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ABSTRACT

Mammalian sex determination hinges on sexually dohi@ transcriptional programs in
developing fetal gonads. A comprehensive view oéséh programs is crucial for
understanding the normal development of fetal seatel ovaries and the etiology of human
disorders of sex development (DSDs), many of whigmain unexplained. Using strand-
specific RNA-sequencing, we characterized the méeis¢ gonadal transcriptome from 10.5
to 13.5 days post coitum, a key time window in dekermination and gonad development.
Our dataset benefits from a greater sensitivitguescy and dynamic range compared to
microarray studies, allows global dynamics and seeeificity of gene expression to be
assessed, and provides a window to non-transamgdtievents such as alternative splicing.
Spliceomic analysis uncovered female-specific ragouh of Lefl splicing, which may
contribute to the enhanced WNT signaling actiwity<iX gonads. We provide a user-friendly
visualization tool for the complete transcriptoraitd spliceomic dataset as a resource for the

field.
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1. Introduction

In eutherian mammals, sex differentiation stemsnfra critical decision made in the
bipotential fetal genital ridges whether to adopésticular or ovarian fate. In the presence of
a Y chromosome, the expression of the Y-linkeddcaption factor SRY (sex-determining
region Y) in the indifferent genital ridges actieatits target gene Sox9 (SRY-box 9), also
encoding a transcription factor, which subsequedtlyes and coordinates the cascade of
gene expression leading to the formation of fetsies (Koopman et al., 1991; Li et al., 2014;
Rahmoun et al., 2017; Sekido and Lovell-Badge, 200&al et al., 2001). In the absence of
SRY, RSPO1 (R-spondin 1)/WNT4 (wingless-type MMTteigration site family, member
4)/ CTNNBL1 (catenin, beta 1) and FOXL2 (forkhead kh®) induce an alternative set of
transcriptional programs, giving rise to fetal agar(Chassot et al., 2008; Liu et al., 2009;
Ottolenghi et al., 2007; Schmidt et al., 2004; l@dal., 2004; Vainio et al., 1999). The sex-
specific pathways antagonize each other to sedwechhosen sexual fate and repress the
alternative fate (Bagheri-Fam et al., 2017; Changl.e 2008; Greenfield, 2015; Jameson et
al., 2012a; Kashimada et al., 2011; Kim et al.,@0@aatouk et al., 2008; Wilhelm et al.,
2009). However, two major bottlenecks in our unterding of how sex determination and
gonadal differentiation are controlled at the malac genetic level are the identification of
new genes and an appreciation of how they are swisdy regulated. As a result, we lack an
explanation for the majority of the large suite lmiman anatomical variations that are

collectively described as disorders of sex develpn(iDSDs) (Eggers et al., 2016).

To address the bottlenecks, a number of genome-wiq@ession studies have been
conducted either on mouse or human whole fetal d®@el Valle et al., 2017; Houmard et

al., 2009; Munger et al., 2013; Rahmoun et al.,72®olland et al., 2011; Small et al., 2005)



or isolated fetal gonadal cell populations (Bevardand Koopman, 2006; Bouma et al., 2007;
Bouma et al., 2010; Inoue et al., 2016; Jamesah,2012b; McClelland et al., 2015; Nef et
al., 2005). Most of these studies were performeéagusicroarray technology (Beverdam and
Koopman, 2006; Bouma et al., 2007; Bouma et all02@el Valle et al., 2017; Houmard et
al., 2009; Jameson et al., 2012b; Munger et all320lef et al., 2005; Rolland et al., 2011;
Small et al., 2005). While these continue to seagevaluable resources for the field,
microarray studies are limited by technical issuegluding limited probe coverage,
inconsistent probe hybridization efficiency, relaty low sensitivity and narrow dynamic
range, and limited ability to distinguish transtripoforms on a global scale (Zhao et al.,

2014).

Alternatively, RNA-sequencing (RNA-Seq) can be usedcircumvent these issues. Two
RNA-Seq studies have investigated the transcriptoma specific cell lineage, the fetal
Leydig cell (Inoue et al., 2016; McClelland et &Q15), while a third has used chromatin
immunoprecipitation followed by RNA-Seq (ChlP-Seéq)characterize the regulome of the
key gonadal transcription factor SOX9 (RahmounlgtZz®17). More recently, a single-cell
RNA-Seq study (Stévant et al., 2018) has been pedd to provide new insights into the
transcriptional variability between cells, and istigate lineage relationships in the
developing gonads. Although single cell sequenchadds great potential for further
investigations, it is currently limited in its aibyl to illuminate some poorly understood areas
such as the role of alternative splicing and itputation (Haque et al., 2017). As such, there

remains an important place for RNA-seq analyseshafle-organ development.



In the present study, we employed a strand-spe&tfitA-Seq strategy to analyze the
transcriptome of the mouse developing fetal teateb ovaries at key developmental stages
encompassing the period fro®y activation in the male to differentiation and wgarl
histological arrangement of the gonadal cell liresagOur results provide a comprehensive
view of the transcriptional events at both the gane transcript level underlying sexual fate
commitment and fetal gonadal development. Furtheemour analyses uncovered
widespread spatio-temporal regulation of transcrgaform usage in the fetal gonads,

suggesting an important regulatory role of altaugasplicing in these processes.

2. Materialsand methods
2.1 Mice and tissue collection

A reporter mouse line carrying an X-linked GFP sgene (XGFP) (Hadjantonakis et al.,
1998) was used to facilitate non-invasive sexin§®X studs were mated to outbred Swiss
albino (Quakenbush) XX females to generate timesymaincies, with noon of the day on
which the mating plug was observed designated &asl@ys post coitum (dpc). Embryos at
10.5 or 11.5 dpc were sexed using a Leica M165l&@dscent stereomicroscope based on
GFP expression in XX embryos; embryos at 12.5 or 13.5 dpc were sexeditual
inspection of the fetal gonads. To ensure corragfiisg at 10.5 and 11.5 dpc, tail somites (ts)
were counted as described (Hacker et al., 1995)it&eidges/fetal gonads at 10.5 (ts 7-9),
11.5 (ts17-19), 12.5 or 13.5 dpc were dissecterbid PBS (Life Tech) with mesonephros
removed. Although we took extra care dissectingitgerridges at 10.5 dpc, cross
contamination of genital ridges by mesonephricugsgannot be completely ruled out.
Gonadal tissues from multiple embryos were pooteditain enough RNA for sequencing:

30-40, 20-30, 5-10, or 3-8 pairs of fetal gonad®weoled at 10.5, 11.5, 12.5 or 13.5 dpc,



respectively. For each sex and time point, two peaelent tissue pools were collected as
biological duplicate samples. An additional tispul of 13.5-dpc ovaries was collected to
facilitate between-batch normalization (see beldMl)animal experimentation was approved
(permits IMB/230/12 and IMB/175/13) and carried oatcording to the guidelines

established by the University of Queensland Anigtaics Committee.

2.2 RNA extraction and sequencing

Total RNA was extracted using Qiagen RNeasy Miagtavkh on-column DNase | treatment
and sequenced at Macrogen (Seoul, Korea). Brisfitgnd-specific sequencing libraries were
prepared from polyA-enriched mRNA using a Script8&#NA-Seq library preparation kit
(EpiCentre). Sequencing libraries were preparedwia batches, with the second batch
samples labelled with a suffix “new” (Supplementable S1). Libraries were multiplexed (4
on each lane) and sequenced on an lllumina HiSégZ®extra 13.5-dpc XX RNA sample,
13.5F3new, was sequenced to facilitate normalinabetween batches, and subsequently
included in downstream analyses as an additiomdbdpical replicate. Sequencing of sample
11.5M1 (11.5-dpc XY pool #1) failed, as indicatedavery low overall read alignment rate
(< 20%; data not shown); it was therefore excluttedh further analysis. Data have been

deposited to SRA under the accession number SRBA765

2.3 Differential expression analysis at the gene or transcript level

Sequencing reads were trimmed with Trimmomatic ¢Bokt al., 2014) v0.20 and aligned to
annotated genes or transcripts in mouse Ensemigf@&ence transcriptome using the RSEM

algorithm (Li and Dewey, 2011) v1.2.12. Between-genTMM (trimmed mean of M values)



normalization was carried out as described (Rolminand Oshlack, 2010). Differential

expression analysis at the gene level was perforomegairwise comparisons of samples
between the two sexes at the same time point @releet two consecutive time points of the
same sex using edgeR (Robinson et al., 2010) v3n6tR a batch component added to the
generalized linear model (log-ratio test) where liapple. edgeR uses empirical Bayes
methods that enable sharing of information betwgemes, thereby allowing estimation of
gene-specific biological variation even when onlimaited number of biological replicates

are available (McCarthy et al., 2012).

Differentially expressed genes (DEGS) were deteedhias those with an adjustBdralue <

0.05. Pathway analysis of DEGs was performed uQiagien’s Ingenuity Pathway Analysis
(IPA) tool v. 36601845. For cross-comparisons wother datasets, genes with multiple
Ensembl Gene IDs were consolidated. Area propatidfenn diagrams were generated

using BioVenn (Hulsen et al., 2008).

Differential expression analysis at the transci@vel was performed similarly as the gene-
level analysis. As the distribution of reads amdnmagscript isoforms by RSEM may not be
accurate for those expressed at low levels (Zhaal.et2015), we filtered the dataset to
remove transcripts with very low expression and lsaform percentage using a cut-off of
TPM (transcripts per million) expression > 5 andfésm percentage > 10% in 11.5M2

sample (as only one 11.5-dpc XY sample is avai)almat least two other samples.



We provide TPM expression values for all genes wétectable expression (RSEM expected
counts > 0) and filtered transcripts in Supplemietgbles S2 and S6 respectively, along
with edgeR statistical test results (dgld change and adjustdtivalues). A graphing tool

for visualization of the expression of any chosenegor transcript over the time course was

also included.

2.4 Co-expression gene network analysis

A signed weighted gene correlation network analyss carried out using the WGCNA
package (Langfelder and Horvath, 2008; Zhang andvadb, 2005) on log-transformed
FPKM (fragments per kilobase per million) valueso(pded in Supplemental Table S2). To
restrict noise and for computational convenience,p&rformed the analysis on 8966 genes
abundantly expressed in mouse fetal gonads dunmgrmne course (FPKM > 10 in at least 1
sample). Genes were clustered using a hierarctigsiering algorithm based on topological
overlap distance. The branches representing higiHgxpressed genes were then identified
with a Dynamic Tree Cut approach. These initialug of co-expressed genes were further
merged to form the final gene modules accordingtheir co-expression similarity

(correlation coefficient 0.85) measured by their eigengenes (i.e. principalponents).

Gene modules significantly correlated with variotraits (combinations of sex and
developmental stage) were identified using Peassoairelation analysis. We included two
additional traits (12.5+13.5 dpc XX and 12.5+13¢g KY) in the module-trait correlation
analysis to facilitate the identification of modsilexpressed at similar levels at 12.5 and 13.5

dpc. Significant gene modules were identified waththreshold of the absolute value of



Pearson’s correlation coefficient0.65 and a correlation teBtvalue< 0.05. These modules

were then analyzed for enriched pathway terms ugtAgv. 36601845.

2.5 Differential splicing analysis

Sequencing reads were mapped to the mouse refegemoene assembly GRCm38/mm10
(with Ensembl 75 annotated transcript junctionghgiISTAR aligner (Dobin et al., 2013)
v2.4.0.1 with default settings. Differential exosage was analyzed using DEXSeq (Anders
et al., 2012) v1.22.0, with a batch component addetthe generalized linear model where
applicable. Differentially spliced exonic regionene determined as those with an adjusted

value < 0.05 and log fold change > 1 or < -1.
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3. Reaults

3.1 RNA-Seq analysis, data visualization and validation

We performed strand-specific RNA-Seq on pooled rao¥X or XY genital ridges/fetal
gonads (with mesonephroi removed) at four time fgpinamely 10.5, 11.5, 12.5 and 13.5
dpc, encompassing the critical period during whiahbi-potential genital ridges form, sex is
determined, and the gonads differentiate to eifb&al testes or ovaries (Fig. 1). Strand-
specific libraries were prepared from duplicate Rp@ols of XX or XY fetal gonads at each
time point and sequenced on the Illumina platfodatd accessible at SRA; SRP076584). An
additional 13.5-dpc XX gonad sample pool was inetlido facilitate normalization. On
average, ~40-50 million stranded 101-bp pairedsagliencing reads were generated from
each sample (Supplemental Table S1). After trimmmegds were mapped to the mouse
Ensembl 75 reference transcriptome, and gene esipredevels (TPM, transcripts per
million) were estimated using the RSEM algorithm &#bhd Dewey, 2011). On average, ~30
million reads of each sample were aligned (overalhd alignment rate ~60-70%;
Supplemental Table S1), except sample 11.5M1 whéshan alignment rate <20% (data not

shown) and was therefore excluded from furtheryesesl.

In total, we detected expression of 26,660 gendisardeveloping mouse fetal gonads during
the time course (RSEM counts of assigned reads a0least one sample). We provide TPM
expression values and statistics values from diffeal expression analysis (see below) for
all detected genes in a spreadsheet format (SuppkamTable S2) as a resource for the

community.
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To further enhance the utility of this resource, m&ude a graphing tool for visualizing the
expression profile of any given gene over the tooarse (similar to that provided in ref.
(Jameson et al.,, 2012b)). Instructions for using tbol can be found in the legend to
Supplemental Table S2. The expression graphs showig. 2 and Supplemental Fig. S2

were generated using this graphing tool.

To validate the data, we first performed an unsuped clustering analysis using multi-
dimensional scaling analysis (Robinson et al., 2023 expected, biological replicates
clustered tightly by stage and sex (Supplementl $1) (Jameson et al., 2012b; Munger et
al., 2013), confirming the quality of the data. \Wether validated the RNA-Seq data by
examining the expression patterns of establisheden@enes for sex determination and/or
fetal gonadal developmen&y showed a transient expression peak at 11.5 dmr @i
consistent with in-situ hybridization and real-tif/€R analyses (Bullejos and Koopman,
2001; Hacker et al., 1995; Jeske et al., 1996; Kwopet al., 1990; Wilhelm et al., 2005).
Similarly, transcriptional profiles of many othemdwn important genes in the RNA-Seq data
were consistent with their documented expressidtepes (Fig. 2 and Supplemental Fig. S2),
reflecting the quality of our data; these known egeimclude markers for differentiation of
Sertoli cells Eox9 (da Silva et al., 1996; Kent et al., 1998)yh (anti-Mullerian hormone)
(Munsterberg and Lovell-Badge, 199B5gf9 (fibroblast growth factor 9YColvin et al.,
2001),Dhh (desert hedgehog) (Bitgood et al., 1996) Bigtls (prostaglandin D2 synthase)
(Adams and McLaren, 2002)), granulosa ceRsppl (Parma et al., 2006l0xI2 (Loffler et

al., 2003) Wnt4 (Vainio et al., 1999)lrx3 (Iroquois related homeobox @)orgensen and Gao,
2005),Bmp2 (bone morphogenetic protein 2) (Yao et al., 2084) Fst (follistatin) (Menke
and Page, 2002; Yao et al., 2004)), fetal Leydity(¢esl3 (insulin like 3)(Zimmermann et

al., 1997), Hsd3bl (hydroxy-delta-5-steroid dehydrogenase, 3 betad ateroid delta-
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isomerase 1fBaker et al., 1999)}ar (steroidogenic acute regulatory protein) (Odetlgt a
2004) andCyplial (cytochrome P450, family 11, subfamily a, polypeptl) (Ikeda et al.,
1994)), and male or female germ ceNmfos2 (nanos C2HC-type zinc finger g)suda et al.,
2003), Nodal, Leftyl (left right determination factor 1(Spiller et al., 2012)Msx1 (msh
homeobox 1)Le Bouffant et al., 2011 ftra8 (stimulated by retinoic acid gene 8) abdcl

(DNA meiotic recombinase IMenke et al., 2003)).

3.2 Malevs. female comparison

We performed differential expression analysis &nitfy genes expressed in a sex-dependent
manner using the edgeR algorithm (Robinson ek@lP), and identified thousands of genes
manifesting sexually dimorphic expression overttiree course (adjustdd value < 0.05; Fig.
3A and Supplemental Table S3). At 10.5 dpc, we doarvery small number of genes with
sex-biased expression, consistent with a previepert (Nef et al., 2005). Nine genes were
expressed at levels higher in XY genital ridgesjuding S'y, which was expressed at low
but detectable levels (Supplemental Table S2). arees showed female-biased expression,
including Xist (inactive X specific transcriptsjnvolved in X-inactivation (Brown et al.,
1991) As expected, most sexually dimorphic genes atdtage were either X- or Y-linked
(Fig. 3A and Supplemental Table S3), in accordamitle the indifferent nature of the genital

ridges at this time point.

Sexually dimorphic gene expression began in thal fgdnads during sex determination at
11.5 dpc, with 108 genes becoming differentiallypressed before overt morphological

changes arise (Fig. 3A and Supplemental Tables A8png 9 female-biased genes were
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FoxI2 and Fst, two genes known to play important roles in ovwar@development and
maintenance (Schmidt et al., 2004; Uda et al., 200denhaut et al., 2009; Yao et al., 2004).
Of the 99 male-biased genes, many play criticagoh male sex determination and/or fetal
testis development, includin§y (Koopman et al.,, 1991%0x9 (Barrionuevo et al., 2006;
Vidal et al., 2001)Amh (Behringer et al., 1994phh (Yao et al., 2002)Ptgds (Adams and
McLaren, 2002; Wilhelm et al., 20055gf9 (Bowles et al., 2010; Colvin et al., 2001) and
Cyp26bl (cytochrome P450, family 26, subfamily b, polypdetl) (Bowles et al., 2006;
Koubova et al., 2006) (Fig. 2 and Supplemental B). We also detected many previously
identified markers for testis differentiation, sues Mmd2 (monocyte to macrophage
differentiation associated 2) (Menke and Page, 00@9a3 (collagen, type IX, alpha 3),
Tesc (tescalcin) (Perera et al.,, 200Nlro (maestro) (Smith et al., 2003) amddhlal
(aldehyde dehydrogenase family 1, subfamily A1)wWks et al., 2009) (Supplemental Table
S3). InterestinglyGm10352, a predicted Y chromosomal gene located ~250 kirameric

to Sy, exhibited an expression pattern similar to thhtSo/, with a transient peak of
expression at 11.5 dpc (Fig. 4). The similar exgioes profiles of these two neighboring
genes suggests that they may be co-regulated bynenon, possibly epigenetic mechanism
(Kuroki et al., 2013; Kuroki et al., 2017), an igtring possibility in light of the current lack

of knowledge regardin§y regulation (Larney et al., 2014).

At 12.5 and 13.5 dpc, the number of sex-biased gy@ndetal testes and ovaries increased
massively, reaching approximately 10% (2828) or 1@434) of all the expressed genes,
respectively (Fig. 3A and Supplemental Table S3hisTincrease coincides with the

differentiation and assembly of sex-specific celedges, and the rapid divergence in gonad
morphology. Fetal testes undergo testis cord fdonatvascularization and a substantial

increase in volume (Svingen and Koopman, 2013) dnd,12.5 dpc, become easily
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distinguishable from fetal ovaries which show ncemvmorphological changes (Fig. 1).

Consistent with previous reports that sexual idgmdi established by 12.5 dpc in somatic cell
lineages (Jameson et al., 2012b; Nef et al., 200&)ound that about 70% of the sex-biased
genes at 12.5 dpc maintained their dimorphic exgorasat 13.5 dpc in both fetal testes and

ovaries (Fig. 3B).

Pathway analysis of the sex-biased genes at 1218.6rdpc revealed significant enrichment
of genes associated with terms including organissheaklopment, embryonic development,
and reproductive system and function (Supplemehdale S3). Overrepresented molecular
functions in the sex-biased genes include cell imaiqmy, cellular growth and proliferation,

cell death and survival, and lipid metabolism (Sapental Table S3), providing molecular
bases for the formation of sexually dimorphic maiplgy and the execution of sex-specific

gonadal cell lineage differentiation programs.

We benchmarked our results against a dataset fier@apel group that is widely used in the
field (Jameson et al., 2012b). Despite differensesxperimental design (isolated cell
populationsvs. whole gonads), expression profiling technologycfmarrayvs. RNA-Seq),
and analysis methods and statistical cut-offs, awnd that ~50% of lineage-specific and
sexually dimorphic genes at 12.5 and 13.5 dpc tegdoy Jameson et al. (Jameson et al.,
2012b) were detected as sex-biased genes in teerprstudy (Supplemental Fig. S3A). We
also compared our data with a recently-publishedAF¢q dataset from 13.5-dpc fetal
gonads (Rahmoun et al., 2017). Again, ~50% of geepsrted as differentially expressed
between wild type XX and XY fetal gonads at 13.% ¢Rahmoun et al., 2017) were detected

as sex-biased in the present study (SupplemergalSBiB). The differences between the two
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RNA-Seq datasets may be attributable, at leasait) o genetic background (Munger et al.,
2009; Munger et al., 2013): inbred C57BL/6 mice l{Raun et al., 201'A)s. outbred Swiss
albino (present study). Taken together, our datavsa high degree of concordance with
previous studies, but also uncover a large numbgrreviously unidentified genes with

sexually dimorphic expression during fetal gonatitierentiation.

3.3 Stage vs. stage comparison

We next sought to characterize the temporal dymarofcgene expression in mouse fetal
gonads by comparing gene expression at one-dayatdan the developing testes or ovaries

(Fig. 5A and Supplemental Table S4).

Between 10.5 and 11.5 dpc, 2129 genes were ditiallgnexpressed in XY genital ridges,
while 2493 were differentially expressed in XX (FiA). The majority of those genes were
up- or down-regulated similarly in XX and XY geditadges over this period (Fig. 5B),
consistent with the limited sexual dimorphic gemx@ression seen at 11.5 dpc (Fig. 3A).
Among the 1230 commonly up-regulated genes wersethmportant for genital ridge
formation in both XX and XY embryos, such @ata4 (GATA binding protein 4) (Hu et al.,
2013) and_hx9 (LIM homeobox 9) (Birk et al., 2000) (Fig. 5C). &dldition, many germ cell-
specific genes, includinDdx4 (DEAD (Asp-Glu-Ala-Asp) box polypeptide 4Raz (deleted

in azoospermia-like)Nanog (Nanog homeobox) angox2 (SRY-box 2), were up-regulated
during this period in both XX and XY genital ridgé€Supplemental Table S4), as expected
from the arrival and proliferation of germ cellsidatheir lack of sex differentiation, during

this period (Spiller et al., 2017).
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In the same time interval, 296 genes were downtagg in both XX and XY genital ridges
(Fig. 5B). The repression of at least some of thoag be necessary to allow the formation
and differentiation of genital ridges. For exampbsy1l (odd-skipped related transcription
factor 1) andPax2 (paired box 2) are expressed initially in the intediate mesoderm giving
rise to both kidneys and gonads, and their continelepression is consistent with their
essential roles in kidney differentiation (Jamesakt 2006; Torres et al., 1995). Forced
expression oPax2 in chicken genital ridges induces formation ofopat nephric structures
(Bouchard et al., 2002). Not surprisingly, expressdf such genes is extinguished in gonads

after 10.5 dpc, irrespective of sex (Fig. 5D).

From 11.5 to 12.5 dpc, 2893 and 1793 genes weferelittially expressed in XX and XY
gonads, respectively (Fig. 5A). In both sexes, ngeaes were down-regulated than up-
regulated, suggesting that transcriptional repoessiay play important roles in early-stage
gonadal differentiation (see below). Between 128 43.5 dpc, 831 and 1319 genes were
differentially expressed in XX or XY gonads, respesly (Fig. 5A). From 11.5 to 13.5 dpc,
the overlap of commonly regulated genes betweenad¥ XY gonads decreased sharply
(Fig. 5B), reflecting the engagement of sex-spedifanscriptional programs during this

period (Fig. 3A).

Notably, in the period 10.5-12.5 dpc, more temppnagulated genes were detected in XX
than in XY gonads (Fig. 5A). Between 10.5 and 1dpg, 967 genes changed expression

levels in XX gonads only (583 up, 384 down), conagdato 602 in XY only (470 up, 132
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down; Fig. 5B). Between 11.5 to 12.5 dpc, 2047 getiganged expression levels in XX
gonads only, compared to 950 in XY only (Fig. 5SBd&upplemental Table S4). Taken
together, these results support and extend prevobgsrvations (Nef et al., 2005) of an
extensive ovary-specific transcriptional progranpiay right from the onset of fetal gonadal

development.

We note that it is likely that the differential egpsion of a subset of identified down-
regulated genes may be caused by the relative atecia the proportion of cells expressing
them in the developing gonads, especially from 18.%3.5 dpc when various gonadal cell
lineages undergo rapid proliferation resulting gngicant change in cell proportion.
Nevertheless, such genes do not seem to consatwtgnificant portion of the down-
regulated genes, as the numbers of down-regulatdedsgidentified in both XX and XY
decreased substantially from 12.5 to 13.5 dpc, @vetpwith those from 11.5 to 12.5 dpc

(Fig. 5A).

3.4 Transcriptional activation vs. repression

Sexually dimorphic gene expression may be estaalidiy either transcriptional activation

(up-regulation) or repression (down-regulationthe developing fetal gonads. To examine
the relative contribution of transcriptional actiem and repression to the establishment of
sexually dimorphic expression, we compared genasatquired sex-biased expression with

those regulated temporally during each 1-day imateirom 10.5 to 13.5 dpc (Fig. 6).
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Ninety-one genes acquired male-biased expressiweba 10.5 and 11.5 dpc (genes with
male-biased expression in XY gonads at 11.5 dpmbttt 10.5 dpc). In the vast majority
(81 of 91), this was caused by an up-regulatiorX¥) consistent with previous findings
(Munger et al., 2013). Similarly, 6 of 9 genes acepifemale-biased expression during this
1-day interval due to up-regulation in XX gonadie3e results suggest that, at the onset of
sex determination, sexually dimorphic gene exposssis primarily established by
transcriptional activation in each sex. Supportimg argument, we identified ~3-fold more
up-regulated genes than down-regulated ones in X¥¥tland XY genital ridges during the

period 10.5-11.5 dpc (Fig. 5A).

The situation was very different between 11.5 a&é tipc. In both XX and XY fetal gonads,

genes having acquired sexually dimorphic expresemn consisted of more genes down-
regulated in the opposite sex than up-regulatetigrrelevant sex (Fig. 6), indicating a more
prominent contribution of transcriptional repressim establishing the sexually dimorphic
transcriptional program during this time. In lingtlwthis, more genes were down-regulated

than up-regulated from 11.5 to 12.5 dpc in botha¢Xl XY fetal gonads (Fig. 5A).

The trend reversed again during the interval 18.93.5 dpc. Genes having acquired sex-
biased expression during this time included moreegaip-regulated in the relevant sex than
those down-regulated in the opposite sex (Fig.liggly reflecting, at least in part, the
activation and advancement of lineage-specificsttaptional programs underpinning the
differentiation of male interstitial and male/femaerm cell lineages (Jameson et al., 2012b).
As noted above, apparent down-regulation of gen@ession may also be caused by a

“dilution” effect due to rapidly changing cell progiion. Future studies using single-cell
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RNA-Seq (Stévant et al., 2018) on various gonaadll lmeages are required to further

address this issue.

3.5 Identification of co-expression modules

Co-expression of groups of genes normally refletheir close proximity within
transcriptional networks (Babu et al., 2004; Stwertal., 2003). To identify coordinately
expressed gene modules that may be relevant twotiieol of sex determination and gonadal
development, we performed a weighted gene co-esioresetwork analysis (Langfelder and
Horvath, 2008), an unbiased and unsupervised methadentify biologically meaningful
transcriptional networks in the developing mouseagts. Among 8966 genes included in this
analysis, we identified 50 gene modules (Suppleatefig. S4A) exhibiting distinct
expression trajectories from 10.5 to 13.5 dpc. Tiyweme of the modules (dubbed A to U)
showed significant positive or negative correlatiith sex and/or developmental stage

(Supplemental Fig. S4B and Supplemental Table S5).

Many of the sex- and/or stage-correlated modulese weund to contain known sex
determination and gonadal differentiation geneg.( and Supplemental Table S5). As
expected, pathway analysis of these modules ravesignificant enrichment of genes
involved in reproductive system development andction, embryonic development,

organ/tissue morphology, and organ/tissue developfsipplemental Table S5).

Several modules contain genes highly expresse@.atdr 11.5 dpc but significantly down-

regulated at later stages (Supplemental Fig. S@Bg such module (F) comprises genes that
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were markedly up-regulated in both XX and XY genitdges at 11.5 dpc, and then were
gradually down-regulated in both sexes (Fig. 7). natable module membery\tl
(Supplemental Table S5), is required for genitaigei formation in both XX and XY
(Kreidberg et al., 1993). We speculate that othemeg in this module may similarly be

involved in the development of genital ridges inHosexes.

We identified 7 modules associated with testis bgweent at 12.5 and/or 13.5 dpc
(Supplemental Fig. S4B). Prominent among theseradules | and J, which contain known
genes critical for Sertoli cell development anddtion (Fig. 7 and Supplemental Table S5),
including Sox9 (module 1), Amh, Fgf9, Aard (alanine and arginine rich domain containing
protein) andDhh (module J). Module J appeared to be induced $jigater than module |
(Fig. 7). In accordance with its timing of inductianodule J includes many marker genes for
testis differentiation, such agnnl (vanin 1), Mro, Aldhlal and Gstm6 (glutathione S-
transferase, mu 6) (Supplemental Table S5). The mamlules are enriched for genes
involved in cellular growth and proliferation, celcle, cell-to-cell signaling and interaction,
and cellular assembly and organization (Supplenm@ratale S5), molecular functions likely
underpinning the rapid proliferation and coordindatiferentiation, migration and assembly
of testicular cell lineages in XY gonads in theiperl2.5-13.5 dpc (Svingen and Koopman,

2013; Ungewitter and Yao, 2013).

Conversely, 8 modules were strongly activated duomarian development (Supplemental
Fig. S4B and Supplemental Table S5); these includedules N and S (Fig. 7). These two
modules contain genes critically involved in WNTGrgling (module NRspol, Wht4 and

Lefl (lymphoid enhancer binding factor l)female somatic cell lineage differentiation
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(module N:Bmp2 andNr0Obl (nuclear receptor subfamily 0, group B, memberldg &nown
asDax1); module SFoxI2 andFst), and germ cell entry of meiosis (moduleSBa8, Sycp3

(synaptonemal complex protein 3) abohcl) (Supplemental Table S5).

As expected, some modules that positively corrdlatith one sexual fate show concomitant
negative correlations with the alternative fate.r example, modules | and O were
significantly repressed in XX or XY gonads, respay (Fig. 7 and Supplemental Fig. S4B),
reinforcing the concept that normal developmengach sex relies in part on repression of

the regulatory networks underpinning developmerhéopposite sex.

3.6 Alternative splicing

An important advantage of RNA-Seq technology ig thallows transcript isoforms to be
distinguished and quantitated in an unbiased, genside manner. To this end, we mapped
sequencing reads to all annotated transcripts seiabl 75 reference transcriptome using the
RSEM algorithm (Li and Dewey, 2011), which usesaximization of expectation approach
to assign reads to transcript isoforms (Li et 2010) and outputs the relative abundance
(isoform percentage) and expression level (TPMeath isoform. Differential expression
analysis at the transcript level was performedgisaigeR (Robinson et al., 2010), similar to
the gene-level analysis described above. Sincedtteibution of reads among isoforms
expressed at very low levels may not be accurdtaq2t al., 2015), we removed transcripts
expressed at very low levels using a cut-off of TBNB and isoform percentage > 10% in

sample 11.5M2 or at least two other samples.
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We detected in total 19,449 transcripts, represgnii2,276 genes, expressed above the
defined threshold in the developing mouse gonady @A and Supplemental Table S6).
Over 36% of the genes (4477) expressed multiplestrgpt isoforms during the time course
(Fig. 8A and Supplemental Table S6), indicating esjpread alternative splicing in mouse
fetal gonads. Among the expressed transcripts, rfedsd of them were differentially
expressed in a sex- or stage-dependent mannerptbuiling a picture of transcriptional
regulation at the transcript isoform level (Suppteal Fig. S5 and Supplemental Table S6).
Validating this approach, we identified four diéet transcript forms o1, including those
encoding the well-characterized +KTS and —KTS pnoigoforms known to play important

but distinct roles in sex determination and gona@aklopment (Hammes et al., 2001).

3.7 Regulation of splicing in the developing fetal gonads

Having identified genes that are alternative splicethe fetal gonads, i.e. those expressing
multiple transcript isoforms, we next sought toedligtine whether and how the splicing of
these genes is regulated. To this end we sougidetttify genes that were differentially
spliced between sexes or stages, namely, geneexihiass different isoforms or express the
same set of isoforms but with different levels ghresentation in the different samples being

compared.

We used an exon-centric approach to identify genwamde differentially spliced exonic
regions between two sexes or two consecutive timatpg using the DEXSeq package
(Anders et al., 2012). DEXSeq calculates the exsage defined as the ratio of reads mapped

to a particular exonic region and those mappedl!totlaer exonic regions of the same gene,
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and tests whether the exon usage differs significdr@tween conditions using a generalized
linear model, thereby providing information of @iféntial splicing at the exon level. The

identified differentially spliced exonic regions rgethen mapped to gene models to
determine genes that were differentially splicecaisex- or stage-dependent manner. We

refer to such genes as differentially spliced g¢bB&Gs),

We first analyzed sex-dependent regulation of sglievents by comparing the usage of all
annotated exonic regions between XX and XY at d@anb point. No differentially spliced
exonic regions were identified at 10.5 dpc withu&aff of adjusted® value of 0.05 and lgg
fold change of 1 (Fig. 8B), consistent with thepbiential nature of genital ridges at this
stage. Accompanying the establishment of sexuathorphic gene expression, we identified
14 exonic regions (corresponding to 12 genes)rdiffigally spliced between the sexes at 11.5
dpc, 244 (110 genes) at 12.5 dpc, and 285 (173yanhd 3.5 dpc (Fig. 8B, Supplemental Fig.
S6A, and Supplemental Table S7). Most of the sasda splicing events appear to be stage-
dependent during this time window, as there istiohioverlap of differentially spliced exons
or genes between the time points studied from id 53.5 dpc (Fig. 8C and Supplemental
Fig. S6B). Validating our analysisgfr2 (fibroblast growth factor receptor 2) was found to
exhibit sex-biased alternative splicing, with ireged inclusion of exon 9 encoding the
FGFR2c isoform in XX fetal gonads at 12.5 dpc (Sepental Fig. S7 and Supplemental

Table S7), consistent with a recent report (Rahneiwal., 2017).

We next analyzed temporal regulation of alternasipkcing and identified large numbers of
exonic regions differentially spliced between twages in XX or XY fetal gonads (Fig. 8D,

Supplemental Fig. S6C, and Supplemental Table 18atably, the dynamics of temporally
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regulated splicing exons/genes differed betweertvibesexes (Fig. 8D and Supplemental Fig.
S6C): In XY fetal gonads, the largest number ofgerally regulated splicing events was

found between 10.5 and 11.5 dpc, and the numbersaked sharply afterwards. In contrast,
the number of temporally regulated splicing evegrgaked between 11.5 and 12.5 dpc in XX

fetal gonads.

We further compared genes differentially splicedwaen the two sexes with those with
sexually dimorphic expression, and found that a\@¥o of differentially spliced genes were
also differentially expressed between XX and XY1at5 and 13.5 dpc (Supplemental Fig.
S8)—that is, these genes were regulated at botRIi#Ae transcription and splicing levels to

establish sexual dimorphism.

Notably, Wt1 was not identified as a DSG in the DEXSeq analgsiggesting that splicing of
W1 was not regulated in a sex- or stage-dependennenan mouse fetal gonads. To
understand regulation of splicing in mouse fetatapal development at a global level, we
compared DSGs to those alternative spliced genesause fetal gonads. Of all RSEM-
identified alternatively spliced genes (definedtlagse expressing multiple major transcript
isoforms) in mouse fetal gonads (4477 genes, Suoppital Table S6), only a small
proportion (808 genes, 18%; Supplemental Fig. S& differentially spliced in an either
sex-biased or temporally-regulated manner (Supplgthelable S7). This suggests that
splicing of the majority of genes expressing miudtipranscript isoforms in mouse fetal

gonads was independent of the sex or stage.
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3.8 Spatio-temporal regulation of Lefl splicing in mouse fetal gonads

Given the known roles that alternative splicingyplan the development of other organs
(Baralle and Giudice, 2017), we considered it kedat the spatio-temporal regulation of
alternative splicing may also have functional irogtions in fetal gonadal development.
Supporting this concept, we found that many of ittentified differentially spliced genes

(DSGs), when mutated in mice, can result in variplisnotypes of the reproductive system
including abnormal morphology and infertility (MausGenome Informatics database;
Supplemental Table S7), implicating that sex-biased/or temporally-regulated differential

splicing of these genes in the developing fetalagisnmay play yet-to-be identified roles in

regulating the differentiation and developmenths teproductive system.

We next focused ohefl, the splicing of which was shown to be regulatechisex- and
stage-dependent manner in mouse fetal gonads. i€Rlkey mediator of the canonical
WNT signaling pathway, which plays a critical ratedriving ovarian development (Chassot
et al., 2008; Liu et al., 2009; Parma et al., 200&inio et al., 1999) and also influences testis
development (Jeays-Ward et al., 2004). Regulatibnsmicing of Lefl (and Tcf712
(transcription factor 7 like 2, T cell specific, HMbox; also known a3cf4)) has been
recognized as an important way to regulate WNT aigg pathway activity (Arce et al.,

2006; Hoppler and Kavanagh, 2007).

Our results revealed that the inclusionla&fl exon 6 was significantly increased in XX
genital ridges from 10.5 to 11.5 dpc (top rightlar Fig. 9A; Supplemental Table S7). The

increase appeared to have continued between 1d.326 dpc in XX gonad<?(= 0.003),
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but just fell short of the lagfold change cutoff of 1 (0.973; central right cacFig. 9A). This

splicing pattern was maintained in XX gonads froh51to 13.5 dpc. In contrast, no
significant difference in exon 6 usage was detenteXly fetal gonads during the entire time
course (squares, Fig. 9A). As a result, we idedifsignificantly higher levels of exon 6
inclusion in XX gonads than XY at 12.5 and 13.5 dgamonds, Fig. 9A; Fig. 9B,C and

Supplemental Table S7).

The 83-nucleotide exon 6 encodes part of the coutegendent regulatory domain, which
has been shown to be important for LEF1 to activistdarget genes (Gradl et al., 2002;
Mallory et al., 2011). The skipping of exon 6 leddsthe generation of a smaller LEF1*
protein, which is less potent than the exon 6-idetlifull-length protein in activating target
enhancers in transfection assays (Carlsson et93). The increased inclusion of exon 6 in
Lef1 mRNA in XX gonads between 10.5 and 12.5 dpc prediynled to the generation of
more full-length LEF1 protein at the expense ofrexeskipped LEF1*. Notably, female-
biased expression akfl was also established by 12.5 dpc (Fig. 9D). Assalt of combined
regulation at both the transcriptional and RNA-gplj level, more full-length LEF1 protein
possessing higher transactivation capacity is ptedito be produced in XX gonads,

ensuring the successful transduction of WNT sigugdo secure fetal ovarian development.
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4. DISCUSSION

In the present study, we have used RNA-Seq to ctaize the sexually dimorphic
transcriptional program in mouse fetal gonads at f®y developmental stages, in order to
provide insights into the regulation of sex deteration and gonadal development. While
several previous studies have addressed this qone§ieverdam and Koopman, 2006;
Bouma et al., 2007; Bouma et al., 2010; Jamesah,2012b; Munger et al., 2013; Nef et al.,
2005; Small et al., 2005), ours is the first to bime the technological advantages of RNA-
Seq, a time-course of successive developmentaéstamd a scope of analysis that is not
limited to one cell lineage. Our results provideesource for continued studies in the areas of
sex determination, testis and ovary differentiatiand germ cell development, and reveal a
complex landscape of transcriptional activatiopression and alternative splicing at play in

these systems.

4.1 A transcriptional map of gonadal development

Our data reaffirm previous findings (Beverdam armbgman, 2006; Jameson et al., 2012b;
Nef et al., 2005) that organogenesis of the temtelsovaries involves complex transcriptional
networks that, as in other developing organs, atrthie cell proliferation, migration,
differentiation, interaction and function. Withinetse networks, genes are both activated and
repressed. Extending previous observations thanaale-specific transcriptional program
initiates at 11.5 dpc and rapidly expands from 1®.33.5 dpc (Beverdam and Koopman,
2006; Jameson et al., 2012b; Nef et al., 2005)hawee found that a large number of genes
were already exclusively up- or down-regulated X ¢enital ridges between 10.5 and 11.5
dpc, before overt sexually dimorphic gene expresgend morphological differences) is

established. These findings indicate that in XX grob, the ovarian differentiation program



28

has already started despite the genital ridges inemgamorphologically indifferent and

sexually bipotent at this stage.

The relative contributions of transcriptional aation and repression to establishing sexually
dimorphic gene expression were surprisingly flurdgeneral, activation events outweighed
repression events, but, surprisingly, between ahd 12.5 dpc, the reverse was true. This
transient surge in the relative contribution ofngeriptional repression to sex-biased gene
expression took place immediately after sex deteatron but before overt morphological
differences appeared. The timing of the shift poitd a potential role of transcriptional
repression in canalizing gonad development aloegntile or female pathway, reinforcing
the concept of mutual antagonism between the testid ovary-specific pathways (Bagheri-
Fam et al., 2017; Chang et al., 2008; Greenfield,52 Jameson et al., 2012a; Kashimada et

al., 2011; Kim et al., 2006; Maatouk et al., 20@8thelm et al., 2009).

We have included duplicate tissue pools for moatdmns in the RNA-Seq analysis, mainly
due to the limited material available, especialtyl@.5 and 11.5 dpc. To mitigate the
statistical concerns, each tissue pool containeddg tissue from multiple embryos (>20 at
10.5/11.5 dpc; >3 at 12.5/13.5 dpc) and the armlysis performed using edgeR, which is
specially designed to accommodate situates whirigeti numbers of biological replicates
are available (McCarthy et al., 2012). Supportingse, we showed that expression profiles
of almost all known sex marker genes in our RNA-Sfda are consistent with their
documented expression patterns. In addition, ot@séad shows a high concordance with

other published expression profiling datasets.
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4.2 Alternative splicing

Alternative splicing allows the generation of mplé transcript isoforms from a single gene;
these isoforms may exhibit differences in mMRNA Biigb localization, or translation, and

may generate diverse protein products. It playsomamt roles in the development of various
organs, including the brain, heart and liver, whenefluences cell lineage determination and
differentiation, and tissue-identity acquisitiondamaintenance (Baralle and Giudice, 2017).
Intriguingly, alternative splicing plays a centrale in insect sex determination (Bopp et al.,
2014) and has been recently implicated in repélagerature-dependent sex determination

(Deveson et al., 2017).

An important feature of RNA-Seq technology is thagirovides a window to the spliceome.
Using RNA-Seq, we detected widespread alternaipieisg in fetal gonadal development.
For example, we identified four abundantly exprdsseRNA isoforms of\Wm1, including

those encoding the well-established +/-KTS proaforms (Hammes et al., 2001).

The majority of genes expressing multiple trangcignforms in mouse fetal gonads,
including W1, however, was not differentially spliced, indicafithat their splicing was

independent of the sex or stage. We then focusedeoes that are differentially spliced
between sexes and stages during mouse fetal godadalopment, as this information may

offer novel insights into how gonadogenesis is ia&ga at the transcriptional level.
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Supporting our hypothesis that the splicing regoatof the identified DSGs may have

important functions in gonadal development, mamnidied DSGs have been associated
with reproductive phenotypes when mutated in midevertheless, the exact molecular
consequences of the differential splicing eventsjmost cases, are difficult to predict,

primarily due to the very limited information ofgiein structure-function relations available
for the majority of the identified DSGs. Furtherrmpmany of the associated reproductive
phenotypes appear to be related to developmentaliadalities of the germ cell lineage, and
it is not clear at present whether differentialigpy of these genes may contribute to the
regulation of somatic sex development. Neverthel@ssdata should provide some leads for

future work.

Notably, we found that splicing dfefl exon 6 was tightly regulated in a sex- and stage-
dependent manner. In combination with up-regulabgqaression otefl in fetal ovaries, the
female-biased regulation &&fl splicing should lead to the generation of largaoant of
exon 6-included full-length LEF1 possessing a nmogent transactivation capacity in XX
gonads at the right time, thereby ensuring a coatdd enhancement of WNT signaling

activity to secure fetal ovarian development.

Regulation ofLefl exon 6 splicing was previously reported in posthahouse brain
development (Nagalski et al., 2013) and T-cellvation (Mallory et al., 2011). In the latter
case, a RNA-binding protein CELF2 (CUGBP Elav-lieenily member 2) has been shown
to bind to the flanking intronic sequences and i&guexon 6 splicing (Mallory et al., 2011).
However, CELF2 seems unlikely to regulate the fensalecific inclusion of.efl exon 6,

since it was expressed at similar levels in XX Xrlgonads during the entire time course
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(Supplemental Table S2), suggesting other unidedtfactors at play. In this regard, we note
several splicing factors manifesting sexually diptoc expression in fetal gonads, including
S3b4 (splicing factor 3b, subunit 4Esrpl (epithelial splicing regulatory protein 1), and

S'sf12 (serine and arginine rich splicing factor 12) (Blemental Table S3).

Given our finding of widespread stage- and sexdifiperegulation of transcript isoform
usage in the fetal gonads, and the implication ttiatmay represent an important additional
layer in the regulation of mammalian sex deterniamatand/or gonadal development, it
would be of interest to use RNA-Seq to investig#te lineage specificity of this
phenomenon. This was not done in the present saadye lacked the appropriate suite of
reporter strains described by Jameson et al. (9012 would be a useful goal for future

investigations.

In summary, the RNA-seq dataset described heredes\a new level of detail concerning
the transcriptional landscape in the developing seoietal gonads, including sex-specific
and temporal changes not only in gene or transexptession, but also in mRNA splicing.
We envisage that this dataset will prove a usedsburce for the field to decipher the
transcriptional control mechanisms underpinning mmatan sex determination and fetal

gonadal differentiation, and to identify promisicgndidate genes involved in human DSDs.
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FigureLegends

Fig. 1. Experimental time course. Mouse fetal gonadalsiteptomes were analyzed using
RNA-Seq from 10.5 to 13.5 dpc. This time windowludes formation of the bi-potential genital
ridge (10.5 dpc), sex determination (11.5 dpc), fatal testis and ovary differentiation (12.5 and

13.5 dpc).

Fig. 2. Validation of the RNA-Seq data. Graphs indicateuted expression of several marker
genes from the RNA-Seq data; in all cases consigtih previous reports. Error bars, standard

deviation.

Fig. 3. Identification of genes expressed in a sexualtyatphic manner. (A) Stack bar chart
showing numbers of sex-biased genes on X, Y, cosames from 10.5 to 13.5 dpc. Total
numbers of sex-biased genes are shown above eadBp&enn diagrams comparing male- or

female-biased genes identified at 11.5, 12.5 ds difc.

Fig. 4. Gm10352, a Y-linked gene, may be co-regulated waty in XY genital ridges. (A)
Expression graph of Gm10352 from the RNA-Seq dataving a transient expression peak at
11.5 dpc, mirroring the expression profile§ (see Figure 2). (Bm10352 is located ~250 kb

upstream ofry. Arrows indicate the transcriptional orientation.

Fig. 5. ldentification of temporally regulated genes. (Bpr chart showing numbers of

temporally regulated genes between consecutivepirgs in XX or XY fetal gonads. (B) Venn
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diagrams comparing up- or down-regulated genes>Xnhax¥d XY gonads during each 1-day
interval across the time course. (Gata4 and Lhx9 were up-regulated in both XX and XY
gonads from 10.5 to 11.5 dpc. (@srl and Pax2 were down-regulated in both XX and XY

gonads from 10.5 to 11.5 dpc.

Fig. 6. Relative contribution of transcriptional activatiand repression to sexually dimorphic
gene expression varies with time. Venn diagrams pesing genes manifesting biased
expression in one sex, those up-regulated in tlewast sex, and those down-regulated in the

opposite sex.

Fig. 7. Co-expression gene network analysis of mouse fgtahdal development. Heatmap
showing relative expression of genes in 5 represieetsex- and/or stage-specific gene modules
across all samples. Module names with represestat@mber genes are shown on the left and

the deduced associated functions on the right.

Fig. 8. Widespread alternative splicing and its regulationthe developing gonads. Global
identification of differentially spliced exonic riems. (A) Pie chart showing numbers and
percentages of genes expressing various numbetmredcript isoforms. (B) Stack bar chart
showing sex-biased splicing events on X, Y, or somees from 10.5 to 13.5 dpc. Total numbers
of exonic regions are shown above each columnVgin diagram showing limited overlap of

sex-biased splicing events identified at 11.5, B2.%3.5 dpc. (D) Bar chart showing numbers of
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temporally-regulated splicing events between camsee time points in either XX or XY fetal

gonads.

Fig. 9. Combined regulation dfefl splicing and transcription during fetal ovariarve@pment.
(A) Scatter plot showing significant increase obe6 inclusion in XX gonads between 10.5 and
12.5 dpc, leading to the female-biased inclusiomyadn 6 at 12.5 and 13.5 dpc. Each symbol
represents a pairwise comparison, either betweercbmsecutive time points in XX (circles) or
XY (squares), or between XX and XY at the same tpoit (diamonds). Shaded symbols
indicate statistical significance. The horizontattdd line indicates the value cut-off of 0.05,
while the vertical dotted lines indicate the Jodpld change cut-off of 1 or -1. (B) Exon 6
(indicated with a green arrow) b&fl was differentially spliced between XX and XY at338lpc.
Top panel: DEXSeq fitted exon usage values of excdmic regions according to the generalized
linear model (with overall changes in gene expmssubtracted); bottom panel: flattened gene
model and annotated transcript isoformsLefl. (C) BigWig read coverage plots showing
significantly more sequencing reads mapped to éxofiLefl in XX than XY gonads at 13.5
dpc. In the plots, height at each genomic positigpresents the depth of uniquely mapped
sequencing reads. The inclusion of exon 6 genegatesscript isoform encoding the full-length
LEF1 protein, whereas the skipping of exon 6 geersra shorter isoform encoding LEF1*. (D)
Expression graph dfefl from RNA-Seq data showing significantly higher exgsion levels in

XX gonads than XY at 12.5 and 13.5 dpc.
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(Total = 12276 genes)
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Transcriptomic & spliceomic dataset for mouse sex determination and
gonadogenesis

Co-expression cohorts identify new candidates for sex development and sex
disorders

The role of splicing regulation in this system may have been underappreciated
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