-0432.CCR-07-5279 PMID: 18519754

	41.	 Diacofotaki A, Loriot A, De Smet C. Identification of tissue-specific gene clusters induced by DNA demethylation in lung adenocarcinoma: more 
than germline genes. Cancers (Basel). 2022;14(4):1007. https://doi.org/10.3390/cancers14041007 PMID: 35205751

	42.	 Babatunde KA, Najafi A, Salehipour P, Modarressi MH, Mobasheri MB. Cancer/Testis genes in relation to sperm biology and function. Iran J Basic 
Med Sci. 2017;20(9):967–74. https://doi.org/10.22038/IJBMS.2017.9259 PMID: 29085590

	43.	 Yan R, Gu C, You D, Huang Z, Qian J, Yang Q, et al. Decoding dynamic epigenetic landscapes in human oocytes using single-cell multi-omics 
sequencing. Cell Stem Cell. 2021;28(9):1641-1656.e7. https://doi.org/10.1016/j.stem.2021.04.012 PMID: 33957080

	44.	 Guo J, Grow EJ, Mlcochova H, Maher GJ, Lindskog C, Nie X, et al. The adult human testis transcriptional cell atlas. Cell Res. 2018;28(12):1141–
57. https://doi.org/10.1038/s41422-018-0099-2 PMID: 30315278

	45.	 Singer-Sam J, Robinson MO, Bellvé AR, Simon MI, Riggs AD. Measurement by quantitative PCR of changes in HPRT, PGK-1, PGK-2, APRT, 
MTase, and Zfy gene transcripts during mouse spermatogenesis. Nucleic Acids Res. 1990;18:1255–9.

	46.	 McCarrey JR, Dilworth DD, Sharp RM. Semiquantitative analysis of X-linked gene expression during spermatogenesis in the mouse: ethidium- 
bromide staining of RT-PCR products. Genet Anal Tech Appl. 1992;9(4):117–23. https://doi.org/10.1016/1050-3862(92)90051-6 PMID: 1282026

	47.	 Culty M. Gonocytes, the forgotten cells of the germ cell lineage. Birth Defects Res C Embryo Today. 2009;87(1):1–26. https://doi.org/10.1002/
bdrc.20142 PMID: 19306346

	48.	 Garcia-Alonso L, Lorenzi V, Mazzeo CI, Alves-Lopes JP, Roberts K, Sancho-Serra C, et al. Single-cell roadmap of human gonadal development. 
Nature. 2022;607(7919):540–7. https://doi.org/10.1038/s41586-022-04918-4 PMID: 35794482

	49.	 Guo F, Yan L, Guo H, Li L, Hu B, Zhao Y, et al. The transcriptome and DNA methylome landscapes of human primordial germ cells. Cell. 
2015;161(6):1437–52. https://doi.org/10.1016/j.cell.2015.05.015 PMID: 26046443

	50.	 Li L, Li L, Li Q, Liu X, Ma X, Yong J, et al. Dissecting the epigenomic dynamics of human fetal germ cell development at single-cell resolution. Cell 
Res. 2021;31(4):463–77. https://doi.org/10.1038/s41422-020-00401-9 PMID: 32884136

	51.	 Gaskell TL, Esnal A, Robinson LLL, Anderson RA, Saunders PTK. Immunohistochemical profiling of germ cells within the human fetal testis: identi-
fication of three subpopulations. Biol Reprod. 2004;71(6):2012–21. https://doi.org/10.1095/biolreprod.104.028381 PMID: 15317684

	52.	 Zhu P, Guo H, Ren Y, Hou Y, Dong J, Li R, et al. Single-cell DNA methylome sequencing of human preimplantation embryos. Nat Genet. 
2018;50(1):12–9. https://doi.org/10.1038/s41588-017-0007-6 PMID: 29255258

	53.	 Wilkinson AL, Zorzan I, Rugg-Gunn PJ. Epigenetic regulation of early human embryo development. Cell Stem Cell. 2023;30(12):1569–84. https://
doi.org/10.1016/j.stem.2023.09.010 PMID: 37858333

https://doi.org/10.1126/sciadv.abh2169
http://www.ncbi.nlm.nih.gov/pubmed/34321199
https://doi.org/10.1126/science.1260419
http://www.ncbi.nlm.nih.gov/pubmed/25613900
https://doi.org/10.1038/ng.2764
http://www.ncbi.nlm.nih.gov/pubmed/24071849
https://doi.org/10.1038/nature11003
http://www.ncbi.nlm.nih.gov/pubmed/22460905
https://doi.org/10.1158/0008-5472.CAN-15-2507
http://www.ncbi.nlm.nih.gov/pubmed/27635046
https://doi.org/10.1126/sciadv.aax2887
https://doi.org/10.1126/sciadv.aax2887
http://www.ncbi.nlm.nih.gov/pubmed/31281901
https://doi.org/10.15252/emmm.201505945
http://www.ncbi.nlm.nih.gov/pubmed/27378792
https://doi.org/10.1093/neuonc/noaa207
http://www.ncbi.nlm.nih.gov/pubmed/32882013
https://doi.org/10.1007/BF01246677
http://www.ncbi.nlm.nih.gov/pubmed/7927540
https://doi.org/10.1038/ng1990
http://www.ncbi.nlm.nih.gov/pubmed/17334365
https://doi.org/10.1002/ijc.11104
http://www.ncbi.nlm.nih.gov/pubmed/12704671
https://doi.org/10.1158/1078-0432.CCR-07-5279
https://doi.org/10.1158/1078-0432.CCR-07-5279
http://www.ncbi.nlm.nih.gov/pubmed/18519754
https://doi.org/10.3390/cancers14041007
http://www.ncbi.nlm.nih.gov/pubmed/35205751
https://doi.org/10.22038/IJBMS.2017.9259
http://www.ncbi.nlm.nih.gov/pubmed/29085590
https://doi.org/10.1016/j.stem.2021.04.012
http://www.ncbi.nlm.nih.gov/pubmed/33957080
https://doi.org/10.1038/s41422-018-0099-2
http://www.ncbi.nlm.nih.gov/pubmed/30315278
https://doi.org/10.1016/1050-3862(92)90051-6
http://www.ncbi.nlm.nih.gov/pubmed/1282026
https://doi.org/10.1002/bdrc.20142
https://doi.org/10.1002/bdrc.20142
http://www.ncbi.nlm.nih.gov/pubmed/19306346
https://doi.org/10.1038/s41586-022-04918-4
http://www.ncbi.nlm.nih.gov/pubmed/35794482
https://doi.org/10.1016/j.cell.2015.05.015
http://www.ncbi.nlm.nih.gov/pubmed/26046443
https://doi.org/10.1038/s41422-020-00401-9
http://www.ncbi.nlm.nih.gov/pubmed/32884136
https://doi.org/10.1095/biolreprod.104.028381
http://www.ncbi.nlm.nih.gov/pubmed/15317684
https://doi.org/10.1038/s41588-017-0007-6
http://www.ncbi.nlm.nih.gov/pubmed/29255258
https://doi.org/10.1016/j.stem.2023.09.010
https://doi.org/10.1016/j.stem.2023.09.010
http://www.ncbi.nlm.nih.gov/pubmed/37858333


PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011734  October 15, 2025 24 / 25

	54.	 Borensztein M, Syx L, Ancelin K, Diabangouaya P, Picard C, Liu T, et al. Xist-dependent imprinted X inactivation and the early developmental con-
sequences of its failure. Nat Struct Mol Biol. 2017;24(3):226–33. https://doi.org/10.1038/nsmb.3365 PMID: 28134930

	55.	 Huynh KD, Lee JT. Inheritance of a pre-inactivated paternal X chromosome in early mouse embryos. Nature. 2003;426(6968):857–62. https://doi.
org/10.1038/nature02222 PMID: 14661031

	56.	 Kang Y, Hong JA, Chen GA, Nguyen DM, Schrump DS. Dynamic transcriptional regulatory complexes including BORIS, CTCF and Sp1 modulate 
NY-ESO-1 expression in lung cancer cells. Oncogene. 2007;26(30):4394–403. https://doi.org/10.1038/sj.onc.1210218 PMID: 17260018

	57.	 Wang PJ, McCarrey JR, Yang F, Page DC. An abundance of X-linked genes expressed in spermatogonia. Nat Genet. 2001;27(4):422–6. https://
doi.org/10.1038/86927 PMID: 11279525

	58.	 Gurbich TA, Bachtrog D. Gene content evolution on the X chromosome. Curr Opin Genet Dev. 2008;18(6):493–8. https://doi.org/10.1016/j.
gde.2008.09.006 PMID: 18929654

	59.	 Mank JE, Hultin-Rosenberg L, Zwahlen M, Ellegren H. Pleiotropic constraint hampers the resolution of sexual antagonism in vertebrate gene 
expression. Am Nat. 2008;171(1):35–43. https://doi.org/10.1086/523954 PMID: 18171149

	60.	 Katsura Y, Satta Y. Evolutionary history of the cancer immunity antigen MAGE gene family. PLoS One. 2011;6(6):e20365. https://doi.org/10.1371/
journal.pone.0020365 PMID: 21695252

	61.	 Zhang Q, Su B. Evolutionary origin and human-specific expansion of a cancer/testis antigen gene family. Mol Biol Evol. 2014;31(9):2365–75. 
https://doi.org/10.1093/molbev/msu188 PMID: 24916032

	62.	 Jackson EK, Bellott DW, Cho T-J, Skaletsky H, Hughes JF, Pyntikova T, et al. Large palindromes on the primate X chromosome are preserved by 
natural selection. Genome Res. 2021;31(8):1337–52. https://doi.org/10.1101/gr.275188.120 PMID: 34290043

	63.	 Porubsky D, Höps W, Ashraf H, Hsieh P, Rodriguez-Martin B, Yilmaz F, et al. Recurrent inversion polymorphisms in humans associate with genetic 
instability and genomic disorders. Cell. 2022;185(11):1986–2005. https://doi.org/10.1016/j.cell.2022.04.017 PMID: 35525246

	64.	 Warburton PE, Giordano J, Cheung F, Gelfand Y, Benson G. Inverted repeat structure of the human genome: the X-chromosome contains a pre-
ponderance of large, highly homologous inverted repeats that contain testes genes. Genome Res. 2004;14(10A):1861–9. https://doi.org/10.1101/
gr.2542904 PMID: 15466286

	65.	 Kauppi L, Jasin M, Keeney S. The tricky path to recombining X and Y chromosomes in meiosis. Ann N Y Acad Sci. 2012;1267:18–23. https://doi.
org/10.1111/j.1749-6632.2012.06593.x PMID: 22954211

	66.	 Keller TE, Yi SV. DNA methylation and evolution of duplicate genes. Proc Natl Acad Sci U S A. 2014;111(16):5932–7. https://doi.org/10.1073/
pnas.1321420111 PMID: 24711408

	67.	 Chang AY-F, Liao B-Y. DNA methylation rebalances gene dosage after mammalian gene duplications. Mol Biol Evol. 2012;29(1):133–44. https://doi.
org/10.1093/molbev/msr174 PMID: 21821837

	68.	 Gkountela S, Zhang KX, Shafiq TA, Liao W-W, Hargan-Calvopiña J, Chen P-Y, et al. DNA demethylation dynamics in the human prenatal germline. 
Cell. 2015;161(6):1425–36. https://doi.org/10.1016/j.cell.2015.05.012 PMID: 26004067

	69.	 Tang WWC, Dietmann S, Irie N, Leitch HG, Floros VI, Bradshaw CR, et al. A unique gene regulatory network resets the human germline epig-
enome for development. Cell. 2015;161(6):1453–67. https://doi.org/10.1016/j.cell.2015.04.053 PMID: 26046444

	70.	 Stevenson BJ, Iseli C, Panji S, Zahn-Zabal M, Hide W, Old LJ, et al. Rapid evolution of cancer/testis genes on the X chromosome. BMC Genom-
ics. 2007;8:129. https://doi.org/10.1186/1471-2164-8-129 PMID: 17521433

	71.	 Han C. Gene expression programs in mammalian spermatogenesis. Development. 2024;151(8):dev202033. https://doi.org/10.1242/dev.202033 
PMID: 38691389

	72.	 Okae H, Chiba H, Hiura H, Hamada H, Sato A, Utsunomiya T, et al. Genome-wide analysis of DNA methylation dynamics during early human 
development. PLoS Genet. 2014;10(12):e1004868. https://doi.org/10.1371/journal.pgen.1004868 PMID: 25501653

	73.	 Sanchez-Delgado M, Court F, Vidal E, Medrano J, Monteagudo-Sánchez A, Martin-Trujillo A, et al. Human oocyte-derived methylation differ-
ences persist in the placenta revealing widespread transient imprinting. PLoS Genet. 2016;12(11):e1006427. https://doi.org/10.1371/journal.
pgen.1006427 PMID: 27835649

	74.	 Proudhon C, Duffié R, Ajjan S, Cowley M, Iranzo J, Carbajosa G, et al. Protection against de novo methylation is instrumental in maintaining parent- 
of-origin methylation inherited from the gametes. Mol Cell. 2012;47(6):909–20. https://doi.org/10.1016/j.molcel.2012.07.010 PMID: 22902559

	75.	 Zhou Q, Wang T, Leng L, Zheng W, Huang J, Fang F, et al. Single-cell RNA-seq reveals distinct dynamic behavior of sex chromosomes during 
early human embryogenesis. Mol Reprod Dev. 2019;86(7):871–82. https://doi.org/10.1002/mrd.23162 PMID: 31094050

	76.	 Guo H, Zhu P, Yan L, Li R, Hu B, Lian Y, et al. The DNA methylation landscape of human early embryos. Nature. 2014;511(7511):606–10. https://
doi.org/10.1038/nature13544 PMID: 25079557

	77.	 Richardson V, Engel N, Kulathinal RJ. Comparative developmental genomics of sex-biased gene expression in early embryogenesis across mam-
mals. Biol Sex Differ. 2023;14(1):30. https://doi.org/10.1186/s13293-023-00520-z PMID: 37208698

	78.	 Engel N. Sex differences in early embryogenesis: inter-chromosomal regulation sets the stage for sex-biased gene networks: the dialogue between 
the sex chromosomes and autosomes imposes sexual identity soon after fertilization. Bioessays. 2018;40(9):e1800073. https://doi.org/10.1002/
bies.201800073 PMID: 29943439

	79.	 Gubbay J, Collignon J, Koopman P, Capel B, Economou A, Münsterberg A, et al. A gene mapping to the sex-determining region of the mouse Y 
chromosome is a member of a novel family of embryonically expressed genes. Nature. 1990;346(6281):245–50. https://doi.org/10.1038/346245a0 
PMID: 2374589

https://doi.org/10.1038/nsmb.3365
http://www.ncbi.nlm.nih.gov/pubmed/28134930
https://doi.org/10.1038/nature02222
https://doi.org/10.1038/nature02222
http://www.ncbi.nlm.nih.gov/pubmed/14661031
https://doi.org/10.1038/sj.onc.1210218
http://www.ncbi.nlm.nih.gov/pubmed/17260018
https://doi.org/10.1038/86927
https://doi.org/10.1038/86927
http://www.ncbi.nlm.nih.gov/pubmed/11279525
https://doi.org/10.1016/j.gde.2008.09.006
https://doi.org/10.1016/j.gde.2008.09.006
http://www.ncbi.nlm.nih.gov/pubmed/18929654
https://doi.org/10.1086/523954
http://www.ncbi.nlm.nih.gov/pubmed/18171149
https://doi.org/10.1371/journal.pone.0020365
https://doi.org/10.1371/journal.pone.0020365
http://www.ncbi.nlm.nih.gov/pubmed/21695252
https://doi.org/10.1093/molbev/msu188
http://www.ncbi.nlm.nih.gov/pubmed/24916032
https://doi.org/10.1101/gr.275188.120
http://www.ncbi.nlm.nih.gov/pubmed/34290043
https://doi.org/10.1016/j.cell.2022.04.017
http://www.ncbi.nlm.nih.gov/pubmed/35525246
https://doi.org/10.1101/gr.2542904
https://doi.org/10.1101/gr.2542904
http://www.ncbi.nlm.nih.gov/pubmed/15466286
https://doi.org/10.1111/j.1749-6632.2012.06593.x
https://doi.org/10.1111/j.1749-6632.2012.06593.x
http://www.ncbi.nlm.nih.gov/pubmed/22954211
https://doi.org/10.1073/pnas.1321420111
https://doi.org/10.1073/pnas.1321420111
http://www.ncbi.nlm.nih.gov/pubmed/24711408
https://doi.org/10.1093/molbev/msr174
https://doi.org/10.1093/molbev/msr174
http://www.ncbi.nlm.nih.gov/pubmed/21821837
https://doi.org/10.1016/j.cell.2015.05.012
http://www.ncbi.nlm.nih.gov/pubmed/26004067
https://doi.org/10.1016/j.cell.2015.04.053
http://www.ncbi.nlm.nih.gov/pubmed/26046444
https://doi.org/10.1186/1471-2164-8-129
http://www.ncbi.nlm.nih.gov/pubmed/17521433
https://doi.org/10.1242/dev.202033
http://www.ncbi.nlm.nih.gov/pubmed/38691389
https://doi.org/10.1371/journal.pgen.1004868
http://www.ncbi.nlm.nih.gov/pubmed/25501653
https://doi.org/10.1371/journal.pgen.1006427
https://doi.org/10.1371/journal.pgen.1006427
http://www.ncbi.nlm.nih.gov/pubmed/27835649
https://doi.org/10.1016/j.molcel.2012.07.010
http://www.ncbi.nlm.nih.gov/pubmed/22902559
https://doi.org/10.1002/mrd.23162
http://www.ncbi.nlm.nih.gov/pubmed/31094050
https://doi.org/10.1038/nature13544
https://doi.org/10.1038/nature13544
http://www.ncbi.nlm.nih.gov/pubmed/25079557
https://doi.org/10.1186/s13293-023-00520-z
http://www.ncbi.nlm.nih.gov/pubmed/37208698
https://doi.org/10.1002/bies.201800073
https://doi.org/10.1002/bies.201800073
http://www.ncbi.nlm.nih.gov/pubmed/29943439
https://doi.org/10.1038/346245a0
http://www.ncbi.nlm.nih.gov/pubmed/2374589


PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011734  October 15, 2025 25 / 25

	 80.	 Sinclair AH, Berta P, Palmer MS, Hawkins JR, Griffiths BL, Smith MJ, et al. A gene from the human sex-determining region encodes a protein with 
homology to a conserved DNA-binding motif. Nature. 1990;346(6281):240–4. https://doi.org/10.1038/346240a0 PMID: 1695712

	 81.	 Nin DS, Wujanto C, Tan TZ, Lim D, Damen JMA, Wu K-Y, et al. GAGE mediates radio resistance in cervical cancers via the regulation of chroma-
tin accessibility. Cell Rep. 2021;36(9):109621. https://doi.org/10.1016/j.celrep.2021.109621 PMID: 34469741

	 82.	 Wollenzien H, Afeworki Tecleab Y, Szczepaniak-Sloane R, Restaino A, Kareta MS. Single-cell evolutionary analysis reveals drivers of plasticity 
and mediators of chemoresistance in small cell lung cancer. Mol Cancer Res. 2023;21(9):892–907. https://doi.org/10.1158/1541-7786.MCR-22-
0881 PMID: 37256926

	 83.	 Monte M, Simonatto M, Peche LY, Bublik DR, Gobessi S, Pierotti MA, et al. MAGE-A tumor antigens target p53 transactivation function through 
histone deacetylase recruitment and confer resistance to chemotherapeutic agents. Proc Natl Acad Sci U S A. 2006;103(30):11160–5. https://doi.
org/10.1073/pnas.0510834103 PMID: 16847267

	 84.	 Doyle JM, Gao J, Wang J, Yang M, Potts PR. MAGE-RING protein complexes comprise a family of E3 ubiquitin ligases. Mol Cell. 
2010;39(6):963–74. https://doi.org/10.1016/j.molcel.2010.08.029 PMID: 20864041

	 85.	 Pineda CT, Potts PR. Oncogenic MAGEA-TRIM28 ubiquitin ligase downregulates autophagy by ubiquitinating and degrading AMPK in cancer. 
Autophagy. 2015;11(5):844–6. https://doi.org/10.1080/15548627.2015.1034420 PMID: 25945414

	 86.	 Fon Tacer K, Montoya MC, Oatley MJ, Lord T, Oatley JM, Klein J, et al. MAGE cancer-testis antigens protect the mammalian germline under envi-
ronmental stress. Sci Adv. 2019;5(5):eaav4832. https://doi.org/10.1126/sciadv.aav4832 PMID: 31149633

	 87.	 Song S. Does famine influence sex ratio at birth? Evidence from the 1959-1961 great leap forward famine in China. Proc Biol Sci. 
2012;279(1739):2883–90. https://doi.org/10.1098/rspb.2012.0320 PMID: 22456881

	 88.	 Gardner DK, Larman MG, Thouas GA. Sex-related physiology of the preimplantation embryo. Mol Hum Reprod. 2010;16(8):539–47. https://doi.
org/10.1093/molehr/gaq042 PMID: 20501630

	 89.	 ENCODE Project Consortium. An integrated encyclopedia of DNA elements in the human genome. Nature. 2012;489(7414):57–74. https://doi.
org/10.1038/nature11247 PMID: 22955616

	 90.	 Colaprico A, Silva TC, Olsen C, Garofano L, Cava C, Garolini D, et al. TCGAbiolinks: an R/Bioconductor package for integrative analysis of TCGA 
data. Nucleic Acids Res. 2016;44(8):e71. https://doi.org/10.1093/nar/gkv1507 PMID: 26704973

	 91.	 Thorvaldsdóttir H, Robinson JT, Mesirov JP. Integrative Genomics Viewer (IGV): high-performance genomics data visualization and exploration. 
Brief Bioinform. 2013;14(2):178–92. https://doi.org/10.1093/bib/bbs017 PMID: 22517427

	 92.	 Krueger F, Andrews SR. Bismark: a flexible aligner and methylation caller for Bisulfite-Seq applications. Bioinformatics. 2011;27(11):1571–2. 
https://doi.org/10.1093/bioinformatics/btr167 PMID: 21493656

	 93.	 Durinck S, Spellman PT, Birney E, Huber W. Mapping identifiers for the integration of genomic datasets with the R/Bioconductor package 
biomaRt. Nat Protoc. 2009;4(8):1184–91. https://doi.org/10.1038/nprot.2009.97 PMID: 19617889

	 94.	 Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 
2014;15(12):550. https://doi.org/10.1186/s13059-014-0550-8 PMID: 25516281

	 95.	 FastQC: A Quality control tool for high throughput sequence data. Accessed 2025 March 21. https://www.bioinformatics.babraham.ac.uk/projects/
fastqc/

	 96.	 Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics. 2014;30(15):2114–20. https://doi.
org/10.1093/bioinformatics/btu170 PMID: 24695404

	 97.	 Kim D, Paggi JM, Park C, Bennett C, Salzberg SL. Graph-based genome alignment and genotyping with HISAT2 and HISAT-genotype. Nat Bio-
technol. 2019;37(8):907–15. https://doi.org/10.1038/s41587-019-0201-4 PMID: 31375807

	 98.	 Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose program for assigning sequence reads to genomic features. Bioinformatics. 
2014;30(7):923–30. https://doi.org/10.1093/bioinformatics/btt656 PMID: 24227677

	 99.	 Amezquita RA, Lun ATL, Becht E, Carey VJ, Carpp LN, Geistlinger L, et al. Orchestrating single-cell analysis with Bioconductor. Nat Methods. 
2020;17(2):137–45. https://doi.org/10.1038/s41592-019-0654-x PMID: 31792435

	100.	 McCarthy DJ, Campbell KR, Lun ATL, Wills QF. Scater: pre-processing, quality control, normalization and visualization of single-cell RNA-seq 
data in R. Bioinformatics. 2017;33(8):1179–86. https://doi.org/10.1093/bioinformatics/btw777 PMID: 28088763

	101.	 Petropoulos S, Edsgärd D, Reinius B, Deng Q, Panula SP, Codeluppi S, et al. Single-cell RNA-Seq reveals lineage and X chromosome dynamics 
in human preimplantation Embryos. Cell. 2016;167(1):285. https://doi.org/10.1016/j.cell.2016.08.009 PMID: 27662094

	102.	 Bioconductor Package Maintainer. LiftOver: Changing genomic coordinate systems with rtracklayer. liftOver; 2024. https://doi.org/10.18129/
B9.bioc.liftOver

	103.	 De Smet L, Gatto ALJDADC. CTdata. Bioconductor; 2023. https://doi.org/10.18129/B9.BIOC.CTDATA

	104.	 Wilkinson L. ggplot2: elegant graphics for data analysis by WICKHAM, H. Biometrics. 2011;67(2):678–9. https://doi.
org/10.1111/j.1541-0420.2011.01616.x

	105.	 Conway JR, Lex A, Gehlenborg N. UpSetR: an R package for the visualization of intersecting sets and their properties. Bioinformatics. 
2017;33(18):2938–40. https://doi.org/10.1093/bioinformatics/btx364 PMID: 28645171

	106.	 Gu Z. Complex heatmap visualization. Imeta. 2022;1(3):e43. https://doi.org/10.1002/imt2.43 PMID: 38868715

https://doi.org/10.1038/346240a0
http://www.ncbi.nlm.nih.gov/pubmed/1695712
https://doi.org/10.1016/j.celrep.2021.109621
http://www.ncbi.nlm.nih.gov/pubmed/34469741
https://doi.org/10.1158/1541-7786.MCR-22-0881
https://doi.org/10.1158/1541-7786.MCR-22-0881
http://www.ncbi.nlm.nih.gov/pubmed/37256926
https://doi.org/10.1073/pnas.0510834103
https://doi.org/10.1073/pnas.0510834103
http://www.ncbi.nlm.nih.gov/pubmed/16847267
https://doi.org/10.1016/j.molcel.2010.08.029
http://www.ncbi.nlm.nih.gov/pubmed/20864041
https://doi.org/10.1080/15548627.2015.1034420
http://www.ncbi.nlm.nih.gov/pubmed/25945414
https://doi.org/10.1126/sciadv.aav4832
http://www.ncbi.nlm.nih.gov/pubmed/31149633
https://doi.org/10.1098/rspb.2012.0320
http://www.ncbi.nlm.nih.gov/pubmed/22456881
https://doi.org/10.1093/molehr/gaq042
https://doi.org/10.1093/molehr/gaq042
http://www.ncbi.nlm.nih.gov/pubmed/20501630
https://doi.org/10.1038/nature11247
https://doi.org/10.1038/nature11247
http://www.ncbi.nlm.nih.gov/pubmed/22955616
https://doi.org/10.1093/nar/gkv1507
http://www.ncbi.nlm.nih.gov/pubmed/26704973
https://doi.org/10.1093/bib/bbs017
http://www.ncbi.nlm.nih.gov/pubmed/22517427
https://doi.org/10.1093/bioinformatics/btr167
http://www.ncbi.nlm.nih.gov/pubmed/21493656
https://doi.org/10.1038/nprot.2009.97
http://www.ncbi.nlm.nih.gov/pubmed/19617889
https://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
https://doi.org/10.1038/s41587-019-0201-4
http://www.ncbi.nlm.nih.gov/pubmed/31375807
https://doi.org/10.1093/bioinformatics/btt656
http://www.ncbi.nlm.nih.gov/pubmed/24227677
https://doi.org/10.1038/s41592-019-0654-x
http://www.ncbi.nlm.nih.gov/pubmed/31792435
https://doi.org/10.1093/bioinformatics/btw777
http://www.ncbi.nlm.nih.gov/pubmed/28088763
https://doi.org/10.1016/j.cell.2016.08.009
http://www.ncbi.nlm.nih.gov/pubmed/27662094
https://doi.org/10.18129/B9.bioc.liftOver
https://doi.org/10.18129/B9.bioc.liftOver
https://doi.org/10.18129/B9.BIOC.CTDATA
https://doi.org/10.1111/j.1541-0420.2011.01616.x
https://doi.org/10.1111/j.1541-0420.2011.01616.x
https://doi.org/10.1093/bioinformatics/btx364
http://www.ncbi.nlm.nih.gov/pubmed/28645171
https://doi.org/10.1002/imt2.43
http://www.ncbi.nlm.nih.gov/pubmed/38868715

