PTBP2 binds to a testis-specific long noncoding RNA, Tesra, and activates transcription of the Prss42/Tessp-2 gene
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Abstract

[bookmark: _Hlk118294087]Long noncoding RNAs (lncRNAs) have recently been proved to be functional in the testis. Tesra, a testis-specific lncRNA, was suggested to activate the transcription of Prss42/Tessp-2, a gene that is involved in meiotic progression, in mouse spermatocytes. To reveal the molecular mechanism underlying the activation, we searched for Tesra-binding proteins by a Ribotrap assay followed by LC-MS/MS analysis and identified polypyrimidine tract binding protein 2 (PTBP2) as a candidate. Analysis of public RNA-seq data and our qRT-PCR results indicated that Ptbp2 mRNA showed an expression pattern similar to the expression patterns of Tesra and Prss42/Tessp-2 during testis development. Moreover, PTBP2 was found to be associated with Tesra in testicular germ cells by RNA immunoprecipitation. To evaluate the effect of PTBP2 on the Prss42/Tessp-2 promoter, we established an in vitro reporter gene assay system in which Tesra expression could be induced by the Tet-on system and thereby Prss42/Tessp-2 promoter activity could be increased. In this system, the Prss42/Tessp-2 promoter activity was significantly decreased by the knockdown of PTBP2. These results suggest that PTBP2 contributes to Prss42/Tessp-2 transcriptional activation by Tesra in spermatocytes. The finding provides a precious example of a molecular mechanism of testis lncRNA functioning in spermatogenesis.
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1. Introduction

Long noncoding RNAs (lncRNAs) are RNA molecules that function without being translated and are over 200 nucleotides in length (Statello et al., 2021). LncRNAs are related to various physiological events including genome imprinting (Andergassen et al., 2019; Brown et al., 1991; Monnier et al., 2013), cancer metastasis (Gooding et al., 2017; Kim et al., 2018), skeletal formation (Li et al., 2013), neuronal development (Andersen et al., 2019; Ramos et al., 2015), and muscle development (Hitachi et al., 2019; Wang et al., 2015; Zhang et al., 2018), by regulating gene expression at both transcriptional and post-transcriptional levels (Rinn & Chang, 2012; Sebastian-delaCruz et al., 2021; Yoon et al., 2013). Interestingly, the expression of lncRNAs is highly tissue-specific (Cabili et al., 2011; Derrien et al., 2012; Necsulea et al., 2014; Sarropoulos et al., 2019), and the testis expresses more lncRNAs than do many other tissues (Hong et al., 2018; Li et al., 2021; Sun et al., 2013). Thus, the function of lncRNAs in the testis is of great interest, and recent studies have shown their importance during spermatogenesis. For example, mice with knockout of Teshl showed a female-biased offspring ratio due to the downregulation of Y-chromosomal genes (Hong et al., 2021). Gm4665 was found to be associated with regulatory regions of spermatogenetic genes, and in vivo knockdown of Gm4665 caused a severe defect in meiosis (Li et al., 2021). These findings support the notion that lncRNAs are functional and important in spermatogenesis.
Despite increasing knowledge of testis lncRNAs, the molecular mechanisms underlying their function are unclear. In general, lncRNAs act on their targets via interaction with RNA-binding proteins (RBPs). Regarding transcriptional regulation, lncRNAs interact with transcription factors (Ng et al., 2013), histone modifiers (Postepska-Igielska et al., 2015), and DNA methyltransferases (Song et al., 2021). In the case of testis lncRNAs, there have been only a few studies in which RBPs were identified and mechanisms by which they act for transcriptional regulation were suggested (Akhade et al., 2014; Hong et al., 2021). Thus, the molecular mechanisms underlying transcriptional regulation by most testis lncRNAs are unclear.
Tesra (Tessp cluster lncRNA related to gene activation) is a testis-specific lncRNA that is transcribed from the Prss (Protease serine)/Tessp (Testis-specific serine protease) locus on mouse chromosome 9F2-F3 (Satoh et al., 2019) (supplementary Fig. 1). We found that Tesra binds to the chromatin region at the Prss42/Tessp-2 promoter in testicular germ cells and that Tesra can activate its promoter activity  (Satoh et al., 2019). Furthermore, we identified a potential enhancer for the Prss42/Tessp-2 gene at the downstream region of lncRNA-HSVIII and showed that it functions cooperatively with Tesra in Prss42/Tessp-2 transcriptional activation (Satoh et al., 2019; Yoneda et al., 2016). Because the Prss42/Tessp-2 gene is likely to play a role in meiotic progression (Yoneda et al., 2013), Tesra is presumed to be an important regulator of spermatogenesis.
In this study, we searched for RBPs of Tesra and found the contribution of polypyrimidine tract binding protein 2 (PTBP2) to Prss42/Tessp-2 gene activation. This uncovers a molecular mechanism by which an lncRNA controls gene expression during spermatogenesis.


2. Materials and methods

2.1 Animals
C57BL/6Ncl mice (CLEA Japan Inc., Tokyo, Japan) were maintained at 25 °C in a 14-hour light and 10-hour dark photoperiod with free access to food and water. In this study, we used mice at 7, 14, 21, 28, and 56 days postpartum (dpp) and at 5-7 months of age. All experimental procedures used in this study were approved by the Institutional Animal Use and Care Committee at Hokkaido University (Approval number: 19-0043).

2.2 Ribotrap assay
The full length of Tesra was subcloned into a pBluescript II KS(+) vector as previously described (Satoh et al., 2019). The plasmid was digested with EcoRI or SalI and used for in vitro transcription with 5-bromo-UTP (BrU) by using T3 or T7 RNA polymerase (Product numbers: P208C and P207B, Promega, Madison, WI, USA). The resulting BrU-labeled RNAs were used for the following Ribotrap assay.
Testicular germ cells were obtained from testes of 5-month-old mice as previously described (Yoneda et al., 2013). The assay was done by using the Ribo Trap Kit according to the manufacturer's instructions with modifications (Product number: RN1011, MBL International, Woburn, MA, USA). The nuclear fraction was prepared with CE Buffer in the kit and incubated with the complex of BrU-labeled RNA, anti-BrdU antibody, and protein G sepharose beads (Product number: GE17-0618-01, Merck, Darmstadt, Germany). After washing the beads, the proteins binding to BrU-labeled RNA were collected by directly adding the sample buffer to the beads.

2.3 In-gel digestion and LC-MS/MS analysis
RBPs were separated by SDS-PAGE and silver-stained by using a Silver Stain MS Kit (Product number: 299-58901, Fujifilm Wako, Osaka, Japan). The specific bands for Tesra were excised, de-stained, dehydrated with NH4HCO3/acetonitrile, and reduced with 10 mM DTT for 60 min at 56 ℃. Then the proteins were alkylated with 55 mM iodoacetamide for 45 min. After fragmentation with Trypsin Gold-Mass spec grade (Product number: V5280, Promega) overnight at 37 °C, the resultant peptides were extracted, desalted, and analyzed using an EASY-nLC 1000 system followed by Orbitrap Elite (Thermo Fisher Scientific, Waltham, MA, USA) as previously described (Matsubara et al., 2017). In brief, the peptides were loaded onto a 75 μm  2 cm C18 trap column (Acclaim PepMap100, 3 μm, 100Å) and separated on a 50 μm  15 cm C18 analytical column (Acclaim PepMap RSLC, 2 μm, 100Å) with a linear gradient of acetonitrile (ACN) including 0.1% formic acid (0-100% over 20 min) at 300 nL/min. The LC eluent was introduced into the mass spectrometer by positive-mode nanospray ionization. Full-scan mass spectra over a range of 350–2,000 m/z were measured at a resolution of 30,000. The MS/MS spectra were acquired by data-dependent scanning with Velos Pro under conditions of 1 m/z isolation width, 35% normalized collision energy, and 10 ms maximum ion accumulation time. Data were analyzed with Xcalibur software 2.2. RPBs were annotated using the SEQUEST search algorithm-incorporated Proteome Discoverer 1.1 software, referencing all protein sequences of Mus musculus downloaded from RefSeq (Pruitt et al., 2005). Search criteria included precursor mass tolerance, 10 ppm; fragment mass tolerance, 1.2 Da; maximum missed cleavage site, 3; and dynamic modification, oxidation of methionine.

2.4 RNA preparation
Total RNAs were isolated from testes with ISOGEN (Product number: 311-02501, Nippon Gene, Tokyo, Japan) and from cultured cells with ISOGEN II (Product number: 311-07361, Nippon Gene) according to the manufacturer’s instructions. Total RNAs were treated with TURBO DNase (Product number: AM1907, Thermo Fisher Scientific). After DNase treatment, DNase was inactivated with DNase Inactivation Reagent (Product number: AM1907, Thermo Fisher Scientific) and total RNAs were purified with ethanol precipitation.

2.5 Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
Five hundred nanograms of DNase-treated RNAs were used for reverse transcription (RT) reaction. For testis RNAs, RT reaction was performed with SuperScript III (Product number: 18080093, Themo Fisher Scientific) and Oligo(dT)20 primer. For cultured cells, RT reaction was performed with ReverTra Ace (Product number: TRT-101, TOYOBO, Osaka, Japan) and Oligo(dT)20 primer. qPCR was performed by using the ABI 7300 Real Time PCR system (Thermo Fisher Scientific). For protein-coding genes, qPCR was performed with Power SYBR Green Master Mix (Product number: 4367659, Thermo Fisher Scientific) under the condition of 95 °C for 10 min, 40 cycles of 95 °C for 15 sec and 60 °C for 1 min, and the dissociation stage to confirm the specificity of amplicons. For Tesra, qPCR was performed with KOD SYBR qPCR Mix (Product number: QKD-201, TOYOBO) under the condition of 98 °C for 2 min, 40 cycles of 98 °C for 10 sec and 60 °C for 10 sec, and 68 °C for 1 min, and the dissociation stage. The expression level was calculated by the ΔΔCt method and the Ct value of Aip was used as an internal control (Matsubara et al., 2010). Primers used for qRT-PCR are listed in Table 1.

2.6 Transcriptomic analysis of various developmental stages of testes
Transcriptome datasets for 6-, 10-, 15-, 18-, 22-, 28-, and 40-dpp testes were obtained from NCBI GEO database (accession number: GSE41979). Low-quality reads were trimmed using trimmomatic (Bolger et al., 2014). Trimmed RNA-seq data were pseudo-aligned to transcript sequences obtained from GENCODE release M29 using kallisto (Bray et al., 2016). TPM values were calculated using tximport (Soneson et al., 2016).

2.7 RNA immunoprecipitation
Testicular germ cells were isolated from 6-7-month-old male mice as previously described (Yoneda et al., 2013). The two testes from each mouse were used for individual experiments. After washing with PBS, the cells were fixed for 10 min at room temperature with Opti-MEM (Product number: 51985091, Thermo Fisher Scientific) containing 1% formaldehyde with rotation. Then glycine solution was added at a final concentration of 0.125 M and incubated for 5 min at room temperature to stop the crosslink reaction. The cells were washed twice with ice-cold PBS and lysed in 1 ml NP-40 lysis buffer (10 mM Tris-HCl, 10 mM NaCl, 3 mM MgCl2, 0.2% NP-40, pH 7.5) containing 1× proteinase inhibitor cocktail (Product number: 165-26021, Fujifilm Wako) and 100 U/ml recombinant RNase inhibitor (Product number: 2313A, Takara, Shiga, Japan). The nuclei were collected by centrifugation at 1,500 rpm for 10 min at 4 °C and washed with the same buffer twice. The nuclei were further lysed in 650 μl SDS Lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8.1) containing 1× proteinase inhibitor and 100 U/ml recombinant RNase inhibitor and incubated on ice for 10 min. The lysate was sonicated by using an M220 Focused-ultrasonicator (Covaris, Woburn, MA, USA) under the conditions of duty factor: 10%, peak incident power: 75 W, cycles per burst: 200, duration: 720 sec, temperature: 6 °C. The sonicated lysate was centrifuged at 15,000 rpm for 10 min at 4 °C, and the supernatant was mixed with Dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl, 167 mM NaCl, pH 8.1) containing 1× proteinase inhibitor and 100 U/ml recombinant RNase inhibitor to adjust the total volume of the supernatant to 1 ml. Fifty microliters of the sample was kept as an input fraction. The rest of the sample was split into two portions and reacted with an antibody or normal IgG as follows.
Twenty-five microliters of Magne Protein G beads slurry (Product number: G7472, Promega) was washed twice with Dilution buffer, suspended in 500-1000 µl of Dilution buffer, and incubated with 2.5-3 µg of anti-PTBP2 antibody (Product number: ab154853, Abcam, Cambridge, UK) or normal rabbit IgG (Product number: 148-09551, Fujifilm Wako) at room temperature for 1 hour with rotation to form an antibody-beads complex. After the incubation, the antibody-beads complex was washed twice with Dilution buffer and suspended in 500 µl of Dilution buffer containing 1× proteinase inhibitor and 100 U/ml recombinant RNase inhibitor. Then a sample of germ cell nuclei was added either to PTBP2-beads or to IgG-beads complex and incubated at 4 °C overnight with rotation. The beads were washed once each with Low Salt Wash buffer (150 mM NaCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1), High Salt Wash Buffer (500 mM NaCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1) and LiCl Wash buffer (0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCl, pH 8.1) and twice with TE buffer (pH 8.0). The immunoprecipitated samples were eluted twice at room temperature for 15 min with rotation in freshly prepared Elution buffer (1% SDS, 0.1 M NaHCO3) and reverse-crosslinked by adding NaCl at a final concentration of 200 mM and incubating the tube at 65 °C for 2 hours.
RNAs were purified by using ISOGEN II (Nippon Gene), and after treatment with TURBO DNase (Thermo Fisher Scientific), RT reaction was performed with ReverTraAce (TOYOBO) and a random hexamer (Product number: C1181, Promega). The expression levels of Pgk2 and Tesra were investigated by qRT-PCR with the primer pairs listed in Table 1. The enrichment of Pgk2 or Tesra transcript precipitated with the anti-PTBP2 antibody or normal rabbit IgG was calculated as the percent to the input sample.

2.8 Plasmid construction
2.8.1 [bookmark: _Hlk118234042][bookmark: _Hlk132643189]T-2pro-luc-down-hCMV*1-Tesra
The full length of Tesra was subcloned into pBluescript II KS(+) as previously described (Satoh et al., 2019). The promoter sequence of hCMV*1 was obtained by digestion of the pPBhCMV*1-cHA-pA plasmid (Murakami et al., 2016) with SacII and AccI as previously described (Kimura et al., 2017). The hCMV*1 promoter was blunted and inserted into Tesra-subcloned pBluescript II KS(+) at the blunted SalI site (pBlue-hCMV*1-Tesra). The hCMV*1-Tesra fragment was obtained by digestion of the pBlue-hCMV*1-Tesra plasmid with EcoRI and XhoI, blunted, and subcloned into pBluescript II KS(+) at the EcoRV site. This resulted in construction of a plasmid containing hCMV*1-Tesra in the direction of the 5’ end at the EcoRI side. The direction was checked by DNA sequencing. This plasmid was digested with EcoRI and XhoI, and the hCMV*1-Tesra fragment was inserted into a T-2pro-luc-down plasmid (Satoh et al., 2019; Yoneda et al., 2016) digested with EcoRI and SalI.
2.8.2 shPtbp2
Sense and antisense DNA oligonucleotides for Ptbp2 were designed (Table 1). Double-stranded DNA was generated by annealing those oligonucleotides and inserting them into a pBAsi-mU6 Pur DNA vector (Product number: 3225, Takara) at the BamHI and HindIII sites.

2.9 Cell culture
Hepa1-6 cells (RCB1638, RIKEN Cell Bank, Tsukuba, Japan) were cultured in DMEM (Product number: 043-30085, Fujifilm Wako) containing 10% fetal bovine serum and 100 U/ml penicillin, 100 μg/ml streptomycin, and 292 μg/ml L-glutamine (Product number: 06168-34, Nacalai tesque, Kyoto, Japan) at 37 °C under 5% CO2 in air.

2.10 Establishment of stably transfected cells for the Tet-on system
We seeded 2.0×105 cells to a 3.5-cm dish one day before transfection and used 1.7 µg of T-2pro-luc-down-hCMV*1-Tesra, 0.1 µg of pPBCAGrtTA-IN, and 0.2 µg of pPyCAG-PBase for transfection (Murakami et al., 2016). These plasmid DNAs were incubated with 6 µl of 1 mg/ml of PEI MAX (Product number: 24765-100, Polysciences, Warrington, PA, USA) and 200 µl of Opti-MEM (Thermo Fisher Scientific) for 20 min. During the incubation, the culture medium was changed to a fresh one, and the mixture of DNA and PEI MAX in Opti-MEM was added to Hepa1-6 cells in a 3.5-cm dish. Two days after transfection, selection of transfected cells was done by treatment with 1.5-3 mg/ml G418 (Product number: 078-05963, Fujifilm Wako) for 10 days. To check RNA expression in these stably transfected cells, we spread the cells onto 3.5-cm dishes and treated them with 1 µg/ml doxycycline (Dox) (Product number: D4116, Tokyo Chemical Industry, Tokyo, Japan) for one day and then collected total RNAs as described above. 

2.11 Reporter gene assay
To check whether luciferase activity was increased by the addition of Dox in the stable cells, we seeded 5.0×104 cells in each well of a 24-well plate. One day after seeding, the cells were treated with 1 µg/ml Dox for one day, and the total cell lysate was collected with Passive Lysis Buffer (Product number: E1910, Promega). A reporter gene assay was performed with Luciferase Assay Reagent II in a Dual-Luciferase Reporter Assay System (Product number: E1910, Promega) by using Lumat LB9507 (Berthold, Bad Wildbad, Germany). The value of firefly luciferase activity was normalized to the total protein amount that was measured by using a BCA Protein Assay Kit (Product number: 23225, Thermo Fisher Scientific), and the value in the presence of Dox was further normalized to that in the absence of Dox.

2.12 Knockdown of Ptbp2
To check the efficiency of knockdown, we transfected shPtbp2 or pBAsi-mU6 Pur DNA (shEmpty, control) into Hepa1-6 cells stably transfected with T-2pro-luc-down-hCMV*1-Tesra. One day before transfection, 2.0×105 cells were seeded onto a 3.5-cm dish. On the day of transfection, 2 μg of each plasmid DNA was incubated with 6 µl of 1 mg/ml of PEI MAX in 200 µl of Opti-MEM (Thermo Fisher Scientific) for 20 min. During the incubation, the culture medium was changed to a fresh one with or without 1 µg/ml Dox, and the mixture of DNA and PEI MAX in Opti-MEM was added to the culture dish. Two days after transfection, selection was done with 5 µg/ml puromycin (Product number: 160-23151, Fujifilm Wako) for one day. Then total RNA was collected to perform qRT-PCR as described above.
To investigate the effect of Ptbp2 knockdown on luciferase activity, 5.0×104 stable cells were seeded in each well of a 24-well plate, and five hundreds nanograms of shPtbp2 were transfected one day later as follows. The plasmid DNA was mixed with 50 µl of Opti-MEM (Thermo Fisher Scientific) and 1.5 µl of 1 mg/ml of PEI MAX and incubated for 20 min. During the incubation, the culture medium was changed to a fresh one with or without 1 µg/ml Dox. Then the mixture of DNA and PEI MAX in Opti-MEM was added to each well. Two days later, selection of transfected cells was done with 5 µg/ml puromycin for one day, and the total cell lysate was collected for a reporter gene assay as described above. 

2.13 Statistical analysis
Results were presented as mean values ± standard error of the mean (S.E.M.) of at least three independent experiments. The data were analyzed by the t-test or one-way analysis of variance (ANOVA) followed by Dunnett’s test. Differences were considered statistically significant at P < 0.05. All statistical analyses were performed using R software (https://cran.ism.ac.jp/bin/windows/).


3. Results

3.1 Identification of Tesra-binding protein candidates
To investigate the molecular mechanism of Prss42/Tessp-2 transcriptional activation via Tesra, we attempted to identify Tesra-binding proteins and performed a Ribotrap assay (Chu et al., 2011). The BrU-labeled Tesra transcript (SS) was mixed with the nuclear fraction of male germ cells, and proteins binding to Tesra were pulled down with the anti-BrdU antibody. The BrU-labeled antisense Tesra transcript (AS) was used as a control. As a result of SDS-PAGE, many bands were observed in both samples, and six bands were identified as those specific to or dominant in the “SS” lane (Fig. 1A). We carefully isolated proteins from these bands and analyzed them by using LC-MS/MS. Except for band #5, we could identify Tesra-binding protein candidates as listed in Fig. 1B. Of these candidates, we focused on three proteins that showed higher scores than those of other proteins. Those proteins were HSPA9 (heat shock protein 9) in band #2, PTBP2 (polypyrimidine tract binding protein 2) in band #3, and PCBP2 (poly(rC) binding protein 2) in band #6.

3.2 Expression patterns of Tesra-binding protein candidates during testis development
Since both Tesra and its target, Prss42/Tessp-2, are activated at the pachytene spermatocyte stage (Satoh et al., 2019; Yoneda et al., 2013), we investigated whether the three candidates showed similar expression patterns or not. Using a public RNA-seq dataset (Watanabe et al., 2015), the expression from 6 dpp to 40 dpp in the mouse testis was examined. While Hspa9 expression was relatively constant, expression levels of Ptbp2 and Pcbp2 peaked at 18 dpp when the number of pachytene spermatocytes increased (Fig. 2A). Thus, these two proteins might play a role with Tesra, and we investigated Ptbp2 in this study since this gene is known to have a critical role in spermatogenesis (Hannigan et al., 2017; Zagore et al., 2015). We validated Ptbp2 expression during testis development by qRT-PCR, and its expression pattern correlated well with expression patterns of the Tesra and Prss42/Tessp-2 genes that we reported previously (Satoh et al., 2019; Yoneda et al., 2013) (Fig. 2B). The PTBP2 protein level is known to be increased at meiotic stages enriched in pachytene spermatocytes during testis development (Xu & Hecht, 2007; Zagore et al., 2015), which is consistent with our results.

3.3 [bookmark: _Hlk122643135]Binding of Tesra to PTBP2 in the mouse testis
Next, we attempted to confirm in vivo binding of PTBP2 with Tesra in the mouse testis. An RNA immunoprecipitation assay was performed by using the anti-PTBP2 antibody (αPTBP2) and the nuclear fraction of adult mouse testicular germ cells. We first detected Pgk2 mRNA because it was reported to be associated with PTBP2 in male germ cells (Xu & Hecht, 2007). The level of Pgk2 was much higher in the sample precipitated with αPTBP2 than in the sample with IgG (Fig. 3, left), indicating that our RNA immunoprecipitation assay was successful. We then detected Tesra, and the level of Tesra was significantly higher in the sample precipitated with αPTBP2 than in the IgG sample (Fig. 3, right). These results indicate that Tesra interacts with the PTBP2 protein in testicular germ cells.

3.4 Establishment of a stable expression line for testing the effects of Tesra-binding proteins on Prss42/Tessp-2 promoter activity
To investigate whether PTBP2 had an effect on Prss42/Tessp-2 promoter activity, we established a cultured cell line that was stably transfected with a construct that contained elements necessary for transcriptional activation (Fig. 4A). In the construct, the luciferase gene was driven by the Prss42/Tessp-2 promoter and was enhanced by an enhancer (HSVIII-down) (Yoneda et al., 2016), and Tesra transcription was controlled by the Tet-on system. The addition of Dox induced Tesra transcription, and the Tesra transcript could act on the Prss42/Tessp-2 promoter to increase its activity in cooperation with the enhancer.
We stably transfected this construct into mouse hepatic tumor-derived Hepa1-6 cells because this cell line endogenously expressed the Prss42/Tessp-2 gene and shared some characteristics with the testis (Satoh et al., 2019; Yoneda et al., 2016). By the addition of Dox, Tesra expression was dramatically increased, and luciferase activity was also significantly increased (Fig. 4B and C). Thus, we successfully established a system to test the effects of Tesra-binding proteins on the Prss42/Tessp-2 promoter.

3.5 Effect of Ptbp2 knockdown on Prss42/Tessp-2 promoter activity controlled by Tesra
To examine whether PTBP2 is involved in the regulation of Prss42/Tessp-2 promoter activity by Tesra, we performed Ptbp2 knockdown in the stable cell system. We prepared an shRNA vector for Ptbp2 and examined the knockdown efficiency. Compared to the control, the expression level of Ptbp2 was significantly decreased by the knockdown, while Tesra expression was not affected (Fig. 5A). We then performed a luciferase assay. The contribution of Tesra transcription to activation of the Prss42/Tessp-2 promoter could be assessed by a comparison of luciferase activity in the presence of Dox with that in the absence of Dox. Therefore, we calculated the ratio of luciferase activity with Dox to that without Dox. As a result, the fold increase of luciferase activity was significantly decreased by Ptbp2 knockdown (Fig. 5B). The results indicate that PTBP2 contributed to transcriptional activation of Prss42/Tessp-2 by Tesra in this cell culture system.


4. [bookmark: _Hlk132652214]Discussion

In this study, we searched for Tesra-binding proteins by using a Ribotrap assay and mass spectrometry with the nuclear fraction of testicular germ cells. Some of the candidate proteins we obtained are known to be RBPs (Aznarez et al., 2008; Behm-Ansmant et al., 2007; Fukuda et al., 2013; Ghanem et al., 2016; Kurtovic-Kozaric et al., 2015; Salton et al., 2011), strongly suggesting that proteins that can bind to Tesra were correctly selected in our experiment. PTBP2 is a candidate that showed a relatively high score in mass spectrometry. Both mRNA and protein levels of the Ptbp2 gene increased as the population of primary spermatocytes increased in the testis, being consistent with the expression of Tesra. Moreover, the PTBP2 protein was proved to be localized in the nucleus of primary spermatocytes (Feng et al., 2022; Liu et al., 2021; Xu & Hecht, 2007; Xu et al., 2008), in which Tesra is also localized (Satoh et al., 2019), indicating the colocalization of PTBP2 and Tesra in primary spermatocytes. Taken together with the detection of in vivo interaction of PTBP2 with Tesra in testicular germ cells by RNA immunoprecipitation, these results suggest that PTBP2 is a Tesra-binding protein in spermatocytes. Given that the PTBP2 protein is colocalized with Tesra in the nucleus of primary spermatocytes and that Tesra possesses activity to enhance expression of the Prss42/Tessp-2 gene, which is also activated in primary spermatocytes (Yoneda et al., 2013; Satoh et al., 2019), PTBP2 was presumed to function in Prss42/Tessp-2 gene activation with Tesra.
We established an in vitro reporter assay system to test the function of PTBP2. A construct, T-2pro-luc-down-hCMV*1-Tesra, was designed on the basis of our previous findings that Tesra binds to the Prss42/Tessp-2 promoter in mouse germ cells and that Tesra can increase Prss42/Tessp-2 promoter activity in collaboration with an enhancer (Satoh et al., 2019). By the addition of Dox to stable cells, Tesra transcription was dramatically induced, and luciferase activity, which reflected Prss42/Tessp-2 promoter activity, was significantly increased. These results indicate that Prss42/Tessp-2 promoter activity was enhanced by Tesra transcription. Therefore, we could examine the effect of Tesra transcription on Prss42/Tessp-2 promoter activity by comparing luciferase activity with and that without Dox in this system.
Using the established system, we investigated the contribution of PTBP2 to Prss42/Tessp-2 transcriptional activation by Tesra. shPtbp2 significantly decreased Ptbp2 expression, which led to attenuation of the fold increase in luciferase activity on induction of Tesra transcription. Given that Tesra expression was not changed by Ptbp2 knockdown, our results indicate that activation of the Prss42/Tessp-2 promoter by Tesra could at least partially require PTBP2 in this system. This suggests that PTBP2 contributes to Prss42/Tessp-2 transcriptional activation by Tesra in spermatocytes.
PTBP2 is known to be a regulator of alternative splicing (Guo et al., 2015; Hannigan et al., 2017; Li et al., 2014; Licatalosi et al., 2012; Zagore et al., 2015). Since it was shown that Ptbp2 deletion impaired the germ-Sertoli communication in the testis and caused the loss of spermatozoa (Hannigan et al., 2017; Zagore et al., 2015), Ptbp2 is thought to play an essential role in spermatogenesis. The phenotype was caused by a failure in alternative splicing of meiotic genes, and interestingly, in spermatids, PTBP2 binds to chromatin in an intron region of the Tnp2 gene via interaction with MRG15 for the regulation of splicing  (Iwamori et al., 2016; Luco et al., 2010). This indicates that PTBP2 can bind to chromatin with some co-factors. Moreover, recent studies showed that some RBPs regulate transcription (Holmes et al., 2020; Oksuz et al., 2023; Xiao et al., 2019). Our results suggest that PTBP2 regulates Prss42/Tessp-2 promoter activity with Tesra in our cell culture system, which in turn suggests that PTBP2 regulates Prss42/Tessp-2 transcriptional activation by controlling its promoter activity with Tesra in spermatocytes.
There are several RBPs that were reported to regulate transcription with lncRNAs. For example, hnRNPK (heterogeneous nuclear ribonucleoprotein K) is a multifunctional RBP that binds to Myoparr and to lnc-CTHCC for transcriptional regulation in skeletal muscle and hepatic cancer, respectively (Bomsztyk et al., 2004; Hitachi et al., 2021; Xia et al., 2022). A thyroid hormone receptor functions as a transcriptional activator by binding to an lncRNA, SRA (Xu & Koenig, 2004). Enhancer RNAs are known to function with transcriptional co-activators such as CBP/p300 and mediate histone acetylation to promote transcription (Bose et al., 2017). Since PTBP2 was recently reported to bind to an lncRNA, Rbakdn, in spermatogenetic cells (Liu et al., 2021), it may also bind to other lncRNAs such as Tesra and may be involved in transcriptional regulation during spermatogenesis. Therefore, our data raise the possibility that PTBP2 is not only a regulator of splicing but also regulates the transcription.
Notably, more apoptotic spermatocytes were observed in conditional Ptbp2-knockout testes than in wild-type testes, which suggests the involvement of PTBP2 in germ cell survival in spermatocytes (Zagore et al., 2015). The apoptosis was thought to be caused by the disruption of alternative splicing in meiotic genes, but PTBP2 may possibly regulate the germ cell survival through controlling both splicing and transcription in spermatocytes.
Most lncRNAs function with RBPs. In the case of testicular lncRNAs, only a few studies have identified their binding partners. Mrhl, one of the most extensively studied lncRNAs in the testis, associates with Ddx5/p68 to regulate the chromatin structure and gene expression in the Wnt signaling pathway (Akhade et al., 2014; Arun et al., 2012; Kataruka et al., 2017; Kayyar et al., 2022). Teshl activates Y chromosome long arm (MSYq) multicopy genes by recruiting HSF2 at their promoter regions in elongating spermatids (Hong et al. 2021). Lnc10 regulates spermatogenetic cell apoptosis via the p38 MAPK pathway by binding to QKI-5 (Li et al., 2019). Our study revealed that PTBP2 is a binding partner of Tesra and suggested that PTBP2 and Tesra regulate Prss42/Tessp-2 transcription in spermatocytes. Our findings extend the knowledge of the molecular mechanisms by which testis lncRNAs regulate spermatogenesis.


5. Conclusions

In conclusion, PTBP2 was identified as a protein binding to a testis-specific lncRNA, Tesra, in the mouse testis and our results suggest that PTBP2 contributes to transcriptional activation of the Prss42/Tessp-2 gene by Tesra in mouse spermatocytes.
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Figure legends

Fig. 1. Identification of Tesra-binding protein candidates. (A) A gel image of SDS-PAGE by the Ribotrap assay. Nuclear proteins from testicular germ cells were mixed with either sense (SS) or antisense strands (AS, as control) of Tesra that was labeled with BrU, and the proteins bound to SS and AS were collected and separated by SDS-PAGE. The gel was stained by silver staining, and six bands that were specific to or intense in SS were selected as indicated by arrowheads (from #1 to #6). These bands were excised and fragmentized with trypsin for LC-MS/MS analysis. (B) A list of proteins identified in each band. Xcalibur software was used to identify each protein after the LC-MS/MS analysis. We obtained protein candidates from five of the six bands. Band# corresponds to each band shown in (A).

Fig. 2. Expression of candidate genes during testis development. (A) Expression of Tesra-binding candidates. The expression of Hspa9, Ptbp2, and Pcbp2 genes in 6-, 10-, 15-, 18-, 22-, 28-, and 40-dpp testes was analyzed by using RNA-seq data (GSE41979). Expression levels are shown as transcripts per million (TPM) values. (B) Expression of Ptbp2 in 7-, 14-, 21-, 28-, and 56-dpp testis analyzed by qRT-PCR. The Aip gene was used as an internal control to normalize the expression level of Ptbp2. Data are presented as means ± S.E.M. from three or four testes. Statistical significance was analyzed by one-way ANOVA followed by the Tukey-Kramer test. ** P < 0.01.

Fig. 3. Binding of PTBP2 to Tesra in the mouse testis. An RNA immunoprecipitation assay was performed using adult mouse testes to confirm the binding of PTBP2 to Tesra. After immunoprecipitation with the anti-PTBP2 antibody (αPTBP2) or total rabbit IgG (IgG), the amounts of Pgk2 (positive control) and Tesra were quantified by qRT-PCR. The percentage of each transcript precipitated with the antibody to the non-immunoprecipitated sample (input) was calculated. Data are presented as means ± S.E.M. from three independent experiments. Statistical significance was analyzed by Student’s t-test. * P < 0.05. *** P < 0.001.

[bookmark: _Hlk132728825]Fig. 4. Establishment of a cell culture system for testing Prss42/Tessp-2 promoter activation by Tesra. (A) Schematic drawing of the reporter construct (T-2pro-luc-down-hCMV*1-Tesra). In the absence of Doxycycline (Dox), the Prss42/Tessp-2 promoter (T2 prom) is activated by a downstream enhancer of lncRNA-HSVIII (HSVIII-down). By the addition of Dox, rtTA (a transcription factor) binds to the hCMV*1 promoter (hCMV*1) and induces the transcription of Tesra (I). The Tesra transcript is presumed to bind to the Prss42/Tessp-2 promoter and enhance its activity with a Tesra-binding protein(s) (II). Thus, the fold increase in luciferase activity is compared with and without Dox and reflects the effect of Tesra transcription on Prss42/Tessp-2 promoter activity (III). (B) Expression of Tesra by the addition of Dox. Hepa1-6 cells were stably transfected with the construct in (A), and expression of Tesra was measured by qRT-PCR with (Dox+) and without Dox (Dox-). The Aip gene was used as an internal control to normalize the expression level of Tesra. Data are presented as means ± S.E.M. from four independent experiments. Statistical significance was analyzed by Welch’s t-test. * P < 0.05. (C) Fold increase in luciferase activity by the addition of Dox. Luciferase activity was measured with (Dox+) and without Dox (Dox-) in Hepa1-6 cells that were stably transfected with the construct in (A). Each activity was normalized by total protein amount, and the value of Dox- was set to 1.0. Data are presented as means ± S.E.M. from six independent experiments. Statistical significance was analyzed by Welch’s t-test. * P < 0.05. ** P < 0.01.

Fig. 5. Effect of Ptbp2 knockdown on Prss42/Tessp-2 promoter activity. (A) Knockdown efficiency of Ptbp2. Hepa1-6 cells that were stably transfected with the construct in Fig. 4A were transiently transfected with shRNA for Ptbp2 (shPtbp2) or an empty vector (shEmpty, control). After selection of transfected cells with puromycin, total RNA was isolated and used for qRT-PCR to check the expression levels of Ptbp2 and Tesra. The Aip gene was used as an internal control to normalize the expression level, and the level with shEmpty was set to 1.0. Data are presented as means ± S.E.M. from three independent experiments. Statistical significance was analyzed by Welch’s t-test. ** P < 0.01. N.S., not significant. (B) Prss42/Tessp-2 promoter activity by Ptbp2 knockdown. Luciferase activity was measured in Hepa1-6 stable cells that were stably transfected with the construct in Fig. 4A and transiently transfected with shPtbp or shEmpty. Each activity was normalized by total protein amount, and the fold increase in luciferase was calculated as the ratio of activity with Dox to that without Dox. Data are presented as means ± S.E.M. from three independent experiments. Statistical significance was analyzed by Welch’s t-test. ** P < 0.01.
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