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Abstract

:

Nuclear receptor subfamily 5 group A member 1 (NR5A1) is expressed in the pituitary gonadotrope and regulates their differentiation. Although several regulatory regions were implicated in Nr5a1 gene expression in the pituitary gland, none of these regions have been verified using mouse models. Furthermore, the molecular functions of NR5A1 in the pituitary gonadotrope have not been fully elucidated. In the present study, we generated mice lacking the pituitary enhancer located in the 6th intron of the Nr5a1 gene. These mice showed pituitary gland-specific disappearance of NR5A1, confirming the functional importance of the enhancer. Enhancer-deleted male mice demonstrated no defects at fetal stages. Meanwhile, androgen production decreased markedly in adult, and postnatal development of reproductive organs, such as the seminal vesicle, prostate, and penis was severely impaired. We further performed transcriptomic analyses of the whole pituitary gland of the enhancer-deleted mice and controls, as well as gonadotropes isolated from Ad4BP-BAC-EGFP mice. These analyses identified several genes showing gonadotrope-specific, NR5A1-dependent expressions, such as Spp1, Tgfbr3l, Grem1, and Nr0b2. These factors are thought to function downstream of NR5A1 and play important roles in reproductive organ development through regulation of pituitary gonadotrope functions.
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1. Introduction


Sex hormone secretion from the gonads is controlled by pituitary gonadotropins, the production and secretion of which is controlled by the hypothalamic gonadotropin-releasing hormone (GnRH). This hierarchical sex hormone production control mechanism is called the hypothalamic-pituitary-gonadal (HPG) axis. Pituitary gonadotropins include luteinizing hormone (LH) and follicle-stimulating hormone (FSH), and they are composed of common α subunit and unique β subunits, LHβ and FSHβ, respectively. LH stimulates testicular Leydig cells to produce androgens, whereas FSH stimulates Sertoli cells to support spermatogenesis. Male LHβ and LH receptor knockout mice show normal masculinization at fetal periods but severely impaired postnatal reproductive organ development, indicating the physiological importance of LH in male reproductive function [1,2]. FSHβ knockout mice show milder phenotypes than LHβ/LH receptor knockout mice, indicating a minor role of FSH in male reproductive function [3].



One of the most important factors for HPG axis formation is the nuclear receptor subfamily 5 group A member 1 (NR5A1, also known as Ad4-binding protein (Ad4BP) or Steroidogenic Factor-1 (SF-1)). Although this factor is not expressed in the hypothalamic GnRH neurons, it is expressed not only in pituitary gonadotropes but also in the ventromedial hypothalamic nucleus, adrenal cortex, Sertoli and Leydig cells of the testis, and granulosa and theca cells of the ovaries [4,5]. In mice, systemic Nr5a1 gene disruption resulted in structural and functional abnormalities in all these tissues, indicating the pivotal roles of NR5A1 in each tissue [6]. However, because systemic Nr5a1 knockout mice die in the neonatal period due to adrenal insufficiency, tissue-specific functions of NR5A1 are not well understood. In order to clarify the NR5A1 function in the pituitary, pituitary-specific conditional Nr5a1 knockout mice have been generated using the αGSU-Cre lineage [7,8]. In these mice, the expression of Lhb and Fshb is abrogated, indicating that NR5A1 plays an important role in the functional differentiation of the pituitary gonadotropes.



As Nr5a1 is expressed in multiple tissues, several research groups including our group have performed transgenic mouse assays to identify tissue-specific regulatory regions. These analyses have identified several enhancers such as the fetal adrenal enhancer (FAdE) [9], ventromedial hypothalamus enhancer (VE) [10], pituitary enhancer (PE) [11], and fetal Leydig enhancer (FLE) [12] in the Nr5a1 gene locus. Although these enhancers have been identified by generating transgenic mice, functional importance of these enhancers has not been directly verified by genome deletion. We recently used genome editing to generate mice with FLE deletion, which showed fetal Leydig cell (FLC)-specific NR5A1 deficiency and severe defects in male reproductive organs from fetal stages, clearly demonstrating the indispensable role of FLE in FLC-specific Nr5a1 expression [13]. Based on this result, in this study, we generated a mouse line lacking the PE of Nr5a1 and confirmed that PE plays an essential role in pituitary-specific Nr5a1 expression.



NR5A1 begins to express in the anterior pituitary at E13.5–E14.5, and analysis of Nr5a1-disrupted mice suggested that NR5A1 regulates gonadotropin production in the pituitary gonadotrope [14]. In addition, the results of in vitro analysis suggested that Lhb and Cga expression was directly controlled by NR5A1 [15,16]. On the other hand, the expression of LHβ and FSHβ was reduced but not completely lost in the pituitary gland–specific Nr5a1 knockout mice [7,8]. Furthermore, the expression of LHβ and FSHβ is induced by GnRH stimulation in Nr5a1 gene knockout mice [14], suggesting that NR5A1 is not essential for LHβ and FSHβ expression. Considering these results together, it is conceivable that there are other downstream genes that are directly regulated by NR5A1 in pituitary gonadotropes. In this study, we identified several candidate NR5A1 downstream genes. Some of these genes has not been previously linked to the pituitary gonadotrope functions and might be worth for further analyses in future studies.




2. Results


2.1. Deletion of Gonadotrope-Specific PE of Nr5a1


To confirm the functional significance of the PE, we adopted CRISPR/Cas9 genome editing to delete the PE region (Figure 1A). Genotyping PCR and direct sequencing confirmed that the PE region was successfully deleted from the mouse genome (Figure 1B and Figure S1). Both male and female PE+/− (heterozygous deletion of the enhancer) mice were fertile, but PE−/− (homozygous deletion of the enhancer) mice were infertile in both males and females.




2.2. Normal Masculinization in Fetal Stages


2.2.1. Testis and Accessory Reproductive Organs


Because PE deficiency was expected to abolish pituitary Nr5a1 expression and reduce the function of the pituitary gonadotropes, we examined the phenotype of PE−/− male mice in comparison with that of control (PE+/−) mice to analyze the effects of enhancer deficiency. Fetal PE−/− male mice (embryonic day 18.5; E18.5) showed normal descendance and size of the testis relative to those in the control mice (arrows in Figure 2A,B). In addition, vas deferens development and adrenal gland size (arrowheads in Figure 2A,B) were consistent between groups, confirming that the effect of enhancer deficiency was limited to the pituitary gonadotrope. Immunostaining revealed that NR5A1 was strongly expressed in Leydig cells in the interstitium of the testis and weakly expressed in Sertoli cells in the seminiferous tubules of the testis in PE−/− mice, showing no clear differences from expression patterns in control mice. Accordingly, no abnormality was observed in HSD3B expression in Leydig cells or SOX9 expression in Sertoli cells (Figure 2C–F).




2.2.2. Steroids in Fetal Testes


The intratesticular concentration of steroid hormones was evaluated by GC-MS. Testosterone and androstenedione levels were slightly higher in PE−/− mice than in the control mice, but the difference was not significant (Table 1). Levels of other steroids showed no significant differences in concentration between control and PE−/− testis. There was also no significant difference between control and PE−/− testes in the metabolic ratio of enzymatic reactions required for androgen synthesis (Supplemental Table S1).





2.3. Impaired Development of Reproductive Organs at Adult Stages


2.3.1. Testis


The testes of adult male PE−/− mice were significantly smaller than those of control mice (Figure 3A), whereas the size of the adrenal gland was unaffected (Figure S2). Hematoxylin and eosin (HE) staining of testis sections revealed that the diameter of the seminiferous tubules was clearly reduced in PE−/− mice relative to that in controls, and few mature spermatozoa were found within the seminiferous tubules (Figure 3B,C). The area of the testicular interstitium was also narrower in PE−/− than in control mice, and lipid droplets within the interstitial Leydig cells were reduced (Figure 3B’,C’).



Female PE−/− mice exhibited smaller ovaries than control mice (Figure S3A). When tissue sections were prepared and analyzed, the PE−/− mice did not present a large number of corpora lutea compared to those found in the ovaries of control mice (Figure S3B,B’,C). This was thought to be because ovulation did not occur due to decreased LH secretion from the pituitary. In addition, many traces of closed follicles were observed in the ovaries (arrowheads in Figure S3C’), and it was speculated that the follicles could not be maintained due to the decrease in estrogen.




2.3.2. Seminal Vesicles, Prostate Gland, and Penis


Macroscopic observation of accessory reproductive organs showed that seminal vesicles were not apparent in PE−/− male mice (Figure 4A,B). HE staining revealed that most of the seminal vesicles and prostate had been replaced with adipose tissue, and only a few traces of the prostate glands were identified (Figure 4C–D’). The external genitalia were also clearly smaller in appearance in the PE−/− mice than in the controls (Figure 5A,B), and the size of the penis was also reduced (Figure 5C,D). Masson-trichrome staining clearly showed poor development of the penis in PE−/− males (Figure 5E,F).




2.3.3. Steroid Levels in Adult Testes


GC-MS revealed the presence of several steroids in adult testes that were not detected in the fetal testes, such as 3α-androstane-3α,17β-diol, 7α-hydroxyandrostenedione, dihydrotestosterone, 6β-hydroxyandrostenedione, 6β-hydroxytestosterone, 16α-hydroxytestosterone, 16α-hydroxyandrostenedione, 17α-hydroxypregnenolone, tetrahydrodeoxycorticosterone, allo-tetrahydrodeoxycorticosterone, and corticosteron. Among detected steroids, dehydroepiandrosterone, androstenediol, 7α-hydroxyandrostenedione, androstenedione, and testosterone were significantly lower in the testes of PE−/− mice than in those of control mice (Table 2). From these results, it was speculated that the activities of 17α-hydroxylase/17,20-lyase, 3β-HSD, and 17β-HSD, enzymes involved in the synthesis of testosterone, were globally reduced. Indeed, comparison of metabolic ratios between control testes and PE−/− testes suggested that activities of enzymes, such as 21-hydroxylase, 17,20-lyase, 3β-HSD, 17β-HSD, 17α-HSD, 5α-reductase, and 3α-HSD were significantly decreased in PE−/− testes (Supplemental Table S2).




2.3.4. Quantitative Reverse Transcription (qRT)-PCR and Gonadotropin Immunostaining


The pituitary glands of PE−/− mice showed no apparent size difference compared to those of the control mice (Figure 6A). Plasma LH levels tended to be lower in PE−/− mice than in control mice, but no significant difference was detected because LH concentrations were generally low in control mice. FSH concentration was significantly lower in PE−/− mice than in the control group (Figure 6B).



RNA was extracted from the pituitary gland, and the expression of marker genes of gonadotropin-producing cells was analyzed by qRT-PCR. In male and female PE−/− mice, Nr5a1 expression was almost completely absent, while that of Lhb, Fshb, and Gnrhr was detectable but significantly reduced relative to control values. Cga expression in male PE−/− mice was reduced to about half that of control mice; expression in females was reduced to about 70% of the control value (Figure 6C and Figure S4).



Expression of LHβ, FSHβ, and thyroid stimulating hormone β (TSHβ) was examined by immunostaining. A considerable number of LHβ-expressing cells were present in the pituitary gland of PE−/− mice (Figure 7A,B). These LHβ-expressing cells did not show nuclear NR5A1 expression, suggesting that NR5A1 was not essential for LHβ expression (Figure 7A’,B’). The number of FSHβ-expressing cells was dramatically reduced in the PE−/− group relative to that in the controls (Figure 7C,D). However, cells weakly expressing FSHβ were still observed in the pituitary of PE−/− mice, suggesting that NR5A1 influenced FSHβ expression (Figure 7C’,D’). NR5A1 was not expressed in TSHβ-expressing cells, and no obvious abnormalities in TSHβ expression were observed in PE−/− mice relative to control expression (Figure 7E–F’).





2.4. Transcriptome Analyses of Pituitaries and Isolated Gonadotropes


Because the expression of Lhb and Fshb was not completely lost in PE−/− mice, we searched for other downstream genes directly regulated by NR5A1. We first analyzed the transcriptome of the entire pituitary gland and extracted 43 genes with reduced pituitary expression in PE−/− mice compared to that in controls (pit_m_homo_down; Figure 8A). Thereafter, we analyzed the transcriptome of the isolated gonadotropes and compared it with that of the whole pituitary, identifying 189 highly expressed genes in the gonadotropes relative to whole pituitary expression (gonadotrope_m_up; Figure 8A). In this process, we noticed that one of the isolated gonadotrope samples (gonadotrope_m1) showed a distinct gene expression pattern from the other three (Figure S5) and excluded this sample from the analysis. By comparing the pit_m_homo_down and gonadotrope_m_up gene sets, we identified 16 genes with gonadotrope-specific, NR5A1-dependent expression (Figure 8B). Gene ontology (GO) analysis of these genes highlighted “regulation of bone remodeling,” “GnRH signaling pathway,” and “regulation of hormone levels” as highly enriched GO terms (Figure 8C). We performed the same analyses in female samples and identified nine genes enriched in “gonad development” and “neuroactive ligand-receptor interaction” (Figures S6 and S7).





3. Discussion


3.1. Functional Importance of the PE in Nr5a1 Gene Regulation


Nr5a1 contains multiple internal and upstream regulatory regions (enhancers). Although these enhancers have been identified by generating transgenic mice [9,10,11,12], their functional importance has not been strictly defined. In our previous study, the PE of Nr5a1 was identified in the sixth intron [11]. In this study, we demonstrated that deletion of this PE leads to cell-specific and complete NR5A1 deficiency. In a recent study by another group, the ATAC-sequence of pituitary gonadotrope–derived cell lines suggested that regions other than the PE (the FLE and a small region in the fourth intron) are also implicated in Nr5a1 expression in the pituitary gonadotropes [17]. The involvement of these regions (especially functionally undefined region in the fourth intron) in pituitary-specific NR5A1 expression should be carefully investigated in future studies.




3.2. Dependence of Fetal and Adult Leydig Cells on Pituitary Gonadotropins


The phenotype of PE-deficient mice was essentially the same as that previously reported in mice with pituitary-specific Nr5a1 gene disruption [7,8]. That is, adult male mice were infertile due to insufficient formation of reproductive organs and reduced production of androgens. In females, ovulation did not occur, and the corpus luteum did not form, causing infertility. Furthermore, no defects were observed in the masculinization of fetal PE−/− male mice. These data suggest that fetal masculinization proceeds in a pituitary-independent manner. Previous studies have shown that even when LHβ or LH receptors are deleted, fetal masculinization proceeds normally, but the production of androgens after birth declines and puberty does not occur, leading to defective spermatogenesis and hypoplastic male reproductive organs [1,2]. Another example is the Kiss1 knockout mouse. In these mice, kisspeptin-induced GnRH production is absent and blood LH levels are decreased, but fetal androgen production is unaffected, whereas postnatal androgen production is markedly reduced [18]. These results were explained by the pituitary gland-independent development of Leydig cells in fetal testes, and LH-dependent Leydig cell development in postnatal testes [19]. To support this notion, our previous study showed that fetal Leydig cell–specific LH receptor knockout mice exhibited normal reproductive organs at the fetal stage [20].



The production of male hormones has been reported to be triphasic, comprising fetal, neonatal, and adolescent periods [21]. Fetal Leydig cells are responsible for the production of male hormones during the fetal period, and adult Leydig cells after puberty. In addition, transient HPG axis activation during the neonatal period is known to produce male sex hormones through a process called mini-puberty. Recent studies have focused on the influence of mini-puberty on spermatogenesis and male reproductive function at adult stages [22]. PE-deficient mice may represent a useful tool to clarify the physiological significance of mini-puberty.




3.3. Role of NR5A1 in the Pituitary Gonadotrope


Analysis of Nr5a1-disrupted mice suggested that NR5A1 is important for the functional differentiation of pituitary gonadotropes. Moreover, from the results of in vitro analysis, Lhb and Cga expression been reported to be directly controlled by NR5A1 [15,16]. However, in both this study and the previous works [7,8], the expression of LHβ and FSHβ was reduced but not completely lost in the pituitary gland–specific Nr5a1 knockout mice. Furthermore, the expression of LHβ and FSHβ is also induced by GnRH stimulation in Nr5a1 gene knockout mice [14], suggesting that NR5A1 is not essential for LHβ and FSHβ expression. These results suggested that there may be other downstream genes that are directly regulated by NR5A1 in pituitary gonadotropes. These genes might be related to GnRH responsiveness, signal transduction downstream of the GnRH receptor, or gonadotropin secretion, and several studies have been performed to identify such genes.




3.4. Candidate NR5A1 Downstream Genes


From the results of transcriptome analyses, 16 NR5A1-dependent genes with high expression in isolated gonadotropes were identified. GO analyses of these 16 genes identified Fshb, Spp1, and Grem1 as related to “regulation of bone remodeling.” The Spp1 gene encodes secreted phosphoprotein 1, or osteopontin, which shows gonadotrope-specific pituitary expression and regulates the interaction between gonadotropes and extracellular matrices [23]. Interestingly, osteopontin shows higher expression in male than in female gonadotropes. In agreement with this, our results showed that Spp1 was highly expressed in the male gonadotrope but not in the female gonadotrope. Grem1 encodes Gremlin1, an antagonist of bone morphogenetic protein. In a previous study, Grem2-null mice showed irregular estrous cycles and subfertility [24]. Although Grem2 is not expressed in the pituitary gland, these previous data suggested that Grem2 plays an important role in HPG axis regulation and reproductive function in females. Our study expands on this to suggest that Grem1 is a novel regulator of gonadotrope function in males. Tgfbr3l, which encodes transforming growth factor β receptor III-like protein and plays essential roles in the transduction of inhibin B signaling to the pituitary gonadotrope, was also included in the gene set. Recently generated Tgfbr3l gene-disrupted female mice showed increased FSH production and follicle development relative to controls, and double knockout of Tgfbr3l and betaglycan resulted in female infertility [25], indicating an important role of this factor in female reproductive function. Another recent study identified an NR5A1 binding sequence in the proximal promoter of the human and murine Tgfbr3l homologs, and in vitro analyses suggested that NR5A1 directly induces gonadotrope-specific Tgfbr3l gene expression [26]. Our study supported this finding and strongly suggested that NR5A1 directly regulates Tgfbr3l gene expression in vivo. The Tgfbr3l gene also shows gonadotrope-specific and NR5A1-dependent expression in males. However, its role in male reproductive function has not been clarified. Nr0b2 encodes a small heterodimer partner (SHP), a factor known to regulate bile acid homeostasis [27]. Recent studies have focused on its function in the testes [27], but the physiological function of SHP in the pituitary gonadotrope has not been investigated so far. Another Nr0b family gene, Nr0b1, showed gonadotrope-specific and NR5A1-dependent expression in females. This gene encodes dosage-sensitive sex reversal, adrenal hypoplasia congenita critical region, on chromosome X, gene 1 (DAX-1) [27]. Previous studies have shown that DAX-1 expression overlaps with that of NR5A1 in various tissues, including pituitary gonadotropes [28]. Although several previous in vitro studies have suggested that DAX-1 is directly regulated by NR5A1 [29,30,31], ours is the first report to suggest that NR5A1 regulates DAX-1 expression in the pituitary gonadotropes in vivo. Overall, we identified several candidate NR5A1 downstream genes in the pituitary gonadotrope. Among these, several genes have not yet been linked to pituitary gonadotrope function and should be evaluated in future studies.





4. Materials and Methods


4.1. Mice


We previously identified a gonadotrope-specific PE of Nr5a1 [11]. In this study, we deleted the PE region from the mouse genome following a published procedure [32]. Guide RNAs targeting the upstream and downstream regions of the PE were designed using CRISPR direct (http://crispr.dbcls.jp/, accessed on 17 March 2017). crRNA, tracrRNA, and Cas9 protein (Integrated DNA Technologies) were mixed to form an RNP complex and then introduced into the fertilized eggs by electroporation (Genome Editor, BEX). The eggs were then transferred into the oviducts of recipient mothers, and the genotypes of the resulting pups were determined by PCR. The sequences of genotyping primers are shown in Supplemental Table S3. Homozygous PE deletion mice were designated as PE−/− mice, whereas heterozygous PE deletion mice (PE+/− mice) were used as controls unless otherwise noted. Ad4BP-BAC-EGFP mice [33] were used to collect NR5A1-expressing gonadotropes from the pituitary gland via fluorescence-activated cell sorting (FACS).




4.2. Tissue Preparation, Histological Analyses, and Immunostaining


Mice were anesthetized with 0.3 mg/kg medetomidine hydrochloride (Nippon Zenyaku Kogyo, Fukushima, Japan), 4 mg/kg midazolam (Astellas Pharma, Tokyo, Japan), and 5 mg/kg butorphanol tartrate (Meiji Seika Pharma, Tokyo, Japan), and then perfused with PBS followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) from the left ventricle. For histological analyses, tissues were embedded in paraffin wax, sectioned to 5 μm in thickness, and subjected to HE or Masson trichrome staining. Stained sections were observed using a BZ-X700 fluorescence microscope (Keyence, Osaka, Japan). For immunostaining, 50-μm thick sections were cut using a cryotome (Leica CM3050 S, Leica Camera AG, Wetzlar, Germany) and stained using the free-floating staining method [13]. The primary and secondary antibodies used in this study are listed in Supplemental Table S4. For nuclear staining, 4′6′-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, St. Louis, MO, USA) was used. Tissue sections were encapsulated in VECTASHIELD Mounting Medium (Vector Laboratories, Newark, CA, USA) and photographed with a LSM 700 laser scanning microscope (Carl Zeiss AG, Oberkochen, Germany).




4.3. RNA Preparation and Quantitative RT-PCR


Total RNA was prepared from the anterior pituitary of PE+/− (n = 3) and PE−/− (n = 3) male mice and subjected to reverse transcription with random hexamers (Superscript VILO master mix, Invitrogen, Carlsbad, CA, USA). Synthesized cDNA was used for quantitative PCR using the AriaMx Real Time PCR system (Agilent, Santa Clara, CA, USA) with gene-specific primers (Supplemental Table S5) and SYBR green qPCR master mix (Agilent, Santa Clara, CA, USA). Expression of the genes of interest was adjusted relative to that of Actb, the gene encoding β-actin.




4.4. Measurement of Plasma Gonadotropin


Blood samples were collected from the right ventricle of anesthetized PE+/+ (n = 6), PE+/− (n = 8), and PE−/− (n = 7) male mice. Plasma LH and FSH concentrations were measured by a double-antibody radioimmunoassay (RIA) with mouse LH- and FSH-RIA kits provided by the National Hormone and Peptide Program (Torrance, CA, USA), as previously described [34,35]. LH and FSH concentrations were expressed in terms of mouse LH-RP (AFP-5306A) and FSH-RP (AFP-5308D), respectively. The lowest detectable level of LH in 25 µL plasma samples was 0.156 ng/mL, and the intra- and inter-assay coefficients of variation were 6.5 and 7.5%, respectively, at 2.8 ng/mL. The lowest detectable level of FSH in 25 µL plasma samples was 1.252 ng/mL, and the intra- and inter-assay coefficients of variation were 8.7 and 8.7%, respectively, at 17.1 ng/mL.




4.5. Measurement of Testicular Steroids


Testes were collected from control and PE−/− mice at the fetal stage (E18.5) and adult stage (8–10 weeks after birth), respectively (n = 5 in each experimental condition). Levels of testicular steroids were determined by gas chromatography-mass spectrometry (GC-MS) as previously described [36]. The concentration of steroid hormone was given in units of ng/tissue in the fetal testis, and ng/mg tissue in the adult testis. The metabolic ratio for each enzymatic reaction was calculated by dividing the metabolite concentration by the precursor concentration.




4.6. mRNA Sequencing, Data Processing, and Differentially Expressed Gene Analyses


mRNA sequencing analyses were performed as previously described [13]. Briefly, total RNAs were prepared from the whole pituitary gland (control mice and PE−/− mice) or from EGFP-positive cells sorted from Ad4BP-BAC-EGFP mouse pituitary glands, and were then subjected to library construction using NEBNext Single Cell/Low Input RNA Library Prep Kit for Illumina (New England Biolabs, Ipswich, MA, USA). Libraries were subjected to paired-end 150-bp sequencing on an Illumina series sequencer. After removing adapter sequences and low-quality reads using “cutadapt” (version 4.2) with default parameters, FASTQ files were mapped to the mouse genome (mm10) by “STAR” (version 2.5.4a) with default parameters. Reads for each gene were counted using “featureCounts” (version 1.6.1) with default parameters, and gene expression matrix files were subjected to differentially expressed gene analyses using “EdgeR”. Genes with reduced expression in PE−/− mice relative to controls (log2FC < −2, p-value < 0.05, FDR < 0.05) were extracted. Genes with higher expression in the isolated gonadotropes than in the control whole pituitary were also extracted. We compared the two gene sets, and overlapping genes were then subjected to annotation analyses by “Metascape” [37].




4.7. Statistical Analyses


Quantitative RT-PCR data were presented as mean ± SEM, and statistical differences between experimental groups were examined by the two-tailed unpaired Student’s t-test. Plasma gonadotropin levels were presented as mean ± SEM, and differences were evaluated by one-way ANOVA followed by Tukey’s post hoc test. Intratesticular steroid levels and metabolic ratios were presented as mean and SD, and comparative levels of testicular steroids and metabolic ratios between control and PE−/− groups were evaluated by a non-parametric Mann–Whitney U test.





5. Conclusions


Intronic enhancer plays an essential role in pituitary gonadotrope-specific Nr5a1 gene expression. NR5A1 regulates functional differentiation of pituitary gonadotropes, and thereby induces development of reproductive organs. This study identified candidate downstream genes of NR5A1 in the pituitary gonadotrope. Some of them have been already shown to be important for the pituitary gonadotrope function. However, we also identified several genes of which function in the pituitary gland is unclear. These genes may be the target of future studies to clarify the pathogenesis of human hypogonadotropic hypogonadism patients.
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Figure 1. Deletion of the pituitary enhancer (PE) of Nr5a1 by genome editing. (A) Nr5a1 comprises seven exons. Several tissue-specific enhancers exist in the intronic and upstream regions of Nr5a1, such as the fetal Leydig enhancer (FLE), fetal adrenal enhancer (FAdE), ventromedial hypothalamic nucleus enhancer (VE), and PE. (B) The PE (yellow filled box) in the sixth intron of the gene was deleted by genome editing, and genotyping PCR with the primers PE-Fw and PE-Re confirmed that the region was successfully removed from the genome. 
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Figure 2. Fetal masculinization was not affected in PE−/− mice. (A,B) Macroscopic observation of the urogenital systems in the control mice (A) and PE−/− mice (B). Arrowheads indicate adrenal glands, whereas arrows indicate testes. (C,D) Double staining of the testis with antibodies for NR5A1 (green) and HSD3B (red). (E,F) Double staining of the testis with NR5A1 (green) and SOX9 (red) antibodies. Scale bar: 2 mm in (A,B), 100 μm in (C–F). 
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Figure 3. Severely impaired testicular architecture in PE−/− adult mice. (A) Macroscopic view of the testes collected from control and PE−/− mice. (B,C) Low magnification view of the HE stained section of testes collected from control (B) and PE−/− mice (C). (B’,C’) Magnified view of the areas enclosed by open rectangles in (B,C). Scale bar: 2 mm in (A), 100 µm in (B–C’). 
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Figure 4. Hypoplastic development of reproductive organs in PE−/− male mice. (A,B) Macroscopic views of the lower abdominal organs in control (A) and PE−/− (B) mice. Testes are encircled by broken lines. Arrows in (A) indicate seminal vesicles, which were not observed in PE−/− mice (B). (C,D) HE-stained sections of the urinary bladder (UB) and seminal vesicles (SV) in control (C) and PE−/− (D) mice. (C’,D’) Magnified view of the areas enclosed by open rectangles in (C,D). An arrow in (D’) indicates a rudimentary tissue of the prostate gland. An arrowhead in (D’) indicates the urethra. Scale bar: 2 mm in (A–D); 100 µm in (C’,D’). 
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Figure 5. Hypoplastic penis in PE−/− male mice. (A,B) Macroscopic view of the penis of control (A) and PE−/− (B) mice. (C,D) Penile foreskin was removed, and penes were compared between control (C) and PE−/− (D) mice. (E,F) Masson-trichrome staining of the penile sections of control (E) and PE−/− (F) mice. Scale bar: 2 mm in (A–D); 500 µm in (E,F). 
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Figure 6. Changes in pituitary gonadotrope marker genes in PE−/− mice. (A) Macroscopic view of the pituitary glands of control and PE−/− mice. Scale bar: 1 mm (B) Plasma concentrations of LH and FSH in control (PE+/+ and PE+/−) and PE−/− mice. Differences were evaluated by one-way ANOVA followed by Tukey’s post hoc test at a significance level of p < 0.05. a and b: significant difference between different characters. (C) Relative expression of pituitary gonadotrope marker genes in control and PE−/− mice, as evaluated by qRT-PCR. Y-axis represents gene expression relative to that of Actb. Statistical significance between two experimental groups was evaluated by unpaired t-test. * significant difference (p < 0.05), NS: not significant. 
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Figure 7. Levels of LHβ and FSHβ decreased in the PE−/− mouse pituitary; TSHβ levels did not change. (A–B’) Immunostaining of pituitary sections using antibodies for NR5A1 (red) and LHβ (green). (C–D’) Immunostaining of pituitary sections using antibodies for NR5A1 (red) and FSHβ (green). (E–F’) Immunostaining of pituitary sections using antibodies for NR5A1 (red) and TSHβ (green). Scale bars: 200 μm in (A–F), 50 μm in (A’–F’). 
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Figure 8. Transcriptomic analyses of the whole pituitary gland and isolated gonadotropes in males. (A) Venn diagram showing an overlap between genes downregulated in PE−/− pituitary (Pit_m_homo_down) relative to the control and those showing higher expression in the gonadotropes than in the whole pituitary (gonadotrope_m_up). (B) List of the 16 overlapping genes of the two gene sets shown in (A); differential expression of 16 genes between control and PE−/− pituitary glands. (C) GO terms enriched in the 16 genes. 
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Table 1. Intratesticular steroids in PE+/− mice and PE−/− mice at E18.5.






Table 1. Intratesticular steroids in PE+/− mice and PE−/− mice at E18.5.





	

	
Amount (pg/Whole Tissue)

	




	

	
PE+/−

	
PE−/−

	




	
Steroid Compound

	
Mean

	
SD

	
Mean

	
SD

	
p-Value 1






	
Dehydroepiandrosterone

	
28.4

	
3.1

	
24.5

	
8.5

	
0.5476




	
Androstenediol

	
36.7

	
1.2

	
39.7

	
8.7

	
0.5000




	
Epitestosterone

	
12.2

	
2.1

	
15.8

	
9.5

	
0.6905




	
5α-androstane-3β, 17β-diol

	
18.7

	
11.2

	
14.9

	
1.8

	
0.6905




	
Androstenedione

	
324.0

	
133.2

	
381.4

	
156.0

	
0.5476




	
Testosterone

	
627.1

	
248.0

	
722.9

	
274.6

	
0.6905




	
Pregnenolone

	
18.8

	
4.6

	
15.5

	
0.6

	
0.2222




	
Progesterone

	
28.97

	
0.24

	
28.68

	
11.33

	
0.8413




	
17α-hydroxyprogesterone

	
100.3

	
35.3

	
98.4

	
33.6

	
>0.9999




	
11-deoxycortisol

	
49.9

	
7.9

	
62.8

	
16.5

	
0.1508








1 Statical significance was determined using the Mann–Whitney U test.
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Table 2. Intratesticular steroids in adult PE+/− and PE−/− mice.
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Concentration (pg/mg Tissue)

	




	

	
PE+/−

	
PE−/−

	




	
Steroid Compound

	
Mean

	
SD

	
Mean

	
SD

	
p-Value 1






	
3α-androstane-3α, 17β-diol

	
2.1

	
0.3

	
2.3

	
1.2

	
0.6905




	
Dehydroepiandrosterone

	
0.6

	
0.1

	
1.8

	
0.4

	
0.0079 *




	
Androstenediol

	
3.7

	
0.8

	
2.4

	
0.6

	
0.0317 *




	
Epitestosterone

	
0.9

	
0.9

	
1.2

	
0.8

	
>0.9999




	
3α-androstane-3β, 17β-diol

	
1.1

	
0.5

	
1.6

	
0.5

	
0.2222




	
7α-hydroxyandrostenedione

	
3.1

	
0.9

	
12.3

	
2.7

	
0.0079 *




	
Dihydrotestosterone

	
1.7

	
0.8

	
2.3

	
0.5

	
0.2222




	
Androstenedione

	
54.0

	
21.7

	
10.9

	
5.5

	
0.0079 *




	
Testosterone

	
58.3

	
57.4

	
9.7

	
8.1

	
0.0079 *




	
6β-hydroxyandrostenedione

	
1.3

	
0.3

	
ND

	
ND

	
NA




	
6β-hydroxytestosterone

	
1.5

	
1.5

	
ND

	
ND

	
NA




	
Pregnenolon

	
4.7

	
1.1

	
2.8

	
2.0

	
0.0952




	
Progesterone

	
8.61

	
3.11

	
9.95

	
3.73

	
0.6905




	
16α-hydroxytestosterone

	
5.9

	
6.8

	
ND

	
ND

	
NA




	
16α-hydroxyandrostenedione

	
1.0

	
0.7

	
ND

	
ND

	
NA




	
17α-hydroxypregnenolone

	
1.4

	
0.3

	
ND

	
ND

	
NA




	
17α-hydroxyprogesterone

	
9.6

	
2.9

	
7.1

	
2.9

	
0.3095




	
Tetrahydrodeoxycorticosterone

	
ND

	
ND

	
3.9

	
2.1

	
NA




	
Allo-tetrahydrodeoxycorticosterone

	
0.9

	
0.4

	
1.0

	
0.3

	
0.5476




	
11-deoxycortisol

	
2.9

	
3.0

	
3.8

	
2.5

	
0.1508




	
Corticosterone

	
13.3

	
12.4

	
7.7

	
5.7

	
0.3095








1 Significance was determined using the Mann–Whitney U test. * Statistically significant difference (p < 0.05). ND, not detected under the limit of quantification; NA, not applicable because analyte was not detected in either experimental group.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
— R VT N 4 Ky - P,
- 2 . :.ﬂ..’ 2 ?.. 9 ~ 5 » .A& < o .
y o 4 % lLv .C."s “D v. N X ® VU &~ Iav. lr.... J
\ vu...qd Voppe = a N TR Y i 4
o a ol A .\ﬁs a L - e - A
i & 4 - \ - - -
apRs B . - NI, o
BN 5”* ~ - l 3.\ | m K a . A & v'ﬁ.‘ 2
1 B T N SRR e Y,
Y L3 - Tl ) .VO o - T~ B 2o - 3 3 »
| — Nm Py hfl - £ - T . - 3 #’.&q v R 0.0 »
n_o ‘.’ é\ . e d [~ » - At - A
— - @ .ﬂo;, .5 s A [ .ﬂ£ , ... o 15
" SO WA ~9 ? e Ay . L '
A » X - > ﬂ- (T'p) wEs Y » .
Tol % ' ?V f APD.. o e v -
R .u’w & \ e - v-R 3 1 rq-( 8%
A s o .ta y
R B Bt R e i "ty i
Cte - B % »ikvnt_ «. T
h.,.Wy L Y o) By ".!\M.m. ?ﬁ . ..
™ » - - 0 » o r Od.pa. 9% s < ‘a‘ '
3 “ ‘.'. ~ .1.4V“.. - - - »“ { ' 3 s ' 3 ﬂ L
k } ‘e o sule 9 W e 3 s ' W .
3 - ? . = O bt B - -
0,\1‘. o * ol BTN - : . ®
» : -~ ” [ 2 ,,..aw te% p
- B £ R :
» o WES e Wy T e . -
g rj L o ] Se .
- .bl. L A o g i L] ™ » o
e £ » '
; - Hs o ¥ - - A
N~ ~ = ® - .
-
. ‘e
e . A " — » *
| - -
p~"
= * 5 < .
< . 3 o
y L
Lo be 14 4 o
(1 Bl Z el 7
2 S 2
_ < < .
«-w & > é - y ! .
e 5 <6 1
. ‘ b L
)" > 0 ﬁ » " y ‘ -
” [ ) & »
A & { . -~ A
& L L
ks N






nav.xhtml


  ijms-24-00192


  
    		
      ijms-24-00192
    


  




  





media/file16.png
A

Pit_m_homo_dow

gonadotrope_m_up

Gene name logFC logCPM PValue FDR
Fshb -5.218662084 | 10.42577618 | 169x10°"® | 937x10™"
Lhb -5.021555923 | 7.761978119 | 6.39x 107 443x107"7
Spp1 -3.312774048 | 6.354859737 | 1.67 x 1077 0.00022556
Gnrhr -4.751460695 | 6.250412806 | 1.80x10%2 | 2.00x107"®
Tgfbr3l -5.046633951 | 5.775521131 | 3.02x 107" 1.20 x 107°
Nr5at1 -7.181258013 | 4.649997759 | 1.68x10™® | 466x10%
Grem1 -4.156023034 | 3.77116729 | 2.08x 10" 7.23x107°
Fam196a | -3.172642907 | 2.846203809 | 1.44 x 107" 444 x10°°
Sult5a1 -3.429903183 | 2.044124636 | 9.85x 107" 2.60x107
Speerde -6.514778156 | 1.715306598 | 3.03x 107" 8.41x10°®
Serpina3c | -5.854117464 | 1.596376203 | 5.76 x 107"° 1.23x10°®
Gm10354 | -8.196601081 | 0.049433553 | 6.65x 107" 1.87 x10°°
Gm42793 -3.12698232 | -0.307848581 | 1.71x10™° | 0.010436062
NrOb2 -7.257678327 | -0.770527078 | 2.92x10°° 0.0167392
Nr5a1os -6.870653743 | -1.085928007 | 6.52x10°° | 0.030716747
Clec2 -6.243236237 | -1.576134687 | 1.22x10° | 0.007871627

G0:0046850: regulation of bone remodeling
mmu04912: GnRH signaling pathway
G0:0010817: regulation of hormone levels

—
—

0 1 2 3 4 5
-log10(P)

—
—





media/file2.png
10 kb ,

it
NN WD | WERORINY | IR T Y N SR | B heh b
(A ‘! AAR ok e Em S ABRE el ot ¥ — e - -y o iy shts e |
] FAqE L O [
FLE VE PE
. 2kb

PE-Fw: iPE-Re
> |-

[

VE PE

— 1000 bp
— 500 bp

— 200 bp






media/file5.jpg
PE*-






media/file3.jpg
NREAT!

Er . NReAT:






media/file1.jpg
A
— 10k Nrsa1 gene

e T

G VORI SRR B PO

== Face 0
FLE
2kb

Ex.6 Ex.7
i —_

bl Mt

— 1000 bp
— 500bp

— 200 bp






media/file7.jpg





media/file10.png
PE-/-

PE*-






media/file12.png
C

0.54

0.04

Nr5a1/Actb_m

2.0

1.54

0.5-

0.0-

Lhb/Actb_m

plasma LH conc.

(ng/ml)
0.6 1 a a a
0.4 1
311-p
00 1 I 1
+/+  +/- /-

Fshb/Actb_m

2.5-
204 2
1.5+
1.0+
0.5+
0.0-

2.0-

1.54

plasma FSH conc.

Gnrhr/Actb_m

+/-

(ng/ml)
307 2 a b
2] BB %
104
0 D
+/+  +[- /-
Cgal/Actb_m
2.0~
o
1.54
NS
1.0- .
* 0.5-
0.0-
f= +/- ofa





media/file9.jpg





media/file0.png





media/file14.png
L
R ey S B T o0
P

v Ly iR raﬂ}?‘ r 2 e e
HEREETEGER),. | g
. . o . e
LS ay I
R o

C D
-
& ;
% ]

C : a D






media/file8.png





media/file11.jpg
20.

15:

10,

NrsatiActh_m

g b

20.

15

10.

o5

o.0.

LhblActh_m

I S

plasma LH conc. plasma FSH conc.
(ng/m)
06
04
02
00
v
FshblActo m  GnrhrActom  CgalActs_m
20. 20.
r’ 1] ¢ 1
Ns
10 10 y
« 08 . 08
00. 00.

o






media/file6.png
PE--






media/file15.jpg
A
Pit_m_homo_ gonadotrope_m_up

oo | _oorc_| mcou | _piokn | _ron
o[ -soarsssons | 7reroroms | 639x107 | asssio”

o1 | avaranes | somesors | vo7xio” | ooovzsss
o[ a7svsonos | 62ur2006 | 1e0x10% | 200x10°"
Tor | -sosassos | srrseanst | s@xiw® | 1zoxi0%
ser | 1wr2so00 | asioooso | w0 10% | agax10®
Gom | 4152004 | 377116729 | 200010 | 1230107
Fanises | 3 raozior | 2suzmonos | 1aax 10 | aasnto®
Saser | aazmmeoie | 2oueraien | ossxw” | 260x107
Soewie | wsurrrss | i7iseso0 | 3035107 | sarzio®
Supose | -sasariess | 1soeveans | 576210 | 1233107
eorter | ooueiassy | oesx10 | 137a10
“amiamy | -3 vosoeaa | oorasser | 1715107 | ovrossees
vz | - 2s7oreer | urrosrars | _2sex 0% |_oorern
soor | eroesres | -tonsaamoor | es2x10° | owomerer
cwca | o2z | rsrovsesr | 122x10° | osarorier

| 60:0045850:reuiaion ot bone remodeting
mmu04912: o signaing pathway

_— 60:0010817:reuiationof hormene levls






