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Gonadal sex determination in mice is a complex and dynamic process, which is
crucial for the development of functional reproductive organs. The expression of
genes involved in this process is regulated by a variety of genetic and epigenetic
mechanisms. Recently, there has been increasing evidence that transposable
elements (TEs), which are a class of mobile genetic elements, play a significant
role in regulating gene expression during embryogenesis and organ
development. In this study, we aimed to investigate the involvement of TEs in
the regulation of gene expression during mouse embryonic gonadal
development. Through bioinformatics analysis, we aimed to identify and
characterize specific TEs that operate as regulatory elements for sex-specific
genes, as well as their potential mechanisms of regulation. We identified TE loci
expressed in a time- and sex-specific manner along fetal gonad development
that correlate positively and negatively with nearby gene expression, suggesting
that their expression is integrated to the gonadal regulatory network. Moreover,
chromatin accessibility and histone post-transcriptional modification analyses in
differentiating supporting cells revealed that TEs are acquiring a sex-specific
signature for promoter-, enhancer-, and silencer-like elements, with some of
them being proximal to critical sex-determining genes. Altogether, our study
introduces TEs as the new potential players in the gene regulatory network that
controls gonadal development in mammals.
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Introduction

Sex determination is the developmental process by which individuals acquire the
necessary organs for sexual reproduction. In vertebrates, it starts with the differentiation of
the bipotential gonadal primordium into the ovaries or testes. In mice, the bipotential gonad
forms around embryonic day (E) 10.0 on the ventral surface of the intermediate mesoderm
and comprises multipotent somatic cells and primordial germ cells (Mayere et al., 2022;
Neirijnck et al., 2023). At this stage, the XX and XY somatic cells display no autosomal
sexual dimorphism at the transcriptional (Stevant et al., 2019) and chromatin levels (Garcia-
Moreno et al., 2019). The supporting cell lineage is the first to operate sex fate decision at
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E11.5 by differentiating as either Sertoli cells or pre-granulosa cells
depending on the presence or absence of the Y chromosome
(Albrecht and Eicher, 2001; Chassot et al., 2008). Once specified,
Sertoli and pre-granulosa cells instruct other somatic progenitors
and the primordial germ cell to commit and differentiate toward the
testicular or ovarian cell fates. In XX gonads, the canonical Wnt
pathway (WNT4/RSPO1/β-catenin) and the transcription factors
(TFs), FOXL2 and RUNX1, induce the differentiation of pre-
granulosa cells (Greenfield, 2021). In XY gonads, sex
determination is governed by the Sry gene located on the Y
chromosome (Sinclair et al., 1990; Koopman et al., 1991) that
activates the expression of the transcription factor SOX9 at E11.5
(Gonen et al., 2018), which in turn controls the differentiation of
Sertoli cells (Vining et al., 2021). In both sexes, the action of master
transcription factors induces the activity of sex-specific regulatory
networks, controlling the expression and repression of downstream
pro-testicular or pro-ovarian genes. Many levels of regulation are
expected to play a role in controlling this delicate gene regulatory
network. Indeed, it has been shown that prior to sex determination,
sex-specific genes carry a bivalent histone mark signature with both
active (H3K4me3) and repressive (H3K27me3) markers. As sex
differentiation progresses, these genes lose one of these markers and
acquire sex-specific expression (Garcia-Moreno et al., 2019).
Furthermore, many sex-specific intergenic loci acquire the
deposition of H3K27Ac, which characterizes active enhancers
(Garcia-Moreno et al., 2019). With two alternative outcomes, the
study of sex determination provides an attractive model for studying
the epigenetic events involved in cell fate decisions.

We have previously shown that the versatile nuclear-scaffold protein
TRIM28 directly interacts and co-localizes with SOX9 on the chromatin
of fetal Sertoli cells (Rahmoun et al., 2017). We also discovered that
TRIM28 protects adult ovaries from granulosa to Sertoli cell
reprogramming through its SUMO E3 ligase activity (Rossitto et al.,
2022). Interestingly, in addition to its role on gene regulation as a
transcriptional activator or repressor, TRIM28 is a master regulator of
transposable element (TE) silencing in somatic cells (Rowe et al., 2010).
Inmammalian genomes, nearly half of the DNA consists of TEs. TEs are
divided into two classes depending on the mechanism by which they
transpose. Class I TEs are retrotransposons that propagate via a
“copy–paste” mechanism by using an intermediate RNA molecule
that is reverse-transcribed as DNA before reinsertion into the host
genome. Class II TEs are DNA transposons propagating via a “cut and
paste”mechanism. They encode a transposase that excises their flanking
inverted terminal repeats and inserts them somewhere else in the host
genome. The repression of somatic or germinal TE expression is crucial
to block the genetic instability that their uncontrolled expression would
induce (Hedges and Deininger, 2007). Therefore, most TE loci are
silenced by H3K9me3 or CpG methylation in somatic cells and by the
piRNA machinery in male germinal lineages (Zhou et al., 2022). In
somatic cells, TRIM28 negatively regulates retrotransposons upon its
interaction with KRAB-containing zinc-finger proteins. Consequently,
TRIM28 recruits the histone methylase SETDB1 that deposits the
heterochromatin mark H3K9me3, contributing to epigenetic
retrotransposon silencing (Randolph et al., 2022).

Apart from the potential genomic stability threat, some TEs have
become an intrinsic part of the genome during vertebrate evolution
and are drivers of genetic innovations, notably in sex determination
and reproduction (Dechaud et al., 2019). For instance, TE insertion

in sablefish and medaka generated allelic diversification, leading to
the creation of a new master sex-determining gene (Schartl et al.,
2018; Herpin et al., 2021). More recently, a second exon of the Sry
gene was identified in mice. This cryptic exon originates from the
insertion of four retrotransposons. While the short SRY isoform
contains a C-terminal degron, which renders the protein unstable,
the long isoform containing the cryptic exon is degron-free and,
thus, more stable (Miyawaki et al., 2020). Furthermore, co-option
and domestication have repurposed TEs for the benefit of their host
and contributed to novel regulatory mechanisms. We distinguish
three different mechanisms by which TEs influence gene expression.
First, TEs are involved in chromatin organization. TEs containing
CCCTC-binding factor (CTCF) motifs were found to be directly
involved in the formation of topologically associating domains
(TADs) and long-range enhancer–promoter interactions (Lawson
et al., 2023). Second, TE sequences are rich in motifs for lineage-
specific transcription factors and can be co-opted as cis-regulatory
elements. For example, endogenous retroviruses (ERVs) were shown
to be highly enriched in species-specific placenta development
enhancers (Chuong et al., 2013). Finally, TE-derived transcripts
were shown to influence gene expression by mechanisms that are
still poorly understood. In mice, the transition from the two-cell
stage and development progression to the blastocyst stage appeared
to depend on LINE-1 expression (Jachowicz et al., 2017; Percharde
et al., 2018). TE expression was also shown to be involved in adult
neurogenesis, neuronal pathologies, and cancer (Richardson et al.,
2014; Jonsson et al., 2020; Jansz and Faulkner, 2021).

In this work, we aimed to characterize TE expression and
chromatin landscape as fetal gonads specify as testis or ovary in
order to establish the groundwork for further functional studies of
TEs in mouse gonadal development. We first identified that
common TEs were dysregulated in adult ovaries of Trim28 KO
mice (Rossitto, et al., 2022) and ovarian Dmrt1 overexpression mice
(Lindeman et al., 2015), two models presenting granulosa to Sertoli
transdifferentiation, suggesting a sex-specific signature of TE
expression in mice. Hence, we reanalyzed transcriptomic and
epigenomic data from embryonic gonads and found that the
major expression of TE loci is indeed detectable in both sexes
with temporal- and sex-dependent variations. We observed that a
significant proportion of open chromatin regions contain TE
sequences associated to active or repressive histone marks and
having enrichment for DNA motifs recognized by transcription
factors involved in sex determination. Therefore, our findings
suggest that TEs may play a role at several levels during
mammalian sex determination.

Results

Quantification of TE expression in mouse
developing gonads

We first reanalyzed bulk RNA-seq data from control andmutant
adult whole ovaries (7 months old), displaying granulosa to Sertoli
cell transdifferentiation upon conditional Trim28 deletion in the
granulosa cells (Rossitto, et al., 2022), and measured the change in
TE expression. Due to their highly repetitive nature and low RNA
abundance, the evaluation of TE expression requires the use of
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dedicated tools. TE-specific mapping software re-attributes the
sequencing reads, habitually discarded from regular RNA-seq, to
the TE family or TE loci, allowing the quantification of their
expression levels (Lanciano and Cristofari, 2020). For that aim,
we used the SQuIRE suite of tools which is based on an
expectation–maximization (EM) algorithm to map RNA-seq data
and quantify individual TE copy expression (Yang et al., 2019). We
found that 8,110 TEs were upregulated upon cell reprograming,
while 2,102 were downregulated (Supplementary Figure S1A). We
predicted that TE dysregulation is mainly driven by the absence of
the TE master regulator TRIM28, but we hypothesized that TEs
could also be dysregulated by the change of cell identity. To verify
this hypothesis, we also reanalyzed RNA-seq data stemming from
the reprograming of adult granulosa to Sertoli cells upon Dmrt1
forced expression (Lindeman, et al., 2015). While DMRT1 has no
identified role in TE expression regulation, we found that 4,099 TEs
were differentially expressed upon cell reprogramming
(Supplementary Figure S1B). We compared the differentially
expressed TEs in the Trim28 knockout and the Dmrt1-induced
cell reprograming and found 935 TEs that are commonly
dysregulated (Supplementary Figure S1C), supporting the idea of
a sex-specific signature of TE expression in the mouse gonads.

Next, we sought to evaluate the involvement of TE-derived
RNAs in the dynamics of gonadal transcriptomes during sex

determination. For that aim, we measured TE RNAs at a locus-
specific level in mice using the bulk RNA-seq dataset of whole mouse
gonads from E10.5, E11.5, E12.5, and E13.5 of both sexes (Zhao
et al., 2018). We were able to detect between 61,000 and
101,000 expressed TE loci across all the embryonic stages and
sexes (Supplementary Figure S2A). TEs are interspersed
throughout the mouse genome and can be located with genes
and as such incorporated within gene transcripts. To
discriminate TE transcripts induced by their own promoters
from passive TE co-transcription with genes, we classified TEs
with respect to their environment, as done by others (Chang
et al., 2022). We considered expressed TEs found in intergenic
regions or inside genes that are not transcribed as “self-expressed”
since their expression is likely to be driven by their own promoters,
while TEs located within expressed genes are qualified as “gene-
dependent” since their transcripts are likely to be part of their host
gene RNAs (Figure 1A). Although TEs are relatively rare in gene
bodies (Kapusta et al., 2013), we found that up to 83% of the detected
TEs were located with expressed genes. On the other hand, self-
expressed TEs constitute approximately 17% of the detected TEs,
which represents between 12,672 and 17,517 TE loci that are
transcribed independently from genes across stages and sexes
(Figure 1B). In the present study, we focused our interest on self-
expressed TEs as part of autonomously transcribed RNAs

FIGURE 1
Expressed TEs in the developing gonads. (A) Classification of TEs as “self-expressed”when they are found in intergenic regions or within a gene that
is not expressed or as “gene-dependent”when they are found within a transcribed gene. (B)Number of self-expressed and gene-dependent TEs per sex
and stage. (C) Repartition of the self-expressed TEs in the genome for each sex and stage. (D) Enrichment test of the self-expressed TE families compared
to their distribution in themouse genome. Positively enriched TE families are colored in orange, while the under-represented families are colored in
green. Enrichment score is represented as the log2 (odds ratio) from Fisher’s exact test. The size of the dots reflects the statistical power of their
enrichment. Only enrichment with an adj.p-value<0.05 are shown.
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FIGURE 2
Dynamic- and sex-specific TEs along gonadal development. (A, C)Heatmap showing the self-expressed TEs that are differentially expressed among
different embryonic stages in XX (A) and XY (C) gonads. The expression is normalized by a z-score. (B, D) Percentage of TE families for each cluster of an
expression pattern. As reference, the global percentage of TE families in the mouse genome is shown in gray. (E) Number of overexpressed self-
expressed TEs between sexes for each stage. (F) Upset plots representing the overlap of the sex-specific TEs across embryonic stages. The bars on
the top represent the number of TEs found in each intersection. The dots linked by lines represent the intersections. (G) Percentage of TE families of the
sex-specific TEs found at each embryonic stage. (H) Schematic representation describing the strategy to find the correlation between TEs and their
nearby genes. A TE is correlated to a gene in its 100 kb flanking region if the correlation coefficient is above 0.6 (positive correlation) or below −0.6
(negative correlation). The table shows the number of correlating TE and genes found by the analysis. (I–K)Genomic tracks of the RNA-seq signal of three
TE-gene positive correlation examples.
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susceptible to participate in the gonadal sex differentiation genetic
program. As TE expression has been observed in male germ cells
(Liu et al., 2014), we verified if self-expressed TEs detected can be
expressed by gonadal somatic cells. To this aim, we reanalyzed the
only available bulk RNA-seq data from purified somatic cells that
was performed at E11.5 in XX and XY gonads (Miyawaki, et al.,
2020). We detected 8,696 and 7,479 common self-expressed TEs
between whole gonad and somatic cell in XX and XY, respectively,
representing nearly half of the self-expressed TEs we detected in
whole gonads at E11.5 for both sexes (Supplementary Figure S2C).
These results show that self-expressed TEs we detected in the whole
gonads are transcribed by both/either the germ cells and/or the
somatic cells of the gonads.

We question whether self-expressed TEs were located in a close
proximity of genes, in particular to promoter regions and 3′ end
regions, as TEs have been described to produce alternative
promoters, transcription start sites (TSSs) and transcription
termination sites (TTSs) of genes (Conley and Jordan, 2012;
Miao et al., 2020). We found that approximately 15% of self-
expressed TEs were located in gene promoter regions up to 3 kb
from the gene TSS, and 20% of them were found in the 3-kb
downstream of the 3′ end of the genes. The vast majority of self-
expressed TEs (65%) were distal intergenic, located more than 3 kb
away from genes (Figure 1C). Then, we performed an enrichment
analysis to detect the over- or under-represented family of self-
expressed TEs compared to the distribution of TE families along the
mouse genome (Figure 1D). The enrichment test revealed that DNA
families were under-represented among self-expressed TEs, which is
expected as they are mostly inactive and only exist as the relics of
anciently active elements (Platt et al., 2018). We also noticed that the
LINE family, in particular the LINE-1 subfamily, was under-
represented. LINE-1 represents 24.4% of the mouse TEs, and
~1,000 copies are potentially capable of active retrotransposition
(Goodier et al., 2001). While LINE-1 is highly expressed in the
mouse preimplantation embryos (Jachowicz, et al., 2017), fewer
copies than expected (8% less) were found transcriptionally active in
the developing gonads (Figure 1D and Supplementary Figure S2C).
Conversely, we observed a positive enrichment for ERV1 and ERVK
LTRs, as well as the B2 SINE non-autonomous retrotransposons.

Overall, we found that TEs are broadly expressed along gonadal
development and a large proportion of the detected TEs are a
constituent part of genes. The detected self-expressed TE loci
from the whole gonads are potentially transcribed in both the
somatic and germ cell compartment of the gonads. Self-expressed
TEs are mostly found in distal intergenic regions and are enriched in
ERVs and SINE B2 retrotransposon families.

Mouse gonads exhibit the gradual sex-
specific expression of TEs

After having depicted the TE expression landscape in developing
gonads, we undertook to identify if the self-expressed TE loci change
in expression during gonadal differentiation and if they exhibit
sexual dimorphism. First, we performed differential expression
analysis across embryonic stages in both sexes separately, and
second, between XX and XY gonads for each stage. Regarding TE
expression throughout gonadal development, we identified 542 and

324 TEs presenting a dynamic expression along gonadal
specification as ovary or testis, respectively, with 124 of them
being shared between the two sexes (Figures 2A–D;
Supplementary Data S1). Dynamically expressed TEs were
classified in seven groups (numbered 1–7) according to their
expression profile. We observed that TEs are expressed in
successive waves along gonadal development, with some TEs
overexpressed at only one stage (groups 1, 3, and 7 in XX and
XY), while other TEs overexpressed during several stages (groups 2,
4 to 6 in XX and groups 2 and 5 XY gonads). In XX gonads, we
discovered that LTR:ERV1 and ERVK were more represented than
expected among different groups of dynamically expressed TEs
(Figure 2B), while in XY gonads, only the LTR: ERVK family
was more represented than expected in all dynamically expressed
TE groups (Figure 2D). We also discovered that TEs specifically
overexpressed at early stages (E10.5 and E11.5) are mainly from the
LINE: L1 family in both sexes.

Concerning sexual dimorphism, E10.5 and E11.5 gonads
showed few sexual dimorphisms in terms of TE expression
(Figure 2E). At E10.5, only one self-expressed TE located in
chromosome 6 was found overexpressed in XX compared to XY
gonads, and five were found overexpressed in XY compared to XX
gonads. These five TEs are located on the Y chromosome and are
expressed in all the stages (Figure 2F and Supplementary Data S2).
At E11.5, two self-expressed TEs were overexpressed in XX gonads,
and ten were found overexpressed in XY, including six TEs located
on the Y chromosome stages (Figure 2F and Supplementary Data
S2). These results show that autosomal TEs are not expressed in a
sexually dimorphic manner in gonadal cells prior to sex
determination. From E12.5, we observed an increase of sexually
dimorphic self-expressed TE loci, with 200 and 421 loci differentially
expressed between XX and XY gonads at E12.5 and E13.5,
respectively. This progression of TE expression perfectly copies
what was previously observed, concerning the dynamics of the
expression of the protein-coding genes (Nef et al., 2005; Jameson
et al., 2012; Zhao, et al., 2018; Stevant, et al., 2019). Finally, we looked
at whether a particular TE family could be expressed in a sexually
dimorphic manner, and no drastic difference was observed
compared to the normal proportion of TE families in the mouse
genome (Figure 2G).

As TE expression can influence the expression level of their
nearby genes, we sought to investigate if the expression level of the
identified differentially expressed TEs both in time and sex
correlates with proximal gene expression. Positive TE-gene
correlation can happen for several reasons. The TE transcript can
influence the expression of the gene as a non-coding RNA or
enhancer RNA (Liang et al., 2023), TE can act as a promoter or
an alternative 3′ UTR for the gene, the gene can be silenced as a
collateral effect of the TE silencing, or the TE expression is activated
by the same cis or trans regulatory elements as the gene. On the
contrary, negative TE–gene correlation can suggest a negative
control of the nearby gene by the TE transcript. As most self-
expressed TEs were found in a window of 100 kb of a gene TSS
(Supplementary Figure S2D), we looked at the genes present in a
100-kb window around each differentially expressed TE in time and
sex, and we calculated Pearson’s correlation between the gene and
TE expression among embryonic stages and sexes (Figure 2H). In
XX gonads, 391 TE loci were positively correlated with 401 genes,
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and 113 TEs were negatively correlated with 126 genes. In XY
gonads, 377 TEs were positively correlated with 349 genes, while
82 TEs negatively correlated with 90 genes (Supplementary Data
S3). Interestingly, among them, we found an LTR ERVL-MaLR
retrotransposon located 81 kb upstream of Sry expressed with an

extremely strong correlation with Sry gene expression (ρ = 0.99,
Figure 2I). This ERVL-MaLR is separated from Sry by one
unexpressed gene (H2al2b), demonstrating that its expression
was produced by a distinct transcript, conversely to the recently
identified Sry cryptic exon (Miyawaki, et al., 2020). Interestingly, the

FIGURE 3
Chromatin accessibility landscape of TE loci during gonadal development. (A)Number of ATAC-seq peaks detected in total and overlapping TE loci
at E10.5 and E13.5 in XX and XY gonadal progenitor and supporting cells. (B)Genomic location of the accessible chromatin regions that overlap with a TE
sequence. (C) Family enrichment analysis of the TE overlapping ATAC-seq peaks. Positively enriched TE families are colored in orange, while the under-
represented families are colored in green. Enrichment score is represented as the log2 (odds ratio) from Fisher’s exact test. The size of the dots
reflects the statistical power of their enrichment. Only enrichment with an adj.p-value<0.05 is shown. (D, E) Statistically differentially accessible regions in
sex and time. The number and the percentage of accessible regions and TE-containing loci showing an increase in accessibility between sex and time are
indicated. (F) Overlapping of the accessible TE loci that increase in accessibility between sex at E13.5 in either Sertoli and pre-granulosa cells (turquoise
and dark blue) with the accessible TE loci that gain accessibility at E13.5 compared to E10.5 (yellow). (G) Percentage of TE families in the differentially
accessible chromatin regions that overlap with TE sequences (only percentages >1 are shown).
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expression of this TE was also retrieved in RNA-seq data from XY
somatic cells purified at E11.5 (Miyawaki, et al., 2020), which
strongly suggests that it is expressed in the same cell lineage as
Sry. We also found a SINE B4 retrotransposon located 2.9 kb
downstream of the Amh gene with a correlation coefficient of
0.94 (Figure 2J). This specific transposon was not expressed in
XX gonads where Amh is silenced. Its proximity with the Amh 3′
UTR and the presence of other expressed TEs in the vicinity can
suggest that the transcript SINE B4 may be part of an alternative 3′
UTR. Finally, we found five LINE-1 TEs positively correlating with
the Nr2f1 gene (Figure 2K and Supplementary Data S3), also known
as Coup-TFI, which is expressed in the gonadal somatic cells prior to
sex determination in both sexes (Stevant, et al., 2019). Nr2f1 is a
pleiotropic gene capable of activating and repressing target gene
expression by interacting with chromatin remodelers. It has been
described as a driver of cell fate decision in mouse and human brain
development (Bertacchi et al., 2019). The expression of Nr2f1 has
been shown to be regulated by the non-long coding RNA lnc-Nr2f1
(also referred to as A830082K12Rik), which is located directly
upstream of Nr2f1 on the opposite strand and is conserved
between mice (Bergeron et al., 2016) and humans (Ang et al.,
2019). The five expressed TEs correlating with Nr2f1 expressed
are located in the intronic region of the longest version of lnc-Nr2f1
(Ensembl mm10 annotation). As Nr2f1 is expressed only in early
gonads prior to gonadal cell differentiation, we speculate that it plays
a role in the establishment of the bipotential progenitor cell identity.

To summarize, we found that self-expressed TEs are
dynamically expressed and acquire sexual dimorphism during
gonadal differentiation. Dynamic and sexually dimorphic TE
expression correlates with nearby genes, some of which have a
pivotal role in gonadal development. Although we cannot determine
with the present data whether TE expression precedes their nearby
gene transcription, this suggests that TEs are a whole part of the
genetic program driving gonadal specification.

TE loci represent one-third of open
chromatin regions in embryonic
supporting cells

Independent of their transcription, TE sequences can influence
gene expression by acting as cis-regulatory elements including
promoters or enhancers by providing a large repository of potential
transcription factor-binding sites. A comparative study in mouse
developing tissues showed that 21% of the open chromatin regions
were associated with TEs and half of them were tissue-specific,
suggesting an active role in mouse organogenesis (Miao, et al.,
2020). We questioned whether the chromatin around TE loci is also
specifically opened, while the bipotential gonads differentiate as ovary
or testis. We took advantage of the pioneer epigenetic investigations on
mouse embryonic gonads performed by Garcia-Moreno et al. (2019)
and Garcia-Moreno et al. (2019), and the ATAC-seq data of purified
gonadal somatic cells at E10.5 and supporting cells at E13.5 in both
sexes were reanalyzed to identify nucleosome-depleted TEs. In total, we
identified between 57,014 and 88,312 accessible chromatin regions.
Despite inherent mappability issues due to the TE repetitive sequence
nature (i.e., multi-mapped reads are filtered out from the ATAC-seq
data), we found that 30%–39% of the ATAC-seq peaks were

overlapping TE loci across sexes and stages (Figure 3A). In most
cases, more than half of the length of TE sequences was covered by
an ATAC-peak, showing that most TE sequences are accessible for
potential regulatory factor binding (Supplementary Figure S3). Nearly
half of the accessible TE-containing loci are found in the distal
intergenic compartment, in which approximately 35% of the loci are
located within introns and 10% are found in promoter
regions (Figure 3B).

The enrichment test shows that many TE families were over-
represented in the open chromatin regions compared to their global
proportion in the genome (Figure 3C), including the DNA hAT-
Charlie, the LINE CR1 and L2, the LTR ERV1, ERVL, and the SINE
MIR. These six TE families were also found enriched in TE-derived
enhancer-like sequences identified in different human tissue cell
lines (Cao et al., 2019), suggesting that they are not necessarily
specific to our model and that some TE families are more potent to
contribute as cis-regulatory elements than others across mammals.
We also noticed that the SINE B2 family, which was enriched among
the transcribed TE loci in the whole developing gonad (Figure 1D), is
under-represented among the open chromatin regions in supporting
cells for both sexes. As we assume transcribed TE loci to be
accessible, we can speculate that the B2 family is not
preferentially transcribed in the supporting cells.

Next, we performed differential chromatin accessibility analysis
between sexes and stages in order to identify the regions that gain in
accessibility while gonadal progenitor cells differentiate as either
pre-granulosa or Sertoli cells. As previously reported, almost no
differences were found in open chromatin regions between XX and
XY at E10.5 when the cells are multipotent (Garcia-Moreno,
Futtner, et al., 2019). In contrast, at E13.5, we observed
14,038 genomic regions with increased accessibility in pre-
granulosa cells compared to Sertoli, and 41.84% of them were
overlapping with TE loci. On the other hand, 19,059 genomic
regions showed increased accessibility in Sertoli cells compared
to pre-granulosa, and 51.83% of them contained TE loci
(Figure 3D). We also looked at the genomic regions that
increased in accessibility in a time-specific manner in both sexes
and found that 27,469 and 39,319 regions were more accessible at
E13.5 in pre-granulosa and Sertoli cells, respectively, compared to
the E10.5 progenitor cells (Figure 3E). Among them, 48.84% and
51.52% were overlapping TE loci in pre-granulosa and Sertoli cells,
respectively. Finally, we found that 30% and 45% of TE loci
increasing in accessibility at E13.5 in pre-granulosa and Sertoli
cells, respectively, were also sexually dimorphic (Figure 3F).
Finally, we investigated whether a particular TE family could be
enriched in a sex- or time-specific manner, but we observed no
noticeable differences in their proportion among the differentially
accessible TE-containing loci, apart for the SINE:Alu elements,
which are more prevalent in the Sertoli-specific open loci
compared to pre-granulosa, in the pre-granulosa compared to
E10.5 XX progenitor cells, and in the Sertoli compared to XY
progenitor cells (Figure 3G).

Altogether, these results show that TE loci are increasing in
accessibility in a time- and sex-specific manner as supporting cells
differentiate as pre-granulosa or Sertoli cells. The fact that more than
half of the accessible TEs are located in the intergenic region suggests
they could participate in the acquisition of the supporting cell-type
identity as active cis-regulatory regions.
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TEs acquire the sex-specific enhancer- and
promoter-like chromatin landscape as
supporting cells differentiate

To reveal the potential roles of TE sequences that became
accessible in pre-granulosa and Sertoli cells in a time- and sex-
specific manner, we explored the histone post-transcriptional
modifications present in their vicinity. We reanalyzed ChIP-seq
data for H3K4me3 (marker of promoters), H3K27ac (marker of
active promoters and enhancers), and H3K27me3 (marker of
silencers and transcriptionally silenced genes by PRC2)
performed on purified gonadal somatic cells at E10.5 and
supporting cells at E13.5 in both sexes (Garcia-Moreno et al.,
2019; Garcia-Moreno et al., 2019). We classified accessible TEs

according to the combination of histone mark peaks overlapping
with the TE sequences +/-200 bp to have an overview of the
chromatin landscape at a one nucleosome resolution
(Supplementary Data S4). Finally, we represented ATAC-seq and
the different ChIP-seq signals on accessible TEs and up to 2 kb
around them as juxtaposed heatmaps for the pre-granulosa and
Sertoli cells (Figures 4A, 5A).

In pre-granulosa cells, TEs were classified into six histone
combination groups (Figure 4A), and we determined TE families
present in each groups (Figure 4B). The first two groups contain
open TEs displaying histone marks specific for promoters
(H3K4me3 and H3K4me3 + H3K27ac). They represent 25.6% of
the total pre-granulosa-enriched accessible TEs (5,727 out of
22,328 TEs). Surprisingly, only 6.3% of them (360 TEs) were

FIGURE 4
Epigenetic landscape of pre-granulosa cell-accessible TE loci. (A) Density plots and heatmaps representing the ATAC-seq and the ChIP-seq signals
for histone marks H3K4me3, H3K27ac, and H3K27me3 around the TE loci that gained accessibility in a sex- or time-specific manner in pre-granulosa
cells. Accessible TEs were grouped according to the histone marks they display. The groups of histone marks with fewer than 500 TEs were grouped in
the “Other” section, as the groups were not clearly visible on the final heatmap. (B) Percentage of TE families in different groups of histone marks in
pre-granulosa cells (only percentages >1 are shown). (C)Genomic location for each chromatin landscape group of TE loci that gains accessibility in a sex-
or time-specific manner in pre-granulosa cells. (D) Genomic tracks showing the ATAC-seq signal and H3k4me3, H3K27ac, and H3K27me3 ChIP-seq
peaks on accessible TE showing enhancer-like chromatin markers and that are close to important gonadal genes. (E) Percentage of mouse accessible TE
loci conserved among rats, humans, cows, and chickens. TEs are classified according to their histone marks. As a reference, we show the percentage of
conservation of 50,000 random TE loci (in gray).
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found in a gene promoter region (up to 3 kb upstream of a gene TSS)
(Figure 4C), but no biological GO term was statistically enriched
among these genes. We examined whether the genes having TEs that
increased in accessibility in their promoter showed a concomitant
increase in expression. Although RNA-seq was performed in whole
gonads and not purified granulosa cells, we found that 55% (181 out
of 333 genes) showed an increase in expression between E10.5 and
E13.5 [log2 (fold change)>0]. We investigated the closest genes of
5,727 H3K4me3 and H3K4me3 + H3K27ac TEs and found critical
pre-granulosa cell markers, such asWnt4, Fst, Runx1, Lef1, and Kitl
(Figure 4E, Supplementary Data S4). GO term analysis confirmed
the statistical enrichments of terms related to reproductive
development and Wnt signaling (Supplementary Data S5). The
third group of pre-granulosa-enriched accessible TEs displays the

H3K27ac histone mark which suggests that they are potential
enhancers (3,725 out of 22,382). The proximal genes were
enriched for the biological process GO term of sex differentiation
and included Gata4, Cited2, Kitl, and Lhcgr (Supplementary Data
S5). Next, the fourth group contains accessible TEs with the
H3K27me3 histone mark that labels silenced genes and silencer
elements (638 out of 22,328). Most of them are found in distal
intergenic regions (Figure 4C). Interestingly, we found two
H3K27me3 TEs (a SINE B4 and a DNA TcMar-Tigger) in close
proximity with Sox9 (Figure 4E), which are located within TESCO
(testis-specific enhancer of the Sox9 core) (Sekido and Lovell-Badge,
2008).We also found a negative regulator of theWnt pathway, Sfrp1,
that is expressed in the gonadal progenitor cells but silenced upon
the differentiation of the supporting cell lineage of both sexes

FIGURE 5
Epigenetic landscape of Sertoli cell-accessible TE loci. (A) Density plots and heatmaps representing the ATAC-seq and the ChIP-seq signals for
histone marks H3K4me3, H3K27ac, and H3K27me3 around the TE loci that gained accessibility in a sex- or time-specific manner in Sertoli cells.
Accessible TEs were grouped according to the histone marks they display. The groups of histone marks with fewer than 500 TEs were grouped in the
“Other” section as the groups were not clearly visible on the final heatmap. (B) Percentage of TE families in the different groups of histone marks in
Sertoli cells (only percentages >1 are shown). (C)Genomic location for each chromatin landscape group of the TE loci that gains accessibility in a sex- or
time-specific manner in Sertoli cells. (D) Genomic tracks showing the ATAC-seq signal and H3k4me3, H3K27ac, and H3K27me3 ChIP-seq peaks on
accessible TE showing enhancer-like chromatin markers and that are close to important gonadal genes. (E) Percentage of mouse accessible TE loci
conserved among rats, humans, cows, and chickens. TEs are classified according to their histone marks. As a reference, we show the percentage of
conservation of 50,000 random TE loci (in gray).
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(Stevant, et al., 2019 17133, Warr et al., 2009). Finally, 53.8% of the
pre-granulosa-accessible TEs were not overlapping with any of the
investigated histone marks. The proximal genes of these TEs were
enriched for female sex differentiation and regulation of canonical
Wnt signaling pathway GO terms (Supplementary Data S5). Finally,
we investigated whether sex and time differentially accessible TEs
were conserved among different species (Figure 4E). We found that
independent of their histone marks, the accessible TEs were more
conserved than expected among the mammals (rat, human, and
cow), but poorly conserved in chickens. Moreover, we observed that
most of the accessible TEs were conserved with rats, but to a lesser
extent with humans and cows, implying that most of the accessible
TEs are rodent-specific.

In Sertoli cells, TEs were classified into four histone combination
groups (Figure 5A), and we investigated TE families present in each
groups (Figure 5B). The first group is composed of TEs displaying
promoter-like histone marks H3K4me3 + H3K27ac (7,124 out of
31,534 TEs). As observed in pre-granulosa, only 10% (715 TEs) of
them are found in the promoter region of genes (Figure 5C and
Supplementary Data S4). The second group shows TEs with
enhancer histone mark H3K27ac (17,570 out of 31,534).
Similarly, for the pre-granulosa-enriched accessible TEs, the
proximal genes were statistically enriched not only for sex
determination-related GO terms but also for terms reflecting
Sertoli cell functions, such as epithelium morphogenesis and
angiogenesis, among other terms (Supplementary Data S5).
Notably, TESCO SINE B4 observed in the pre-granulosa cells
and marked with H3K27me3 is present in the H3K27ac Sertoli-
accessible TEs (Figure 5D). Although the chromatin state of the
present TE is most likely a consequence of its presence within
TESCO, the presence of TE loci within a known cell-type-specific

enhancer questions on their involvement in the enhancer activity.
Interestingly, we found accessible TEs harboring H3K4me3 and
H3K27ac histone marks with a 7 kb upstream of Dmrt1 and 10 kb
upstream of Sox9. We also found several accessible TEs marked with
H3K27ac (Figure 5D), with three of them located 525 kb
downstream of Fgf9 (Supplementary Data S4). These three TEs
are contained within the 306 kb locus previously identified as an
Fgf9 enhancer-containing locus using the 3D genome enhancer hub
prediction tool. The deletion of the 306-kb region causes partial to
complete male-to-female sex reversal (Mota-Gómez et al., 2022).
The last group contains TEs showing none of the investigated
histone marks (9,367 out of 31,534). Finally, we investigated the
accessible TE conservation (Figure 5E) and found that, similar to
what was observed in pre-granulosa, TEs were more conserved than
expected among the mammals (rat, human, and cow), but poorly
conserved in chickens.

Together, these results show that TEs that gain accessibility in a
time- and sex-specific manner in pre-granulosa and Sertoli cells
upon sex determination are also showing promoter- and enhancer-
like properties, which implies they are acting as cis-regulatory
elements during cell differentiation. The presence of TEs within
known critical sex determination enhancer loci such as TESCO or
the downstream Fgf9 enhancer suggest the presence of other TE
sequences involved in the process. The absence of either
H3K4me3 or H3K27ac on a large fraction of accessible TEs
interrogates on the possibility of the presence of other histone
marks, such as the recently described H4K16ac that contributes
to TE transcription and cis-regulatory activity (Pal et al., 2023).
Finally, both pre-granulosa and Sertoli cell sex- and time-specific
accessible TEs show a higher conservation than expected among
mammalian species, suggesting that these specific TEs could have

FIGURE 6
Transcription factor-binding motif enrichment in pre-granulosa- and Sertoli cell-accessible TE loci. (A) Ratio of the number of the transcription
factor motifs found in three sets of 10,000 randomly picked TE or non-TE sequences. For each set of sequences, motifs analyzed were normalized in
matches per kb andwere expressed (in Log2) by the ratio ofmatches per kb in TE/matches per kb in non-TE. (B–D) Enrichment for the transcription factor
motif inmotifs per kb of the different analyzed sets of accessible TEs reported to themotifs per kb of three different sets of 10,000 control TEs. Black
triangles mark the accessible TEs having a significant enrichment of each motif compared to control TEs (ctrl TEs) (see details of significance in
Supplementary Data S6). Motifs in (B) are those recognized by transcription factors involved in the specification of XY and XX somatic progenitor cells.
Motifs in (C) are those for transcription factors involved in the differentiation of pre-granulosa cells, and motifs in (D) are corresponding to Sertoli cells.

Frontiers in Cell and Developmental Biology frontiersin.org10

Stévant et al. 10.3389/fcell.2023.1327410

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1327410


functional significance in mammalian genomes, such as taking part
in the genome 3D structure or in cis-regulatory regions.

Pre-granulosa and Sertoli-accessible TEs are
enriched in gonad transcription factor-
binding motifs

TE frequently contains sequences that can attract cell-specific
transcription factors to promote their expression and, hence, their
transposition. Consequently, TE transposition has dispersed
transcription factor-binding sites throughout mammalian
genomes over evolution. Numerous studies on TE expression in
stem cells and early embryos showed that the active TE families were
enriched in binding motifs for pluripotency transcription factors,
such as NANOG, OCT4, or SOX2. Furthermore, tissue-specific TE
transcription and cis-regulatory element activity revealed they
contain lineage-specific transcription factor-binding sites (Fueyo
et al., 2022). As such, we questioned whether TE loci that gain
accessibility in a time- and sex-specific manner in pre-granulosa and
Sertoli cells are enriched in motifs for the gonadal transcription
factors and, in particular, if the motif enrichment changes
depending on the chromatin landscape or the sex. We first
carried out de novo pattern analyses (Santana-Garcia et al., 2022)
that did not provide easily interpretable results due to the low
quantitative aspect of this method (Supplementary Table S1). Then,
we performed a specific transcription factor motif enrichment
analysis for known critical gonadal factors: GATA4/6 (Padua
et al., 2014; Padua et al., 2015), NR5A1 (Luo et al., 1994), WT1
(Kreidberg et al., 1993), FOXL2 (Schmidt et al., 2004), RUNX1
(Nicol et al., 2019), SRY/SOX (Sinclair, et al., 1990; Wagner et al.,
1994; Portnoi et al., 2018), and DMRT1 (Raymond et al., 2000)
(Supplementary Figure S5). We used an approach of motif-scanning
that calculates the enrichment of motif occurrence per kb compared
to control sequences. We first examined if TE sequences are
naturally enriched in gonadal transcription factor motifs. To this
aim, we selected 3 × 10,000 random TE loci across the genome and
compared their sequence composition to motifs with 3 ×
10,000 random DNA regions that are not TEs (Figure 6A). We
found that the motif recognized by NR5A1, which is involved
throughout gonadal differentiation in mammals, was enriched in
randomly selected TE loci (control TEs) from the mouse genome
when compared to regions containing no repeated elements (non-
TE control). For the other motifs analyzed, we did not find any
significant enrichment in TE; some motifs such as GATAs, WT1,
and RUNX1 are even under-represented in TEs. However, by
analyzing TEs by classes (LINEs, LTRs, SINEs, etc.) for the same
datasets, we found that the enrichment of NR5A1 motifs was
essentially obtained from SINEs and to a lesser extent from LTRs
(Supplementary Figure S4A), while LINEs and others were depleted
for this motif. Interestingly, SINEs also display enrichment for
FOXL2 and DMRT1 motifs. Our results suggest that if certain
motifs pre-exist in TEs, it may be in specific classes of TEs, as we
observed here for SINEs.

Then, we compared the accessible TEs harboring or not
harboring some histone marks to the control TEs randomly
distributed in the genome. All the gonadal motifs examined were
enriched in almost all the analyzed TE regions compared to the

control TEs, regardless of the associated histone mark (Figures
6B–D). This suggests that TEs recruited during gonadal
differentiation may have acquired these motifs de novo. It is
particularly the case for the NR5A1 motif (Figure 6B) that is
already enriched when compared to the non-TE control
(Figure 6A). By dissociating the datasets in TE classes, we also
observed global enrichments for each class in all TE regions
compared to control TEs, especially for NR5A1 and GATA
motifs (Supplementary Figure S4B). For other motifs, the
enrichment is less obvious, sowing some specificity of classes.

Importantly, we also found sexual dimorphism between Sertoli
and pre-granulosa in TEs bearing the same histone marks.
Interestingly, motifs for male-specific transcription factors, such
as SRY/SOX and DMRT1, were more represented in Sertoli-
accessible TEs than in pre-granulosa cells independent of their
associated histone marks (Figure 6D) with similar results when
analyzing different classes (Supplementary Figure S4B). Likewise,
pre-granulosa-specific transcriptions factors (FOXL2 and RUNX1)
also displayed some sexual dimorphisms (Figure 6C and
Supplementary Figure S4B), but to less extent than what we
observed for the Sertoli-specific motifs. However, FOXL2 motifs
present a different pattern when analyzed by classes; indeed, this
motif has mostly depleted in SINEs of open TEs while being more
present in other classes. Finally, motifs for transcription factors
involved in the formation of the primordial gonads, and later on the
maintenance of both Sertoli and pre-granulosa cells, displayed less
sexual dimorphism such as GATA, WT1, and NR5A1, which were
present at the same frequency in both Sertoli- and pre-granulosa
cell-accessible TEs regardless of their classes (Figure 6B and
Supplementary Figure S4B).

Our results demonstrate that accessible TEs in Sertoli and pre-
granulosa cells are enriched in motifs recognized by the major
transcription factors involved during gonadal differentiation. In
addition, the motifs recognized by male transcription factors are
globally more present in TEs opened in Sertoli cells than in pre-
granulosa cells in all subsets of accessible TEs. As random TEs are
not naturally enriched for gonadal transcription factor motifs, this
suggest that these TEs in male and female supporting cells may have
evolved to acquire de novomotifs recognized by transcription factors
involved in the regulation of their respective
transcriptional programs.

Discussion

In this work, we analyzed, for the first time, the TE ecosystem in
mouse developing gonads during the time window of sex
determination. We observed that approximately 17,000 individual
TE loci are transcribed independent of gene promoters and that their
expression is tightly regulated in a sex- and time-specific manner as
the bipotential gonads adopt their ovarian or testicular identity.
Some of the differentially expressed TE loci are found in close
proximity to protein-coding genes (100 kb) and their expression
correlates with their proximal genes. At the chromatin level, we
showed that TE loci are acquiring cell-type-specific enhancer- and
promoter-like characteristics while the gonadal somatic cells specify
as pre-granulosa or Sertoli cells in XX and XY gonads, respectively.
DNA motif analysis revealed that TE loci are displaying potential
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binding sites for the critical gonadal development and sex-
determining transcription factors. This study resulted in the
identification of TE-derived regulatory elements that can
participate and contribute to the complex gene regulatory
network controlling gonadal development in mice.

The unbiased measurement of TE expression at a locus-specific
level remains a challenge using shotgun sequencing technologies.
Due to their repetitive nature, short reads cannot be easily attributed
to a specific locus, unless TEs have accumulated mutations along
evolution. As such, despite the use of EM algorithms that re-allocate
multi-mapped reads, TE quantification is biased toward ancient TEs
compared to recently inserted TEs displaying fewer mutations. The
same challenge is even aggravated when analyzing genomic
sequencing data, such as ATAC-seq and ChIP-seq, as no specific
tool exists to attempt to re-allocate the multi-mapped reads. Hence,
the current analysis is underestimating the number of individual TE
loci that are transcribed or accessible in mouse gonads. The use of
long-read sequencing technologies would allow unambiguously
mapping individual TE loci with fragments longer than TEs and
would result in a more resolutive overview of the TE landscape.

Our analyses are based on RNA sequencing of whole gonads and
raised the question as to whether TEs might be expressed in a cell-
type-specific manner. We first intended to reanalyze single-cell
transcriptomic data (Stevant et al., 2018; Stevant, et al., 2019);
however, such technologies revealed to not be sensitive enough to
efficiently detect TE expression (10,000 total expressed TE loci in an
average per stage, against 75,000 in the present bulk RNA-seq, data
not shown). Using publicly available bulk RNA-seq data, we could
not evaluate whether the expressed TEs we measured in the whole
gonads were originating from somatic cells or germline
compartments. We reanalyzed the datasets obtained at
E11.5 from purified somatic precursor cells and showed that at
this stage, half of the self-expressed TEs expressed in the whole
gonads were commonly expressed in the purified somatic cells.
Moreover, previous analysis at E13.5 (Liu, et al., 2014) suggests that
some endogenous retroviruses are much more expressed in somatic
cells than in the germ cells of fetal testes. Ultimately, the high-quality
RNA-seq data of purified cell types composing the developing
gonads of both sexes, similar to what has been done using
microarray technology (Jameson, et al., 2012), would greatly
contribute to the field to study unexplored aspects of the gonadal
transcriptome, with a better sensitivity than the currently existing
single-cell data.

An important question is what might be the role of these
expressed TEs during gonadal development? In the early embryo,
which is themost investigatedmodel for TE expression to date, it has
been shown that the activation of LINE-1 expression is required for
global chromatin accessibility, independent of the coding nature of
the transcript (Jachowicz, et al., 2017). While rarely present in
protein-coding genes, co-opted TEs, particularly
retrotransposons, constitute a source of lncRNAs (Kelley and
Rinn, 2012; Kapusta, et al., 2013) known to be necessary for the
correct execution of cellular processes. The endogenous MERVL,
expressed in the two-cell stage (Svoboda et al., 2004), is a marker of
totipotent cells (Macfarlan et al., 2012). The TE transcript, but not
the encoded protein, is required for the correct development of the
pre-implantation embryo, possibly through chromatin remodeling
during the totipotent–pluripotent transition. At the mechanistic

level, it has been shown that LINE-1 RNA recruits nucleonin and
TRIM28 to regulate some target genes in embryonic stem cells
(Percharde, et al., 2018). During neurogenesis, TE RNAs are
associated with chromatin and regulate the activity of polycomb
repressor complexes PRC2 (Mangoni et al., 2023). The dynamics of
TE expression suggests that some TEs expressed uniquely at
E10.5 could contribute to the multipotent state of the cells prior
to sex determination, while TEs expressed during and after cell
specification and in a sex-specific manner might be involved in the
cell differentiation process. Targeted transcriptomic silencing or
ablation of these TE loci using CRISPR technologies would allow to
functionally explore their role and understand the mechanism
of action.

Chromatin architecture influences gene transcription by
modulating the access of cis-regulatory elements to transcription
factors. In this study, we identified that half of the DNA regions that
gain accessibility while the gonadal progenitor cells differentiate as
pre-granulosa and Sertoli cells overlap with TE loci. A large
proportion of these TEs are displaying distinctive histone marks
for enhancers and promoters (H3K4me3 and H3K27ac). Using a
similar approach, previous studies have identified lineage-specific
TE-derived cis-regulatory elements (Fueyo, et al., 2022). However, a
functional evaluation survey in mouse embryonic and trophoblast
stem cells using genome-editing technologies revealed that few of
them are critical for gene regulatory networks (Todd et al., 2019).
We predict that most candidate TE-derived cis-regulatory regions
identified in this study are not critical players of supporting cell
differentiation, but rather redundant or shadow enhancers that help
sustain the gene regulatory network. However, we cannot exclude
that specific TE loci may have become the key players of the gonadal
sex determination process. The presence of TEs within TESCO
suggests their role in its enhancer activity. The TESCO sequence is
highly conserved across mammals (Bagheri-Fam et al., 2010). In
mice, TESCO contains four different TE sequences [one DNA
TcMar-Tigger and three LINEs, including a B4 and two
mammalian-wide interspersed regions (MIRs)]. These four TEs
are conserved in rats, while only two LINEs from the MIR family
are found across multiple mammalian species, such as rat, rabbit,
human, and tree shrew (cf. https://genome.ucsc.edu). These TEs
contain predicted binding motifs for the SOX and GATA family of
transcription factors (cf. https://genome.ucsc.edu). As such, they
potentially contribute to the specie-specific characteristics of TESCO
activity. In the same line, several studies have shown that TEs are
highly heterogeneous between mouse strains (Nellaker et al., 2012;
Jung et al., 2023) that can modify gene expression (Zhou et al., 2021)
and chromatin dynamics (Ferraj et al., 2023). Therefore, we can
speculate that strain-specific TEs could be involved in the sensitivity
of a C57BL/6J background to sex reversal (Eicher et al., 1982; Eicher
et al., 1996; Munger et al., 2009).

The enrichment of critical gonadal transcription factor-binding
motifs in these accessible TE loci in the differentiating supporting
cells further substantiates that TEs could have been co-opted as cis-
regulatory elements in the context of gonadal sex determination.
The enrichment of TE sequences in NR5A1-binding motifs,
regardless of their chromatin landscapes, shows that this motif is
seemingly already present in the ancestral TE sequences and will be
even more enriched in the accessible TEs of both sexes. In contrast,
the specific enrichment of gonadal transcription factor motifs in the
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accessible TE loci in a time- or sex-specific manner could be
explained by de novo motif acquisition and/or by a co-optation
of a particular TE subfamily that naturally displays these motifs
(Garcia-Perez et al., 2016). To support this, our results show a clear
enrichment for male-specific transcription factors (SRY/SOX and
DMRT1) for the TEs specifically accessible in Sertoli cells compared
to pre-granulosa cells. Our refine study of motif enrichment in TE
classes shows a global conservation of the enrichment for SRY/SOX
and DMRT1. It is also the case for TF motifs involved in the
formation of early gonads such as NR5A1, GATA, and WT1; for
the same sets of TEs, motifs are mostly enriched in the same manner
when they are analyzed by class. One exception is FOXL2 motifs,
linked to pre-granulosa cell differentiation, where we observed
significant differences between the different classes analyzed.
Concerning strain specificity, the motif composition might vary
depending of the mouse strain and influence subsequent recognition
by DNA-binding proteins as it has been shown for CTCF in the
mouse CD-1 strain (Jung, et al., 2023).

In light of our findings, suggesting that TEs may participate
in sex determination, it will be interesting to reanalyze human
patients suffering from difference in sexual development (DSD)
with unexplained etiology (more than 50%: (Rakover et al.,
2021)) to investigate whether the reshuffle of TE loci is the
cause for their phenotypes. Indeed, the development of long-
read technologies of sequencing and dedicated bioinformatics
tools for analysis of repeated sequenced would allow better
resolving these questions.

Materials and methods

RNA-seq mapping and quantification

RNA-seq FastQ files from the Trim28 knockout mouse ovaries
(Rossitto, et al., 2022) (GSE166385), the Dmrt1 ovarian
reprogramming (Lindeman, et al., 2015) (GSE64960), the whole
embryonic gonad splicing event (Zhao, et al., 2018) (SRP076584),
and Nr5a1-GFP+ purified somatic cells at E11.5 (Miyawaki, et al.,
2020) (GSE151474) studies were downloaded from Gene Expression
Omnibus using the nf-core/fetchngs pipeline v1.10.0 (Ewels et al.,
2020; Patel et al., 2023a).

Gene- and locus-specific TE expressions were measured using
SQuIRE v0.9.9.92 (Yang, et al., 2019). In brief, FastQ files were
mapped with STAR v2.5.3a on the 10-mm mouse reference genome
obtained from the UCSC. Gene and TE quantification were
performed using the 10-mm gene annotation and RepeatMasker
TE annotation from the UCSC. First, uniquely mapped reads were
assigned to their corresponding TE loci. Then, the multi-mapped
reads were assigned to TE loci using an EM algorithm. A score was
calculated for each TE locus to account for the proportion of reads
uniquely mapped and re-attributed multi-mapped reads in the total
TE read count. As TEs with few uniquely aligning reads and
numerous re-attributed multi-mapped reads may be prone to low
confidence quantification, we considered TEs displaying a
score >95 and a minimum of five reads covering the TE locus.
We also excluded TEs located outside the conventional
chromosomes. Subsequent analysis was performed with R version
4.2.2 “Innocent and Trusting.” TE counts together with gene counts

were normalized by library size using DESeq2 prior to analysis (Love
et al., 2014).

Expressed TE classification and annotation

TEs were classified as gene-dependent or self-expressed if they
were found within expressed genes or in intergenic regions or non-
expressed genes. To proceed, SQuIRE read counts for genes and TEs
were loaded in R. TE loci and 10-mm gene annotation GTF files were
transformed as genomic range objects using the GenomicRanges
(Lawrence et al., 2013) and the rtracklayer packages, respectively
(Lawrence et al., 2009). TE and gene overlaps were computed using
“GenomicRanges::findOverlaps” with the option “ignore.strand =
TRUE.” For each sex and embryonic stage, we investigated whether
the genes overlapped by TEs are expressed with a minimum of
10 reads per gene. TEs located within an expressed gene were
classified as gene-dependent, as we consider their expression
driven by the gene promoter, and the rest of the TEs were
classified as self-expressed.

The annotation of TEs as intergenic, exonic, or intronic was
performed using “ChIPseeker::annotatePeak” (Wang et al., 2022)
using the same 10-mm GTF file as the TE quantification with
SQuIRE for genome annotation version consistency.

TE family enrichment test

The TE family enrichment test was performed using the
“fisher.test” R function as described by Chang, et al. (2022). For
each TE family, we created a contingency table with the number of
expressed TEs that belong or do not belong to the family, as well as
all annotated TEs that belong or do not belong to the family, and we
used Fisher’s exact test. p-values were corrected for a false discovery
rate using the “p.adjust” function with the
Benjamini–Hochberg method.

TE differential expression analysis

Differential TE expression analysis by embryonic stage and sex
was performed using DESeq2 using both TE and gene quantification
for a correct normalization of the data. First, a sample sheet was built
with the “stage_sex” sample annotation (e.g., “E10.5_XX”) for each
sample. A DESeq2 object was created using
“DESeqDataSetFromMatrix” with “~stage_sex” as design.

Sexually dimorphic TEs were obtained with the “DESeq”
function with default parameters (Wald test). XX and XY
overexpressed genes per stage were recovered using the “results”
function with “stage_XX” and “stage_XY” contrast for each stage.
Dynamically expressed TEs computed sex independently. For each
sex, dynamic TEs were obtained using the “DESeq” function with
test = “LRT,” reduced = ~1′ options (likelihood-ratio test). In both
differential expression analyses, we considered a TE statistically
differentially expressed with an adj.pval<0.05.

Dynamically expressed TEs per sex were then represented as a
heatmap with ComplexHeatmap (Gu et al., 2016) with rows
normalized with z-scores and classified into seven clusters using
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the “Ward.D2” clustering method. The number of clusters was
chosen by visual inspection of the heatmap split.

TE-gene correlation

To inspect whether TE expression was correlating with nearby
gene expression, we calculated TE-gene expression correlation per
sex across different embryonic stages. To identify the genes located
near the time and sex differentially expressed TEs, we first checked
the average distance of TE and the nearest gene TSS. We observed
that most TEs are located up to 100 kb away from a gene TSS
(Supplementary Figure S2D). We defined a window of 100 kb
upstream and downstream of the time and sex differentially
expressed TEs and selected all the genes overlapping these
windows. Then, we calculated Pearson’s correlation between TEs
and their nearby gene expression across all embryonic stages. We
considered a positive correlation with ρ > 0.6 and p-value<0.05 and a
negative correlation with ρ < −0.6 and p-value<0.05.

To visualize the expression correlation between TEs and their
nearby genes, we used the bigWig files generated with SQuIRE with
the “draw” script. In order to have a clean representation of TE
expression and avoid seeing other nearby TEs that were previously
excluded by our quality filters described above, we used the bigWig
files containing the uniquely mapped reads only and not the re-
attributed reads. The genomic track visualization was built using the
Gviz R package (Hahne and Ivanek, 2016).

ATAC-seq mapping and analysis

FastQ files for the ATAC-seq data from E10.5 and
E13.5 early gonadal progenitors and supporting cells,
respectively (Garcia-Moreno, Futtner, et al., 2019), were
downloaded from Gene Expression Omnibus (GSE118755)
using the nf-core/fetchngs pipeline v1.10.0. Data were
mapped on the 10-mm reference genome and analyzed using
the nf-core/atacseq v2.1.2 (Patel et al., 2023b). Sequencing data
quality was assessed using FastQC, sequencing adapters were
removed with cutadapt, and reads were mapped using BWA.
Reads were filtered with Picard to remove unmapped and
duplicated reads. Peaks were called with MACS2 using the
“narrow peak” parameter. For the subsequent analysis, we
selected the peaks found in at least two replicates.

Differential accessibility analysis between XX and XY for each
stage as well as E10.5 and E13.5 for each sex was performed using
DESeq2. First, a consensus table of the read counts per accessible
regions was built with featureCounts using the nf-core/atacseq
pipeline. Time-specific and sexually dimorphic accessible regions
were obtained with the “DESeq” function with default parameters.
Sex-biased accessible regions per stage and stage-biased accessible
regions per sex were recovered using the “results” function with
“stage_XX’ and “stage_XY” contrast for each stage and “E10.5_sex”
and “E13.5_sex,” respectively. A region was defined as differentially
accessible with an adj.pval<0.05 and |log2 (foldChange)|>1.

TE overlapping the differentially accessible regions were
recovered using “GenomicRanges::findOverlaps” with the option
“ignore.strand = TRUE.”

ChIP-seq mapping and analysis

FastQ files for the ChIP-seq data (H3K4me3, H3K27ac, and
H3K27me3) from E10.5 and E13.5 early gonadal progenitors and
supporting cells, respectively (Garcia-Moreno, Futtner, et al., 2019),
were downloaded from Gene Expression Omnibus (GSE118755 and
GSE130749) using the nf-core/fetchngs pipeline v1.10.0. Data were
mapped on the 10-mm reference genome and analyzed using the nf-
core/chipseq v2.0.0 (Ewels et al., 2022). Similar to the ATAC-seq
analysis, sequencing data quality was assessed using FastQC,
sequencing adapters were removed with cutadapt, and reads were
mapped using BWA. Reads were filtered with Picard to remove
unmapped and duplicated reads. Peaks were called with
MACS2 with the respective input controls using the “narrow
peak” parameter for H3K4me3 and “broad peaks” for H3K27ac
and H3K27me3. Because of the differences of sequencing depth,
mapped reads, and peak numbers between the replicates, we
considered all the peaks called from any replicates for the rest of
the analysis.

TE loci epigenetic classification

We first selected TEs that contributes to the differentiation of the
supporting cells as either Sertoli or pre-granulosa cells. To proceed,
for each sex, we selected the TE displaying an accessible chromatin
region that is statistically more accessible at E13.5 than E10.5, as well
as the accessible chromatin regions that are sexually dimorphic at
E13.5. We extended the coordinates of the obtained TEs by 200 bp to
look for ChIP-seq peaks in the direct vicinity of the TEs, at a one
nucleosome resolution.We overlapped the obtained TE regions with
the ChIP-seq peaks from E13.5 H3K4me3, H3K27ac, and
H3K27me3 for both sexes. For each TE, we binarized the
presence of either H3K4me3, H3K27ac, or H3K27me3, i.e., we
marked 1 if one or more peaks were found or 0 if no peak was
found, and checked the presence of the following combination of
histone marks that are biologically relevant: only H3K4me3
(promoters), H3K4me3 and H3K27ac (promoters), only
H3K27ac (active enhancer), only H3K27me3 (silencer), and
H3K4me3 and H3K27me3 (poised promoters). The other
possible combinations were labeled as “Others,” and the loci
overlapping none of these histone marks were labeled as “No
peak.” The histone marks overlapping the open TEs were
represented on heatmaps with EnrichedHeatmap (Gu et al.,
2018) using merged replicate bigWig files produced with
WiggleTools and bedGraphToBigWig utilities. For visualization
clarity, the combinations of histone marks with fewer than
500 open TEs were grouped in the “Other” section as the groups
were not clearly visible on the final heatmap.

GO-term enrichment analysis

Biological process GO-term enrichment analysis was performed
using the g:profiler website (https://biit.cs.ut.ee/gprofiler/gost) using the
mouse genome as the background, Benjamini–Hogberg FDR <0.5.
Because of the large amount of genes present in different analyses,
GO terms were displaying various general processes, such as
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“Developmental processes.” For the concision of the reported results, we
filtered the obtained statistically enriched GO terms to maintain
biologically relevant terms containing not only “sex,” “reproduction/
reproductive,” and “gonad” but also “Wnt” in female-related gene lists
and “angiogenesis” and “epithelium” for male-related gene lists.

TE conservation

The conservation of mouse (10 mm) TE sequences between rat
(rn7), human (Hg38), cow (bosTau9), and chicken (galGal6) was
performed using LiftOver from the UCSC website (https://genome.
ucsc.edu/cgi-bin/hgLiftOver) with default parameters. As a
reference, we selected 50,000 random TE sequences and checked
which percentage was found conserved in all the species mentioned
above. We then repeated the same procedure with all groups of sex-
and time-specific accessible TEs carrying different combinations of
histone marks in pre-granulosa and Sertoli cells.

TF motif enrichment analysis

Binding sites for transcription factors involved in mammalian sex
determination/differentiation were counted using the matrix scan (full
options) algorithm from the RSAT suite (http://www.rsat.eu) (Santana-
Garcia et al., 2022). The DNA-binding preferences for the transcription
factor analyzed were modeled as matrices and analyzed with default
settings and a p-value set to 10−4. Matrices for transcription factors were
obtained from the JASPAR database (https://jaspar.genereg.net): SRY
(MA0084.1); SOX9 (MA0077.1); SOX8 (MA0868.2); SOX10 (MA0442.
2); SF1, also known as NR5A1 (MA1540.1); GATA4 (MA0482.1);
GATA6 (MA1104.1); DMRT1 (MA1603.1); FOXL2 (MA1607.1);
RUNX1 (MA0002.2); and WT1 (MA1627.1). GATA4 and
GATA6 are redundant during gonadal differentiation (Padua, et al.,
2014; Padua, et al., 2015), and the HMG domain of SOX proteins
displays related functions (Bergstrom et al., 2000; Polanco et al., 2010).
Therefore, the pooled results of matrices scanning for GATA4 and
GATA6 were expressed as “GATAs” and “SRY/SOX” for pooled
scanning with SRY, SOX8/SOX9/SOX10 matrices. To normalize
counts, each motif was expressed in the number of matches per
kilobases of the total length of the datasets. Statistical analyses were
made using GraphPad Prism 10 with ordinary one-way ANOVA and
Tukey’s multiple comparison test. The detailed results of statistical tests
are provided in Supplementary Table (Supplementary Data S6).De novo
motif analyses were performed using peak-motifs from the RSAT suite.
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SUPPLEMENTARY FIGURE 1
Differential TE expression analysis of two cases of granulosa-to-Sertoli
transdifferentiation in adult ovaries. (A, B) Heatmap representing the
differentially expressed TEs in the Trim28 knock-out ovaries (A) and the
Dmrt1 over-expression ovaries (B) models compared to control ovaries,
respectively. Expression data were normalized using z-scores. (C) Overlap
of the differentially expressed TEs in the Trim28 knock-out and the Dmrt1
over-expression models. Despite the differences in mouse strain genetic
background, RNA-seq library, and sequencing protocols, 655 and 251 TEs
were found commonly up and down regulated after granulosa-to-Sertoli
transdifferentiation.

SUPPLEMENTARY FIGURE 2
Characteristics of the TE found expressed in mouse fetal gonads. (A)Number
of TE loci detected as expressed across sexes and stages. (B) Comparison of
the self-expressed TEs detected in whole gonads (Zhao’s dataset) and
purified somatic cells (Miyawaki’s dataset) at E11.5 in XX and XY gonads. Due
to the difference in the RNA-seq library preparation protocols and
sequencing sensitivity, more self-expressed are detected in the Miyawaki’s
dataset. However, half of the Zhao’s self-expressed TEs were also found in
Miyawaki’s dataset. (C) Proportion of the self-expressed TE families across
sexes and stages. (D) Distance of the sex- or time-differentially expressed
self-expressed TEs relatively to the nearest gene TSS. The red square shows a
magnification of the TSS region, +/- 100 kb where most of the TEs
were found.

SUPPLEMENTARY FIGURE 3
Characteristics of the ATAC-seq peaks overlapping TEs. Number of TEs
contained within ATAC-seq peaks (green) and percentage of the TE
sequences overlapping with ATAC-seq peaks (salmon) are reported for
each sex and stage. The ATAC-seq peaks can contain up to eight TEs but
most of them contains one or two individual TE loci. Most of the TE
sequences are entirely embedded within the ATAC-seq peak (100%).

SUPPLEMENTARY FIGURE 4
Transcription factor binding motif enrichment in pre-granulosa and Sertoli
cell per classes of accessible TE loci. (A) Ratio of the number of the
respective transcription factor motifs found in 3 sets of 10,000 randomly
picked TE dissociated in four different classes (LINEs, LTRs, SINEs and others)
or non-TE sequences, respectively. Motifs were analyzed and normalized as
described in Figure 6A. (B) Same analyses as in Figure 6B-D for the different
set of accessible TEs dissociated in four different classes (LINEs, LTRs, SINEs
and others) and reported to corresponding classes of three different sets of
10,000 control TEs. XY and XX correspond to accessible TEs from Sertoli
and pre-granulosa cells respectively.

SUPPLEMENTARY FIGURE 5
Expression level of the gonad transcription factors. Expression of the
transcription factors used for the motif enrichment analysis across fetal
gonad development. Data are expressed as TPM (transcript per million).

SUPPLEMENTARY TABLE 1
De novo motifs analysis for each set of the accessible TEs from Sertoli (XY)
and pre-granulosa cells (XX). Are reported all transcription factors motifs
others than those already used in Figure 6.

SUPPLEMENTARY DATASHEET 1
Temporally differentially expressed self-expressed TEs. Results of the
differential expression analysis across embryonic stages for XX and XY
gonads using DESeq2. Only results with padj < 0.05 are reported. The
column “TE name” refers to the TE locus identifier which is represented as
chromosome|start|end|TEsubfamily:TEfamily:TEclass|size|strand. The
“baseMean” is the mean of normalized counts for all samples. “pvalue”

column is the p-values resulted from the LRT test, and “padj” is the p-value
corrected for false discovery rate using Benjamini-Hochberg. The column
“cluster” refers to the TE clustering presented on the heatmaps from Figure
2A. XX and XY results are reported in separated tabs of the spreadsheet.

SUPPLEMENTARY DATASHEET 2
Sexually differentially expressed self-expressed TEs. Results of the differential
expression analysis between XX and XY gonads for each embryonic stages
using DESeq2. Only results with padj < 0.05 are reported. Similarly to Sup.
Data 1, the column “name” refers to the TE locus identifiers, the “baseMean” is
themean of normalized counts for all samples, “log2FoldChange” of the fold
change in expression of XX vs XY normalized expression conditions
transformed with log2. Positive values indicate over-expression in XX, and
conversely, negative values indicate overexpression in XY. “lfcSE” columns
gives the standard error of the log2FoldChange. “pvalue” is the p-values
resulted from the WALD test, and “padj” is the p-value corrected for false
discovery rate using Benjamini-Hochberg. The columns “sex” and “stage”
refer to the sex and stage in which the TE is overexpressed.

SUPPLEMENTARY DATASHEET 3
Sex- and time-differentially expressed TE correlation with genes in their 100
kb neighborhood. Results of the TE-gene correlation analysis. “TE” column
refers to the TE locus identifiers, the “Gene” column are the symbol of the
genes present in the 100 kb regions around the TEs. The distance of the gene
TSS to the TE is referred in the “distance_to_gene” column. XX and XY
Pearson correlation coefficients and their respective p-values are referred.
Mathematically impossible correlation test (i.e. when the gene expression
value is equal to 0) were annotated with a correlation coefficient of 0 and a
p-value noted “NA”. The “TE_coord” column gives the TE loci coordinates
in a format usable in IGV genome browser for convenience.

SUPPLEMENTARY DATASHEET 4
Classification of the TEs gaining accessibility in a sex- or time-specific
manner in pre-granulosa and Sertoli cells according to histone marks. The
spreadsheet presents three different tabs. The first tab contains the number
of accessible TEs for each different biologically relevant histone mark
classification. The second and third tabs contain the classification details for
the pre-granulosa and Sertoli accessible TEs respectively. The first five
columns refer to the TE coordinates and their identifier, columns six to eight
refers to the presence or not of the respective histone marks as binary data
(i.e. “0” if no peak was found in the ChIP-seq data, “1” if one or more peaks
were found). The “category” column refers to the classification of the TE
according to the histonemarks found in their sequence. “annotation” are the
genomic locations of the TEs, e.g. exonic, intronic or intergenic. “geneid”
and “distanceToTSS” refer to the nearest gene TSS and the distance from the
TE loci.

SUPPLEMENTARY DATASHEET 5
GO-term enrichment for the proximal genes to the sex- and time-accessible
TEs found in pre-granulosa and Sertoli cells according to histonemarks. The
spreadsheet presents two tabs. The first shows the results for the pre-
granulosa accessible TEs, while the second the results for the Sertoli cell.
GO-term enrichment results were filtered to show biologically
relevant terms.

SUPPLEMENTARY DATASHEET 6
Details of the statistical tests used to compare the enrichments of motifs
between the different sets of open TE and control TE. The spreadsheet
presents two tabs. The first shows the summary of all statistical tests and
the seconds the details of each test. P < 0.032 (*), < 0.0021 (**), < 0.0002
(***), < 0.0001 (****). The performed was ordinary one-way ANOVA.
Multiple comparisons with no matching and pairing was performed using
Tukey’s test.

References

Albrecht, K. H., and Eicher, E. M. (2001). Evidence that Sry is expressed in pre-Sertoli
cells and Sertoli and granulosa cells have a common precursor. Dev. Biol. 240, 92–107.
doi:10.1006/dbio.2001.0438

Ang, C. E., Ma, Q., Wapinski, O. L., Fan, S., Flynn, R. A., Lee, Q. Y., et al. (2019). The
novel lncRNA lnc-NR2F1 is pro-neurogenic and mutated in human
neurodevelopmental disorders. Elife. Jan. 10, e41770. doi:10.7554/eLife.41770

Bagheri-Fam, S., Sinclair, A. H., Koopman, P., and Harley, V. R. (2010). Conserved
regulatory modules in the Sox9 testis-specific enhancer predict roles for SOX, TCF/LEF,

Forkhead, DMRT, and GATA proteins in vertebrate sex determination. Int. J. Biochem.
Cell. Biol. Mar. 42, 472–477. doi:10.1016/j.biocel.2009.07.001

Bergeron, K. F., Nguyen, C. M., Cardinal, T., Charrier, B., Silversides, D. W., and
Pilon, N. (2016). Upregulation of the Nr2f1-A830082K12Rik gene pair in murine neural
crest cells results in a complex phenotype reminiscent of Waardenburg syndrome type
4. Dis. Model. Mech. 9 (9), 1283–1293. doi:10.1242/dmm.026773

Bergstrom, D. E., Young, M., Albrecht, K. H., and Eicher, E. M. (2000). Related
function of mouse SOX3, SOX9, and SRY HMG domains assayed by male sex

Frontiers in Cell and Developmental Biology frontiersin.org16

Stévant et al. 10.3389/fcell.2023.1327410

https://doi.org/10.1006/dbio.2001.0438
https://doi.org/10.7554/eLife.41770
https://doi.org/10.1016/j.biocel.2009.07.001
https://doi.org/10.1242/dmm.026773
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1327410


determination. Genes. Nov-Dec 28, 111–124. doi:10.1002/1526-968x(200011/12)28:3/
4<111::aid-gene40>3.0.co;2-5
Bertacchi, M., Parisot, J., and Studer, M. (2019). The pleiotropic transcriptional

regulator COUP-TFI plays multiple roles in neural development and disease. Brain Res.
Feb 15, 75-94. doi:10.1016/j.brainres.2018.04.024

Cao, Y., Chen, G., Wu, G., Zhang, X., McDermott, J., Chen, X., et al. (2019).
Widespread roles of enhancer-like transposable elements in cell identity and long-
range genomic interactions. Genome Res. Jan. 29, 40–52. doi:10.1101/gr.
235747.118

Chang, N. C., Rovira, Q., Wells, J., Feschotte, C., and Vaquerizas, J. M. (2022).
Zebrafish transposable elements show extensive diversification in age, genomic
distribution, and developmental expression. Genome Res. Jul 32, 1408–1423. doi:10.
1101/gr.275655.121

Chassot, A. A., Ranc, F., Gregoire, E. P., Roepers-Gajadien, H. L., Taketo, M. M.,
Camerino, G., et al. (2008). Activation of beta-catenin signaling by Rspo1 controls
differentiation of the mammalian ovary. Hum. Mol. Genet. 17, 1264–1277. doi:10.1093/
hmg/ddn016

Chuong, E. B., Rumi, M. A., Soares, M. J., and Baker, J. C. (2013). Endogenous
retroviruses function as species-specific enhancer elements in the placenta. Nat. Genet.
Mar. 45, 325–329. doi:10.1038/ng.2553

Conley, A. B., and Jordan, I. K. 2012. Cell type-specific termination of transcription by
transposable element sequences. Mob. DNA 3:15. doi:10.1186/1759-8753-3-15

Dechaud, C., Volff, J. N., Schartl, M., and Naville, M. (2019). Sex and the TEs:
transposable elements in sexual development and function in animals. Mob. DNA 10,
42. doi:10.1186/s13100-019-0185-0

Eicher, E. M., Washburn, L. L., Schork, N. J., Lee, B. K., Shown, E. P., Xu, X., et al.
(1996). Sex-determining genes on mouse autosomes identified by linkage analysis of
C57BL/6J-YPOS sex reversal. Nat. Genet. Oct. 14, 206–209. doi:10.1038/ng1096-206

Eicher, E. M., Washburn, L. L., Whitney, J. B., 3rd, and Morrow, K. E. (1982). Mus
poschiavinus Y chromosome in the C57BL/6J murine genome causes sex reversal.
Science 217 (217), 535–537. doi:10.1126/science.7089579

Ewels, P., Peltzer, A., Fillinger, S., Patel, H., Alneberg, J., Wilm, A., et al. (2022). The
nf-core framework for community-curated bioinformatics pipelines. Available at: https://
doiorg/105281/zenodo7139814.

Ewels, P. A., Peltzer, A., Fillinger, S., Patel, H., Alneberg, J., Wilm, A., et al. (2020). The
nf-core framework for community-curated bioinformatics pipelines. Nat. Biotechnol.
Mar. 38, 276–278. doi:10.1038/s41587-020-0439-x

Ferraj, A., Audano, P. A., Balachandran, P., Czechanski, A., Flores, J. I., Radecki, A. A.,
et al. (2023). Resolution of structural variation in diverse mouse genomes reveals
chromatin remodeling due to transposable elements. Cell. Genom 3, 100291. doi:10.
1016/j.xgen.2023.100291

Fueyo, R., Judd, J., Feschotte, C., and Wysocka, J. (2022). Roles of transposable
elements in the regulation of mammalian transcription.Nat. Rev. Mol. Cell. Biol. Feb 28,
481–497. doi:10.1038/s41580-022-00457-y

Garcia-Moreno, S. A., Futtner, C. R., Salamone, I. M., Gonen, N., Lovell-Badge, R.,
and Maatouk, D. M. (2019). Gonadal supporting cells acquire sex-specific chromatin
landscapes during mammalian sex determination. Dev. Biol. Feb 15 (446), 168–179.
doi:10.1016/j.ydbio.2018.12.023

Garcia-Moreno, S. A., Lin, Y. T., Futtner, C. R., Salamone, I. M., Capel, B., and
Maatouk, D. M. (2019). CBX2 is required to stabilize the testis pathway by repressing
Wnt signaling. PLoS Genet. May 15, e1007895. doi:10.1371/journal.pgen.1007895

Garcia-Perez, J. L., Widmann, T. J., and Adams, I. R. (2016). The impact of
transposable elements on mammalian development. Dev. 143:4101–4114. doi:10.
1242/dev.132639

Gonen, N., Futtner, C. R., Wood, S., Garcia-Moreno, S. A., Salamone, I. M., Samson, S.
C., et al. (2018). Sex reversal following deletion of a single distal enhancer of Sox9.
Science 360 (360), 1469–1473. doi:10.1126/science.aas9408

Goodier, J. L., Ostertag, E. M., Du, K., and Kazazian, H. H., Jr (2001). A novel active
L1 retrotransposon subfamily in the mouse. Genome Res. Oct. 11, 1677–1685. doi:10.
1101/gr.198301

Greenfield, A. (2021). The molecular genetic basis of fetal granulosa cell development.
Curr. Opin. Endocr. Metab. Res. 18, 1–7. doi:10.1016/j.coemr.2020.11.010

Gu, Z., Eils, R., and Schlesner, M. (2016). Complex heatmaps reveal patterns and
correlations in multidimensional genomic data. Bioinforma. Sep. 15 (32), 2847–2849.
doi:10.1093/bioinformatics/btw313

Gu, Z., Eils, R., Schlesner, M., and Ishaque, N. (2018). EnrichedHeatmap: an R/
Bioconductor package for comprehensive visualization of genomic signal associations.
BMC Genomics. Apr 4 (19), 234. doi:10.1186/s12864-018-4625-x

Hahne, F., and Ivanek, R. (2016). Visualizing genomic data using Gviz and
bioconductor. Methods Mol. Biol. 1418, 335–351. doi:10.1007/978-1-4939-3578-9_16

Hedges, D. J., and Deininger, P. L. (2007). Inviting instability: transposable elements,
double-strand breaks, and the maintenance of genome integrity. Mutat. Res. Mar. 1,
46-59. doi:10.1016/j.mrfmmm.2006.11.021

Herpin, A., Schartl, M., Depince, A., Guiguen, Y., Bobe, J., Hua-Van, A., et al. (2021). Allelic
diversification after transposable element exaptation promoted gsdf as the master sex
determining gene of sablefish. Genome Res. Aug 31, 1366–1380. doi:10.1101/gr.274266.120

Jachowicz, J. W., Bing, X., Pontabry, J., Boskovic, A., Rando, O. J., and Torres-Padilla,
M. E. (2017). LINE-1 activation after fertilization regulates global chromatin
accessibility in the early mouse embryo. Nat. Genet. Oct. 49, 1502–1510. doi:10.
1038/ng.3945

Jameson, S. A., Natarajan, A., Cool, J., DeFalco, T., Maatouk, D. M., Mork, L., et al.
(2012). Temporal transcriptional profiling of somatic and germ cells reveals biased
lineage priming of sexual fate in the fetal mouse gonad. PLoS Genet. 8, e1002575. doi:10.
1371/journal.pgen.1002575

Jansz, N., and Faulkner, G. J. (2021). Endogenous retroviruses in the origins and
treatment of cancer. Genome Biol. 22, 147. doi:10.1186/s13059-021-02357-4

Jonsson, M. E., Garza, R., Johansson, P. A., and Jakobsson, J. (2020). Transposable
elements: a common feature of neurodevelopmental and neurodegenerative disorders.
Trends Genet. Aug 36, 610–623. doi:10.1016/j.tig.2020.05.004

Jung, Y. H., Wang, H. V., Ali, S., Corces, V. G., and Kremsky, I. (2023).
Characterization of a strain-specific CD-1 reference genome reveals potential inter-
and intra-strain functional variability. BMC Genomics 24 (24), 437. doi:10.1186/s12864-
023-09523-x

Kapusta, A., Kronenberg, Z., Lynch, V. J., Zhuo, X., Ramsay, L., Bourque, G., et al.
(2013). Transposable elements are major contributors to the origin, diversification, and
regulation of vertebrate long noncoding RNAs. PLoS Genet. Apr 9, e1003470. doi:10.
1371/journal.pgen.1003470

Kelley, D., and Rinn, J. (2012). Transposable elements reveal a stem cell-specific class of long
noncoding RNAs. Genome Biol. Nov. 26 (13), R107. doi:10.1186/gb-2012-13-11-r107

Koopman, P., Gubbay, J., Vivian, N., Goodfellow, P., and Lovell-Badge, R. (1991).
Male development of chromosomally female mice transgenic for Sry. Nature 351,
117–121. doi:10.1038/351117a0

Kreidberg, J. A., Sariola, H., Loring, J. M., Maeda, M., Pelletier, J., Housman, D., et al.
(1993). WT-1 is required for early kidney development. Cell. 74, 679–691. doi:10.1016/
0092-8674(93)90515-r

Lanciano, S., and Cristofari, G. (2020). Measuring and interpreting transposable
element expression. Nat. Rev. Genet. Dec 21, 721–736. doi:10.1038/s41576-020-0251-y

Lawrence, M., Gentleman, R., and Carey, V. (2009). rtracklayer: an R package for
interfacing with genome browsers. Bioinforma. Jul 15 (25), 1841–1842. doi:10.1093/
bioinformatics/btp328

Lawrence, M., Huber, W., Pages, H., Aboyoun, P., Carlson, M., Gentleman, R., et al.
(2013). Software for computing and annotating genomic ranges. PLoS Comput. Biol. 9,
e1003118. doi:10.1371/journal.pcbi.1003118

Lawson, H. A., Liang, Y., and Wang, T. (2023). Transposable elements in mammalian
chromatin organization. Nat. Rev. Genet. Jun 7, 712–723. doi:10.1038/s41576-023-00609-6

Liang, L., Cao, C., Ji, L., Cai, Z., Wang, D., Ye, R., et al. (2023). Complementary Alu
sequences mediate enhancer-promoter selectivity. Nat. Jul 619, 868–875. doi:10.1038/
s41586-023-06323-x

Lindeman, R. E., Gearhart, M. D., Minkina, A., Krentz, A. D., Bardwell, V. J., and
Zarkower, D. (2015). Sexual cell-fate reprogramming in the ovary by DMRT1. Curr.
Biol. Mar. 16 (25), 764–771. doi:10.1016/j.cub.2015.01.034

Liu, S., Brind’Amour, J., Karimi, M. M., Shirane, K., Bogutz, A., Lefebvre, L., et al.
(2014). Setdb1 is required for germline development and silencing of H3K9me3-marked
endogenous retroviruses in primordial germ cells. Genes. Dev. Sep. 15 (28), 2041–2055.
doi:10.1101/gad.244848.114

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550. doi:10.1186/
s13059-014-0550-8

Luo, X., Ikeda, Y., and Parker, K. L. (1994). A cell-specific nuclear receptor is essential
for adrenal and gonadal development and sexual differentiation. Cell. 77, 481–490.
doi:10.1016/0092-8674(94)90211-9

Macfarlan, T. S., Gifford, W. D., Driscoll, S., Lettieri, K., Rowe, H. M., Bonanomi, D.,
et al. (2012). Embryonic stem cell potency fluctuates with endogenous retrovirus
activity. Nature 487, 57–63. doi:10.1038/nature11244

Mangoni, D., Simi, A., Lau, P., Armaos, A., Ansaloni, F., Codino, A., et al. (2023).
LINE-1 regulates cortical development by acting as long non-coding RNAs. Nat.
Commun. 14 (14), 4974. doi:10.1038/s41467-023-40743-7

Mayere, C., Regard, V., Perea-Gomez, A., Bunce, C., Neirijnck, Y., Djari, C., et al.
(2022). Origin, specification and differentiation of a rare supporting-like lineage in the
developing mouse gonad. Sci. Adv. May 27 (8), eabm0972. doi:10.1126/sciadv.abm0972

Miao, B., Fu, S., Lyu, C., Gontarz, P., Wang, T., and Zhang, B. (2020). Tissue-specific
usage of transposable element-derived promoters in mouse development. Genome Biol.
Sep. 28 (21), 255. doi:10.1186/s13059-020-02164-3

Miyawaki, S., Kuroki, S., Maeda, R., Okashita, N., Koopman, P., and Tachibana, M.
(2020). The mouse Sry locus harbors a cryptic exon that is essential for male sex
determination. Science 370, 121–124. doi:10.1126/science.abb6430

Frontiers in Cell and Developmental Biology frontiersin.org17

Stévant et al. 10.3389/fcell.2023.1327410

https://doi.org/10.1002/1526-968x(200011/12)28:3/4<111::aid-gene40>3.0.co;2-5
https://doi.org/10.1002/1526-968x(200011/12)28:3/4<111::aid-gene40>3.0.co;2-5
https://doi.org/10.1016/j.brainres.2018.04.024
https://doi.org/10.1101/gr.235747.118
https://doi.org/10.1101/gr.235747.118
https://doi.org/10.1101/gr.275655.121
https://doi.org/10.1101/gr.275655.121
https://doi.org/10.1093/hmg/ddn016
https://doi.org/10.1093/hmg/ddn016
https://doi.org/10.1038/ng.2553
https://doi.org/10.1186/1759-8753-3-15
https://doi.org/10.1186/s13100-019-0185-0
https://doi.org/10.1038/ng1096-206
https://doi.org/10.1126/science.7089579
https://doiorg/105281/zenodo7139814
https://doiorg/105281/zenodo7139814
https://doi.org/10.1038/s41587-020-0439-x
https://doi.org/10.1016/j.xgen.2023.100291
https://doi.org/10.1016/j.xgen.2023.100291
https://doi.org/10.1038/s41580-022-00457-y
https://doi.org/10.1016/j.ydbio.2018.12.023
https://doi.org/10.1371/journal.pgen.1007895
https://doi.org/10.1242/dev.132639
https://doi.org/10.1242/dev.132639
https://doi.org/10.1126/science.aas9408
https://doi.org/10.1101/gr.198301
https://doi.org/10.1101/gr.198301
https://doi.org/10.1016/j.coemr.2020.11.010
https://doi.org/10.1093/bioinformatics/btw313
https://doi.org/10.1186/s12864-018-4625-x
https://doi.org/10.1007/978-1-4939-3578-9_16
https://doi.org/10.1016/j.mrfmmm.2006.11.021
https://doi.org/10.1101/gr.274266.120
https://doi.org/10.1038/ng.3945
https://doi.org/10.1038/ng.3945
https://doi.org/10.1371/journal.pgen.1002575
https://doi.org/10.1371/journal.pgen.1002575
https://doi.org/10.1186/s13059-021-02357-4
https://doi.org/10.1016/j.tig.2020.05.004
https://doi.org/10.1186/s12864-023-09523-x
https://doi.org/10.1186/s12864-023-09523-x
https://doi.org/10.1371/journal.pgen.1003470
https://doi.org/10.1371/journal.pgen.1003470
https://doi.org/10.1186/gb-2012-13-11-r107
https://doi.org/10.1038/351117a0
https://doi.org/10.1016/0092-8674(93)90515-r
https://doi.org/10.1016/0092-8674(93)90515-r
https://doi.org/10.1038/s41576-020-0251-y
https://doi.org/10.1093/bioinformatics/btp328
https://doi.org/10.1093/bioinformatics/btp328
https://doi.org/10.1371/journal.pcbi.1003118
https://doi.org/10.1038/s41576-023-00609-6
https://doi.org/10.1038/s41586-023-06323-x
https://doi.org/10.1038/s41586-023-06323-x
https://doi.org/10.1016/j.cub.2015.01.034
https://doi.org/10.1101/gad.244848.114
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1016/0092-8674(94)90211-9
https://doi.org/10.1038/nature11244
https://doi.org/10.1038/s41467-023-40743-7
https://doi.org/10.1126/sciadv.abm0972
https://doi.org/10.1186/s13059-020-02164-3
https://doi.org/10.1126/science.abb6430
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1327410


Mota-Gómez, I., Rodríguez, J. A., Dupont, S., Lao, O., Jedamzick, J., Kuhn, R., et al.
(2022). Sex-determining 3D regulatory hubs revealed by genome spatial auto-
correlation analysis. bioRxiv 2022, 516861. doi:10.1101/2022.11.18.516861

Munger, S. C., Aylor, D. L., Syed, H. A., Magwene, P. M., Threadgill, D.W., and Capel,
B. (2009). Elucidation of the transcription network governing mammalian sex
determination by exploiting strain-specific susceptibility to sex reversal. Genes. Dev.
Nov. 1 (23), 2521–2536. doi:10.1101/gad.1835809

Nef, S., Schaad, O., Stallings, N. R., Cederroth, C. R., Pitetti, J. L., Schaer, G., et al.
(2005). Gene expression during sex determination reveals a robust female genetic
program at the onset of ovarian development. Dev. Biol. Nov. 15 (287), 361–377. doi:10.
1016/j.ydbio.2005.09.008

Neirijnck, Y., Sararols, P., Kuhne, F., Mayere, C., Weerasinghe Arachchige, L. C.,
Regard, V., et al. (2023). Single-cell transcriptomic profiling redefines the origin and
specification of early adrenogonadal progenitors. Cell. Rep. 42 (42), 112191. doi:10.
1016/j.celrep.2023.112191

Nellaker, C., Keane, T. M., Yalcin, B., Wong, K., Agam, A., Belgard, T. G., et al. (2012).
The genomic landscape shaped by selection on transposable elements across 18 mouse
strains. Genome Biol. 13 (13), R45. doi:10.1186/gb-2012-13-6-r45

Nicol, B., Grimm, S. A., Chalmel, F., Lecluze, E., Pannetier, M., Pailhoux, E., et al.
(2019). RUNX1 maintains the identity of the fetal ovary through an interplay with
FOXL2. Nat. Commun. Nov. 11;5116. doi:10.1038/s41467-019-13060-1

Padua, M. B., Fox, S. C., Jiang, T., Morse, D. A., and Tevosian, S. G. (2014).
Simultaneous gene deletion of gata4 and gata6 leads to early disruption of follicular
development and germ cell loss in the murine ovary. Biol. Reprod. Jul 91, 24. doi:10.
1095/biolreprod.113.117002

Padua, M. B., Jiang, T., Morse, D. A., Fox, S. C., Hatch, H. M., and Tevosian, S. G.
(2015). Combined loss of the GATA4 and GATA6 transcription factors in male mice
disrupts testicular development and confers adrenal-like function in the testes.
Endocrinology 156, 1873–1886. doi:10.1210/en.2014-1907

Pal, D., Patel, M., Boulet, F., Sundarraj, J., Grant, O. A., Branco, M. R., et al. (2023).
H4K16ac activates the transcription of transposable elements and contributes to their cis-
regulatory function. Nat. Struct. Mol. Biol. Jun 12, 935–947. doi:10.1038/s41594-023-
01016-5

Patel, H., Beber, M. E., Joshi, E., Han, D. W., bot, nf-core, Manning, J., et al. (2023a).
nf-core/fetchngs: nf-core/fetchngs v1.10.0 - manganese Monkey. Available at: https://
doiorg/105281/zenodo7941940.

Patel, H., Espinosa-Carrasco, J., Langer, B., Ewels, P., bot, nf-core, Garcia, M. U., et al.
(2023b). nf-core/atacseq. [2.1.2] - 2022-08-07. Available at: https://doiorg/105281/
zenodo8222875.

Percharde, M., Lin, C. J., Yin, Y., Guan, J., Peixoto, G. A., Bulut-Karslioglu, A., et al.
(2018). A LINE1-nucleolin partnership regulates early development and ESC identity.
Cell. 174, 391–405. doi:10.1016/j.cell.2018.05.043

Platt, R. N., Vandewege, M. W., and Ray, D. A. (2018). Mammalian transposable
elements and their impacts on genome evolution. Chromosome Res. Mar. 26, 25–43.
doi:10.1007/s10577-017-9570-z

Polanco, J. C., Wilhelm, D., Davidson, T. L., Knight, D., and Koopman, P. (2010).
Sox10 gain-of-function causes XX sex reversal in mice: implications for human 22q-linked
disorders of sex development. Hum. Mol. Genet. 19, 506–516. doi:10.1093/hmg/ddp520

Portnoi, M. F., Dumargne, M. C., Rojo, S., Witchel, S. F., Duncan, A. J., Eozenou, C.,
et al. (2018). Mutations involving the SRY-related gene SOX8 are associated with a
spectrum of human reproductive anomalies. Hum. Mol. Genet. Apr 1 (27), 1228–1240.
doi:10.1093/hmg/ddy037

Rahmoun, M., Lavery, R., Laurent-Chaballier, S., Bellora, N., Philip, G. K., Rossitto,
M., et al. (2017). In mammalian foetal testes, SOX9 regulates expression of its target
genes by binding to genomic regions with conserved signatures. Nucleic Acids Res. Jul 7
(45), 7191–7211. doi:10.1093/nar/gkx328

Rakover, Y. T., Admoni, O., Elias-Assad, G., London, S., Barhoum, M. N., Ludar, H.,
et al. (2021). The evolving role of whole-exome sequencing in the management of
disorders of sex development. Endocr. Connect. 10, 620–629. doi:10.1530/EC-21-0019

Randolph, K., Hyder, U., and D’Orso, I. (2022). KAP1/TRIM28: transcriptional
activator and/or repressor of viral and cellular programs? Front. Cell. Infect. Microbiol.
12, 834636. doi:10.3389/fcimb.2022.834636

Raymond, C. S., Murphy, M. W., O’Sullivan, M. G., Bardwell, V. J., and Zarkower, D.
(2000). Dmrt1, a gene related to worm and fly sexual regulators, is required for
mammalian testis differentiation. Genes. Dev. 14 (14), 2587–2595. doi:10.1101/gad.
834100

Richardson, S. R., Morell, S., and Faulkner, G. J. (2014). L1 retrotransposons and
somatic mosaicism in the brain. Annu. Rev. Genet. 48, 1–27. doi:10.1146/annurev-
genet-120213-092412

Rossitto, M., Dejardin, S., Rands, C. M., Le Gras, S., Migale, R., Rafiee, M. R., et al.
(2022). TRIM28-dependent SUMOylation protects the adult ovary from activation of
the testicular pathway. Nat. Commun. Jul 29 (13), 4412. doi:10.1038/s41467-022-
32061-1

Rowe, H. M., Jakobsson, J., Mesnard, D., Rougemont, J., Reynard, S., Aktas, T., et al.
(2010). KAP1 controls endogenous retroviruses in embryonic stem cells. Nature 463,
237–240. doi:10.1038/nature08674

Santana-Garcia, W., Castro-Mondragon, J. A., Padilla-Galvez, M., Nguyen, N. T. T.,
Elizondo-Salas, A., Ksouri, N., et al. (2022). RSAT 2022: regulatory sequence analysis
tools. Nucleic Acids Res. 50 (50), W670–W676. doi:10.1093/nar/gkac312

Schartl, M., Schories, S., Wakamatsu, Y., Nagao, Y., Hashimoto, H., Bertin, C., et al.
(2018). Sox5 is involved in germ-cell regulation and sex determination in medaka
following co-option of nested transposable elements. BMC Biol. Jan. 29 (16), 16. doi:10.
1186/s12915-018-0485-8

Schmidt,D., Ovitt, C. E., Anlag,K., Fehsenfeld, S., Gredsted, L., Treier, A.C., et al. (2004). The
murinewinged-helix transcription factor Foxl2 is required for granulosa cell differentiation and
ovary maintenance. Dev. Feb 131, 933–942. doi:10.1242/dev.00969

Sekido, R., and Lovell-Badge, R. (2008). Sex determination involves synergistic action
of SRY and SF1 on a specific Sox9 enhancer. Nature 453, 930–934. doi:10.1038/
nature06944

Sinclair, A. H., Berta, P., Palmer, M. S., Hawkins, J. R., Griffiths, B. L., Smith, M. J.,
et al. (1990). A gene from the human sex-determining region encodes a protein with
homology to a conserved DNA-binding motif. Nature 346, 240–244. doi:10.1038/
346240a0

Stevant, I., Kuhne, F., Greenfield, A., Chaboissier, M. C., Dermitzakis, E. T., and Nef,
S. (2019). Dissecting cell lineage specification and sex fate determination in gonadal
somatic cells using single-cell transcriptomics. Cell reports 26, 3272–3283. doi:10.1016/
j.celrep.2019.02.069

Stevant, I., Neirijnck, Y., Borel, C., Escoffier, J., Smith, L. B., Antonarakis, S. E., et al.
(2018). Deciphering cell lineage specification during male sex determination with
single-cell RNA sequencing. Cell. Rep. 22 (22), 1589–1599. doi:10.1016/j.celrep.2018.
01.043

Svoboda, P., Stein, P., Anger, M., Bernstein, E., Hannon, G. J., and Schultz, R. M.
(2004). RNAi and expression of retrotransposons MuERV-L and IAP in
preimplantation mouse embryos. Dev. Biol. 269, 276–285. doi:10.1016/j.ydbio.2004.
01.028

Todd, C. D., Deniz, O., Taylor, D., and Branco, M. R. (2019). Functional evaluation of
transposable elements as enhancers in mouse embryonic and trophoblast stem cells.
Elife. Apr 23, e44344. doi:10.7554/eLife.44344

Vining, B., Ming, Z., Bagheri-Fam, S., and Harley, V. (2021). Diverse regulation but
conserved function: SOX9 in vertebrate sex determination. Genes.Genes. (Basel). Mar.
26, 486. doi:10.3390/genes12040486

Wagner, T., Wirth, J., Meyer, J., Zabel, B., Held, M., Zimmer, J., et al. (1994). Autosomal sex
reversal and campomelic dysplasia are caused by mutations in and around the SRY-related
gene SOX9. Cell. 79, 1111–1120. doi:10.1016/0092-8674(94)90041-8

Wang, Q., Li, M., Wu, T., Zhan, L., Li, L., Chen, M., et al. (2022). Exploring
epigenomic datasets by ChIPseeker. Curr. Protoc. 2, e585. doi:10.1002/cpz1.585

Warr, N., Siggers, P., Bogani, D., Brixey, R., Pastorelli, L., Yates, L., et al. (2009).
Sfrp1 and Sfrp2 are required for normal male sexual development in mice. Dev. Biol. 15
(326), 273–284. doi:10.1016/j.ydbio.2008.11.023

Yang, W. R., Ardeljan, D., Pacyna, C. N., Payer, L. M., and Burns, K. H. (2019).
SQuIRE reveals locus-specific regulation of interspersed repeat expression. Nucleic
Acids Res. Mar. 18, 47:e27. doi:10.1093/nar/gky1301

Zhao, L., Wang, C., Lehman, M. L., He, M., An, J., Svingen, T., et al. (2018).
Transcriptomic analysis of mRNA expression and alternative splicing during mouse
sex determination. Mol. Cell. Endocrinol. 478, 84–96. doi:10.1016/j.mce.2018.07.010

Zhou, S., Sakashita, A., Yuan, S., and Namekawa, S. H. (2022). Retrotransposons in
the mammalian male germline. Sex. Dev. Mar. 1, 404–422. doi:10.1159/000520683

Zhou, X., Sam, T. W., Lee, A. Y., and Leung, D. (2021). Mouse strain-specific
polymorphic provirus functions as cis-regulatory element leading to epigenomic and
transcriptomic variations. Nat. Commun. Nov. 9 (12), 6462. doi:10.1038/s41467-021-
26630-z

Frontiers in Cell and Developmental Biology frontiersin.org18

Stévant et al. 10.3389/fcell.2023.1327410

https://doi.org/10.1101/2022.11.18.516861
https://doi.org/10.1101/gad.1835809
https://doi.org/10.1016/j.ydbio.2005.09.008
https://doi.org/10.1016/j.ydbio.2005.09.008
https://doi.org/10.1016/j.celrep.2023.112191
https://doi.org/10.1016/j.celrep.2023.112191
https://doi.org/10.1186/gb-2012-13-6-r45
https://doi.org/10.1038/s41467-019-13060-1
https://doi.org/10.1095/biolreprod.113.117002
https://doi.org/10.1095/biolreprod.113.117002
https://doi.org/10.1210/en.2014-1907
https://doi.org/10.1038/s41594-023-01016-5
https://doi.org/10.1038/s41594-023-01016-5
https://doiorg/105281/zenodo7941940
https://doiorg/105281/zenodo7941940
https://doiorg/105281/zenodo8222875
https://doiorg/105281/zenodo8222875
https://doi.org/10.1016/j.cell.2018.05.043
https://doi.org/10.1007/s10577-017-9570-z
https://doi.org/10.1093/hmg/ddp520
https://doi.org/10.1093/hmg/ddy037
https://doi.org/10.1093/nar/gkx328
https://doi.org/10.1530/EC-21-0019
https://doi.org/10.3389/fcimb.2022.834636
https://doi.org/10.1101/gad.834100
https://doi.org/10.1101/gad.834100
https://doi.org/10.1146/annurev-genet-120213-092412
https://doi.org/10.1146/annurev-genet-120213-092412
https://doi.org/10.1038/s41467-022-32061-1
https://doi.org/10.1038/s41467-022-32061-1
https://doi.org/10.1038/nature08674
https://doi.org/10.1093/nar/gkac312
https://doi.org/10.1186/s12915-018-0485-8
https://doi.org/10.1186/s12915-018-0485-8
https://doi.org/10.1242/dev.00969
https://doi.org/10.1038/nature06944
https://doi.org/10.1038/nature06944
https://doi.org/10.1038/346240a0
https://doi.org/10.1038/346240a0
https://doi.org/10.1016/j.celrep.2019.02.069
https://doi.org/10.1016/j.celrep.2019.02.069
https://doi.org/10.1016/j.celrep.2018.01.043
https://doi.org/10.1016/j.celrep.2018.01.043
https://doi.org/10.1016/j.ydbio.2004.01.028
https://doi.org/10.1016/j.ydbio.2004.01.028
https://doi.org/10.7554/eLife.44344
https://doi.org/10.3390/genes12040486
https://doi.org/10.1016/0092-8674(94)90041-8
https://doi.org/10.1002/cpz1.585
https://doi.org/10.1016/j.ydbio.2008.11.023
https://doi.org/10.1093/nar/gky1301
https://doi.org/10.1016/j.mce.2018.07.010
https://doi.org/10.1159/000520683
https://doi.org/10.1038/s41467-021-26630-z
https://doi.org/10.1038/s41467-021-26630-z
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1327410



