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INTRODUCTION

Testis and ovary both originate from a bipotential gonad, which is composed of somatic progenitor cells that are competent to adopt one or the other sex-specific cell fate, and of primordial germ cells (GC). Sex determination initiates at around embryonic day (E) 11.5, from when somatic progenitor cells undergo sex-specific cell differentiation. The specification of the supporting cell lineage [i.e., either Sertoli cells (SC) in the testis upon SRY expression, or pre-granulosa cells (pGrC) in the ovary upon WNT/CTNNB1 signalling stabilization] is the first essential step in this process.

Following supporting cell differentiation, the sex-specific fate decision propagates to the GC and to other somatic lineages, including the steroidogenic cells Leydig cells (LC) in the testis, which, in turn, drive acquisition of primary and secondary sexual characters at later stages of development, through hormone secretion [1][START_REF] Rotgers | At the Crossroads of Fate-Somatic Cell Lineage Specification in the Fetal Gonad[END_REF][START_REF] Nef | Characterizing the bipotential mammalian gonad[END_REF]. In humans, mutations in genes driving this complex developmental process can give rise to a group of defects known as disorders of sex development (DSD), the diagnosis and the management of which requires an understanding of the molecular mechanisms underpinning cell differentiation [START_REF] Eggers | Genetic regulation of mammalian gonad development[END_REF].

Amongst the genes responsible for DSD is Nr5a1, encoding the orphan nuclear receptor NR5A1 [START_REF] Fabbri-Scallet | Mutation update for the NR5A1 gene involved in DSD and infertility[END_REF], a transcription factor expressed at early stages of development, when cells are partitioned into adrenal and gonadal primordium [START_REF] Morohashi | Steroid hormones and the development of reproductive organs[END_REF]. NR5A1 controls the expression of genes implicated in proliferation, survival and differentiation of somatic progenitor cells [START_REF] Morohashi | Coordination of Multiple Cellular Processes by NR5A1/Nr5a1[END_REF]. Therefore, knock-out of Nr5a1 in the mouse results in regression of the gonads by E11.5 due to apoptosis of somatic cells, and agenesis of the adrenal gland [START_REF] Luo | A cell-specific nuclear receptor is essential for adrenal and gonadal development and sexual differentiation[END_REF]. From E11.5, NR5A1 and SRY are expressed in the bipotential supporting cells of male embryos, where they upregulate SOX9 expression, initiating thereby pre-SC and ultimately SC differentiation [START_REF] Rotgers | At the Crossroads of Fate-Somatic Cell Lineage Specification in the Fetal Gonad[END_REF][START_REF] Nef | Characterizing the bipotential mammalian gonad[END_REF][START_REF] Sekido | Sex determination involves synergistic action of SRY and SF1 on a specific Sox9 enhancer[END_REF]. Once specified, the SC start page 4

forming cords by enclosing GC as early as E12.5 in the mouse [10], providing them with a specialized environment that promotes their survival and orchestrates their differentiation [11]. SC also (i) allow the differentiation of fetal LC (FLC) through paracrine Desert Hedgehog (DHH) signalling [12], (ii) produce, under the control of NR5A1 and SOX9, high levels of anti-Müllerian hormone (AMH), which triggers the regression of the Müllerian duct normally giving rise to the female genitalia [13].

Because gonads are absent in Nr5a1-null mice [START_REF] Luo | A cell-specific nuclear receptor is essential for adrenal and gonadal development and sexual differentiation[END_REF], studying the cell-specific roles of NR5A1 in the developing testis required analysis of mice bearing tissuetargeted mutations. Here we have analysed the outcome of Nr5a1 ablation in SC from E13.5 onwards. We show that loss of NR5A1 from this stage induces some SC to transdifferentiate into female somatic cells, and to die by a Trp53-independent mechanism related to anoikis.

RESULTS

Deletion of Nr5a1 in Sertoli cells

To achieve Nr5a1 ablation in SC after sex determination, we introduced the Plekha5 Tg(AMH-cre)1Flor transgene [14] in mice bearing loxP-flanked alleles of Nr5a1 and a Cre-dependent reporter transgene [15]. Cre-mediated recombination was assessed by immunohistochemistry (IHC) using antibodies recognizing the yellow fluorescent protein (YFP). Surprisingly, YFP was detected in all SC of embryonic day (E) 12.5 gonads (arrows, Fig. 1A,B), indicating Cre-mediated excision occurred earlier than anticipated [14]. However, the NR5A1 protein was still detected in SC at E12.5 (Fig. 1A,B). At E13.5, the nuclei of SC were all NR5A1-positive in the control (Fig. 1C), but NR5A1-negative in the mutant testis (Fig. 1D). Importantly, NR5A1 was still detected in the nuclei of LC, identified by their expression of the steroid 3 betahydroxy-steroid dehydrogenase type 1 (HSD3B1), in both control and mutant testes page 5 (Fig. 1E,F). Thus, NR5A1 was lost selectively in SC from E13.5 onwards, generating males hereafter called Nr5a1 SC-/-mutants.

Ablation of Nr5a1 in SC impairs expression of SOX9, SOX8, SOX10 and AMH

As NR5A1 regulates the expression of Amh and Sox9 genes [START_REF] Sekido | Sex determination involves synergistic action of SRY and SF1 on a specific Sox9 enhancer[END_REF]16], we tested expression of these two proteins by IHC. Both AMH and SOX9 were detected at normal levels at E12.5 (Fig. 2A,B,G,H). Their expression decreased progressively between E13.5 and E14.5 in Nr5a1 SC-/-mutant testes (Fig. 2C-F,I-L). At E14.5, only few Nr5a1-deficient SC were SOX9-positive, some of which with cytoplasmic SOX9 (compare insets, Fig. 2K,L). The expression of SOX8 and SOX10 was also decreased in Nr5a1 SC-/-gonads (Suppl.Fig. 1). Accordingly, the steady state levels of Amh, Sox9 and Sox8 mRNAs was decreased in Nr5a1 SC-/-whole gonads (Fig. 2S).

The level of prostaglandin D2 synthase (Ptgds) mRNA, another SOX9 target-gene [17], was also reduced in E14.5 Nr5a1 SC-/-testes. This finding may explain the cytoplasmic localization of SOX9 in some SC since prostaglandin D2, the end product of PTGDS, is required for SOX9 nuclear translocation [START_REF] Malki | Prostaglandin D2 induces nuclear import of the sex-determining factor SOX9 via its cAMP-PKA phosphorylation[END_REF].

In parallel, we analysed the expression of GATA4 and WT1, important for Amh expression and SC differentiation, respectively [START_REF] Tremblay | Transcription factor GATA-4 enhances Müllerian inhibiting substance gene transcription through a direct interaction with the nuclear receptor SF-1[END_REF][START_REF] Buganim | Direct reprogramming of fibroblasts into embryonic Sertoli-like cells by defined factors[END_REF]. Both were detected at similar levels in SC nuclei of control and mutant testes, from E12.5 to E14.5 (Fig. 2M-R; Suppl.Fig. 1).

Nr5a1-deficient SC die through a TRP53-independent mechanism

Thanks to the expression of the YFP-reporter we quantified the surface occupied by SC (green pixels) relative to the whole testis surface (Fig. 3A,D). At E14.5, this ratio was about 30% lower in mutant than in control testes [28.3 ± 3.8 (n=5) versus 37.9 ± 2.5 (n=5), respectively; p<0.01]. This suggested that Nr5a1page 6 deficient SC had either shut down expression of YFP or had disappeared from the testis. If YPF expression was shut down, the excised Nr5a1 allele (L-) should be present in the testis at birth. If SC were lost, it should no longer be detected. PCR analysis of genomic DNA showed that the L-allele was not amplified in Nr5a1 SC-/- mutants (Suppl.Fig. 2A), indicating that Nr5a1-deficient SC were lost from the mutant testis. In agreement with this possibility, numerous cells displaying features of SC (i.e., located at the periphery of the testis cords, amongst GATA4-expressing SC)

were TUNEL-positive in E14.5 Nr5a1 SC-/-testis (arrowheads, Fig. 3E,F). This indicates that NR5A1-deficient SC progressively died.

Because TRP53 was not detected in fetal SC at E14.5 (Fig. 3G,H), we wondered whether it was functionally involved in SC-death. We introduced conditional alleles of Trp53 [START_REF] Jonkers | Synergistic tumor suppressor activity of BRCA2 and p53 in a conditional mouse model for breast cancer[END_REF] in Nr5a1 SC-/-mutants bearing the YFP reporter transgene. Efficient ablation of Trp53 was assessed by PCR on genomic DNA extracted form FACS-purified, YFP-positive, SC (Suppl.Fig. 2B). E14.5 Nr5a1 SC-/- and Nr5a1 SC-/-;Trp53 SC-/-mutants displayed similar reduced surfaces occupied by SC (Fig. 3I,J, compare with 3A), out of which most of them had lost expression of SOX9. At post-natal day 15 (PND15), both Nr5a1 SC-/-and Nr5a1 SC-/-;Trp53 SC-/- testes lacked SC-surrounded seminiferous tubules, but contained interstitial cells, out of which about half of them were HSD3B1-positive LC (Fig. 3K-P). At adulthood, none of the interstitial cells expressed the adult LC-specific marker BHMT [START_REF] Sararols | Specific Transcriptomic Signatures and Dual Regulation of Steroidogenesis Between Fetal and Adult Mouse Leydig Cells[END_REF], indicating this cell-type was unable to emerge (Fig. 3Q-S). Altogether, this indicates that NR5A1-deficient SC died, even though they lacked TRP53, yielding a postnatal testis made of FLC and other interstitial cells.

Nr5a1 SC-/-adult males exhibit Müllerian duct retention page 7

To analyse the outcome of the loss of SC and AMH production in Nr5a1 SC-/- mutants, the male phenotype was investigated at PND60. They all were sterile and had a shorter anogenital distance (AGD) index [0.30 ± 0.03 mm/g of body weight (n=16), versus 0.36 ± 0.02 mm/g (n=17) in controls; p<0.001] (Fig. 4A,C). At autopsy (n = 8), they displayed normal derivatives of the Wolffian ducts (i.e., epididymis, vas deferent, seminal vesicle, ampullary glands) and the urogenital sinus (i.e., prostatic lobes) (Fig. 4E,F). However, they also displayed Müllerian duct derivatives (Fig. 4F-H), namely a vagina, an uterine body and bilateral, uterine horns, which were either incomplete and truncated (6 out of 8), or complete on one side (2 out of 8).

Histological analyses revealed that the uterine body and vagina displayed a columnar epithelium (Fig. 4I) and a stratified, squamous epithelium (Fig. 4J), as anticipated for these female organs.

Nonetheless, Nr5a1 SC-/-males displayed 40% lighter seminal vesicles [4.71 ± 1.66 mg/g of body weight (n=17) versus 7.43 ± 1.22 mg/g (n=16) in controls; p<0.05] and 10% shorter penis bones [6.7 ± 0.4 mm (n=17) versus 7.5 ± 0.3 mm (n=16) in controls; p<0.05] (Fig. 4B,D). As AGD, seminal vesicle growth and penis bone length vary as a function of androgen exposure [START_REF] Welsh | The masculinization programming window[END_REF], we tested blood testosterone levels. They were comparable at birth [0.25 ± 0.17 ng/ml (n=10) in mutants, versus 0.22 ± 0.10 ng/ml serum (n=10) in controls; p=0.59], and at PND60 [0.38 ± 0.17 ng/ml (n=17) in controls, versus 0.43 ± 0.23 ng/ml serum (n=16) in controls; p=0.68], indicating normal testosterone production.

Transcriptomic signatures of cells in control and Nr5a1-deficient gonads.

We then performed single-cell RNA sequencing (scRNA-seq) experiments using dissociated cell suspensions obtained from 12 control and 16 Nr5a1 SC-/-whole testes at E14.5. After data processing and quality control, we assembled an atlas page 8 composed of 3,988 and 5,010 control and mutant testicular cells, respectively. On average, we detected ~13,860 unique molecular indices (UMIs) and ~3,556 genes in each individual cell. The 8,998 testicular cells were partitioned into 23 cell clusters (termed C1-C23) and projected into a two-dimensional space (Fig. 5A; Table.S1).

Known marker genes of distinct cell-types were used to identify each cluster (Suppl.Fig. 3).

Only a few changes of gene expression were observed between control and Nr5a1 SC-/-testes for endothelial, immune and perivascular cells. In Leydig, interstitial, and coelomic epithelium cells the expression of 59, 49, and 47 genes was deregulated (Table.S2). Functional analysis revealed that down-regulated genes were related to ribosome in Leydig (14 genes, p value<4.8 e-15 ) and interstitial cells (12 genes, p value<1.3 e-10 ) (Suppl.Fig. 4; Table.S3). In GC, the expression of 636 genes was significantly deregulated (Table.S1), amongst which Stra8 and Rec8 were up, while Nanos2 and Piwil4 were down (Fig. 5B). Processes such as DNA recombination (33 genes, p value<2.0 e-10 ), meiotic cell cycle (32 genes, p value<1.1 e- 9 ) and oocyte differentiation (8 genes, p value<5.6 e-3 ) were identified amongst the upregulated genes (Suppl.Fig. 4; Table.S3). In agreement with this finding we showed that GC were in the S-phase of the meiotic prophase at E14.5 and E15.5 in Nr5a1 SC-/-testes instead of becoming mitotically quiescent, as in the control situation. Accordingly, many GC of the Nr5a1 SC-/-testes expressed meiotic proteins, such as STRA8 or REC8, and died because of premature meiotic initiation (Suppl.Fig. 5).

Three clusters of SC were identified (C18, C19 and C21), out of which C19 and C21 were mainly composed of control and NR5A1-deficient SC, respectively (Fig. 5A). Almost all SC of C18 were mitotic (Suppl.Fig. 3). In total, 1,671 genes were page 9 significantly deregulated in SC (Suppl.Table.S1), amongst which Amh, Sox9 and Ptgds were down as anticipated (see above), while Wnt4, Fst and Rspo1 were up (Fig. 5C). We confirmed deregulated expression of some by IHC (Fig. 5D-K) and that of others by RT-qPCR (Fig. 5L), validating thereby the scRNA-seq experiment.

According to its transcriptomic signature, cluster C20 was assigned the rete testis identity (Suppl.Fig. 3). This structure is a set of ducts, through which spermatozoa are transported from the gonad via the efferent duct to the epididymis [START_REF] Kulibin | Formation of the rete testis during mouse embryonic development[END_REF]. At E14.5, the rete testis is identified as epithelial cords between the mesonephric tubules and the testis cords (Suppl.Fig. 6A). The rete testis cells express Nr5a1, Pax8 and Aldh1a3 [START_REF] Mayère | Origin, specification and differentiation of a rare supporting-like lineage in the developing mouse gonad[END_REF]. As the Plekha5 Tg(AMH-cre)1Flor transgene is not functional in the rete testis [26], we anticipated that C20 could comprise cells in which NR5A1 expression was not lost. In agreement, we observed that cells in C20 organized as a continuum, which stemmed from C19 with Nr5a1 + /Yfp -/Pax8 - /Aldh1a3 -cells and extended with Nr5a1 + /Yfp -/Pax8 + /Aldh1a3 + cells (rete) originating from both control and Nr5a1 SC-/-testes. It ended at the junction with C21 with rete testis cells, originating exclusively from the Nr5a1 SC-/-testes, and in which cre was active (Nr5a1 -/Yfp + /Pax8 + /Aldh1a3 + cells) (Suppl.Fig. 6B). Accordingly, IHC experiments confirmed that rete testis cells actually expressed NR5A1, but not YFP, control and Nr5a1 SC-/-testes (Suppl.Fig. 6C-J).

Nr5a1-deficient SC change their molecular identity.

As indicated above, the NR5A1-deficient SC from cluster C21 gained expression of Wnt4, Fst and Rspo1, which characterize the fetal ovary somatic cells [START_REF] Eggers | Genetic regulation of mammalian gonad development[END_REF]. This raised the question as to whether SC had changed their identity. To test for this possibility, we decided to compare our data with a reference atlas of embryonic and fetal gonad development ranging from E10.5 to E16.5 [START_REF] Mayère | Origin, specification and differentiation of a rare supporting-like lineage in the developing mouse gonad[END_REF]. After processing this page 10 atlas with the pipeline that we used for our data set, (Suppl.Fig. 7), we next mapped our data set to this reference atlas (Fig. 6A). Most of control and Nr5a1 SC-/-cell clusters were predicted to correspond to clusters with identical (or compatible) identities, as expected (Fig. 6B). In addition, GC from control testes matched in the atlas with E13.5 male GC, while those from Nr5a1 SC-/-testes matched with E13.5 female (i.e., meiotic) GC (Fig. 6C), as expected from IHC analyses (Suppl.Fig. 5), and validating thereby the whole prediction. Interestingly, cluster C20 was predicted to match the best with rete testis cells, a feature fitting well with our analysis by IHC (see above, Suppl.Fig. 6). Most importantly, cluster C21 was predicted to correspond to pGrC in the atlas. Further analysis distinguishing the developmental stages indicated that they actually matched with E16.5 pGrC (Fig. 6C). The remaining cells matched with E13.5 SC. Thus, a fraction of NR5A1-deficient SC lost their identity, and acquired a "pGrC-like" identity. Accordingly, functional analysis of genes differentially expressed by NR5A1-deficient SC assigned upregulated genes to WNT signalling pathway (54 genes, p value<4.3e -8 ), known to drive pGrC differentiation in the fetal ovary [27] (Suppl.Fig. 4; Table.S3). Nonetheless, the process of transdifferentiation was not fully achieved because IHC experiments failed to evidence expression of FOXL2 in the Nr5a1 SC-/-mutant testis at E15.5 (Fig. 6D,E).

Ablation of Nr5a1 in SC induces disorganisation of the testis cords.

On histological sections at E14.5, the majority of Nr5a1 SC-/-seminiferous cords displayed reduced diameters, as well as poorly defined and discontinuous contours (broken dotted line and arrows, Fig. 7E). At E15.5, the cords had almost fully disappeared (broken dotted line, Fig. 7F). Such irregularities were never observed in the control testes (Fig. 7A,B).

page 11
Importantly, functional analysis of the genes differentially expressed between control and NR5A1-deficient SC highlighted extracellular matrix (ECM; 74 genes, p value<2.6 e-16 ), cell adhesion (118 genes, p value<5.9 e-9 ), basement membrane (26 genes, p value<2.1 e-8 ), as well as integrin binding (25 genes, p value<2.5 e-6 ) (Suppl.Fig. 4; Table.S2). Accordingly, the expression level of some genes involved in cell junction/adhesion (e.g., Gja1, Jam2, Ptk2b) and integrin signalling (e.g., Itga6)

were down-regulated. As to genes for ECM components, some were down (e.g., Col4a1, Col4a2), while many others (e.g., Col3a1, Col5a2, Col6a6, Fn1, Fbln1, Mdk, Mgp) were up-regulated (Fig. 7I). To verify this point, we analysed collagen type IV (COL-IV) expression by IHC. At E14.5, COL-IV was surrounding the whole periphery of all cords in control testes (yellow edging, Fig. 7C). In Nr5a1 SC-/-testes, COL-IV was greatly reduced and even absent at the periphery of many cords (arrows, Fig. 7G), in areas corresponding to regions where the expression of SOX9 was also lost (arrowheads, Fig. 7H). As Col4a1 and Col4a2 are regulated by SOX9 [28], it is reasonable to propose that loss of SOX9 in NR5A1-deficient SC yielded loss of COL-IV and altered basement membrane, which, in turn, disorganized the cord structure.

Searching further for ligand-receptor interactions in our data set, we identified a deregulated network related to integrin-dependent cell adhesion (Suppl.Fig. 8).

Together our findings indicate that NR5A1-deficient SC lost their appropriate cell-cell and cell-ECM interactions.

DISCUSSION

Alteration of gene expression in Nr5a1 SC-/-testes could result from either loss of NR5A1 or death of SC. The decreased expression of Sox9, Amh, Gja1, and possibly Cyp26b1 and Dhh, is likely directly related to the loss of NR5A1 in SC. Actually, NR5A1 initiates SC differentiation by directing Sox9 expression [START_REF] Sekido | Sex determination involves synergistic action of SRY and SF1 on a specific Sox9 enhancer[END_REF]. Then, it maintains page 12 Sox9 transcription and activates downstream genes by binding to cis-regulatory elements (e.g., Amh, Gja1) or synergizing through unknown mechanisms (e.g., Cyp26a1, Dhh) [16,[29][30][31][32]. As to Dmrt1, Sox8 and Ptgds, their decreased expression was also expected because SOX9 regulates their expression [17,31,[START_REF] Chaboissier | Functional analysis of Sox8 and Sox9 during sex determination in the mouse[END_REF][START_REF] Rahmoun | In mammalian foetal testes, SOX9 regulates expression of its target genes by binding to genomic regions with conserved signatures[END_REF]. However, our finding that Ptgds is undetectable as early as E13.5, while SOX9 is still present, suggests that NR5A1 may regulate Ptgds expression directly (Fig. 8).

NR5A1-deficient SC transdifferentiate into pre-granulosa-like cells

Based on genetic studies, SOX9 has emerged as the master regulator instructing SC differentiation during testis development, notably by repressing the WNT4/RSPO1-dependent pathways involved in pGrC differentiation [1-3]. However, human fibroblasts can be reprogramed into SC by forcing expression of NR5A1 and GATA4, but not SOX9 [START_REF] Liang | Induction of Sertoli-like cells from human fibroblasts by NR5A1 and GATA4[END_REF]. Here we show that SC lacking NR5A1 from E13.5 loose expression of genes defining or maintaining SC identity (e.g., Sox9, Sox8, Ptgds, Dmrt1), further illustrating the primary role of NR5A1 in instructing SC differentiation.

In parallel, they gain expression of genes specifying pGrC differentiation (e.g., Wnt4, Rspo1) and their transcriptome projected to a gonad atlas clearly shows that they display an identity close to that of pGrC. Nonetheless, these "pGrC-like" cannot reach a functional state of differentiation since they keep FOXL2-negative. Another study has shown that SC lacking Nr5a1 from E12.5 reach a functional, FOXL2-positive, granulosa cell identity, resulting in complete male-to-female sex reversal [START_REF] Ikeda | The conditional deletion of steroidogenic factor 1 (Nr5a1) in Sox9-Cre mice compromises testis differentiation[END_REF]. This indicates that SC devoid of NR5A1 from E12.5 can transdifferentiate into functional pGrC, while those loosing NR5A1 from E13.5 are no longer licensed to do so. We further show that these "pGrC-like" subsequently die through a Trp53-independent mechanism since concomitantly removing Trp53 and Nr5a1 does not prevent death.

Quite interestingly, SC loosing Nr5a1 later than E14.5 either die by MDM2/TRP53page 13 dependent apoptosis or survive, since the resulting testis at adulthood still contains clearly defined seminiferous tubules [START_REF] Anamthathmakula | Steroidogenic Factor 1 (Nr5a1) is Required for Sertoli Cell Survival Post Sex Determination[END_REF]. Thus, the sooner NR5A1 is lost in SC, the highest their plasticity remains, suggesting that NR5A1 progressively locks the SC identity over time. In addition, SC die by distinct mechanisms, depending on the stage at which NR5A1 is lost.

Sertoli cells lacking NR5A1 from E13.5 die by anoikis

It is accepted that cell adhesion/junction molecules and ECM components play important roles in maintaining the integrity of seminiferous cords [START_REF] Barrionuevo | Testis cord differentiation after the sex determination stage is independent of Sox9 but fails in the combined absence of Sox9 and Sox8[END_REF][START_REF] Georg | Sox9 and Sox8 are required for basal lamina integrity of testis cords and for suppression of FOXL2 during embryonic testis development in mice[END_REF][START_REF] Chen | The Wilms tumor gene, Wt1, maintains testicular cord integrity by regulating the expression of Col4a1 and Col4a2[END_REF]. Because many genes deregulated in NR5A1-deficient SC are coding for such molecules, including collagen-coding genes, testis cord disruption is likely linked to breakdown of SC adhesion to their environment. Interestingly enough, some of the upregulated genes coding for ECM components such as Col18a1, Fn1, Nid2 and Dcn (Table.S2) are characteristics of pGrC [START_REF] Piprek | Transcriptional profiling validates involvement of extracellular matrix and proteinases genes in mouse gonad development[END_REF].

Cells sense their location and maintain their adhesion through specific interactions with the ECM. This plays a major role in regulating various processes, including cell-survival. This function is mediated by integrins, which are the cellmembrane receptors interacting with components of the ECM. They recruit nonreceptor tyrosine focal adhesion kinases (FAK), that are activated in response to adhesion [START_REF] Lu | Focal adhesion kinase and endothelial cell apoptosis[END_REF]. Therefore, disruption or loss of integrin-ECM adhesion impairs cellsurvival, and often causes detachment-induced cell death, called anoikis [43,[START_REF] Vachon | Integrin signaling, cell survival, and anoikis: distinctions, differences, and differentiation[END_REF]. We found that expression of Itga6, an integrin subunit crucial for fetal testis organization [START_REF] Fröjdman | Differential distribution of the alpha 6 subunit of integrins in the development and sexual differentiation of the mouse testis[END_REF], and Ptk2b, a member of the FAK family expressed in SC in a SOX9-dependent page 14 manner [START_REF] Beverdam | Protein tyrosine kinase 2 beta (PTK2B), but not focal adhesion kinase (FAK), is expressed in a sexually dimorphic pattern in developing mouse gonads[END_REF] is reduced in NR5A1-deficient SC. Thus, it is conceivable that these changes may cause SC to lose their anchorage to the modified ECM (see above) and initiate death of detaching SC by anoikis, altering thereby integrity of the testis cord epithelium (Fig. 8). It is worth noting that anoikis still occurs in the absence of TRP53 [START_REF] Mcgill | Loss of matrix adhesion triggers rapid transformation-selective apoptosis in fibroblasts[END_REF], which is fully consistent with our finding that NR5A1-deficient SC die independently of TRP53.

NR5A1-deficient SC and differentiation of the other testicular cell-types

As to the GC fate, the data show that most of them become meiotic and die in Nr5a1 SC-/-testes. The fact that expression of Cyp26b1 is lost in NR5A1-deficient SC is sufficient to explain why GC entered meiosis (Fig. 8). Actually, CYP26B1 is required in SC to prevent meiotic initiation and to maintain GC in an undifferentiated state [START_REF] Li | Cyp26b1 expression in murine Sertoli cells is required to maintain male germ cells in an page 32 undifferentiated state during embryogenesis[END_REF].

As to FLC, their specification and/or development rely on SC, notably thanks to DHH-and PDGF-signalling pathways [START_REF] Yao | Desert Hedgehog/Patched 1 signaling specifies fetal Leydig cell fate in testis organogenesis[END_REF][START_REF] Brennan | Pdgfr-alpha mediates testis cord organization and fetal Leydig cell development in the XY gonad[END_REF]. Our finding that FLC are present in Nr5a1 SC-/-testes, despite decreased expression of Dhh and Pdgfa in SC, reveals that these pathways are no longer required beyond E13.5 to allow proper emergence or survival of FLC, as observed when SC are ablated after E15.5 [START_REF] Rebourcet | Sertoli cells control peritubular myoid cell fate and support adult Leydig cell development in the prepubertal testis[END_REF][START_REF] Fouchécourt | Apoptosis of Sertoli cells after conditional ablation of murine double minute 2 (Mdm2) gene is p53-dependent and results in male sterility[END_REF].

Furthermore, these FLC appear functional since testicular descent is occurring in Nr5a1 SC-/-mutants, suggesting normal INSL3 production [START_REF] Verma-Kurvari | Hormonal regulation of male reproductive tract development[END_REF].

As to peritubular myoid cell (PTMC), it is admitted that SC are required during the fetal period to support their differentiation, notably by producing DHH and ECM. Genetic ablation of SC from E14.5 or Dhh-null mutations actually induce seminiferous page 15 cords defects closely resembling those observed in Nr5a1 SC-/-testes [START_REF] Clark | Desert hedgehog (Dhh) gene is required in the mouse testis for formation of adult-type Leydig cells and normal development of peritubular cells and seminiferous tubules[END_REF][START_REF] Pierucci-Alves | A developmental study of the Desert hedgehog-null mouse testis[END_REF][56]. Thus, the decreased expression of Dhh in NR5A1-deficient SC and their death questions the fate of PTMC. As a matter of fact, we could not distinguish PTMC from the interstitial or coelomic epithelium cell clusters. This is not really surprising as PTMC, sparse at E14.5, become obvious only from E16.5 [START_REF] Aksel | Ontogeny of mouse Sertoli, Leydig and peritubular myoid cells from embryonic day 10 to adulthood[END_REF], i.e., 2 days later than the stage at which we performed analysis. It is nonetheless worth noting that expression of Ptch1, Tagln, Acta2 and Tpm1, which are generally considered as hallmarks of PTMC [START_REF] Jeanes | Evaluation of candidate markers for the peritubular myoid cell lineage in the developing mouse testis[END_REF][START_REF] Sohni | The Neonatal and Adult Human Testis Defined at the Single-Cell Level[END_REF], were significantly reduced in interstitial or coelomic epithelium cluster cells (Table.S2). It is therefore possible that PTMC, included in these clusters, are altered, or even lost, following ablation of Nr5a1 in SC. Interestingly, both PTMC and "dormant" steroidogenic progenitors (SP) at the origin of adult LC stem from a single population of Wnt5a+ SP [START_REF] Ademi | Deciphering the origins and fates of steroidogenic lineages in the mouse testis[END_REF]. In this context, it is conceivable that the absence of adult LC in PND60 testis is related to an alteration of PTMC during fetal development. Further investigations are required to trace the fate of these Wnt5a+ SP in Nr5a1 SC-/-testis.

Death of the NR5A1-deficient SC affects genital tract development

Müllerian duct regression in males proceeds rostro-caudally, and is dependent on the action of AMH, which begins as early as E13.5 [START_REF] Staack | Mouse urogenital development: a practical approach[END_REF][START_REF] Mullen | Molecular genetics of Müllerian duct formation, regression and differentiation[END_REF]. As Amh expression in Nr5a1 SC-/-mutants is lost only from E14.5, AMH production starts normally and then gradually decreases to zero after E14.5. It is therefore not surprising that the rostral part of the Müllerian ducts regresses normally, making their derivatives (oviducts, anterior portions of the uterine horns absent in the mutants. On the other hand, it is reasonable to propose that the caudal part of the Mullerian ducts persists beyond E14.5, and is at the origin of the posterior portions of the uterine horns, body of the uterus and the vagina of adult Nr5a1 SC-/-mutants (Fig. 8).
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In addition, Nr5a1 SC-/-mutants display normal Wolffian duct-derived genitalia (epididymis, vas deferens, seminal vesicles) [START_REF] Zhao | A tale of two tracts: history, current advances, and future directions of research on sexual differentiation of reproductive tracts[END_REF]. These develop under the influence of testosterone, the synthesis of which starts as early as E13.5 in mice [64]. Their presence indicates therefore that Nr5a1 SC-/-mutants were exposed to testosterone during fetal development. This is surprising since SC, converting FLC-produced androstenedione into testosterone thanks to expression of Hsd17b1 and Hsd17b3

[65], are progressively lost in Nr5a1 SC-/-mutants. Thus, another enzyme necessarily compensates for the loss of Hsd17b1 and Hsd17b3, as considered elsewhere [66]. In this regard, the HSD17B12 is a good candidate since it can convert androstenedione to testosterone [67]. However, the fact that FLC are not able to produce testosterone from androstenedione [65] means one has to consider HSD17B12 allows testosterone synthesis in a cell-type other than FLC. This production is nevertheless insufficient since AGD and penile bone length, both of which are highly sensitive to testosterone levels between E14.5 and E17.5 in mice [68], are reduced in Nr5a1 SC-/- mutants (Fig. 8).

Our study shows that SC lacking NR5A1 from E13.5 transiently transdifferentiate to acquire a pre-granulosa cell-like identity, profoundly modify the landscape of the adhesion molecules and ECM they express and die by a TRP53independent mechanism related to anoikis. This yields a disorganization of the testis cords, making GC to prematurely enter meiosis instead of becoming quiescent.

Interestingly, the maintenance of fetal LC is not altered in the Nr5a1 SC-/-mutant, but the emergence of adult LC is clearly compromised. Further studies are now required to understand the reason for the absence of adult LC in the postnatal testis.

MATERIALS AND METHODS

Mice page 17

They were on a mixed C57BL/6 (50%)/129/SvPass (50%) genetic background.

The Nr5a1 conditional mutant mouse line was established at the Institut Clinique de la Souris (iCS, Illkirch, France), in the context of the French National Infrastructure for Mouse Phenogenomics PHENOMIN (http://www.phenomin.fr). To construct the targeting vector a 1.9 kb-long DNA fragment encompassing exon 7 (ENSMUSE00000 693512) was amplified by PCR using 129/SvPass genomic DNA and cloned into an iCS proprietary vector containing a loxP site, as well as a loxPand FRT-flanked neomycin resistance cassette (step1 plasmid). Then, 3 kb-and 3.7 kb-long fragments corresponding to 5' and 3' homology arms were amplified by PCR and introduced into step1 plasmid to generate the targeting construct. This linearized construct was electroporated into 129/SvPass mouse embryonic stem (ES) cells. After selection, targeted clones were identified by PCR using external primers and confirmed by Southern blots (5' and 3' digests) hybridized with neomycin, 5' and 3' external probes. One positive ES clone was injected into C57BL/6J blastocysts. To remove the selection cassette from the Nr5a1 locus, chimeric males were crossed with Gt(ROSA)26Sor tm1(FLP1)Dym females [69]. Germline transmission was obtained, and a further breeding step was needed to segregate animals bearing the Nr5a1 L2 allele from animals bearing the transgene. To inactivate Nr5a1 in SC, female mice bearing Plekha5 Tg(AMH-cre)1Flor [14] and Gt(ROSA)26Sor tm1(EYFP)Cos [15] transgenes, and heterozygous for the L2 allele of Nr5a1 were mated with males heterozygous or homozygous for L2 alleles of Nr5a1. The resulting Plekha5 Tg(AMH-cre)1Flor ;Nr5a1 +/+ ; Gt(ROSA)26Sor tm1(EYFP)Cos and Plekha5 Tg(AMH-cre)1Flor ;Nr5a1 L2/L2 ; Gt(ROSA)26Sor tm1(EYFP)Cos males are referred to as control and Nr5a1 SC-/-mutant fetuses, respectively. To test for the role of TRP53, the L2 allele of Trp53 gene [START_REF] Jonkers | Synergistic tumor suppressor activity of BRCA2 and p53 in a conditional mouse model for breast cancer[END_REF] was further introduced in the mice described above. 

Blood sample collection and testosterone measurement page 19

After anesthesia with a lethal dose of Xylasin and Ketamine as described above, the blood of 9-11-week-old adult mice was collected into heparinized Microvette tubes (Sarstedt, Nümbrecht, Germany) by intra-cardiac sampling. The tubes were then centrifuged at 5000 g for 5 minutes and the resulting plasma samples were frozen until further use. 

BrdU incorporation and TUNEL assays

BrdU (Sigma-Aldrich, Saint-Quentin-Fallavier, France) dissolved at 5 mg/ml in PBS was injected intraperitoneally to pregnant females at 50 mg/kg of body weight.

Two hours later, fetuses were collected (E13.5-E15.5), fixed and embedded as described above. BrdU incorporation was detected on 5 µm-thick sections by using an anti-BrdU mouse monoclonal antibody (diluted 1:100) and indirect IHC as described above. At least three samples per stage and per genotype were analyzed.

Data were expressed as percentages of BrdU-positive cells related to the number of DDX4-positive cells. Statistical analysis was done by a two-tail Student t-test, assuming equal variances after arcsine transformation of the percentages.
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TUNEL-positive cells were detected on sections from PFA-fixed samples using the In Situ Cell Death Detection Kit, Fluorescein, according to the manufacturer's instructions (Roche, Mannheim, Germany). At least three samples were analyzed per genotype. Data were expressed as the ratio between the number of TUNEL-positive cells quantified on entire sections and the surface areas of the testis sections (μm 2 ).

Statistical significance was assessed by using two tail Student's t-tests.

Real-time RT-qPCR analyses of RNA extracted from whole gonad

Fetal testes were dissected, isolated from mesonephros, snap frozen in liquid nitrogen and stored at -80°C until use. Whole testis total RNA was extracted using RNeasy Mini Kit (Qiagen, Les Ulis, France). RT-qPCR was performed on 5 ng RNA aliquots using Luna® Universal One-Step RT-qPCR Kit, according to the manufacturer's instructions (New England Biolabs, Evry, France). The primers are listed in Table .2. Triplicates of at least four samples were used for each genotype, at each stage. The relative transcript levels were determined using the ΔΔCt method, and normalized to Hprt whose expression is not affected by ablation of Nr5a1.

Purification of YFP-positive Sertoli cells

To dissociate cells, the testes of controls and mutants additionally bearing the Gt(ROSA)26Sor tm1(EYFP)Cos transgene were incubated for 10 minutes at 37°C in 350 μl of trypsin/EDTA 0.05% (w/v), phenol red solution (Gibco Invitrogen, Auckland, New-Zealand), filtered through a 40 μm cell strainer to generate single cell suspensions, centrifuged at 3000g and suspended in 300 µl PBS as described [70].

The YFP-positive and -negative cells were sorted separately by FACS using an Aria® II flow cytometer (BD Biosciences, Le Pont de Claix, France). Sorted cell suspensions were then lysed for overnight at 55°C in a proteinase K-containing page 22

buffer, DNA was extracted and genotyped by PCR using standard protocols and primers as indicated above.

Single cell RNA sequencing and data processing

Gonads from E13.5 and E14.5 control and mutant fetuses were dissected out in PBS, sexed by their appearance under the microscope and cell suspensions were Illumina P5 and P7 primers (Illumina, Evry, France), as well as sample index via end repair, A tailing, adaptor ligation and PCR with 10 cycles. Library quantifications and quality controls were determined using Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). Libraries were then sequenced on Illumina HiSeq 4000 TM as 100 bases paired-end reads, using standard protocols.

Sequencing data were processed using 10X Genomics software (https://support.10xgenomics.com/single-cell-gene-expression/software/overview/welcome).

Fastq files were processed with CellRanger (v6.0) on a chimeric genome composed Cells with less than 200 detected genes and genes detected in less than 10 cells were removed. Doublets were filtered out independently in each individual matrix by using the DoubletFinder R package (v.2.0.2) [START_REF] Mcginnis | DoubletFinder: Doublet Detection in Single-Cell RNA Sequencing Data Using Artificial Nearest Neighbors[END_REF]. Subsequently, the Single-Cell Analysis Toolkit for Gene Expression Data in R (scater v1.10.1) was used to remove outlier cells by using several cell features including the proportions of reads mapping mitochondrial and ribosomal genes, the number of genes and UMIs per cell [START_REF] Mccarthy | Scater: pre-processing, quality control, normalization and visualization of single-cell RNA-seq data in R[END_REF].

Data were normalized using the NormalizeData and the SCT function implemented into Seurat by regressing out the unwanted variation due to cell cycle and to the proportion of mitochondrial genes. The top-3000 most varying genes were used to perform a principal component analysis with the RunPCA function implemented in Seurat. Cells were then clustered by using Seurat graph-based clustering (FindNeighbors and FindClusters functions) on the top-30 principal components, with default parameters. Finally, we used the Uniform Manifold Approximation and Projection (UMAP) method (RunUMAP function) to project cells in a 2D space. Cell clusters were annotated using a set of known marker genes. The FindAllMarkers function implemented in Seurat was used to identify significantly differentially expressed genes (DEGs) between cell clusters. Gene ontology (GO) and pathway enrichment analysis was conducted for each gene expression cluster using the AMEN suite of tools [START_REF] Chalmel | The Annotation, Mapping, Expression and Network (AMEN) suite of tools for molecular systems biology[END_REF] with an BH-adjusted p value of ≤ 0.05. The current dataset was mapped on top of a reference atlas of gonadal development [START_REF] Mayère | Origin, specification and differentiation of a rare supporting-like lineage in the developing mouse gonad[END_REF] using FindTransferAnchors and MapQuery functions with default settings. To address this issue, the reference atlas was first processed by using the same pipeline. -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------Antibodies Species Dilution Source Table 2. Primers used for quantification of mRNA levels by real-time RT-qPCR.

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------Amplicon Gene Accession number Forward primer sequence Reverse primer sequence size (bp)

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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 1833 of the day of a vaginal plug was taken as 0.5 day embryonic development (E0.5). All fetuses were collected by caesarean section (no randomization, no blind experiments). Yolk sacs or tail biopsies were taken for DNA extraction. Primers 5'-GTCAAGCGCCCCATGAATGC-3' and 5'-TTAGCCCTCCGATGAGGCTG-3' were first used to amplify Sry gene (230 bp-long fragment) for male sex determination. were used to detect Plekha5 Tg(AMH-cre)1Flor transgene (273 bp-long amplicon), and primers 5'-AAGGGAGCTGCAGTGGAGTA-3' and 5'-GCCAGAGGCCACTTGTGTAG-3' to detect Gt(ROSA)26Sor tm1(EYFP)Cos reporter (520 bp-long amplicon). Primers 5'-CTGTCTCCTGTCTTCTACTACCCTG-3' and 5'-AGCCATTTCAACAGTGCCCC TTCC-3' were used to amplify wild-type (+, 290 bp-long) and L2 (400 bp-long) alleles of Nr5a1, while primers 5were used to amplify the excised, null, L-(243 bp-long) allele. Primers 5'-CACAAAAACAGGTTAAACCCAG-3' and 5'-AGCACATAGGAGGCAGAGAC-3' were used to amplify the wild-type (288 bp-long) and L2 (370 bp-long) alleles of Trp53. Primers 5'-CACAAAAACAGGTTAAACCCAG-3' and 5'-GAAGACAGAAAAGGGGAG GG-3' were used to amplify the excised, null, L-(612 bp-long) allele of Trp53. The PCR conditions were 30 cycles with denaturation at 95°C for 30 seconds, annealing at 61°C for 30 seconds and elongation at 72°C for 30 seconds. The amplicons were resolved on 1.5% (w/v) agarose gels, stained by ethidium bromide and visualized under UV light, using standard protocols.

  prepared as described above. Cell number and viability were determined by a Trypan Blue exclusion assay on a Neubauer Chamber. Samples consisting of > 90% viable cells were processed on the Chromium Controller from 10X Genomics (Leiden, The Netherlands). Ten thousand cells were loaded per well to yield approximately 5000 to 6000 captured cells into nanoliter-scale Gel Beads-in-Emulsion (GEMs). Single cell 3' mRNA sequencing libraries were generated according to Chromium Single Cell 3' Reagent Kits User Guide (v3 Chemistry) from 10X Genomics. Briefly, GEMs were generated by combining barcoded gel beads, a reverse transcription master mix containing cells, and partitioning oil onto Chromium Chip B. Following full length cDNA synthesis and barcoding from poly-adenylated mRNA, GEM were broken and pooled before cDNA amplification by PCR using 11 cycles. After enzymatic fragmentation and size selection, sequencing libraries were constructed by adding
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 23mm10 Mus musculus assembly and 753 bp-long YFP sequence (European Nucleotide Archive accession number AGM20711) [71]. The resulting count matrices were aggregated with the Read10X function implemented in Seurat (v4.0.1) [72].
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 1 FIGURE LEGENDS

Figure 2 .

 2 Figure 2. Ablation of Nr5a1 in Sertoli cells impairs AMH and SOX9 expression.

Figure 3 .

 3 Figure 3. NR5A1-deficient Sertoli cells die even when they lack TRP53. (A,D)

Figure 4 .

 4 Figure 4. Abnormal external genitalia and Müllerian duct retention in Nr5a1 SC-/- males. (A,C) Anogenital distance in control and Nr5a1 SC-/-males at PND60. (B,D) Penis bones dissected from control and Nr5a1 SC-/-males at PND60 and stained with alizarin red and alcian blue. (E-H) Reproductive tracts of control (E) and Nr5a1 SC-/- (F-H) males at PN60. (I-J) Histological sections from the Nr5a1 SC-/-mutant sample
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 5 Figure 5. Transcriptomes of control and Nr5a1 SC-/-testicular cells at a single-
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 639 Figure 6. NR5A1-deficient Sertoli change their identity. (A) Predicted projection of control (blue) and Nr5a1 SC-/-(pink) cells on a reference single-cell transcriptomic
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 7408 Figure 7. Loss of NR5A1 in Sertoli cells induces disorganisation of the testis

  

  

  

  

  

  

Table 1 .

 1 Primary antibodies used for immunohistochemistry experiments.
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