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SUMMARY:
Here, we present an eCLIP protocol to determine major RNA targets of RBP candidates in testis.

[bookmark: OLE_LINK29]ABSTRACT:
[bookmark: OLE_LINK6][bookmark: OLE_LINK50][bookmark: OLE_LINK51][bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK58][bookmark: OLE_LINK59][bookmark: OLE_LINK62]Spermatogenesis defines a highly ordered process of male germ cell differentiation in mammals. In testis, transcription and translation are uncoupled, underlining the importance of post-transcriptional regulation of gene expression orchestrated by RBPs. To elucidate mechanistic roles of an RBP, crosslinking immunoprecipitation (CLIP) methodology can be used to capture its endogenous direct RNA targets and define the actual interaction sites. The enhanced CLIP (eCLIP) is a newly-developed method that offers several advantages over the conventional CLIPs. However, the use of eCLIP has so far been limited to cell lines, calling for expanded applications. Here, we employed eCLIP to study MOV10 and MOV10L1, two known RNA-binding helicases, in mouse testis. As expected, we find that MOV10 predominantly binds to 3’ untranslated regions (UTRs) of mRNA and MOV10L1 selectively binds to Piwi-interacting RNA (piRNA) precursor transcripts. Our eCLIP method allows fast determination of major RNA species bound by various RBPs via small-scale sequencing of subclones and thus availability of qualified libraries, as a warrant for proceeding with deep sequencing. This study establishes an applicable basis for eCLIP in mammalian testis.

INTRODUCTION:
[bookmark: OLE_LINK22][bookmark: OLE_LINK23]Mammalian testis represents an excellent developmental model wherein an intricate cell differentiation program runs cyclically to yield numerous spermatozoa. An unique value of this model lies in the emergence of transcriptional inactivation at certain stages of spermatogenesis, typically when meiotic sex chromosome inactivation (MSCI) occurs1,2 and when round spermatids undergo drastic nuclear compaction during spermiogenesis3. These inconsecutive transcriptional events necessitate post-transcriptional gene regulation, in which RNA-binding proteins (RBPs) play a crucial role, shaping transcriptome and maintaining male fertility. 

To identify the bona fide RNA targets of an individual RBP in vivo, the crosslinking immunoprecipitation (CLIP) method was developed4,5, based on but beyond the regular RNA immunoprecipitation (RIP)6,7, by incorporation of key steps including ultraviolet (UV) crosslinking, stringent wash and gel transfer to improve signal specificity. The advanced application of the CLIP combined with high-throughput sequencing has provoked large interest in profiling protein-RNA interaction at genome-wide levels8. In addition to genetic studies on RBP function, such biochemical methods that identify the direct interplay of endogenous protein and RNA have been indispensable to accurately elucidate the RNA regulatory roles of RBPs. For example, MOV10L1 is a testis-specific RNA helicase required for male fertility and the Piwi-interacting RNA (piRNA) biogenesis9. Its paralogue MOV10 is known as a ubiquitously expressed and multifunctional RNA helicase with roles in multiple aspects of RNA biology10-18. By employing the conventional CLIP-seq, we found that MOV10L1 binds and regulates primary piRNA precursors to initiate early piRNA processing19,20, and that MOV10 binds mRNA 3’ UTRs and as well as noncoding RNA species in testicular germ cells (data not shown). 

[bookmark: OLE_LINK8]Nevertheless, CLIP is originally a laborious, radioactive procedure followed by sequencing library preparation with a remarkable loss of CLIP tags. In the conventional CLIP, a cDNA library is prepared using adapters ligated at both RNA extremities. After protein digestion, crosslinked short polypeptides remain attached to RNA fragments. This crosslinking mark partially blocks reverse transcriptase (RTase) progression during cDNA synthesis, resulting in truncated cDNAs which represent about 80% of the cDNA library21,22. Thus, only cDNA fragments resulting from RTase bypassing the crosslinking site (read-through) are sequenced. Recently, various CLIP approaches, such as PAR-CLIP, iCLIP, eCLIP and uvCLAP, have been employed to identify crosslink sites of RBPs in living cells. PAR-CLIP involves the application of 365 nm UV radiation and photoactivatable nucleotide analogs and is therefore exclusive to in-culturing living cells, and incorporation of nucleoside analogs into newly synthesized transcripts is prone to producing bias where RNA physically interacts with protein23,24. In iCLIP, only a single adapter is ligated to the 3’ extremity of crosslinked RNA fragments. After reverse transcription (RT), both truncated and read-through cDNAs are obtained by intramolecularly circularization and re-linearization followed by polymerase chain reaction (PCR) amplification25,26. However, the efficiency of intramolecular circularization is relatively low. Although older CLIP protocols need labeling of crosslinked RNA with a radioisotope, ultraviolet crosslinking and affinity purification (uvCLAP), with a process of stringent tandem affinity purification, does not rely on radioactivity27. Nevertheless, uvCLAP is limited to cultured cells that must be transfected with the expression vector carrying the 3x FLAG-HBH tag for tandem affinity purification.

[bookmark: OLE_LINK21]In eCLIP, adapters were ligated first at the 3’ extremity of RNA followed by RT, and next at the 3’ extremity of cDNAs in an intermolecular mode. Hence, eCLIP is able to capture all truncated and read-through cDNA28. Also, it is neither restricted to radioactive labeling, nor to using cell lines based on its principle, while maintaining single-nucleotide resolution.

Here, we provide a step-by-step description of an eCLIP protocol adapted for mouse testis. Briefly, this eCLIP protocol starts with UV crosslinking of testicular tubules, followed by partial RNase digestion and immunoprecipitation using a protein-specific antibody. Next, the protein-bound RNA is dephosphorylated, and adapter is ligated to its 3’ end. After protein gel electrophoresis and gel-to-membrane transfer, RNA is isolated by cutting the membrane area of an expected size range. After RT, DNA adapter is ligated to the 3’ end of cDNA followed by PCR amplification. Screening of subclones prior to high-throughput sequencing is taken as a library quality control. This protocol is efficient at identifying major species of protein-bound RNA of RBPs, exemplified by the two testis-expressing RNA helicases MOV10L1 and MOV10.
[bookmark: OLE_LINK70][bookmark: OLE_LINK154]
[bookmark: Protocol][bookmark: _Hlk2847362][bookmark: _Hlk2518255]PROTOCOL:
[bookmark: _Hlk2847655]All performed animal experiments have been approved by the Nanjing Medical University committee. Male C57BL/6 mice were kept under controlled photoperiod conditions and were supplied with food and water.
[bookmark: _Hlk2695335][bookmark: _Hlk2854658]
1. [bookmark: OLE_LINK20]Tissue harvesting and UV crosslinking

1.1. [bookmark: OLE_LINK14]Euthanize 2 adult mice using carbon dioxide (CO2) for 1–2 min or until breathing stops. Next, perform cervical dislocation on each mouse.

1.2. Harvest about 100 mg of testes from mice of appropriate age (one adult testis in this study) for each immunoprecipitation experiment, and place the tissues in ice-cold phosphate buffered saline (PBS).

1.3. [bookmark: OLE_LINK35][bookmark: OLE_LINK55]Remove the tunica albuginea gently with one pair of fine-tipped tweezers.

1.4. Add 3 mL of ice-cold PBS in a tissue grinder and triturate the tissue by mild mechanical force using a loose glass pestle (type A glass pestle).

NOTE: The purpose of this step is not to lyse cells, but to pull apart the tissue. Preservation of cell viability and integrity is important.

1.5. Transfer the tissue suspension to a cell culture dish (10 cm in diameter) and add ice-cold PBS up to 6 mL.

1.6. Shake the plate quickly so that liquid covers the bottom of the dish evenly. If the tissue is ground properly, evenly distributed seminiferous tubules will be visible, whereas the presence of tissue clumps indicates that tissue dispersion is suboptimal.

1.7. Crosslink the suspension three times with 400 mJ/cm2 at 254 nm on ice. Mix suspension between each irradiation. 

NOTE: For each new experiment, crosslinking should be optimized.

1.8. [bookmark: OLE_LINK24][bookmark: OLE_LINK9]Collect the suspension in a 15 mL conical tube and pellet at 1,200 x g for 5 min at 4 °C. Remove the supernatant, resuspend the pellet in 1 mL of PBS and then transfer the suspension to a 1.5 mL centrifuge tube. Spin at 4 °C and 1,000 x g for 2 min, and remove supernatant.

1.9. At this point, immediately proceed with the rest of the protocol, or snap freeze the pellets in liquid nitrogen and store at -80 °C until use.

2. Beads preparation

2.1. [bookmark: OLE_LINK5]Add 125 µL of protein A magnetic beads per sample (pellet) to a fresh centrifuge tube. 

NOTE: Use protein G magnetic beads for mouse antibodies.

2.2. [bookmark: OLE_LINK10]Place the tube on the magnet to separate the beads from the solution. After 10 s, remove the supernatant. Wash beads twice with 1 mL of ice-cold lysis buffer.

NOTE: Subsequent separation of protein A magnetic beads follows this step. Lysis buffer composition is 50 mM Tris-HCl, pH 7.5; 100 mM NaCl; 1% NP-40; 0.1% SDS; 0.5% sodium deoxycholate; 1/50 ethylenediaminetetraacetic acid (EDTA)-free protease inhibitor cocktail (add fresh).

2.3. [bookmark: OLE_LINK18][bookmark: OLE_LINK19]Resuspend beads in 100 µL of cold lysis buffer with 10 µg eCLIP antibody. Rotate tubes at room temperature for 45 min.

[bookmark: OLE_LINK13]NOTE: The final antibody concentration for immunoprecipitation is 10 µg/mL. If the antibody concentration is unknown, the amount of antibody should be optimized.

2.4. Wash beads twice with 1 mL of ice-cold lysis buffer.

3. Tissue lysis and partial RNA digestion

3.1. [bookmark: OLE_LINK7]Resuspend tissue pellets in 1 mL of cold lysis buffer (add 22 µL of 50x (EDTA)-free protein inhibitor cocktail and 11 µL of RNase inhibitor to 1 mL of lysis buffer).

3.1.1. Resuspend two UV-crosslinked pellets and two non-crosslinked pellets per group of experiments: UV-crosslinked-1 pellets for eCLIP library (UV-1); UV-crosslinked-2 pellets for eCLIP library (UV-2); non-crosslinked-1 pellets for eCLIP library as a control (non-UV); non-crosslinked-2 pellets for IgG IP to demonstrate the specificity of antibodies.

NOTE: The ideal control for the eCLIP library of the UV-crosslinked wide-type testes is that of the UV-crosslinked knockout testes from mice of the same litter.

3.2. Keep lysing the samples on ice for 15 min (to prevent degradation of protein and RNA).

3.3. Sonicate in a digital sonicator at 10% amplitude for 5 min, at 30 s on/30 s off. Always place the sample on ice and clean the probe with nuclease-free water between each sample.

3.4. Add 4 µL of DNase to each tube, and mix well. Incubate for 10 min at 37 °C, shaking at 1,200 rpm.

3.5. Add 10 µL of diluted RNase I (4 U/µL RNase I in PBS), and mix well. Incubate for 5 min at 37 °C, shaking at 1,200 rpm.

3.6. Clear the lysate by centrifugation at 15,000 x g for 20 min (at 4 °C).

3.7. Carefully collect the supernatant. Leave 50 µL of lysate and discard the pellet with it.

3.8. [bookmark: OLE_LINK27]Save inputs samples as RWB (run for western blot) and RRI (run for RNA isolation). Save 20 µL (2%) of UV-1, UV-2, non-UV and IgG samples as inputs for RWB gel loading. Save 20 µL (2%) of UV-1 and UV-2 samples as inputs for RRI gel loading.

4. Immunoprecipitation

4.1. Add 1 mL of the lysate (from step 3.7) to the beads (prepared in section 2) and rotate the samples at 4 °C for 2 h or overnight.

4.2. Collect the beads with a magnetic stand and discard the supernatant. Wash the beads twice with 900 µL of high salt buffer (50 mM Tris-HCl, pH 7.5; 1 M NaCl; 1 mM EDTA; 1% NP-40; 0.1% SDS; 0.5% sodium deoxycholate), and then wash beads twice with 900 µL of wash buffer (20 mM Tris-HCl, pH 7.5; 10 mM MgCl2; 0.2% Tween-20).

NOTE: For the IgG sample, pause the procedure here and store on ice in wash buffer.

4.3. Wash beads once with 500 µL of 1x dephosphorylation buffer (10 mM Tris-HCl, pH 7.5; 5 mM MgCl2; 100 mM KCl; 0.02% Triton X-100).

5. Dephosphorylation of RNA 3’ ends

5.1. Collect the beads with a magnetic stand and discard the supernatant. Remove residual liquid using fine pipette tips. Add 100 µL of dephosphorylation master mix (10 µL of 10x dephosphorylation buffer [100 mM Tris-HCl, pH 8.0; 50 mM MgCl2; 1 M KCl; 0.2% Triton X-100; 1 mg/mL bovine serum albumin (BSA)]; 78 µL of nuclease-free water; 2 µL of RNase Inhibitor; 2 µL of DNase; 8 µL of alkaline phosphatase) to each sample, and incubate for 15 min at 37 °C, shaking at 1,200 rpm.

5.2. Add 300 µL of polynucleotide kinase (PNK) master mix (60 µL of 5x PNK pH 6.5 buffer [350 mM Tris-HCl, pH 6.5; 50 mM MgCl2]; 223 µL of nuclease-free water; 5 µL RNase inhibitor; 2 µL DNase; 7 µL of PNK enzyme; 3 µL of 0.1 M dithiothreitol) to each sample, incubate for 20 min at 37 °C, shaking at 1,200 rpm.

5.3. Collect the beads with a magnetic stand and discard the supernatant. Wash beads once with 500 µL of cold wash buffer. Then wash beads once with 500 µL of cold high salt buffer. Repeat these washes once more in this order. 

5.4. Wash beads once with 500 µL of cold wash buffer and then twice with 300 µL of cold 1x ligation buffer (no dithiothreitol, 50 mM Tris-HCl, pH 7.5; 10 mM MgCl2).

6. [bookmark: OLE_LINK11][bookmark: OLE_LINK12]RNA adapter ligation to RNA 3' ends

6.1. Discard the supernatant, and remove residual liquid with fine pipette tips. Add 25 µL of 3’ ligation master mix to each sample. Mix carefully by pipetting. This step is prone to producing bubbles.

NOTE: Ligation master mix contains 3 µL of 10x ligation buffer [500 mM Tris-HCl, pH 7.5; 100 mM MgCl2]; 9 µL of nuclease-free water; 0.4 µL of RNase Inhibitor; 0.3 µL of 0.1 M ATP; 0.8 µL of dimethyl sulfoxide (DMSO); 9 µL of 50% polyethylene glycol (PEG) 8000; 2.5 µL of RNA ligase [30 U/µL].

6.2. Add 2.5 µL of RNA adapter X1A (Table 1) and 2.5 µL of RNA adapter X1B (Table 1) to each sample. Mix carefully by pipetting or flicking, and incubate for 75 min at 25 °C, flicking to mix every 10 min.

6.3. Wash beads once with 500 µL of cold wash buffer (resume IgG sample here).

6.4. Wash beads once with 500 µL of cold high salt buffer and then with 500 µL cold wash buffer. Repeat these washes once more. 

6.5. Magnetically separate beads, and remove residual liquid with fine pipette tips.

6.6. Resuspend the beads in 100 µL of cold wash buffer (pause the IgG sample here and store on ice in wash buffer). Move 20 µL to new tubes as RWB samples. Magnetically separate the remaining 80 µL as RRI samples. Remove the RRI samples’ supernatant and resuspend the beads in 20 µL of wash buffer.

6.7. Add 37.5 µL of 4x lithium dodecyl sulfate (LDS) sample buffer and 15 µL of 10x sample reducing agent to the IgG sample. Add 7.5 µL of 4x LDS sample buffer and 3 µL of 10x sample reducing agent to the (remaining) samples. (Do not mix by pipetting). Incubate for 10 min at 70 °C, shaking at 1,200 rpm. Cool on ice for 1 min, and centrifuge at 1,000 x g for 1 min at 4 °C.

7. SDS-PAGE and membrane transfer 

7.1. Load gels.

7.1.1. For RRI gel (4–12% Bis-Tris protein gel, 10-well, 1.5 mm) place tubes on a magnet and separate protein eluate from the beads. Load 30 µL of sample per well. Samples are spaced by pre-stained protein size marker.

7.1.2. For RWB gel (4–12% Bis-Tris protein gel, 10-well, 1.5 mm) place tubes on a magnet and separate protein eluate from the beads. Load 15 µL of sample per well. Save the remaining samples at -20 °C as backups.

7.2. Add 500 µL of antioxidant to 500 mL of 1x SDS running buffer. Run at 200 V in 1x SDS running buffer for 50 min or until dye front is at the bottom.

NOTE: Antioxidant contains N, N-Dimethylformamide, sodium bisulfite, which migrates with reduced proteins to prevent reoxidation of sensitive amino acids such as methionine and tryptophan.

7.3. Transfer protein-RNA complexes from the gel to a nitrocellulose membrane at 10 V for 70 min in 1x transfer buffer with 10% methanol (vol/vol). Rinse the RRI membrane in cold PBS, wrap it in plastic wrap, and store at -80 °C.

7.4. Block the RWB membrane in 5% milk in TBST at room temperature for 1 h. Rinse the membrane in TBST. Incubate with primary antibody in TBST at 4 °C overnight. Wash twice with TBST for 5 min. Incubate with secondary antibody (1:5000 HRP goat anti-rabbit IgG) in TBST at room temperature for 1 h. Wash three times with TBST for 5 min, 10 min and 15 min, respectively.

7.5. [bookmark: OLE_LINK17]Mix equal volumes of electrochemiluminescence (ECL) Buffer A and Buffer B, add to membrane and incubate for 1 min. Cover the membrane with plastic wrap, and expose it to an X-ray film at room temperature for 2–3 min. Then develop the film.

NOTE: The film with overexposure will clearly show the shape of the membrane’s edges, by which the film can be aligned back to the RWB membrane. Then, align the RWB and RRI membranes based on the positions of markers therein. Layered in order from bottom to top are the film, the RWB membrane and the RRI membrane in sequence.

8. RNA isolation

8.1. [bookmark: _GoBack]Cut the region from the protein band to 75 kDa (about 220 nt of RNA) above it, using the RWB membrane and film as guides.

NOTE: As a protein-protected RNA molecule may have a maximum length of 225 bases, with about 340 Da per base, it is reasonable to cut the region about 75 kDa above the RBP band to retrieve all protein-RNA complexes.

8.2. Cut the excised piece of membrane into several small slices, and place them into a fresh 1.5 mL centrifuge tube. Add 200 µL of proteinase K (PK) buffer (100 mM Tris-HCl pH 7.5; 50 mM NaCl; 10 mM EDTA) with 40 µL of PK to the membrane pieces. Mix and incubate for 20 min at 37 °C, shaking at 1,200 rpm.

8.3. Add 200 µL of PK urea buffer (100 mM Tris-HCl pH 7.4; 50 mM NaCl; 10 mM EDTA; 7 M Urea) to each sample. Incubate for 20 min at 37 °C, shaking at 1,200 rpm.

8.4. Add 400 µL of acid phenol/chloroform/isoamyl alcohol (25:24:1), mix well and incubate for 5 min at 37 °C, shaking at 1,200 rpm.

8.5. Place 2 mL phase lock gel (PLG) heavy tube in the centrifuge and spin at 15,000 x g for 25 s.

8.6. Transfer all contents except membrane slices to PLG heavy tube. Incubate for 5 min at 37 °C, shaking at 1,200 rpm.

8.7. Spin at room temperature and 15,000 x g for 15 min. Transfer the aqueous layer into a new 15 mL conical tube.

8.8. Use RNA purification and concentration columns to extract RNA.

8.8.1. Add 2 volumes (800 µL) of RNA binding buffer to each sample (from step 8.7) and mix. Add an equal volume (1200 µL) of 100% ethanol and mix. 

8.8.2. Transfer 750 µL of sample (from step 8.8.1) to the RNA purification and concentration columns in a collection tube and centrifuge at 15,000 x g for 30 s. Discard flow-through.

8.8.3. Repeat step 8.8.2 until all samples are passed through the column. Add 400 µL of RNA prep buffer to the column and centrifuge at 15,000 x g for 30 s. Discard flow-through, apply 700 µL of RNA wash buffer and centrifuge the column at 15,000 x g for 30 s. Discard flow-through.

8.8.4. Add 400 µL of RNA wash buffer to the column and centrifuge at 15,000 x g for 2 min. Transfer the column carefully into a new 1.5 mL tube. Add 10 µL of nuclease-free water to the column matrix, let sit for 2 min, and centrifuge at 15,000 x g for 30 s. Store eCLIP samples at -80 °C until RT (step 11.1).

9. Dephosphorylation of input RNA 3’ ends

9.1. Add 15 µL of dephosphorylation master mix (2.5 µL of 10x dephosphorylation buffer [100 mM Tris-HCl, pH 8.0; 50 mM MgCl2; 1 M KCl; 0.2% Triton X-100; 1 mg/mL BSA]; 9.5 µL of nuclease-free water; 0.5 µL of RNase inhibitor; 2.5 µL of alkaline phosphatase) to 10 µL of input samples (from step 8.8.4). Incubate for 15 min at 37 °C, shaking at 1,200 rpm.

9.2. Add 75 µL of PNK master mix (20 µL of 5x PNK PH 6.5 buffer [350 mM Tris-HCl, pH 6.5; 50 mM MgCl2]; 44 µL of nuclease-free water; 1 µL of RNase inhibitor; 2 µL of DNase; 7 µL of PNK enzyme; 1 µL of 0.1 M dithiothreitol) to samples. Incubate for 20 min at 37 °C, shaking at 1,200 rpm.

9.3. Cleanup of input RNA

9.3.1 . Resuspend the nucleic acids extraction magnetic beads in the vial (vortex for more than 30 s). Add 20 µL of nucleic acids extraction magnetic beads for each sample to new tubes. Collect the beads with a magnetic stand and discard the supernatant.

9.3.2. [bookmark: OLE_LINK16]Wash beads once with 1 mL of RNA purification lysis buffer (RLT buffer). Place the tube on a magnet for 30 s and discard the supernatant. 

NOTE: Subsequent separation of nucleic acids extraction magnetic beads followed this step.

9.3.3. Resuspend beads with 300 µL of RLT buffer and add to the sample. Add 10 µL of 5 M NaCl and 615 µL of 100% ethyl alcohol (EtOH) and mix by pipetting. Rotate at room temperature for 15 min. Magnetically separate the beads and remove supernatant.

9.3.4. Resuspend beads in 1 mL of 75% EtOH and transfer to a new tube. After 30 s, collect the beads with a magnetic stand and discard the supernatant. Wash twice with 75% EtOH, magnetically separate the beads, and discard residual liquid with fine pipette tips. Air dry for 5 min (avoid excessive drying).

9.3.5. Resuspend the beads with 10 µL of nuclease-free water and incubate it for 5 min. Magnetically separate beads, and move 5 µL of supernatant to a new tube (for 3’ adapter ligation below). The remaining RNA can be stored at -80 °C as backups.

10. RNA adapter ligation to input RNA 3' ends

10.1. Add 1.5 µL of DMSO and 0.5 µL of RiL19 adapter (Table 1) to 5 µL of input RNA (from step 9.3.5), incubate for 2 min at 65 °C, and place on ice for more than 1 min. Add 13.5 µL of 3’ ligation master mix to each sample, mix by pipetting, and incubate for 75 min at 25 °C, with flicking to mix every 15 min.

NOTE: Ligation master mix contains 2 µL of 10x ligation buffer [500 mM Tris-HCl, pH 7.5; 100 mM MgCl2; 10 mM dithiothreitol]; 1.5 µL of nuclease-free water; 0.2 µL of RNase inhibitor; 0.2 µL of 0.1 M ATP; 0.3 µL of DMSO; 8 µL of 50% PEG8000; 1.3 µL of RNA ligase [30 U/µL].

10.2. Cleanup of ligated input RNA

10.2.1. Magnetically separate 20 µL of nucleic acids extraction magnetic beads for each sample, and remove the supernatant. Wash beads once with 1 mL of RLT buffer. 

10.2.2. Resuspend beads in 61.6 µL of RLT buffer and transfer suspension to each sample. Add 61.6 µL of 100% EtOH. Use pipette to mix for 15 min every 5 min. Magnetically separate beads, and remove supernatant.

10.2.3. Repeat step 9.3.4.

10.2.4. Resuspend beads with 10 µL of nuclease-free water, and let it sit for 5 min. Magnetically separate the beads and transfer 10 µL of the supernatant to a new tube.

NOTE: This is a possible stopping point (input samples can be stored at -80 °C until next day).

11. Reverse transcription, DNA adapter ligation to cDNA 3' ends

11.1. Add 0.5 µL of RT primer (Table 1) to 10 µL of input RNA (from step 10.2.4) and 10 µL of CLIP RNA (from step 8.8.4) respectively, incubate for 2 min in pre-heated PCR block at 65 °C, place on ice for more than 1 min.

11.2. Add 10 µL of RT master mix (2 µL of RT buffer [500 mM Tris-HCl, pH 8.3; 750 mM KCl; 30 mM MgCl2]; 4 µL of nuclease-free water; 0.3 µL of RNase Inhibitor; 2 µL of 0.1 M dithiothreitol; 0.2 µL of 0.1 M dATP; 0.2 µL of 0.1 M dCTP; 0.2 µL of 0.1 M dGTP; 0.2 µL of 0.1 M dTTP; 0.9 µL of reverse transcriptase) to each sample, mix, incubate at 55 °C for 45 min on a pre-heated PCR block.

11.3. Mix 20 µL of RT reaction product with 3.5 µL of PCR product cleanup reagent. Incubate for 15 min at 37 °C.

11.4. Add 1 µL of 0.5 M EDTA, mix by pipetting. Add 3 µL of 1 M NaOH, mix by pipetting, and incubate for 12 min at 70 °C on a PCR block to hydrolyze the template RNA.

11.5. Add 3 µL of 1 M HCl, pipette-mix to neutralize the buffer.

11.6. Cleanup of cDNA

11.6.1. Magnetically separate 10 µL of nucleic acid extraction magnetic beads for each sample, remove the supernatant. Wash once with 500 µL of RLT buffer. 

11.6.2. Resuspend beads in 93 µL of RLT buffer and transfer suspension to the sample. Add 111.6 µL of 100% EtOH, incubate it for 5 min, and pipette mix every 2 min. Collect the beads with a magnetic stand and discard the supernatant. Resuspend beads with 1 mL of 80% EtOH and move to a new tube.

11.6.3. After 30 s, collect the beads with a magnetic stand and discard the supernatant. Wash twice with 80% EtOH. Magnetically separate and discard residual liquid with fine tip. Air dry for 5 min (avoid excessive drying). Resuspend beads in 5 µL of 5 mM Tris-HCl and incubate it for 5 min.

11.7. [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Add 0.8 µL of DNA adapter (Table 1) and 1 µL of DMSO to the beads, incubate for 2 min at 75 °C. Place on ice for more than 1 min.

11.8. Prepare 12.8 µL of ligation master mix (2 µL of 10x ligation buffer [500 mM Tris-HCl; 100 mM MgCl2; 10 mM dithiothreitol]; 1.1 µL of nuclease-free water; 0.2 µL of 0.1 M ATP; 9 µL of 50% PEG8000; 0.5 µL of RNA ligase [30 U/µL]), flick to mix, spin briefly in a centrifuge, and add it to each sample, stir sample with pipette tip slowly.

11.9. Add another 1 µL of RNA ligase [30 U/µL] to each sample and flick to mix. Incubate for 30 s at 25 °C, shaking at 1,200 rpm. Incubate at 25 °C overnight. Flick to mix lightly 5 to 6 times, once per hour.

11.10. Cleanup of ligated cDNA

11.10.1. Magnetically separate 5 µL of nucleic acids extraction magnetic beads for each sample, and remove supernatant.

11.10.2. Wash once with 500 µL RLT buffer.
 
11.10.3. Resuspend beads in 60 µL of RLT buffer to beads and transfer suspension to each sample. Add 60 µL of 100% EtOH, incubate it for 5 min and pipette mix every 2 min. Magnetically separate, discard supernatant.

11.10.4. Repeat step 9.3.4.

11.10.5. Resuspend beads with 27 µL of 10 mM Tris-HCl, incubate it for 5 min. Magnetically separate, and move 25 µL of sample to a new tube. Dilute the 1 µL of ligated cDNA with 9 µL of nuclease-free water in a new tube. Store the remaining samples at -20 °C until step 13.1.

12. Quantification of cDNA by real-time quantitative PCR (qPCR)

12.1. [bookmark: OLE_LINK105][bookmark: OLE_LINK122][bookmark: OLE_LINK155][bookmark: OLE_LINK156]Add 9 µL of qPCR master mix (5 µL of 2x master mix; 3.6 µL of nuclease-free water; 0.4 µL of primer mix [10 µM PCR-F-D50X and 10 µM PCR-R-D70X]) to a 96-well qPCR plate. Add 1 µL of 1:10 diluted (in H2O) cDNA (from step 11.10.5), seal and mix.

12.2. Run the qPCR program in a thermocycler: 2 min at 50 °C; 2 min at 95 °C; 3 s at 95 °C followed by 30 s at 68 °C for 40 cycles; 15 s at 95 °C followed by 60 s at 68 °C followed by 15 s at 95 °C for 1 cycle. Note Ct (cycle threshold) value.

13. PCR amplification of cDNA 

13.1. [bookmark: OLE_LINK3][bookmark: OLE_LINK4]Dispense 35 µL of PCR master mix (25 µL of 2x PCR master mix; 5 µL of nuclease-free water; 5 µL of primer mix [20 µM PCR-F-D50X and 20 µM PCR-R-D70X]) into 8-well strips. For CLIP group, add 12.5 µL of CLIP sample + 2.5 µL of H2O; for inputs group, add 10 µL of inputs + 5 µL of H2O. Mix well and spin briefly in centrifuge.

13.2. Run the PCR program: 30 s at 98 °C; 15 s at 98 °C followed by 30 s at 68 °C followed by 40 s at 72 °C for 6 cycles; 15 s at 98 °C followed by 60 s at 72 °C for N cycles = (qPCR Ct values-3)-6; 60 s at 72 °C; 4 °C hold.

[bookmark: OLE_LINK26][bookmark: OLE_LINK190][bookmark: OLE_LINK189][bookmark: OLE_LINK137]NOTE: It is better to perform 1 to 2 extra PCR cycles for the first couple of CLIPs.

14. Gel purification

14.1. Load samples on a 3% high resolution agarose gel. Leaving 1 empty well between samples, and use a ladder on both sides of the gel. Run at 100 V for 75 min in 1x Tris-Borate-EDTA (TBE) buffer.

14.2. Under blue light illumination, cut gel slices 175–350 bp using fresh razor blades for each sample. Place them into 15 mL of conical tubes. 

14.2.1. Weigh the gel slice, and elute the gel using a gel extraction kit.

14.2.2. Add 6x volumes of gel dissolving buffer to melt the gel (100 mg gel = 600 µL of gel dissolving buffer). Dissolve the gel at room temperature. (Shake to mix every 15 min until the gel slice has completely dissolved). Add 1 gel volume of 100% isopropanol and mix well.

14.2.3. Transfer 750 µL of sample (from step 14.2.2) to the column in a collection tube and centrifuge at 17,900 x g for 1 min. Discard flow-through.

14.2.4. Repeat step 14.2.3 until all samples have passed through the column, wash once with 500 µL of gel dissolving buffer.

14.2.5. Add 750 µL of wash buffer (from gel extraction kit) to the column and centrifuge at 17,900 x g for 1 min. Discard flow-through, spin at 17,900 x g for 2 min. Place the column to a new 1.5 mL tube.

14.2.6. Remove all remaining wash buffer from the plastic purple rim of the column. Air dry for 2 min. Add 12.5 µL of nuclease-free water to the center of the membrane. Let the column stand for 2 min at room temperature, and spin at 17,900 x g for 1 min (For an improved yield, repeat the elution step).

15. [bookmark: OLE_LINK114]TOPO clone of PCR product

15.1. Prepare the TOPO cloning reaction mix (1 µL of PCR product from step 14.2.6; 1 µL of cloning mix; 3 µL of sterile water). Mix gently and incubate for 5 min at 20–37 °C. Cool on ice.

15.2. [bookmark: OLE_LINK15]Thaw chemically competent E. coli bacteria on ice. Add 5 µL of the TOPO cloning product to 100 µL of competent bacteria29. Gently mix well. Incubate on ice for 30 min. 

15.3. Heat-shock for 60 s at 42 °C. Then cool on ice for 2 min. Add 900 µL of lysogeny broth (LB) medium, incubate at 37 °C for 1 h, shaking at 225 rpm. Spin at 1,000 x g for 1 min, and then remove 900 µL of supernatant. Resuspend the rest of solution.

15.4. Plate the transformed bacteria onto 1.5% LB agar plates containing ampicillin (100 µg/mL), and incubate overnight at 37 °C.

15.5. Prepare at least 20 1.5 mL centrifuge tubes for each construct. Fill one set with 500 µL of LB medium containing 100 µg/mL ampicillin. Use a sterile pipette tip to scratch off one bacterial colony randomly and mix (by pipetting) with 500 µL of LB medium. Incubate at 37 °C for 5 h, shaking at 225 rpm.

15.6. Sequence the insert fragment using the M13 reverse primer: CAGGAAACAGCTATGAC by Sanger Sequencing30.

REPRESENTATIVE RESULTS:
The eCLIP procedure and results are illustrated in Figure 1, Figure 2, Figure 3, Figure 4. Mice were euthanized with carbon dioxide and a small incision was made in the lower abdomen using surgical scissors (Figure 2A,B). Mouse testes were removed, detunicated and then UV-crosslinked after grinding (Figure 2C–I). Representative eCLIP results of using two known RNA-binding helicases in testis tissues are depicted in Figure 3 and 4. We performed MOV10 eCLIP in testes from adult wild-type mice, with common concentration of 40 U/mL of RNase I treating the crosslinked lysate. The top panel of Figure 3A shows that the target protein sized about 114 kDa was successfully enriched. Western blot of the immunoprecipitated MOV10L1 proteins was performed with two concentrations (5 or 40 U/mL) of RNase I during the eCLIP process (Figure 3A). Figure 3B shows qPCR using 1:10 diluted cDNA (already ligated with DNA adapter) from MOV10 and MOV10L1 UV-crosslinked, non-crosslinked, and the paired size matched input (SMInput) sample. Non-crosslinked samples show decreased RNA recovery. We observed that, the Ct values of the non-crosslinked group was generally 5 times more than UV-crosslinked group. Figure 4A displays PCR amplification and size selection via agarose gel electrophoresis (cut 175–350 bp). Primer-dimer product appears at about 140 bp. Figure 4B shows the UCSC genome browser view of two representative subclone sequences. MOV10-bound eCLIP tags are found to be located within the 3’ UTR of gene Fto; The approximate rate of 3’ UTR targets accounts for 75% (Figure 4C), consistent with the majority of MOV10 targets in HEK293 cells10 and in testes (data not shown). In contrast, MOV10L1-bound eCLIP tags are found to be located within a piRNA cluster indicating MOV10L1 targets piRNA precursors. The approximate rate of piRNA precursor targets accounts for 42% (Figure 4E), which reflects a trend from our previous conventional CLIP experiment20. MOV10L1 eCLIP with 40 U/mL RNase I digestion yields relatively more sequences with less than 20 bp (Figure 4D).

FIGURE LEGENDS:

Figure 1: Schematic representation of eCLIP. UV-crosslinked mouse seminiferous tubules (step 1) are lysed in eCLIP lysis buffer and sonicated (step 2). Lysate is treated with RNase I to fragment RNA, after which protein-RNA complexes are immunoprecipitated using the anti-RBP antibody (step 3–4). Dephosphorylation of RNA fragments and ligation of 3′ RNA adapter are performed (step 5–6). Protein-RNA complexes are run on an SDS-PAGE gel and transferred to nitrocellulose membranes (step 7). RNA is recovered from the membrane by digesting the protein with proteinase K and Urea which leaves a short polypeptide remaining at the crosslink site. Dephosphorylation of RNA fragments of input samples and ligation of 3′ RNA adapter is performed (step 8). Perform RT of RNA and ligation of 3′ DNA adapter (step 9–10). Perform PCR amplification of cDNA library, gel extraction, and blunt-end PCR cloning for preliminary library quality control (step 11). Finally, perform high-throughput sequencing (step 12).

Figure 2: Testis tissue harvesting and UV crosslinking. (A) The exposure of the mouse abdomen. (B) A 0.5 cm incision in the abdominal wall exposing the peritoneum. (C) A pair of testes are taken out by pulling out the fat pads. (D) Testicular tissue is removed and placed in a small dish containing ice-cold PBS. (E) Gently remove the tunica albuginea. (F) Press the loose pestle to triturate the tissue in a tissue grinder dounce. (G) Distributed seminiferous tubules in a 10 cm plate. (H) UV crosslinking with 400 mJ/cm2 energy. (I) The crosslinked samples are collected in 1.5 mL centrifuge tubes.

Figure 3: Representative results of MOV10 and MOV10L1 eCLIP. (A) Western blot validation of MOV10 and MOV10L1 immunoprecipitates. (B) qPCR on 1:10 diluted eCLIP libraries of MOV10 and MOV10L1, with replicates for UV, non-UV and the paired SMInput samples. 

Figure 4: eCLIP library preparation and quality assessment. (A) The gel images of PCR amplification are shown. Asterisk indicates primer dimer. Red dotted line indicates regions excised for PCR product of cDNA, somewhere between 175 and 350 bp. (B) UCSC genome browser view of two representative subclone sequences31. (C) Small-scale subclone sequencing analysis of MOV10. (D) MOV10L1-bound tags display distinct patterns of length distribution when processed by two different RNase concentrations. (E) Small-scale subclone sequencing analysis of MOV10L1.

Table 1: Adapter and primer sequences. The adapter contains an in-line random-mer (either N5 or N10) to determine whether two identical sequenced reads indicate two unique RNA fragments or PCR duplicates of the same RNA fragment. "5 Phos" stands for 5’ Phosphorylation, which is needed if an oligo is used as a substrate for DNA/RNA ligase. "3SpC3" stands for 3' C3 Spacer, which can prevent ligation between adapters.

DISCUSSION:
With increasing understanding of the universal role of RBPs under both biological and pathological contexts, the CLIP methods have been widely utilized to reveal the molecular function of RBPs20,32-35. The protocol described here represents an adapted application of the eCLIP method to mouse testis.

One challenge in performing eCLIP in testis is maintaining viability and integrity of fresh testicular cells, which is also important for effective crosslinking. Shearing the testis with mild mechanical force using the loose pestle can prevent cell lysis32,36. Proper digestion of RNA is also critical for successful eCLIP assays. RNA fragments could be more convergent after digestion, but length less than 20 bp can be removed via pre-processing of the library reads. In order to adopt an ideal RNase dosage for an RBP candidate, we suggest a preliminary test based on the results of the subclone sequencing of eCLIP libraries that can be prepared by RNase treatment with concentrations ranging from 0 U to 40 U (per milliliter of lysate). The small-scale subclone sequencing analysis is a recommended step for a reliable examination of library quality in our eCLIP method. First, the percentage of inserts shorter than 20 bp should not be too high, or, the subsequent pre-processing of eCLIP library will cause a costly loss of reads. Secondly, the efficiency of correct ligation of both adapters should be checked. Substandard samples can be eliminated without deep sequencing to ensure successful deep sequencing, the results of which generally take much longer to analyze.

Although the feasibility of eCLIP in mouse testis is still limited by the specificity of the antibody for the step of immunoprecipitation, eCLIP is advantageous over conventional CLIP methods in several aspects. First, it is a non-radioactive method. By eCLIP, RNA targets of RBPs are directly captured in vivo without having to resort to labor-intensive techniques using radioactive materials. Secondly, the method is less time intensive. The whole procedure takes only 4 days through eCLIP library preparation. Third, sequence diversity. Compared with the conventional unified amplification cycle of 25–35 cycles, eCLIP refers to Ct values of qPCR to set the number of PCR cycles specifically. Lastly, it provides stronger signal-to-noise ratio. The size-matched input serves as an appropriate background for authentic targets.

In summary, our eCLIP results consolidate the conclusions that MOV10 and MOV10L1 have a binding preference to mRNA 3' UTR and piRNA precursors, respectively. The protocol we described herein represents the first employment of the eCLIP method in reproduction, an area in which RNA-RBP interaction knowledge is rather insufficient, although genetic studies have provided ample information about the biological roles of RBPs. Visualization of this eCLIP protocol may help guide its widespread applications in broader areas.
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