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SHORT ABSTRACT:
R-loops constitute a prevalent class of transcription-driven non-B DNA structures that occur in all genomes depending on both DNA sequence and topological favorability. In recent years, R-loops have been implicated in a variety of adaptive and maladaptive roles and have been linked to genomic instability in the context of human disorders. As a consequence, the accurate mapping of these structures in genomes is of high interest to many investigators. DRIP-seq (DNA:RNA Immunoprecipitation followed by high throughput sequencing) is described here. It is a robust and reproducible technique that permits accurate and semi-quantitative mapping of R-loops. A recent iteration of the method is also described in which fragmentation is accomplished using sonication (sDRIP-seq), which allows strand-specific and high-resolution mapping of R-loops. sDRIP-seq thus addresses some of the common limitations of the DRIP-seq method in terms of resolution and strandedness, making it a method of choice for R-loop mapping.

LONG ABSTRACT:

INTRODUCTION:
R-loops are three-stranded nucleic acid structures that form primarily during transcription upon hybridization of the nascent RNA transcript to the template DNA strand. This results in the formation of an RNA:DNA hybrid and causes the displacement of the non-template DNA strand in a single-stranded looped state. Biochemical reconstitution1–4 and mathematical modeling5, in combination with other biophysical measurements6,7, have established that R-loops are more likely to occur over regions that exhibit specific favorable characteristics. For instance, regions that display strand asymmetry in the distribution of guanines (G) and cytosines (C) such that the RNA is G-rich, a property called positive GC skew, are favored to form R-loops when transcribed owing to the higher thermodynamic stability of the DNA:RNA hybrid compared to the DNA duplex8. Regions that have evolved positive GC skew, such as the early portions of many eukaryotic genes4,9–11, are prone to forming R-loops in vitro and in vivo3,4,12. Negative DNA superhelical stress also greatly favors structure formation13,14 because R-loops efficiently absorb such topological stresses and return the surrounding DNA fiber to a favorable relaxed state5,15.

Historically, R-loop structures were considered to result from rare, spontaneous, entanglements of RNA with DNA during transcription. However, the development of DNA:RNA immunoprecipitation (DRIP) coupled with high-throughput DNA sequencing (DRIP-seq) allowed the first genome-wide mapping of R-loops and revealed that those structures are far more prevalent than expected in human cells4,16. R-loops occur over tens of thousands of conserved, transcribed, genic hotspots in mammalian genomes, with a predilection for GC-skewed CpG islands overlapping the first intron of genes and the terminal regions of numerous genes17. Overall, R-loops collectively occupy 3%–5% of the genome in human cells, consistent with measurements in other organisms, including yeasts, plants, flies, and mice18–22.

Analysis of R-loop forming hotspots in human cells revealed that such regions associate with specific chromatin signatures23. R-loops, in general, are found over regions with lower nucleosome occupancy and higher RNA polymerase density. At promoters, R-loops associate with increased recruitment of two co-transcriptionally deposited histone modifications, H3K4me1 and H3K36me317. At gene termini, R-loops associate with closely arranged genes that undergo efficient transcription termination17, consistent with prior observations24. R-loops were also shown to participate in the initiation of DNA replication at the replication origins of bacteriophage, plasmid, mitochondrial, and the yeast genomes25–31. In addition, 76% of R-loop-prone human CpG island promoters function as early, constitutive replication origins32–35, further reinforcing the connections between R-loops and replication origins. Collectively, these studies suggest that R-loops represent a novel type of biological signal that can trigger specific biological outputs in a context-dependent manner23.

Early on, R-loops were shown to form at class switch sequences during the process of immunoglobulin class switch recombination3,36,37. Such programmed R-loops are thought to initiate class switch recombination through the introduction of double-stranded DNA breaks38. Since then, harmful R-loop formation, generally understood to result from excessive R-loop formation, has been linked to genomic instability and processes such as hyper recombination, transcription-replication collisions, replication, and transcriptional stress (for review39–43). As a consequence, improved mapping of R-loop structures represents an exciting and essential challenge to better decipher the distribution and function of these structures in health and disease.

DNA:RNA immunoprecipitation (DRIP) relies on high affinity of the S9.6 monoclonal antibody for DNA:RNA hybrids44. DRIP-seq permits robust genome-wide profiling of R-loop formation4,45. While useful, this technique suffers from limited resolution due to the fact that restriction enzymes are used to achieve gentle DNA fragmentation. In addition, DRIP-seq does not provide information on the directionality of R-loop formation. Here, we report a variant of DRIP-seq that permits the mapping of R-loops at high resolution in a strand-specific manner. This method relies on sonication to fragment the genome prior to immunoprecipitation and the method is thus called sDRIP-seq (sonication DNA:RNA immunoprecipitation coupled with high throughput sequencing) (Figure 1). The use of sonication permits an increased resolution and limits restriction enzyme-linked fragmentation biases observed in DRIP-seq approaches46. sDRIP-seq produces R-loop maps that are in strong agreement with the results from both DRIP-seq and the previously described high-resolution DRIPc-seq method in which sequencing libraries are built from the RNA strands of immunoprecipitated R-loop structures45.

Faced with a plethora of methods to choose from, users may wonder which particular DRIP-based approach is preferable for their needs. We offer the following advice. DRIP-seq, despite its limitations, is technically easiest and is the most robust (highest yields) of all three methods discussed here; it thus remains broadly useful. Numerous DRIP-seq datasets have been published, which provide a useful comparison point for new datasets. Finally, the bioinformatic analysis pipeline is simpler as the data is not stranded. It is recommended that new users begin honing their R-loop mapping skills with DRIP followed by quantitative polymerase chain reaction (qPCR) and DRIP-seq. sDRIP-seq represents a slightly higher degree of technical difficulty: the yields are slightly reduced due to sonication (discussed below) and the sequencing library process is slightly more complex. Yet, the gain of strandedness and higher resolution is invaluable. It is noted that sDRIP-seq will capture both two-stranded RNA:DNA hybrids and three-stranded R-loops. Due to the library construction steps, DRIP-seq will not capture two-stranded RNA:DNA hybrids. DRIPc-seq is the most technically demanding and requires higher amount of starting materials. In return, it offers the highest resolution and strandedness. Because sequencing libraries are built from the RNA moiety of R-loops or hybrids, DRIPc-seq may suffer from possible RNA contamination, especially since S9.6 possesses residual affinity for dsRNA19,47,48. sDRIP-seq permits strand-specific, high resolution mapping without worries about RNA contamination since sequencing libraries are derived from DNA strands. Overall, these three methods remain useful and present differing degrees of complexity and slightly different caveats. All three, however, produce highly congruent datasets48 and are highly sensitive to RNase H pre-treatment, which represents an essential control to ensure signal specificity45,49. It is noted that given the size selection imposed on sequencing libraries, small hybrids (estimated &lt;75 bp), such as those forming transiently around lagging strand DNA replication priming sites (Okazaki primers) will be excluded. Similarly, since all DRIP methods involve DNA fragmentation, unstable R-loops that require negative DNA supercoiling for their stability will be lost5. Thus, DRIP approaches may underestimate R-loop loads, especially for short, unstable R-loops that may be best captured using in vivo approaches45,48. It is noted that R-loops can also be profiled in an S9.6-independent manner at deep coverage, high-resolution, and in a strand-specific manner on single DNA molecules after sodium bisulfite treatment12. Additionally, strategies using a catalytically inactive RNase H1 enzyme have been employed to map native R-loops in vivo, highlighting short, unstable R-loops that form primarily at paused promoters50–52.

PROTOCOL:

The following protocol is optimized for the human Ntera-2 cell line grown in culture, but it has been successfully adapted without modification to a range of other human cell lines (HEK293, K562, HeLa, U2OS), primary cells (fibroblasts, B-cells) as well as in other organisms with small modifications (mice, flies).

1.	Cell harvest and lysis

1.1.	Culture Ntera-2 cells to 75%–85% confluency. Ensure that the optimal cell count is 5 to 6 million cells with &gt;90% viable counts to start any DRIP procedure.

1.2.	Wash the cells once with 1x PBS, add 1.5 mL of Trypsin-EDTA 1x, and then incubate for 2 min at 37 &#176;C until the cells dissociate from the dish.

1.3.	Add 5 mL of warm media and pipette well to resuspend cells into a single cell suspension. Transfer the content into a new 15 mL tube and gently pellet the cells at 300 x g for 3 min.

1.4.	Wash the cells once with 5 mL of 1x PBS and gently pellet the cells at 300 x g for 3 min.

1.5.	Fully resuspend the cells in 1.6 mL of TE buffer (10 mM Tris-Cl pH 7.5, 1 mM EDTA pH 8.0). Add 5 &#181;L of proteinase K (20 mg/mL stock solution) and 50 &#181;L of SDS (20% stock solution) and gently invert the tubes five times until the solution become viscous. Do not try to pipette the solution, only mix by inversion.

1.6.	Incubate the tubes overnight at 37 &#176;C.

2.	DNA extraction

2.1.	Pour the DNA lysate into a pre-spun 15 mL high density phase lock gel tube and add 1 volume (1.6 mL) of Phenol/Chloroform Isoamyl alcohol (25:24:1). Gently invert five times and spin down at 1,500 x g for 5 min.

2.2.	Add 1/10 volume of 3 M sodium acetate (NaOAc) (pH 5.2) and 2.5 volumes of 100% Ethanol to a new 15 mL tube. Pour in the top aqueous phase from the phase lock gel tube and gently invert until the DNA is fully precipitated (up to 10 min).

2.3.	Spool the DNA threads using a wide bore 1,000 &#181;L tip and transfer to a clean 2 mL tube while taking care not to carry over the residual supernatant.

2.4.	Wash the DNA by adding 1.5 mL of 80% ethanol and gently invert the tube five times. Incubate for 10 min.

2.5.	Repeat the previous step twice. Do not centrifuge during the wash steps. Carefully remove as much ethanol as possible by pipetting after the last wash while trying not to disturb the DNA.

2.6.	Allow the DNA to air dry completely while inverting the tube. This step can take 30 min –1 h depending on the amount of DNA.

2.7.	Add 125 &#181;L of TE buffer directly on the DNA pellet to fragment the DNA through restriction enzyme digestion or 100 &#181;L of TE buffer to shear the DNA through sonication. Keep on ice for 1 h and gently resuspend the DNA by pipetting a few times with a wide bore 200 &#181;L tip. Leave on ice for 1 h before starting the fragmentation step.

3.	DNA fragmentation

NOTE: For restriction enzyme-based DRIP-seq, follow step 3.1. For sonication-based DRIP-seq, skip to step 3.2.

3.1.	Restriction enzyme (RE) fragmentation

3.1.1.	Digest the resuspended genomic DNA (very viscous) using a cocktail of REs according to supplier’s instructions.

3.1.1.1.	Add 0.1 mM spermidine to the final reaction. Use a cocktail of 4–5 enzymes with 30 U of each enzyme in a total volume of 150 &#181;L.

NOTE: The initial cocktail for DRIP-seq (HindIII, SspI, EcoRI, BsrGI, XbaI)4 was developed to generate an average fragment length of 5 kilobases. Avoid any interference with CpG methylation and spare GC-rich regions of the genome. Other cocktails are also possible16). These cocktails are suitable for both the human and mouse genomes but can be adjusted as needed.

3.1.1.2.	Incubate the reaction mixture overnight at 37 &#176;C.

NOTE: The DNA mixture post digest should no longer be viscous. Any remaining viscosity at this step is indicative of an incomplete digestion.

3.1.1.3.	If observed, add an additional 10 U of each enzyme and incubate for another 2–4 h at 37 &#176;C.

NOTE: Users may not digest the entire pellet in the event they harvested more cells than recommended here.

3.1.2.	Gently pipette the overnight digested DNA (150 &#181;L) into a pre-spun 2 mL phase lock gel light tube. Add 100 &#181;L of water and one volume (250 &#181;L) of Phenol/Chloroform Isoamyl alcohol (25:24:1). Gently invert five times and spin down at 16,000 x g for 10 min.

3.1.3.	Add 1.5 &#181;L of glycogen, 1/10 volume of 3 M NaOAc (pH 5.2) and 2.5 volumes of 100% Ethanol to a new 1.5 mL tube. Pipette the DNA from the phase lock gel tube and mix by inverting five times. Incubate for 1 h at -20 &#176;C.

3.1.4.	Spin at 16,000 x g for 35 min at 4 &#176;C. Wash the DNA with 200 &#181;L of 80% ethanol and spin at 16,000 x g for 10 min at 4 &#176;C.

3.1.5.	Air dry the pellet and add 50 &#181;L of TE buffer to the pellet. Leave the tube on ice for 30 min and gently resuspend the DNA.

3.1.6.	Measure the concentration (OD260) of the fragmented DNA using a spectrophotometer.

3.1.7.	Optional but recommended: Load 1 &#181;g of digested DNA on a 0.8% agarose gel alongside a size marker to verify that the digestion is complete. Run the gel for an hour at 100 V.

NOTE: If incomplete, additional enzyme can be added. Incomplete digestion can lead to the loss of resolution after immunoprecipitation.

3.1.8.	After this step, treat 10 &#181;g of digested DNA with 4 &#181;L of ribonuclease H (RNase H) for 1–2 h at 37 &#176;C to ensure that the signal retrieved upon immunoprecipitation is derived from DNA:RNA hybrids. Then, proceed to S9.6 immunoprecipitation (step 4).

NOTE: The digested DNAs can be kept frozen at -80 &#176;C for up to one month without significant loss of yield.

3.2.	Sonication

3.2.1.	Sonicate all or a part of the extracted DNA in a 0.5 mL microcentrifuge tube in 100 &#181;L total volume. Perform 15–20 cycles of 30 s ON / 30 s OFF on a sonicator (spin after 5, 10, and 15 cycles to ensure homogeneous sonication).

3.2.2.	Measure the concentration (OD260) of sonicated DNA on a spectrophotometer.

NOTE: At this step, the viscosity of the DNA should have disappeared.

3.2.3.	Run an agarose gel to confirm the size distribution of the sonicated DNA (300–500 bp).

NOTE: Over-sonicating the DNA can lead to significant reduction in yield resulting from breakage and dissociation of R-loop structures.

3.2.4.	After this step, treat 10 &#181;g of sonicated DNA with 4 &#181;L of RNase H for 1–2 h at 37 &#176;C to ensure that the signal retrieved upon immunoprecipitation is derived from DNA:RNA hybrids. Then, proceed to S9.6 immunoprecipitation (step 4).

4.	S9.6 immunoprecipitation

NOTE: The immunoprecipitation steps are similar regardless of whether DNA was fragmented through REs or sonication.

4.1.	Prepare three tubes and aliquot 4.4 &#181;g of fragmented DNA in a final volume of 500 &#181;L of TE buffer per tube. Save 50 &#181;L (1/10 of the volume) from each tube to use later as an input DNA.

4.2.	Add 50 &#181;L of 10x binding buffer (100 mM NaPO4 pH 7, 1.4 M NaCl, 0.5% Triton X-100) and 10 &#181;L of S9.6 antibody (1 mg/mL) to the 450 &#181;L of the diluted DNA.

4.3.	Incubate overnight at 4 &#176;C on a mini-tube rotator at 7–10 rpm.

4.4.	For each tube, wash 50 &#181;L of Protein A/G agarose bead slurry with 700 &#181;L of 1x binding buffer by inverting the tubes on a mini-rotator at 7–10 rpm at room temperature for 10 min. Spin down the beads at 1,100 x g for 1 min and discard the supernatant. Repeat this step once.

4.5.	Add the DNA from step 4.3 to the 50 &#181;L of beads and incubate for 2 h at 4 &#176;C while inverting at 7–10 rpm on a mini-rotator.

4.6.	Spin down the beads for 1 min at 1,100 x g and discard the supernatant.

4.7.	Wash the beads with 750 &#181;L of 1x binding buffer by inverting at 7–10 rpm on a mini-rotator for 15 min. Spin down for 1 min at 1,100 x g and discard the supernatant. Repeat this step once.

4.8.	Add 250 &#181;L of the elution buffer (50 mM Tris-Cl pH 8, 10 mM EDTA pH 8, 0.5% SDS) and 7 &#181;L of proteinase K (20 mg/mL stock) to the beads and incubate with rotation at 55 &#176;C (12 rpm) for 45 min.

4.9.	Spin down the beads for 1 min at 1,100 x g. Transfer the supernatant to a pre-spun 2 mL phase lock gel light tube and add one volume (250 &#181;L) of Phenol/Chloroform Isoamyl alcohol (25:24:1). Invert the tubes five times and spin down for 10 min at 16,000 x g at room temperature.

4.10.	Add 1.5 &#181;L of glycogen, 1/10 volume 3M NaOAc (pH 5.2) and 2.5 volumes of 100% Ethanol to a new 1.5 mL tube. Pipette the DNA from the phase lock gel tube and mix by inverting five times. Incubate for 1 h at -20 &#176;C.

4.11.	Spin at 16,000 x g for 35 min at 4 &#176;C. Wash the DNA with 200 &#181;L of 80% ethanol and spin at 16,000 x g for 10 min at 4 &#176;C.

4.12.	Air dry the pellets and add 15 &#181;L of 10 mM Tris-Cl (pH 8) in each tube. Leave the tubes on ice for 20 min and gently resuspend. Combine the contents of the three tubes into one tube (45 &#181;L).

4.13.	Check the DRIP efficiency by qPCR using 5 &#181;L of the 45 &#181;L resuspended DNA (see RepXative Results). Dilute the 5 &#181;L in 10 &#181;L of water and use 2 &#181;L per reaction.

5.	Pre-library step for sonicated DNA only

NOTE: Sonication leads the displaced ssDNA strand of R-loops to break. Thus, three-stranded R-loop structures are converted into two-stranded DNA:RNA hybrids upon sonication. As a result, these DNA:RNA hybrids must be converted back to double-stranded DNA prior to library construction. Here, a second strand synthesis step is employed. An alternative approach that has been successfully used is to instead perform a single-stranded DNA ligation followed by a second strand synthesis53.

5.1.	To the 40 &#181;L of DRIP’ed DNA from step 4.12, add 20 &#181;L of 5x second strand buffer (200 mM Tris pH 7, 22 mM MgCl2, 425 mM KCl), 10 mM dNTP mix (dATP, dCTP, dGTP, and dTTT or dUTP if the user is planning to achieve strand-specific DRIP sequencing), 1 &#181;L 16 mM NAD, and 32 &#181;L water. Mix well and incubate for 5 min on ice.

5.2.	Add 1 &#181;L of DNA polymerase I (10 units), 0.3 &#181;L of RNase H (1.6 units) and 0.5 &#181;L of E. coli DNA ligase. Mix and incubate at 16 &#176;C for 30 min.

5.3.	Immediately clean up the reaction using paramagnetic beads with a ratio of 1.6x. Elute the DNA in 40 &#181;L of 10 mM Tris-Cl (pH 8).

6.	Pre-library sonication step for RE DNA only

NOTE: DRIP leads to the recovery of RE fragments that are often kilobases in length and thus not suited for immediate library construction.

6.1.	To reduce the size of the material for library construction, sonicate the immunoprecipitated DNA in a 0.5 mL microcentrifuge tube. Perform 12 cycles of 15 s ON / 60 s OFF on a sonicator (spin after six cycles to ensure homogeneous sonication). Proceed to step 7.

NOTE: The immunoprecipitated material still carries the three-stranded R-loops which respond to sonication differently than the flanking double-stranded DNA.

6.2.	Optional step: To even out DRIP profiles, treat the immunoprecipitated material with 1 &#181;L of RNase H in 1x RNase H buffer for 1 h at 37 &#176;C prior to sonication.

7.	Library construction

7.1.	Perform end repair by adding to the 40 &#181;L from step 4.12 (RE fragmentation) or step 5.3 (sonication shearing) 5 &#181;L of 10x end repair module buffer, 2.5 &#181;L of 10 mM ATP and 2.5 &#181;L of End repair module enzyme (50 &#181;L total). Mix well and incubate for 30 min at room temperature. Include 1 &#181;g of RE-digested and sonicated (DRIP) or sonicated (sDRIP) input DNA to create control sequencing libraries corresponding to the input DNA.

7.2.	Clean up the reaction using paramagnetic beads (1.6x ratio) and elute in 34 &#181;L of 10 mM Tris-Cl (pH 8).

7.3.	Perform A-tailing by adding 5 &#181;L of buffer 2, 10 &#181;L of 1 mM dATP, and 1 &#181;L of Klenow exo- (50 &#181;L total). Mix well and incubate the mixture for 30 min at 37 &#176;C.

7.4.	Clean up the reaction using paramagnetic beads (1.6x ratio) and elute in 12 &#181;L of 10 mM Tris-Cl (pH 8).

7.5.	Ligate adapters by adding 15 &#181;L of 2x quick ligation buffer, 1 &#181;L of 15 &#181;M adapters, and 2 &#181;L of quick ligase (30 &#181;L total). Mix well and incubate for 20 min at room temperature.

7.6.	Clean up the reaction using paramagnetic beads (1x ratio) and elute in 20 &#181;L of 10 mM Tris-Cl (pH 8).

7.7.	If sonication shearing was performed and dUTP was used in step 5.1, add 1.5 &#181;L (1.5 U) of Uracil N-glycosylase and incubate for 30 min at 37 &#176;C to obtain a strand-specific DRIP.

7.8.	PCR amplify 10 &#181;L of the library from step 6.6 or 6.7. Add 1 &#181;L of PCR primer 1.0 P5 (see Table of Materials), 1 &#181;L of PCR primer 2.0 P7 (see Table of Materials), 15 &#181;L of master mix, and 3 &#181;L of water. Mix well.

7.9.	In a thermo cycler, run the program as shown in Table 1.

7.10.	Proceed to a two-step clean-up of the library using paramagnetic beads. First use a ratio of 0.65x to remove fragments over 500 bp. Keep the supernatant. Proceed to a 1x ratio on the supernatant to remove fragments under 200 bp. Elute in 12 &#181;L of 10 mM Tris-HCl (pH 8).

8.	Quality control

8.1.	To check R-loop enrichments with qPCR on two negative and three positive loci using the Pfaffl method, use 1 &#181;L of the clean-up library from step 6.10. Dilute 1 &#181;L of the library in 10 &#181;L of water and use 2 &#181;L per locus.

8.2.	Check the size distribution of the cleaned-up library from step 6.10 using a high sensitivity DNA kit.

REPRESENTATIVE RESULTS:
DRIP as well as sDRIP can be analyzed through qPCR (Figure 2A) and/or sequencing (Figure 2B). After the immunoprecipitation step, the quality of the experiment must be first confirmed by qPCR on positive and negative control loci, as well as with RNase H-treated controls. Primers corresponding to frequently used loci in multiple human cell lines are provided in Table 2. The results from qPCR should be displayed as a percentage of input, which corresponds to the percentage of cells carrying an R-loop at the time of the lysis for a given locus. In a successful DRIP experiment, the yield for negative loci should be less than 0.1% whereas positive loci can vary from 1% to over 10% for highly transcribed loci such as RPL13A (Figure 2A). For sDRIP, yields are typically lower (20%–50%) as judged by DRIP-qPCR but appear to affect recovery uniformly such that no particular subset of R-loops is affected more than another. As a result, maps derived from DRIP, sDRIP, and DRIPc are in good agreement (Figure 2B). qPCR data can also be displayed as fold enrichment of the percentage of input for positive loci over negative loci, thus assessing the specificity of the experiment. Fold enrichments typically range from a minimal of 10-fold to over 200-fold depending on the loci chosen for analysis. When precise quantification across multiple samples representing gene knockdowns, knockouts, or various pharmacological treatments, is required, the use of spike in controls to normalize inter-sample experimental variation is highly encouraged. Such spike-ins can correspond to synthetic hybrids53 or genomes of unrelated species54.

DRIP and sDRIP materials can be sequenced using single or paired-end sequencing strategies. Data can be extracted and analyzed similarly to most ChIP data using standard computational pipelines (see45 for DRIP-relevant information). After adapter trimming and removal of PCR duplicates, reads can be mapped to a reference genome and uploaded to a genome browser. A typical expected output of DRIP and sDRIP is shown in Figure 2B. The DRIP output is represented by the only green track as it does not allow strand specificity whereas sDRIP shows R-loop mapping to the positive and negative strands indicated respectively in red and blue. Control tracks corresponding to a sample pre-treated with RNase H show a clear reduction of signals, confirming the specificity of the technique for RNA:DNA hybrid-derived materials. The gains in resolution permitted by sDRIP are clearly illustrated when comparing the sizes of input DNA material (Figure 2C). The reproducibility of sDRIP-seq, along with the global impact of RNase H1 pre-treatment and the correlation between sDRIP-seq and DRIPc-seq are depicted by XY plots in Figure 2D.

Figure 1: Overview of the DRIP-seq and sDRIP-seq procedures. Both approaches start by the same DNA extraction steps developed to preserve R-loops (RNA strands within R-loops are represented by squiggly lines). For DRIP-seq, the genome is fragmented using restriction enzymes, often resulting in kilobase-size fragments within which shorter R-loops are embedded. For sDRIP-seq, the genome is fragmented via sonication, which results in smaller fragments and the shearing and loss of the displaced single-strand of R-loops (indicated by dashed lines). Following immunoprecipitation with the S9.6 antibody, DRIP leads to the recovery of three-stranded R-loops embedded within restriction fragments, while sDRIP recovers two-stranded RNA:DNA hybrids with little flanking DNA, ensuring higher resolution. For sDRIP, a library construction step must be included to convert RNA:DNA hybrids back to duplex DNA. As shown here, this is an opportunity to build strand-specific libraries. As detailed in the protocol itself, exogenous treatment with RNase H represents a key control for the specificity of both procedures; they are not shown here.

Figure 2: Result of R-loop mapping strategies. (A) qPCR results from successful immunoprecipitations using the DRIP and sDRIP method (corresponding to qPCR check step 4.13). Results are from two independent experiments from human Ntera-2 cells at a negative locus and two positive loci, including the highly R-loop-prone RPL13A locus and the moderately R-loop-prone TFPT locus. The y-axis indicates the yield of the immunoprecipitation as a percentage of the input DNA. Note that the recovery is slightly more robust for DRIP than sDRIP. (B) The results of R-loop mapping conducted in human Ntera-2 cells are shown over a region centered around the CCND1 and neighboring ORAOV1 genes. The first two tracks correspond to DRIP-seq results, without and with RNase H treatment, respectively. The position of the restriction enzymes used to fragment the genome are shown at the top. The next six tracks represent the results of strand-specific sDRIP-seq, broken down between (+) and (-) strands (two replicates each) and pre-treated with RNase H, or not, as indicated. The last four tracks represent the results of R-loop mapping via the high-resolution strand-specific DRIPc-seq method (Sanz et al., 2016; Sanz and Chedin, 2019), where libraries are built from the RNA strands of R-loops. As can be clearly seen, the CCND1 and ORAOV1 genes lead to R-loop formation on the (+) and (-) strands, respectively, consistent with their directionality. RNase H treatment abolishes the signal, as expected. (C) Input DNA materials after restriction enzyme fragmentation (left) and sonication (right) are shown after the materials were separated by agarose gel electrophoresis. The DNA ladder corresponds to a 100 bp ladder and the 500 bp band is highlighted by an asterisk. (D) XY signal correlation plots are shown to illustrate the reproducibility of sDRIP-seq (left), the overall sensitivity of sDRIP-seq to RNase H1 pre-treatment (middle), and the global correlation between sDRIP-seq and DRIPc-seq (right). All data are from Ntera-2 human cells.

Table 1: PCR program settings. The duration and temperature settings for the PCR cycles are listed.

Table 2: Primers used for qPCR validation in human cell lines. All sequences are listed in the 5’ to 3’ direction.

DISCUSSION:
Described here are two protocols to map R-loop structures in potentially any organism using the S9.6 antibody. DRIP-seq represents the first genome-wide R-loop mapping technique developed. It is an easy, robust, and reproducible technique that allows one to map the distribution of R-loops along any genome. The second technique, termed sDRIP-seq, is also robust and reproducible but achieves higher resolution and strand-specificity owing to the inclusion of a sonication step and a stranded sequencing library construction protocol. Both techniques are highly sensitive to RNase H treatment prior to immunoprecipitation, confirming that the signal is principally derived from genuine RNA:DNA hybrids. Finally, when comparing immunoprecipitation yields between R-loop positive and R-loop negative loci, both techniques offer up to a 100-fold difference in several human cell lines, providing high specificity mapping with low background.

When considering which method to implement, it is useful to consider their respective strengths and limitations. As previously noted, DRIP-seq produces maps with a lower resolution and does not give information on the strandedness of R-loop formation. The lower resolution is mainly a product of the use of REs to fragment the genome. This gentle method is best at preserving R-loops, thereby allowing unsurpassed recovery of such structures, and making DRIP-seq very robust. To circumvent the issue of limited resolution while preserving high recovery, RE cocktails can be adapted and/or maps resulting from different RE cocktails can be combined to improve resolution16. A technique using 4 bp cutters has been developed to improve the resolution of DRIP-seq and may achieve strand-specific mapping22,55, although the resulting datasets have not yet been systematically compared to other human datasets. It is important to note that in RE-based approaches, larger fragments tend to be recovered more efficiently because they can carry multiple R-loop forming regions. This bias must be taken into account when analyzing DRIP-seq datasets. Similarly, peak calling for DRIP-seq data must be ultimately translated into R-loop-positive RE fragments, since it is these fragments that are immunoprecipitated and the position of R-loops within these fragments can’t be inferred. In general, it is recommended that users first adopt RE-based DRIP-seq to learn the method and build their confidence in achieving the yields documented in Figure 2A. sDRIP-seq typically results in lower yields, which could result in maps with lower signal-to-noise ratios in untrained hands. The use of sonication as a means of fragmenting the genome offers in return a great improvement in resolution since the non-R-looped portions that typically constitute the majority of RE fragments will be broken off, allowing S9.6 to principally retrieve the R-looped portions (Figure 1). It is worth noting that sonication causes the displaced ssDNA strand of R-loops to break. It is therefore essential to add a second strand synthesis after immunoprecipitating sonicated DNA:RNA hybrids, which will convert these hybrids back to dsDNA, prior to building sequencing libraries. Without this step, the only fragments that can be ligated to dsDNA adapters will be background dsDNA fragments; thus, the resulting maps will be devoid of any signal. Strand-specificity provides numerous further benefits to the understanding of R-loop formation mechanisms, making sDRIP-seq a method of choice for the study of R-loops.

Importantly, maps obtained via DRIP-seq and sDRIP-seq represent the average distribution of R-loops through a cell population; thus, the length and position of individual R-loops cannot be addressed with those techniques. For this, an independent and complementary method termed single-molecule R-loop footprinting (SMRF-seq)12 can be leveraged to reveal individual R-loops at high-resolution in a strand-specific manner. Assessment of R-loop formation using SMRF-seq over 20 different loci, including independently of S9.6, revealed a strong agreement between collection of individual R-loop footprints and the population average distribution gather by DRIP-based approaches12, lending strong support to DRIP-based approaches. It is also important to consider that R-loop mapping data only provides a snapshot of R-loop genomic distribution and does not provide information on the dynamics of R-loop formation, stability, and resolution. DRIP approaches, combined with specific drug treatments and an evaluation of R-loop distributions through time series, can nonetheless be deployed to address these parameters17,53. The limitations of R-loop profiling methodologies are particularly important to keep in mind when the goal is to characterize altered R-loop distributions in response to genetic, environmental, or pharmacological perturbations. In addition to those already described above, it is key to consider any possible change to nascent transcription since these will inherently cause R-loop changes owing to the co-transcriptional nature of these structures. These issues and guidelines for developing rigorous R-loop mapping approaches have been extensively discussed48,56 and readers are encouraged to refer to these studies.
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