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Introduction

The development of gonads is decisive for sexual development and reproduction.

Testes and ovaries differentiate from the common progenitor termed the genital ridge (Piprek et al. 2016). During sexual differentiation, the gonadal primordium acquires the sex-specific features and forms either the testis or the ovary (Ungewitter and Yao 2013). In testes, the germ cells become enclosed by differentiating Sertoli cells (pre-Sertoli cells), which adhere to the germ cells and each other. The germ cells surrounded by the Sertoli epithelium built the testis cords (Svingen and Koopman 2013). Sertoli cell epithelium is underlined by the basement membrane. The peritubular myoid cells are located below the Sertoli epithelium and form the outside border of the testis cords (Svingen and Koopman 2013). The interstitial cells, including fetal Leydig cells, which produce androgens (Svingen and Koopman 2013), fill the space between testis cords. In the differentiating ovaries, the ovigerous cords contain germ cells enclosed by somatic pre-follicular cells. In mouse foetus, around the time of birth, the ovigerous cords break down into individual ovarian follicles (Grive and Freiman 2015). The ovigerous cords are much less compact and defined than the testis cords. Differences in male and female gonad tissue structure suggest that the proper intercellular adhesion should be much more important for the development of the testis than the ovaries (Piprek et al. 2017a).

In developing testes, strong adhesion between somatic cells facilitates the formation of Sertoli epithelium and the development of solid, elongated testis cords (Piprek et al. 2017a).

We showed previously that the variety and the level of expression of the mouse cell adhesion molecules (CAMs) are greater in the male (XY) than in the female (XX) gonad (Piprek et al. 2017a). We also showed that the sex-specific cell-cell interactions facilitate the development of Xenopus laevis gonads (Piprek et al. 2017b). Although these argue for the importance of CAMs in vertebrate gonad development, our knowledge of specific roles of individual CAMs in gonad development is limited, and a very high number (220) of identified CAMs complicates the studies.

Desmoplakin, encoded by the Dsp gene, is one of the CAMs showing the sex-specific differences in expression pattern, with a higher expression in the pre-Sertoli cells than in prefollicular cells (Piprek et al. 2017a). This sex-specific expression pattern suggests desmoplakin involvement in the sexual differentiation of the bipotential gonads into testes or ovaries. However, the role of desmoplakin in gonad development remains unknown.

To fill this gap, we studied the role of desmoplakin (Dsp) in mouse gonad development. This protein is present in desmosomes and is critical for desmosome assembly, stability, and its interactions with the cytoskeleton (Gallicano et al. 1998;Bornslaeger et al. 1996;Kowalczyk and Green 2013). Mutations in desmoplakin lead, directly or indirectly, to various diseases, such as cardiomyopathies, skin conditions such as keratoderma, and oropharyngeal and breast cancers (Norgett et al. 2000;Pang et al. 2004;Papagerakis et al. 2009). In mice, conventional whole-body knockout of desmoplakin eliminates the function of desmosomes, disrupts blastomere adhesion, and leads to embryo lethality before stage E6.5 (Gallicano et al. 1998).

In this study, we used conditional knockout (cre-loxP system) of desmoplakin to overcome embryo lethality. Because we were especially interested in the role of desmoplakin in the somatic-germ cell interactions during development, we removed the exon 2 of the Dsp gene, specifically in the somatic cells of developing gonads. From our previous studies on the knockout of E-and N-cadherin adhesion molecules, we knew that the absence of these CAMs in somatic cells of the gonads results in alteration of germ cell development (Piprek et al. 2019a(Piprek et al. ,2019b)). Here we crossed a mouse strain expressing the Cre recombinase under Nr5a1

promoter with a strain containing loxP sequences flanking exon 2 in the Dsp gene. The resulting deletion of exon 2 made the desmoplakin nonfunctional (Vasioukhin et al. 2001) in NR5A1-positive (NR5A1 + ) cells. The Nr5a1 (Nuclear Receptor Subfamily 5 Group A Member 1, also known as Sf1 -Steroidogenic Factor 1) is expressed from stage E10.2 in the coelomic epithelium covering the genital ridges (Ikeda et al. 1994;Hu et al. 2013). The NR5A1 + cells of the coelomic epithelium give rise to Sertoli cells and a subpopulation of interstitial cells in the testes, and follicular cells and a subpopulation of theca cells in the ovaries (Albrecht and Eicher 2001;DeFalco et al. 2011;Liu et al. 2015). Thus, the knockout we have performed eliminated desmoplakin expression only from those somatic cells, which are known to be critical for sex determination and gonad development. Such NR5A1 + Sf1 + cell-specific knockout was important because we expected that eliminating desmoplakin from all somatic cells of gonads would completely halt gonad development. We studied the gonad phenotypes by light microscopy, immunohistochemistry and analyzed the expression of selected genes by RT-qPCR.

Materials and methods

Animals

The study was approved by the First Local Commission for Ethics in Experiments on Animals. The animals were bred and housed in the Animal Facility at the Jagiellonian University (Krakow, Poland). Two transgenic mouse lines used in this study were purchased from The Jackson Laboratory (ME, USA).

The mouse strain Tg(Nr5a1-cre)7Lowl/J (Dhillon et al. 2006) was used for the Cre recombinase expression in NR5A1 + somatic cells of the gonads. The Dsp gene coding for desmoplakin was deleted in B6.129-Dsp tm1Efu /J mouse strain (Vasioukhin et al. 2001). Cre + , loxP fl/fl , and Cre -, loxP +/+ specimens were used as a negative control. The numbers of studied individuals are presented in Table 1.

Timed mating was performed by placing a single male with two females overnight.

The following morning, females were checked for the presence of the vaginal plug, and the pregnancies were designated as E0.5 (embryonic day). Females were sacrificed by spinal cord dislocation at embryonic days: E10.5, 11.5, 12.5, 13.5, 14.5, 16.5, 18.5, and the newborns were sacrificed at 1 and 2 dpp (days postpartum).

Genotyping

The sex of all studied individuals was identified by the genotyping using primers for Sly (Y chromosome) and Xlr (X chromosome) (McFarlane et al. 2013). Primers used to genotype Cre + , and loxP + specimens are listed in Table 2. We used a standard PCR protocol for genotyping.

RNA isolation from gonads and Real-Time Quantitative PCR

Gonads from mouse fetuses and newborns were pooled according to the sex and developmental stage. Total RNA was isolated using Trizol and further purified with RNeasy Mini kit according to the manufacturer's instructions (Qiagen, Valencia, CA). Total RNA in RNase-free water was stored at -80 o C and used for multigene qPCR analysis. 50 ng RNA of each sample was reverse-transcribed into cDNA using random primers and SuperScript III Reverse Transcriptase (Invitrogen, 18080044) according to the manufacturer's instructions. A list of primers is shown in Table 2. RT-qPCR was performed in 5μl reactions using SYBR Green Master Mix (Life Technologies, 4312704) on a 7500 Fast Real-Time PCR System (Applied Biosystems) with universal cycling parameters and analyzed as previously described (Svingen et al. 2009). Actb was used as a reference gene. Statistical analysis was performed using the nonparametric ANOVA Kruskal-Wallis test followed by Tukey's test. Statistica 7.0 software was used for the analyses.

Histology and Immunohistochemistry

Dissected gonads were fixed in Bouin's solution, dehydrated, and embedded in paraffin (Paraplast, Sigma, P3683). Histological staining was performed according to Debreuill's trichromatic method as previously described (Kiernan 1990;Piprek et al. 2017b).

For immunochemistry, heat-induced epitope retrieval was conducted in sodium citrate buffer (10 mM sodium citrate, 0.05% Tween-20, pH 6) at 95 o C for 20 minutes. Subsequently, the sections were blocked with 3% H2O2 and 10% goat serum (Sigma, G9023). Sections were incubated with the primary antibodies (rabbit polyclonal: anti-AMH, Santa Cruz Biotechnology, sc-166752; anti-collagen I, Abcam, ab34710; anti-GCNA1, Abcam, ab82527, anti-CYP17A1, Abcam, ab125022; anti-PCNA, Abcam, ab18197; anti-cleaved caspase 3, Assay BioTech, L0104; anti-Cre recombinase, Abcam, ab190177; and mouse monoclonal anti-desmoplakin, Santa Cruz Biotechnology, sc-390975) at 4 o C overnight, and the signal was detected using UltraVision Quanto Detection System (Thermo Fisher, TL-125-QHD).

Mayer's hematoxylin was used as a counterstain. Sections were examined under the Nikon Eclipse E600 microscope.

Germ cell quantification

The sections of the gonads from the animals sacrificed at 2 dpp were stained with

Trichrome. The number of germ cells was calculated in the 10,000 µm 2 area in 5 crosssections from each gonad using the ImageJ software. The diameter of testes, testis cords, and ovaries was measured in the five widest cross-sections. Average values and standard deviation were calculated using Microsoft Excel software.

Results

The effectiveness of genetic knockout

To assess the effectiveness of the knockout, first, we checked the expression of Cre recombinase using RT-qPCR and immunohistochemistry. There was a high expression of Cre gene under the control of the Nr5a1 promoter in fetal XY and XX gonads from E11.5 (Fig. 1A,D). In both sexes, the expression of Cre mRNA declined from E16.5 onward (Fig. 1A,D). The control testes did not express the CRE protein (Fig. 1B). In the knockout testes, the CRE protein was expressed in all Sertoli cells and some, but not all interstitial cells (Fig. 1C, see the dark brown staining labeled with arrows and arrowheads). In control ovaries, the CRE was not expressed (Fig. 1E). In the knockout ovaries the CRE protein was expressed in the somatic cells (Fig. 1F, arrows).

The declining expression of Dsp from E11.5 onward in the gonads of both sexes (Fig. 

The effect of Dsp knockout in NR5A1 + cells on the number of germ cells

The testes of knockout males were smaller than the control testes. The apparent difference in size became visible starting from E16.5 (Fig. 2A). Histological analysis and immunolocalization of GCNA1 (germ cell marker) showed that the decrease in the size of testes correlated with the reduction of germ cell number (Fig. 2B-D). Consistent with the reduction in germ cell number observed in ovaries and testes from around E16.5, the expression of the germ cell marker Mvh (mouse vasa homolog) was also reduced in E16.5 testes and ovaries (Fig. 2G).

The ovaries of the knockout females had fewer germ cells, were smaller than the control ovaries (Fig. 2A), and the difference in size was apparent from E16.5. The number of cells positive for GCNA1 was lower in the knockout than in control (Fig. 2B,E,F). The level of Mvh expression was lower than in control (Fig. 2G; XX gonads are shown in the middle).

To establish if the germ cell loss resulted from a decreased proliferation or increased apoptotic cell death, we performed immunostaining with the antibody against proliferation marker PCNA and the apoptotic marker caspase 3 (Fig. 3). We did not detect any changes in the PCNA expression in fetal testes or ovaries (compare Fig. 3A with 3B, and 3E with 3F;

Fig. 3I shows a graphical presentation of the expression in time). However, caspase 3 had higher expression higher expression (stronger immunostaining) in the fetal knockout testes (compare Fig. 3C with 3D, apoptotic cells are indicated by the arrowheads, Fig. 3J shows a graphical representation of the expression in time), and ovaries (compare Fig. 3G with 3H, graphical presentation in Fig. 3J). The location of the apoptotic cells and their large nuclei suggest that they are germ cells. These data strongly suggest that the loss of germ cells in testes with the Dsp knockout in NR5A1 + cells resulted from apoptosis triggered by the absence/diminution of desmoplakin in gonadal somatic cells.

The effect of Dsp knockout in NR5A1 + cells on testes development

Although the size of control and knockout testes was different, the testis structure remained unchanged; both contained many testis cords (ts, encircled) divided by interstitium (i) (Fig. 4A-D).

We found that the developing Dsp knockout testes had typical testis cords (Fig. 4B,D, F, H, J) like those in control (Fig. 4A, C, E, G, I). Also, the basement membrane and the peritubular myoid cells (PMCs) located around the cords had normal morphology (Fig. 4C,D;

basement membrane (arrow), peritubular myoid cells (pmc)). The AMH (anti-Müllerian hormone, which is a specific marker of Sertoli cells) immunostaining showed that in the control testis, the positively stained Sertoli cells enclosed numerous germ cells (Fig. 4E,G;

germ cells (g)). The knockout testes lacked the germ cells, and their testis cords were filled with the AMH-positive Sertoli cells (Fig. 4F,H). The diameter of testis cords was significantly lower in the knockout testes (mean diameter 41.82 m +/-SD 6.51 at E18.5) than in control (49.10 m +/-SD 4.80 at E18.5), an effect that is likely to be caused by the loss of relatively voluminous germ cells. Collagen I immunostaining of control testes (Fig. 4I) and knockout testes (Fig. 4J) showed that the sterile cords in the knockout testes were enclosed by typically looking basement membranes (indicated by arrows in Fig. 4I andJ).

This indicates that the knockout of desmoplakin under Nr5a1 promoter in testis cells has not affected the integrity of the somatic component of the gonad. In the control testes, the space between the testis cords is occupied by the interstitium (i) (Figs 4C, E, G, I). We did not observe any structural changes in the interstitium of the knockout testes (Fig. 4D,F,H,J).

The effect of Dsp knockout in NR5A1 + cells on ovarian development

The knockout ovaries contained very few germ cells located in the ovarian surface epithelium, while the control ovaries were filled with many germ cells (compare Fig. 5A,C with Fig. 5B,D). The ovigerous cords were present both in the control and knockout ovaries (compare Fig. 5A, C with Fig. 5B,D; ovigerous cords are marked by a dotted line). The ovigerous cords of the control ovaries consist of the elongated groups of germ cells surrounded by the somatic cells. The ovigerous cords of the knockout ovaries consist of somatic cells only (Fig. 5B,D). This indicates that the knockout of desmoplakin under Nr5a1

promoter in ovarian cells did not affect the somatic cell adhesion and aggregation necessary for the formation of ovigerous cords. The control ovaries contained the ovarian follicles (encircled by a solid line in Fig. 5A) which consisted of a single germ cell enclosed by a monolayer of the somatic cells. However, in the knockout ovary, the ovarian follicles were absent (Fig. 5D). As we have previously suggested (Piprek et al. 2019a(Piprek et al. , 2019b)), this may indicate that germ cells are critical for forming ovarian follicles. Alternatively, the loss of Dsp may interfere with the breakdown of ovarian cysts and/or the formation of ovarian follicles resulting in the loss of germ cells.

Dsp knockout in NR5A1 + cells does not affect sex determination

The expression of three selected Sertoli cell markers and genes involved in male sex determination (Sox9, Amh, Dhh) studied by RT-qPCR were unaltered in the knockout testes (Fig. 6A). Thus, the knockout of desmoplakin performed in this study did not affect the pathways of Sertoli cell differentiation and male sex determination. Accordingly, the analysis performed by RT-qPCR in control and NR5A1 + cells KO ovaries showed no change in the expression of three selected ovarian-specific genes: Rspo1, Wnt4, Foxl2 (Fig. 6B). All these data indicate that desmoplakin deletion in NR5A1 + cells does not affect male or female sex determination.

The expression of the steroidogenic enzyme Cyp11a1, which is a specific marker of steroidogenic Leydig cells, was comparable in the knockout and control testes (Fig. 6A).

Discussion

The role of desmoplakin in gonad development was unknown before our study. The only information available was that the desmosomes are important for spermatogenesis in adult testes (Mruk and Cheng 2011). In our study, the use of CRE recombinase under the control of Nr5a1 promoter allowed us to delete desmoplakin in the descendants of NR5A1 + coelomic epithelium, i.e., Sertoli cells and a subpopulation of interstitial cells in the testes, and the follicular cells and stromal cells in the ovaries (Ikeda et al. 1994;Albrecht and Eicher 2001;DeFalco et al. 2011;Hu et al. 2013, reviewed in Piprek et al. 2016). We provided strong evidence that desmoplakin in the somatic cells of developing gonads is critical for germ cell survival and maintenance in male and female gonads. The developing knockout testes and ovaries were smaller than the control and had fewer germ cells. In both sexes, the germ cell loss occurred at embryonic day E16.5. Previously, we showed that the deletion of N-cadherin or E-cadherin in the gonadal somatic cells caused germ cell loss (Piprek et al. We showed here that in the absence of desmoplakin, somatic components of gonads in both sexes developed normally. Similarly, the knockout of the E-cadherin did not cause changes in the somatic component of the gonad, only the loss of germ cells (Piprek et al. 2019a). However, the knockout of N-cadherin led not only to the loss of germ cells but also to the disruption of testis cords and loss of fetal Leydig cells (Piprek et al. 2019b). Thus, Ncadherin, but not E-cadherin and desmoplakin, is critical for the formation of somatic components of the gonad.

The absence of ovarian follicles in the knockout gonads was the only visible sign of the change in the somatic part of the gonad. The same effect was also observed in N-and Ecadherin knockouts (Piprek et al. 2019a, b). Hypothetically the disruption in the ovarian follicle formation can be an effect of the lack of germ cells, or alternatively, granulosa cells may require desmoplakin for cell adhesion to assemble ovarian follicles. The failure of the germ cyst break down into the ovarian follicles may possibly underlie the massive germ cells death observed under Dsp knockout conditions.

We also studied the expression of male and female sex-determining genes. We showed that the knockout of desmoplakin in NR5A1 + cells, similarly to N-and E-cadherin, did not 
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 1 Fig. 1. Cre and Dsp expression. A. The expression of Cre recombinase in XY gonads is high
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 2 Fig. 2. Gonad size and the number of germ cells. A. The knockout XY and XX gonads are
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 3 Fig. 3. Proliferation (PCNA immunostaining) and apoptosis (caspase 3 immunostaining)
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 4 Fig. 4. Histology of the testes in control and desmoplakin knockout mice. A-D.Histological staining shows a similar gross morphology of control (Nr5a1-cre + Dsp +/+ ) and knockout testes (Nr5a1-cre + Dsp fl/fl ) at stage E18.5. However, in the knockout testis, testis
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 5 Fig. 5. Histology of the testes in control and desmoplakin knockout mice. A, C) Histology of control ovary (Nr5a1-Cre + Dsp +/+ ) at E18.5 show many oocytes (arrowheads) surrounded
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 6 Fig. 6. Gene expression in control (C) and desmoplakin knockout (KO) gonads at E18.5.

  

  

  

  

affect the expression of these genes (Piprek et al. 2019a, b). Thus, it seems that cell adhesion mediated by these proteins is not crucial for sex determination processes.

Further studies are necessary to uncover the potential interactions between Akt and PI3K signaling pathways, cell adhesion, apoptosis, and the germ cells of developing gonads.
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