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The search for genomic G-quadruplex (G4) motifs is motivated by their involvement in key cellular processes (e.g., transcription, replication) and corresponding dysregulations underlying genetic diseases. Sequencing-based methods have been developed to assess G4 DNA formation genome-wide, including G4-seq that detects G4s in purified DNA (so called in vitro) from human lymphocytes using the G4 stabilizer PDS, and G4 ChIP-seq that detects G4s in the chromatin of human keratinocytes (so called in vivo) using the G4-specific antibody BG4.

We recently reported on the use of a small molecule, BioTASQ, as a proxy for BG4 for assessing the transcriptomic prevalence of G4-RNA in vivo using G4RP-seq. Here, we provide the first direct and unbiased comparison of the G4 capturing ability of small molecules BioTASQ and its new derivative BioCyTASQ versus the antibody BG4, developing G4DP-seq which makes the genome-wide detection of G4s in vitro and in vivo more straightforward, reproducible and reliable.

Introduction

G-quadruplex-DNA (G4-DNA, or G4) are DNA structural motifs originating in the folding of guanine (G)-rich DNA sequences, when freed from the duplex constraint, into a four-stranded structure. 1,2 The stability of these motifs is provided by both the self-assembly of Gs to form G-quartets and the self-stacking of several contiguous G-quartets (Figure 1A). 3 Gs are thus not randomly distributed along the G4-forming sequences (G4FS) but gathered into G-runs usually comprising 2 to 4 Gs. The repetitive nature of these sequences makes them readily detectable genome-wide: the bioinformatics processing of the human genome in the search for the general sequence G≥3NxG≥3NxG≥3NxG≥3 (where N is any intervening nucleobase, x ranging from 1 to 7) led to the identification of >300,000 putative G4FS. 4,5 The length of the connecting loops (the x value) was then extended to ≤ 15, ≤ 21 and then ≤ 25, which mechanically increased the number of G4FS to >1,000,000. [6][7][8][9] This high G4 density prompted researchers to demonstrate their existence in vitro. To this end, the G4-seq technique 6 was developed and applied to purified single-stranded DNA, using G4-promoting conditions (i.e., in a buffer with a high K + -content or in the presence of the G4stabilizing small-molecule pyridostatin, 10 PDS). The folded and stable G4s were then detected through a polymerase stop assay, in which the stabilized G4 motifs pause the polymerase procession, which creates an erroneous incorporation of nucleotides in the downstream sequence. The resulting, highly mismatched sequences are then easily visualizable through a Phred quality score analysis, which led to the straightforward detection of the polymerase stop sites, that is, the G4 sites. G4-seq identified >500,000 G4FS in K + -rich buffers, and >700,000 G4FS in presence of PDS within the human genome, and was subsequently applied to 12 different species (including human, mouse, bacteria and Arabidopsis, a model plant species) 11 to track and highlight the diversity of abundance and location of G4FS (being particularly prevalent in mammals). This high G4 density prompted researchers to investigate the existence of G4s in cella: to this end, an antibody-based G4-immunoprecipitation protocol was developed, the G4 ChIPseq, 12,13 using fragmented chromatin from fixed human keratinocyte cells from which folded G4s were precipitated using BG4, 14 a G4-specific BG4 antibody (Ab, Figure 1B). G4 ChIP-seq identified ca. 10,000 G4s, which represent a minor fraction (2%) of G4FS detected by G4-seq, likely due to the repressive role of the chromatin packing. We followed a convergent approach to assess the prevalence of G4s in the genome of plants (rice). This technique, termed BG4-IP-seq, 15 was implemented with purified and fragmented rice genomic DNA in G4-promoting conditions (i.e., in a buffer with a high K + -content) from which folded G4s were precipitated using BG4, as above. BG4-IP-seq identified ca. 20,000 G4FS, which represents a minor fraction (5%) of in silico predicted G4FS, but far higher than the number of G4FS detected by G4-seq in another model plant species, the Arabidopsis (ca. 2,000 G4FS), as a result of the difference in the implemented technique. The reliability of the BG4-IP-seq protocol, along with the straightforward access to rice genomic DNA, makes this system ideal for comparing the pull-down efficiency of the antibody BG4 versus the small-molecular baits BioTASQ 16,17 and its new derivative BioCyTASQ 18 (Figure 1C). These two TASQs (for template-assembled synthetic G-quartets) 19 are biotinylated biomimetic ligands that were successfully employed for fishing G4-RNAs out from human cell lysates, in a protocol referred to as G4RP-seq (for G4-RNA precipitation and sequencing), 16,20 which belong to the toolbox of seq-based techniques used to interrogate G4-RNA prevalence, 21 comprising rG4-seq, 22 DMS-seq, 23 Keth-seq 24 and SHALiPE-seq. 25 We reasoned that the ability of TASQs to isolate G4-DNA deserves both to be investigated and to be compared to that of BG4. We thus report here on these investigations, which provides the very first comparison of the efficiency of the immuno-versus chemo-precipitation of G4s, under strictly identical experimental conditions.

Results.

BG4-IP-seq and G4DP-seq protocols. The BG4-IP-seq protocol 15 was implemented with purified rice genomic DNA, after fragmentation (sonication) into 100-to 500-bp sequences in size. These DNA fragments were then thermally treated (10 min at 90 °C, followed by a slow return to 25 °C in G4-stabilzing conditions, 150 mM K + ) in order to maximize G4 folding potentials. BG4-IP-seq thus relies on the use of a FLAG tagged BG4 (expressed from the pSANG10-3F-BG4 plasmid, 3 µg for 5 µg of DNA), followed by the addition of an anti-BG4 Ab (anti-FLAG, 3 µg) and then, protein G-coupled magnetic beads for pulling down the G4/BG4/anti-FLAG/beads complexes. The BG4-IP-seq protocol was then adapted to the TASQ molecular tools: in reference to their use as baits for G4-RNA in the G4RP-seq, 16,20 we refer to this protocol as G4DP-seq (for G4-DNA precipitation and sequencing). G4DP-seq thus relies on the treatment of the prepared DNA fragments (G4-optimized) with TASQ (either BioTASQ or BioCyTASQ, 100 µM), followed by the addition of streptavidin-coated magnetic beads for pulling down the G4/TASQ/bead complexes. In both instances (BG4-IP-seq and G4DP-seq), thermal elution steps (65 °C twice, 15 min each) followed by DNA purification (PhOH/CHCl3 extraction, then EtOH precipitation) provide samples ready for library preparation.

BG4-IP-seq and G4DP-seq results. The reliability of both BG4-IP-seq and G4DP-seq protocols was assessed by sequencing two independent libraires for each condition. Raw FASTQ reads were aligned to the MSU v7.0 rice genome reference and only reads with a high mapping quality (mapq score >10) were kept for further analyses (Figure 2A and Table S1). The use of BG4 led to a high and consistent number of reads (73 to 78,000), with 52,088 common reads; BioTASQ to a variable number of reads (from 51 to 87,000), with 48,722 common reads; BioCyTASQ to a low number of reads (24 to 47,000), with 17,747 common reads. The ratio of common reads (i.e., 71, 94 and 74%) testifies to the good reproducibility of the BG4-IP-seq and G4DP-seq protocols, which was confirmed by a heat map of Spearman correlation values (Figure S1). Next, clean reads with a length >50 nt were used for G4 peak calling (using MACS2), 26 performed against three controls for BG4 (input, IgG and anti-FLAG alone) and two controls for TASQ (input and biotin). As seen in Figure 2B, 29,469, 59,791 and 49,898 high-confidence G4 peaks (i.e., found when compared to all controls) were identified for BG4, BioTASQ and BioCyTASQ, respectively. This indicates that both Ab and ligands capture G4s efficiently, with a somehow better performance of TASQs versus BG4 in terms of number of detected peaks.

The genomic distributions of these peaks are globally comparable (Figure 2C), the most abundantly detected G4s belonging to promoters, distal intergenic regions and exons, although with some variations in the distribution (33, 24 and 16% for BG4; 26, 19 and 34% for BioTASQ; and 31, 19 and 29% for BioCyTASQ). To better highlight the difference between them, a pairwise comparison (Figure 2D) shows that the 8,877 common G4s (detected by both Ab and TASQs, vide infra) are primarily distal intergenic G4s (53%), while those enriched specifically by each bait are exonic G4s with TASQs (44 and 42% for BioTASQ and BioCyTASQ, respectively), and equally distributed between promoters and distal intergenic regions with BG4 (32%). These variations might originate in a difference of sequence, that is, of G4 structure, which drives epitope recognition by BG4 and accessibility to the external G-quartet (nature, length and distribution of loops) for TASQs.

BG4-IP-seq and G4DP-seq common G4 peaks. The 8,877 common G4s can be considered as high-confidence G4s that they were trapped and enriched by two orthogonal techniques (antibody-and ligand-based affinity capture), which is quite unique and leaves no doubt about their G4 nature. This was further established by multiple expectation-maximizations for motif elicitation (MEME) analyses, 27 which show that the common G4 motifs correspond mostly to two-quartet G4s of general sequence G2N1G2N1G2N1-2G2 (Figure 3A). The pairwise comparison also identifies G4s motifs specifically enriched by BioTASQ (20,682), BioCyTASQ (16,979) and BG4 (12,203) that were similarly MEME-analyzed without revealing any bias for particular G4 structural types (Figure 3A). This observation lends credence to the interchangeable use of either capture tools.

To go a step further, we bioinformatically searched for putative G4FS (PG4FS) of general G≥2NxG≥2NxG≥2NxG≥2 sequence (x between 1 and 12) in the specifically enriched G4 peaks using QuadParser 5 (which searches on both forward and reverse strand) using the published regular expression syntax '([gG]{2,}\w{1,12}){3,}[gG]{2,}'. These analyses reveal a better efficiency of both TASQs (with 62,236 and 83,228 PG4FS identified by BioTASQ and BioCyTASQ, respectively) as compared to BG4 (25,317 PG4FS) (Figure 3B), which might originate in the G4stabilizing properties of TASQs (they do not, however, promote G4 folding, 18 as further discussed below). These elevated numbers originate in both the wide range search (G2+L1-12) and the average length of the G4 peaks (0 -1,000 bp-long), several PG4FS could thus be found on the same G4 peak. Small molecules can thus capture G4-containing DNA sequences with a high efficiency, even more efficiently than Ab. To further investigate this, the G4 density in each G4 peak was calculated relative to ad hoc controls (random sequences of similar size, n = 100), and this confirms the better performances of TASQs (enrichment score (ES) = 2.63 and 2.68 for BioTASQ and BioCyTASQ, respectively) as compared to BG4 (ES = 1.79) (Figure 3B). Of note, a similar analysis performed with the 8,877 common G4 peaks confirms their high G4content (14,388 PG4FS, ES = 2.12). BioTASQ-versus BioCyTASQ-based G4DP-seq. It was thus of interest to further compare the properties of the two TASQs. As indicated above, the G4 peaks enriched by both TASQs contain a high number of PG4FS (ca. 62 and 83,000), with a very low rate of false positives (<2%, which may contain irregular PG4FSs). The overlap between detected G4 peaks is illustrated by a Bland-Altman plot 28 (or MA-plot: M refers to minus and correspond to the log2 ratios on the y axis; A refers to average and corresponds to the mean values on the x axis). This visualization compares the agreement between the two G4DP-seq datasets (BioTASQ versus BioCyTASQ) and reveals a quite homogeneous distribution of the peaks with 82.3% common peaks (-1 < M < 1; -log10(P) < 2), along with some BioTASQ-and BioCyTASQ-specific peaks (5 < A < 8; -log10(P) > 2; ca. 14.7 and 3.0%, respectively, Figure 3C).

However, some discrepancies can be noted: indeed, a closer look to the G4 peaks indicates that the distribution of length is wider for BioCyTASQ (average length 550 bp) than for BioTASQ (average length 370 bp), which underlines a significant difference in capture efficiency (Figure 3D). Also, a visual inspection of the integrative genomics viewer (IGV) screenshot for a 30-kb region from Oryza sativa chromosome 1 shows common and differential G4 peaks captured by BioTASQ (upper rows) and BioCyTASQ (lower rows) but also highlights the better signal-to-noise (S/N) ratio of BioCyTASQ (Figure 3E). These differences, which are not easily rationalized but might originate in a difference of molecular flexibility, and thus, of G-quartet stability and accessibility, highlight that BioCyTASQ should be preferred for the capture of G4s in vitro. in vitro versus in vivo G4DP-seq. These results led us to investigate whether TASQs could be suited for the capture of G4s in vivo. The G4DP-seq protocol was thus adapted using BioTASQ as bait since it was used for the G4RP-seq, which similarly traps G4-RNA in in vivo-like conditions. Rice seedlings were cross-linked using formaldehyde (1%) before being ground in liquid nitrogen to disrupt cell walls and isolate nuclei (several washing steps), which were subsequently lysed for isolating genomic DNA. Cross-linked chromatin was thus fragmented (100-to 500-bp), which was followed by BioTASQ incubation (4 °C, overnight) and addition of streptavidin-coated beads for pulling down the cross-linked G4/TASQ/bead complexes. After thermal elution and cross-link reversal steps, DNA was precipitated for preparation of the sequencing libraries as described above.

The comparison of the in vitro/in vivo conditions was performed by sequencing two replicated libraries for each condition (Table S2). Clean reads were used for G4 peak calling (MACS2) against two controls (input and biotin): results seen in Figure 4A show that very consistent results were obtained in both conditions, with 59,791 and 57,500 high-confidence G4 peaks identified for in vitro and in vivo G4DP-seq, respectively. Again, a heat map of Spearman correlation values (Figure S2) confirms the high correlation of G4DP-seq replicates, in vitro and in vivo. The overlap between the G4 peaks is important, with >60% common G4s (Figure 4A and Figure S3) as well as the agreement between the two G4DP-seq data sets, with >70% common peaks (Figure 4B). However, a significant difference was found when analyzing the genomic distributions of these peaks: while the distribution for in vitro G4 peaks was in line with those previously obtained (with notable enrichments in promoters and distal intergenic regions, 24 and 32%, respectively, Figure 4C), G4s identified by in vivo G4DP-seq were particularly enriched in exons (62%). This was further demonstrated by profiling the normalized G4 read counts across genomic regions spanning from 2 kb before the transcription start site (TSS) to 2 kb after the transcription termination site (TTS) of the 55,801 Nipponbare genes, thus encompassing the 7 genomic regions of interest used above (promoters, 5' and 3' UTRs, exons and introns, downstream and distal intergenic regions). The strong enrichment of read counts between TSS and TTS for in vivo conditions (Figure 4D) is likely due to an over-abundance of exonic G4s. This finding, which strongly suggests key roles of G4s in exons in a functional cellular context, is in line with their recent involvement in alternative splicing events at the transcripts level. 29,30 The nature of the identified G4 peaks was further investigated in silico: a QuadParser analysis of the high-confidence peaks (59,791 for in vitro G4DP-seq; 57,500 for in vivo G4DPseq) revealed a very high G4 motif content, with >99% of these peaks containing the consensus G≥2NxG≥2NxG≥2NxG≥2 sequence (Figure 4E). This high content represents only a minor fraction (ca. 3%) of the PG4FS detected genome-wide (ca. 1,800,000 putative G4 motifs).

The very low difference (<0.1%) between the numbers of G4 peaks identified with BioTASQ in vivo and in vitro (57,500 and 59,791, respectively) confirms that the TASQ does not promote G4-folding in our conditions. Finally, the G4 motif occurrence within the 22,455 peaks detected in vitro, 22,698 peaks detected in vivo and the 34,802 common peaks was investigated via MEME analyses: as seen in Figure 4F, the most enriched motifs were again found to correspond to two-quartet G4s; the particular G-richness observed for the common peaks is interesting as these G4s were trapped and enriched by two orthogonal techniques (in vitro versus in vivo G4DP-seq), which is, again, quite unique and leaves no doubt about their G4 nature.

Discussion

Chemical biology and chemical genetics rely on the use of molecular tools that uniquely allow for interrogating biological systems at the cellular level. 31,32 Scientists have access to a large and diverse portfolio of tools, enabling them to select the most suited molecular devices for their intended applications. Quite often, antibodies (Abs) rank high in this selection, owing to their established high-affinity and -selectivity for their targets. This explains why the antibody BG4 is increasingly used to interrogate G4 biology at the cell/tissue level. [12][13][14][15][33][34][35][36][37][38][39][40][41][42] Despite the fact that, by definition, small molecules benefit from more straightforward chemical access, purification and characterization, they still suffer from a globally accepted lower target affinity and specificity when compared to Abs. However, with a few notable exceptions, including our recent investigations in which we compared chemo-(N-TASQ) versus immuno-detection (BG4) of G4s in ALT + versus TERT + cancer cells, 39 or in in vitro single-molecule mechanical unfolding experiments, 43 no direct comparison of the performances of BG4 versus multivalent G4 ligands has been attempted in more complicated experimental setups, particularly the chemoversus immuno-precipitation of G4s prior to their identification by sequencing. Our study aims at providing such a comparison.

To this end, the performances of BG4 were compared to that of two small molecules, BioTASQ and BioCyTASQ, under strictly similar experimental conditions. The Ab and TASQs are used to fish G4s out from cell lysates both in in vitro conditions where the G4-forming sequences (G4FS) present in the fragmented DNA is properly folded prior to be precipitated by affinity capture, and in in vivo-like conditions where naturally folded G4s are fixed (crosslinked) in live cell conditions prior to cell lysis, chromatin fragmentation and affinity capture steps. The Ab/TASQ performances were compared in terms of mapping quality (clean reads), G4 peaks calling along with both the genomic distribution and the G-rich nature (G4 motifs) of the identified G4s. Both Ab-and TASQ-based techniques (BG4-IP-seq and G4DP-seq, respectively) provide an accurate portrayal of G4 biology, notably highlighting a strong bias towards exonic G4s in vivo, which indicates the roles that exons might play in a G4-mediated manner in the intricate regulatory networks of plant genetics. This systematic, multivariate analysis confirms the excellent ability of both molecular devices to isolate G4s for identification purposes. These results show that small molecules (BioTASQ and BioCyTASQ) can thus successfully compete with antibodies (BG4). The performances of TASQs are even better than that of BG4 in terms of number of reads and peaks, which together with their simplest molecular nature makes them ideal tools for chemical biology investigations aiming at deciphering G4 biology in ever greater detail.

Methods

Genetic material. Seeds of rice (Oryza sativa) cultivar Nipponbare (Japonica) were pregerminated at 25 °C for 3 d under dark condition. Uniformly germinated seeds were transferred to pots containing the nutrient soil and grown in a greenhouse with an automatically controlled condition: 28 to 30 °C and a 14 h/10 h light/dark cycle. For G4DP-seq in vivo: two-week-old rice seedlings were cut into 1-1.5 cm in length and merged into 1 % of formaldehyde (v/v) in HEPES buffer pH = 8.0 (20 mM HEPES, 1 mM EDTA, 100 mM NaCl and 1 mM PMSF) for cross-linking at 25 °C for 10 min in vaccuo. After quenching the excess of formaldehyde by adding 0.125 M final concentration of glycine followed by vacuuming for additional 5 min, the cross-linked leaves were rinsed with autoclaved ddH2O and air-dried. For G4DP-seq in vitro and in vivo: cross-linked or native leaves were ground into fine powder using liquid nitrogen; after several washing steps using NIB (nuclear isolation buffer, containing spermine, spermidine and mercaptoethanol), NWB (nuclear washing buffer, containing triton X-100) and NDB (nuclear digestion buffer), 44,[START_REF] Zhang | Plant Functional Genomics[END_REF] chromatin (for cross-linked leaves) and genomic DNA (for native leaves) were isolated and used directly for downstream experiments (or stored at -80 °C for later use).

G4DP-seq protocol in vitro.

The purified rice genomic DNA was diluted with 1X sonication buffer (50 mM Tris-HCl, 10 mM EDTA and 1 % SDS w/v, pH = 8.0), then fragmented into 100 -500 bp in size using the water-based Biorupter (Diagnode). A total of 5 μg purified fragmented genomic DNA was diluted in a G4-stabilizing buffer (150 mM KCl and 10 mM Tris-HCl, pH = Precipitated DNA and input DNA was used for library preparation as described above.

Analysis of sequencing data. Raw sequencing data were quality-checked and cleaned using fastp [START_REF] Chen | [END_REF] (version 0.21.0). All cleaned reads were aligned to the MSU v7.0 reference genome http://rice.plantbiology.msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/p seudomolecules/version_7.0/all.dir/) using BWA 47 (mem algorithm, version 0.7.17) with default parameters. SAMtools 48 (version 1.5, option -markdup) was used for complete removal of any PCR duplicates. MACS2 26 (version 2.1.1) was used for G4 peak calling using reads with alignment length greater than 50. The command and parameters for G4 peak calling were: macs2 callpeak -g 3.8e+8 -f BAM --nomodel -q 0.01. The input or biotinprecipitated library were used as control during G4 peak calling. Biologically replicated G4 peaks were considered as G4 peaks with high confidence (command intersect of the bedtools package). The plotCorrelation program of deepTools was used for calculating the Spearman's rank correlation coefficients between biological replicates. Motif prediction. G4 motifs within G4 peaks were predicted using MEME-ChIP (http://memesuite.org/tools/meme-chip) 27 with the following parameters: minimum width 5 bp, maximum width 25 bp. Only the top significantly enriched motifs (i.e., with the highest E-values) are shown in Figures 3 and4.

PFQSs identification and fold-enrichment analyses. Putative G4-forming sequences (PG4FSs) were identified by screening the whole genome sequences using QuadParser (https://github.com/dariober/bioinformaticscafe/blob/master/fastaRegexFinder.py). The fold-enrichment of PG4FSs (G2+L1-12) was calculated relative to random controls across the genome (bedtools shuffle command, observed values divided by average of 100 randomizations values).
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 1 Figure 1. Schematic representations of a G-quadruplex (G4)-folding from a guanine (G)-rich DNA sequences (A) and of the two affinity capture techniques studied here (B), the BG4-IP-seq performed with the antibody BG4 and the G4DP-seq performed with two biotinylated small molecules, BioTASQ and BioCyTASQ (C).

Figure 2 .

 2 Figure 2. A. Venn plots illustrating the reproducibility of BG4-IP-seq (performed with BG4) and G4DP-seq (performed with either BioTASQ or BioCyTASQ) protocols. B. G4 peak calling performed against controls (input, IgG and anti-FLAG for BG4-IP-seq; input and biotin for G4DP-seq) that leads to the identification of highconfidence G4 peaks. C. Genomic distribution of the high-confidence G4 peaks. D. Pairwise comparison of G4 peaks and genomic distribution of the 12,203 BG4-specific peaks, 20,682 BioTASQ-specific peaks, 16,979 BioCyTASQ-specific peaks and 8,877 common peaks.

Figure 3 .

 3 Figure 3. A. Motifs discovery using MEME for BG4-IP-seq and G4DP-seq peak data sets, performed with the 12,203 BG4-specific peaks, 20,682 BioTASQ-specific peaks, 16,979 BioCyTASQ-specific peaks and the 8,877 common peaks, which reveal the presence of repetitive, G-rich motifs. B. Number and fold enrichment of putative G4-forming sequences (PG4FSs) identified by QuadParser, which reveal the high likelihood of G4s among the detected BG4-IP-seq/G4DP-seq G4 peaks. C. MA-plot illustrating the significant overlap (>80%) between G4 peaks detected using G4DP-seq with both BioTASQ and BioCyTASQ. D. Length distribution of G4 peaks detected using G4DP-seq with both BioTASQ (blue) and BioCyTASQ (green). E. Example of integrative genomics viewer (IGV) screenshot for a 30-kb window of the rice (Oryza sativa) chromosome 1 (Chr1). Tracks are shown for G4DPseq performed with BioTASQ (blue) and BioCyTASQ (green); G4 peaks are indicated with colored rectangles.

Figure 4 .

 4 Figure 4. A. Venn plots illustrating the G4 peak calling against two controls (input and biotin) for G4DP-seq performed in vitro or in vivo, leading to the identification of high-confidence G4 peaks, which are then compared (right plot). B. MA-plot illustrating the significant overlap (>70%) between G4 peak data sets of G4DP-seq performed in vitro or in vivo. C. Genomic distribution of the high-confidence G4 peaks detected in vitro, in vivo or in both conditions (common). D. Profiling of in vivo and in vitro G4DP read counts across ± 2 kb from the transcription start sites (TSSs) to the transcription terminate sites (TTSs) of genes. E. Number of PG4FSs identified by QuadParser for G4DP-seq performed in vitro or in vivo, compared to genome-wide PG4FS. F. Motifs discovery using MEME for G4DP-seq peak data set, performed with the 22,455 in vitro-specific peaks, 22,698 in vivo-specific peaks and the 34,802 common peaks, which reveal the presence of repetitive, G-rich motifs.
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 5 , denatured at 95 °C for 10 min, then refolded thanks to a slow return to 25 °C. The refolded DNA was diluted with G4DP buffer (10 mM Tris-HCl, 5 mM EDTA, 150 mM KCl, 0.5 mM DTT, 0.5 % NP-40, pH = 7.4), then incubated with 100 µM of BioTASQ/biotin/BiocyTASQ with a constant rotation at 4 °C overnight. 30 µl of prewashed streptavidin-coupled Dynabeads were added the reaction above for another 4 h-incubation at 4 °C. The washed beads with BiocyTASQ/BioTASQ bound G4 DNA were eluted twice with 200 µl elution buffer (0.1 M NaHCO3 and 1 % SDS w/v) at 65 °C for 15 min each. Precipitated DNA and input DNA was purified using phenol/chloroform extraction followed by cold ethanol precipitation. All libraries were prepared using the NEBNext® Ultra™ II DNA Library Prep Kit for Illumina (NEB, E7645S) for paired-end mode sequencing on Illumina NovaSeq platform.G4DP-seq protocol in vivo.The purified cross-linked nuclei were fragmented into sizes ranging from 100 -500 bp in size in sonication buffer (10 mM Tris-HCl, 5 mM EDTA, 150 mM KCl, 0.5 mM DTT, 0.5 % NP-40 and 0.5 % SDS, pH = 7.4) using the water-based Biorupter. After being centrifuged at 12,000 rpm at 4 °C for 10min, the supernatant containing fragmented chromatin was carefully transferred to a new 1.5 ml tube and kept on ice. The fragmented chromatin was diluted with incubation buffer (10 mM Tris-HCl, 5 mM EDTA, 150 mM KCl, 0.5 mM DTT and 0.5 % NP-40, pH = 7.4) until the final concentration of SDS was below 0.1%. After keeping 1/10 volume of diluted supernatant as input, the remaining volume was incubated with 30 μl of BioTASQ/biotin at 4 °C overnight, then incubated with 30 µl of washed Dynabeads for another 4 h at 4 °C. The washed BioTASQ-bound DNA was eluted with 200 µl elution buffer twice at 65 °C for 15 min each, then reverse cross-linked at 65 °C overnight. The de-crosslinked DNA was purified using phenol/chloroform extraction and cold ethanol precipitation.
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