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G4access identifies G-quadruplexes and 
their associations with open chromatin and 
imprinting control regions

Cyril Esnault    1,7, Talha Magat1,7, Amal Zine El Aabidine1,7, 
Encar Garcia-Oliver    1,7, Anne Cucchiarini2, Soumya Bouchouika1, 
David Lleres    1, Lutz Goerke1, Yu Luo2,3, Daniela Verga    3, Laurent Lacroix    4, 
Robert Feil    1, Salvatore Spicuglia    5,6, Jean-Louis Mergny    2 & 
Jean-Christophe Andrau    1 

Metazoan promoters are enriched in secondary DNA structure-forming 
motifs, such as G-quadruplexes (G4s). Here we describe ‘G4access’, an 
approach to isolate and sequence G4s associated with open chromatin via 
nuclease digestion. G4access is antibody- and crosslinking-independent 
and enriches for computationally predicted G4s (pG4s), most of which are 
confirmed in vitro. Using G4access in human and mouse cells, we identify 
cell-type-specific G4 enrichment correlated with nucleosome exclusion 
and promoter transcription. G4access allows measurement of variations in 
G4 repertoire usage following G4 ligand treatment, HDAC and G4 helicases 
inhibitors. Applying G4access to cells from reciprocal hybrid mouse 
crosses suggests a role for G4s in the control of active imprinting regions. 
Consistently, we also observed that G4access peaks are unmethylated, while 
methylation at pG4s correlates with nucleosome repositioning on DNA. 
Overall, our study provides a new tool for studying G4s in cellular dynamics 
and highlights their association with open chromatin, transcription and 
their antagonism to DNA methylation.

Eukaryotic promoters encompass a wide range of sequences but tend 
to have modest conservation in evolution. For example, while mam-
malian promoters tend to be GC-rich (>70%), yeast and Drosophila 
promoters are AT-rich. Despite these pronounced differences, eukar-
yotic promoters harbor similar properties in their ability to recruit 
the transcriptional machinery and to exclude and position nucle-
osomes1. We previously showed that mammalian CpG islands (CGIs) 
intrinsically exclude nucleosomes, independently of transcription2. 
Our more recent work also emphasizes that within CGIs, and more 

generally in human and mouse promoters, G-quadruplex (G4)-forming 
sequences are likely to have a crucial role in nucleosome exclusion both 
in cells and in vitro3. Unimolecular G4s are DNA secondary structures 
well-characterized in vitro4. Their investigation in living cells is more 
recent, and they are suggested to have essential roles in transcrip-
tion, replication, genome stability and homeostasis5. They can also 
be predicted by computational algorithms6,7 such as G4Hunter which 
calculates a robust likelihood score of genomic sequences forming G4 
structures at fixed window sizes.
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map G4s in living cells based on their nucleosome exclusion potential. 
For this purpose, we developed a technique to isolate subnucleosomal 
(~147 bp) DNA fragments that are protected by DNA secondary struc-
tures using MNase digestion.

First, we reasoned that subnucleosomal fragments might be 
enriched in G4FS given the observed nucleosome depletion at promot-
ers and other locations of the genome. Second, MNase possesses both 
endonuclease and exonuclease activity and has been reported to have 
a cutting preference before G-stretches15,16, while G4s are also resistant 
to λ-exonuclease17. Thus, we assumed that G4s should be enriched in the 
genomic sequences targeted by low levels of MNase digestion (Fig. 1b).

We performed MNase titration in three human cell lines from 
different tissues and optimized recovery of G4 sequences at a known 
model G4 by qPCR (Fig. 1c and Extended Data Fig. 1b). As expected, we 
observed that low/moderate MNase digestion (around 30% mononu-
cleosome) consistently yielded subnucleosomal fractions enriched for 
our model G4. Because MNase digestion was performed in suboptimal 
ionic conditions for G4 formation, we checked that control G4s could 
form in vitro under ionic and temperature conditions used in our 
procedure (Extended Data Fig. 1c,d). Finally, we subjected the purified 
and size-selected DNA to library preparation and high-throughput 
sequencing. Experimental signal was reproducibly correlated (r > 0.76) 
within each of the three cell lines (Extended Data Fig. 1e). A closer 
investigation of the data indicated that the signals are cell-specific 
with both common and specific locations in the three cell types (Fig. 1d  
and Extended Data Fig. 2a,b). Because G4FS are found enriched in open 
chromatin areas, we further dubbed this technique ‘G4access’. Interest-
ingly, G4access widely overlaps with Pol II at promoters (see section 
‘G4access hallmarks nucleosome exclusion and transcription’) and is 
consistent with G4–ChIP profiles8,10 (Fig. 1d and Extended Data Fig. 2c).  
However, peaks called in G4access data are more sharply resolved than 
in G4–ChIP (Fig. 1e). Furthermore, pG4 scores and the enrichment of 
G4Hunter–pG4s were comparable across the two techniques (Fig. 1f,g  
and Extended Data Fig. 2d). Shuffling nucleotides while keeping base 
composition constant confirmed the methods’ specificity (Extended 
Data Fig. 2e). Notably, G4access allows for >50% enrichment of 
sequences with a G4Hunter prediction score >1.5, which have a high 
likelihood of forming a G4 in vitro6. We confirmed this observation by 
scoring G4 subtype structures from motif predictions in individual cell 
lines. We found that 75–90% of the sequences fit one or another pG4 cat-
egory (Extended Data Fig. 3a). When considering peaks common to the 
three cell types, this fraction climbed to 96% of the sequences (Fig. 1h).  
Additionally, G4access genomic locations are over-represented at TSSs 
and at 5′ regions of genes (Extended Data Fig. 3b), with 15–40% of the 
peaks located within promoters, comparable to G4–ChIP datasets. 
We also noted that G4access can yield substantial enrichment of CTCF 
motif in K562 cells. From a sequence point of view, ChIP and G4access 
display comparable numbers of G-stretches (Extended Data Fig. 3c), 
while numbers of G per track show more cell-type variability in ChIP 

Various experimental techniques have been developed to character-
ize G4 formation in cells. The recent development of G4–ChIP has enabled 
the identification of thousands of G4-forming genomic sequences at 
promoters and elsewhere8–10. However, G4–ChIP is highly dependent on 
the selectivity of G4 recognition by the BG4 nanobody11, which may stabi-
lize unstable structures in vitro12,13, introducing a potential bias. Finally, 
previous observations report that it is difficult to apply G4–ChIP to all cell 
types, in particular noncancerous primary cells8. Therefore, orthogonal 
methods are needed to identify G4s formed in the chromatin context.

Here we describe ‘G4access’, an antibody- and crosslinking- 
independent method coupled to high-throughput sequencing, that 
identifies G4-forming sequences (G4FS) associated with open chroma-
tin in cells. Taking advantage of the sequence preference of micrococ-
cal nuclease (MNase), we isolated G4-enriched fractions of chromatin 
following enzymatic titration. G4access yields cell-specific G4 patterns 
that are enriched for accessible chromatin at promoters and other 
genomic loci. We validated a large fraction of G4access sequences 
as forming G4 structures using multiple, large-scale in vitro assays. 
Enriched G4access loci not only correlate with open chromatin but 
also associate with repositioned nucleosomes, and are tightly linked to 
the presence of initiating/paused RNA polymerase II (Pol II). However, 
G4access signals are only moderately impaired by transcriptional inhib-
itors, suggesting that they are not dependent on active transcription. 
Unexpectedly, cell treatment with a G4-stabilizing ligand yielded strong 
G4 dynamics in vivo associated with the gain of regions with lower G4 
potential. Knockdown of the G4 helicases, DHX36 and WRN, resulted 
in the specific increase of G4access signal at strong G4-containing pro-
moters. Moreover, applying G4access to reciprocally crossed hybrid 
mouse embryonic stem cells (mESCs) shows that increased allelic G4 
potential correlates with gene expression, suggesting a link between G4 
formation and transcription. We also describe an antagonism between 
apparent G4 formation and DNA methylation, providing a possible 
mechanism for this observation. Finally, we applied our procedure 
to genomes from other species with lower densities of predicted G4 
(pG4)-forming sequences and consistently find an association with 
open chromatin, albeit to a lower extent than in mammalian cells.

Results
G4access: a method to enrich G4 forming sequences in vivo
We previously showed that CGIs, enriched at mammalian promot-
ers, tend to exclude nucleosomes intrinsically2. We then searched for 
motifs associated with this property, by analyzing sequences associated 
with the deepest point of apparent nucleosome depletion upstream 
of annotated transcription start sites (TSSs). Our motif search led us 
to G-rich motifs, including several G stretches that are characteristic 
of G4 structure formation. Furthermore, pG4s densities at promoters 
confirmed an association between pG4 and the lowest nucleosome 
density (Fig. 1a and Extended Data Fig. 1a), consistent with the previous 
description14. Based on this observation, we hypothesized that we could 

Fig. 1 | G4access principle and validation. a, G4FS at promoters and motifs 
associated with open regions upstream of TSSs. The graph shows nucleosome 
and G4H2.0 densities in Raji cells (top 20% of active promoters, all promoters 
are shown in Extended Data Fig. 1a). Motifs are shown for all promoters, top 
and bottom 20% of active promoters. b, Principle of G4access. Chromatin is 
digested by MNase, and subnucleosomal fractions are purified at moderate 
digestion before library preparations. c, Initial setup, optimization and quality 
controls of G4access. Top left shows gel electrophoresis of a representative 
MNase titration (out of n > 10) and the subnucleosomal purified DNA (red square) 
used for the initial setup. Bottom left is the fraction of mononucleosomes in 
the titration curve expressed as a percent of all DNA (mean and s.d. of n = 2 
biological replicates are displayed). The second point (30% mononucleosome) 
is considered as optimal for G4 enrichment in our experimental frame. The right 
panel indicates mono- (146 bp), di- (320 bp) and multi-nucleosomal bioanalyzer 
profiles. d, Genome browser view (chr7: 7.100.000–7.900.000) of G4access 

signal and corresponding G4–ChIP8,10 in indicated cell lines. G4H2.0 predictions 
are indicated below. e, Peak size distribution in G4–ChIP and G4access. Vertical 
dashed lines indicate the maximum (bulk) sizes of fragments in the sequenced 
samples. f, Observed/expected G4Hunter predictions in G4access/ChIP in human 
cell lines. g, G4Hunter prediction scores in G4access and equivalent selection of 
random genomic DNA fragments. Around 75% of G4access peaks are >G4H1.2, 
which represents a likelihood >85% of forming a G4 in vitro6. The difference 
in distribution is highly significant (P < 2.2 × 10−16, two-sided Wilcoxon test). 
h, Repartition of the G4 subtypes in G4access peaks in Raji cells. The various 
categories are ‘loop size’ 1–3, 4–5 and 6–7, sequences with at least one loop of the 
respective length; simple bulge, sequences with a G4 with a bulge of 1–7 bases in 
one G-run or multiple 1-base bulges, 2-tetrads/complex bulge: sequences with a 
G4s with two G-bases per G-run or several bulges of 1–5 bases and other, other G4 
types that do not fall into the former categories (Methods).
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(Extended Data Fig. 3d). As expected, their GC and CpG content at pro-
moters is also higher than average, consistent with a strong association 
with CGIs (Extended Data Fig. 3e). We also observed G4access-enriched 
promoters at genes expressed in multiple cell types, with the pos-
sible exception of DNA repair genes, which may represent a more 
G4-specific class (Extended Data Fig. 3f,g). Finally, a sequence search 
clearly indicates G4-compatible motifs in all human G4access peaks, 
with a prevalence at TSSs (Extended Data Fig. 4).

Based on the above findings, we concluded that G4access enables 
the identification of cell-specific enrichment of G4FS, with a prevalence 
at TSSs.

G4access-enriched areas can form G4s in vitro
G4Hunter–pG4s were previously validated in vitro on a set of mitochon-
drial sequences6. We, therefore, asked if G4access-identified G4FS could, 
at a large scale, be validated using three independent in vitro assays. 
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Firstly, we identified 4,743 common G4access peaks in all three cell 
lines and then selected 596 representative 30-nucleotide (nt) regions 
with G4Hunter scores >0.5 (Methods; Fig. 2a). We next assessed their 
abilities to form G4 structures by performing Fluorescence Resonance 
Energy Transfer–Melting Competition (FRET–MC)18, thioflavin T (Th-T) 
and N-methyl mesoporphyrin IX (NMM) fluorescent ligand assessment 
(Extended Data Fig. 5a). FRET–MC validated that ~80% of the tested 
sequences form G4 structures in vitro. Moreover, we found G4 forma-
tion for 97% of sites with G4Hunter score >1.35 (Fig. 2b and Extended Data 
Fig. 5b), using Th-T and NMM assays (Fig. 2c and Extended Data Fig. 5c,d). 
Strikingly, FRET–MC, which may be the most robust method, validated 
95% of G4access sequences with a score of 1.2 and above (Fig. 2d). This 
high level of validation exceeds that was previously observed for mito-
chondrial genome and suggests that G4access further enriches for G4FS.

In sum, our in vitro analyses confirm that G4access strongly 
enriches G4FS, in line with our genomic observations.

G4access can monitor G4 dynamics in living cells
To ascertain whether the G4access procedure can be used to analyze G4 
dynamics in cells, we performed experiments in which G4s are expected 
to change in the chromatin context via small-molecule treatments and 
knocking down G4 helicases.

G4s can be targeted by ligands that stabilize them in vitro. In vivo 
ligands’ mode of action remains relatively enigmatic, although it appears 

that they generate double-strand breaks at various genome locations19. 
To get further insights into the G4 ligand’s action, we treated the cells 
with pyridostatin (PDS), a well-known G4 ligand19, for a short time 
(30 min), to avoid indirect effects, and performed G4access before and 
after treatment. We found that although many hits are conserved, G4ac-
cess regions are relatively dynamic after PDS treatment (Extended Data 
Fig. 6a,b). Many peaks observed, including at promoters, redistributed 
globally or locally. Surprisingly, we found that the average G4Hunter 
scores of the PDS-induced G4s were lower, while G4s with high scores 
tended to decrease (Extended Data Fig. 6c). An example of this is shown 
in Extended Data Fig. 6a in which the G4access signals relocate from a 
strong to a weaker G4FS at the ATP2B4 promoter. Overall, these results 
suggest that while strong G4s are only moderately affected by the drug 
because they are stable, the weaker ones become more enriched in open 
chromatin areas due to ligand stabilization. However, we could not 
exclude that the loss of strong G4s might be due to sequencing biases. To 
address this possibility, we analyzed previously published genome-wide 
in vitro data using G4seq experiments with or without PDS20. G4seq 
maps G4s based on error rates incorporation during DNA amplification 
on purified genomic DNA and thus out of the chromatin context. We 
found that average scores of G4seq are higher than with G4access and 
preferential stabilization of the weaker G4s is also observed, although to 
a lesser extent (Extended Data Fig. 6d), suggesting that weak G4s indeed 
become preferentially stabilized by brief PDS treatment.
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Next, we investigated the impact of known G4 helicases disruption 
by siRNA knockdown experiments of the WRN and DHX36 helicases, 
previously described as unwinding G4s21,22. As shown in Fig. 3a,b, siRNA 
knockdown almost fully reduced protein expression 72 h after transfec-
tion. We then performed G4access in mock- and siRNA-treated cells. 
Differential analysis identified both increased and decreased G4 signals 
but, strikingly, more G4s were upregulated at promoters (~98%), sug-
gesting that G4s normally resolved by WRN and DHX36 helicases form 
specifically at these locations. Examples of such increased G4access 
signals at promoters are shown in Fig. 3c,d. Of note, the promoters of 
the upregulated G4access peaks also had higher G4 scores (Fig. 3e,f). 
These results suggest that WRN and DHX36 function as G4-unwinding 
DNA helicases with preferential activity at promoters.

Overall, we conclude that G4s are dynamic in vivo in response to a 
G4 ligand or upon helicase disruption and that G4access can identify 
these dynamics.

G4access hallmarks nucleosome exclusion and transcription
Given the strong association of G4access-identified loci with promoters 
and open chromatin, we subsequently investigated the association of 

G4 regions with nucleosome positioning, exclusion and transcription 
at promoters and nonpromoter regions of the genome. To improve the 
accuracy of our analysis, we selected G4access peaks associated with 
medium stringency G4 annotations (Methods). As shown in Fig. 4a, at 
all locations, G4access regions were associated with nucleosome exclu-
sion, Pol II binding and nucleosome positioning around the G4access 
summits (examples are shown in Fig. 4b).

We next ranked nonpromoter G4access regions by increasing nucle-
osome density (MNase signal) and analyzed nucleosome positioning, Pol 
II and G4access signal (Fig. 4c and Extended Data Fig. 7a) and defined four 
classes of nucleosome positioning and depletion patterns. We observed 
that nucleosome positioning is generally conserved in ¾ of the regions 
(classes 2 and 3), while a minority of regions in which G4s deplete or posi-
tion more accurately nucleosomes (class 1 and class 4, respectively) do 
not show such phasing. We speculate that class 1 represents regulatory 
regions with promoter-like properties while class 4 represents areas in 
which pG4s cannot open chromatin and thus do not affect the positioning 
of their surrounding nucleosomes. In support of this, class 1 regions show 
stronger H3K4me3 signals as compared to H3K4me1, consistent with 
histone mark signature of promoter activity23 (Extended Data Fig. 7a).
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western blots of total H3 (loading controls) and of DHX36 are shown (n = 2 
biological replicates; full blot scans of biological replicates are shown in Source 
data). Right—DESeq was used to identify differential G4access signal from 
control to DHX36 knockdown cells. The resulting volcano plot, performed 
on sequences with G4H > 1.2, is displayed, (red) differential promoter signal, 
(blue) differential non-TSS signal, (gray) unaffected signals (DESeq, P < 0.05). 
Majority (97.7%) of differential promoters show an increased G4access signal 
(422/432; n = 2 biological replicates of G4access). b, siRNA targeting WRN 
efficiently reduces the helicase expression level and promotes G4access signal 
at promoters. Left—representative western blots of total H3 and of WRN are 
shown (n = 2 biological replicates; full blot scans of biological replicates are 

shown in Source data). Right—DESeq volcano plot, performed on sequences 
with G4H > 1.2, result is displayed, (red) differential promoter signal, (blue) 
differential non-TSS signal, (gray) unaffected signals (DESeq, P < 0.05). Majority 
(97.8%) of differential promoters show an increased G4access signal (1,591/1,626; 
n = 2 biological replicates of G4access). c, Representative example of G4access 
increasing signal upon DHX36 knockdown at the SIN3B promoter (chr19: 
16.938.400–16.942.400). d, Representative example of G4access increasing 
signal upon WRN knockdown at the PDDC1 promoter (chr11: 775.000–779.000). 
G4H predictions with a score >1.5 are shown. e, DHX36 knockdown leads to 
increase G4access signal at high confidence/strong pG4s. G4Hunter score 
density plots of unaffected, decreased and increased G4access peaks. f, WRN 
knockdown leads to an increased G4access signal at high confidence/strong 
pG4s. G4Hunter score density plots of unaffected, decreased and increased 
G4access peaks.
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Because G4access also isolates non-G4FS, we wondered whether 
non-G4s showed similar properties. In contrast to the pG4-containing 
sequences, these non-G4s areas do not associate with open chroma-
tin, show fuzzy nucleosome positioning and reduced Pol II association 
(Extended Data Fig. 7b), indicating that G4FS in G4access display spe-
cific properties. We also interrogated whether G4access specifically 
yielded open chromatin regions associated with G4s, or if any observed 
nucleosome-depleted region (NDR) would similarly yield G4-enriched 
regions. To address this, we isolated all NDRs and plotted G4Hunter scores 
for those with and without G4access signal. Our analyses revealed that 
G4access NDRs were enriched in high scores as compared to other NDRs, 
supporting the specificity of G4access for G4FS (Extended Data Fig. 7c).

Noting the association with transcription, we then asked if G4 for-
mation in open chromatin would be affected by transcriptional perturba-
tion. It has been proposed in the past that transcription induces torsional 
stress that may stabilize G4s in vitro. Our recent observations suggested 
the opposite, that is, that G4s would promote chromatin opening and 
Pol II recruitment3,8,24. To further address this question, we treated the 
cells with transcription inhibitors specific for initiation or elongation 
(triptolide and KM05283, respectively) and analyzed if this resulted 
in the loss of the G4access signal. As previously reported, we found 
that triptolide treatment stripped the Pol II signal across all genic fea-
tures while KM05283 only removed Pol II from gene bodies25,26 (Fig. 4d,  
left). Interestingly, at promoter locations, elongation blockade did not 
reduce G4 signals, whereas initiation inhibition reduced G4access levels 
by half (Fig. 4d, right). At genic locations, distal to the promoter, both 
inhibitors reduced G4access by half. An example of such variations is 
shown in Fig. 4e. We conclude that transcriptional inhibition neither 
abolishes G4 formation nor its association with open chromatin, but 
instead reduces it. This suggests a model in which G4 formation precedes 
Pol II recruitment and becomes further stabilized by the ensuing tran-
scriptional activity. Recent work described similar observations in K562 
cells27, although in this case, chromatin immunoprecipitation followed 
by sequencing (ChIP–seq) did not identify changes in the G4 signal in 
the presence of inhibitors. This difference might originate from the cell 
types, the techniques used or the bioinformatic setup of the analyses.

Next, we compared G4access and G4–ChIP in their abili-
ties to identify regions of open chromatin, as well as to generate 
strong nucleosome positioning. As shown in Extended Data Fig. 8, 
both sets of technique-specific regions have comparable assay for 
transposase-accessible chromatin with sequencing (ATAC-seq) signal, 
while the G4access-specific showed more apparent NDRs and better 
nucleosome positioning in MNase-seq data. We also note that com-
mon ChIP–G4access areas are the most open, possibly because they 
are more enriched for promoter regions.

To investigate how global chromatin perturbation might impact 
G4access signals, we treated Raji cells with trichostatin A (TSA), an 
histone deacetylase (HDAC) inhibitor. While TSA globally relaxes chro-
matin through histone hyperacetylation (Extended Data Fig. 9a), it can 
reduce ATAC-seq signals at open chromatin regions28,29. We confirmed 
this effect in MNase-seq following 24 h TSA treatment where nucleo-
some densities increased at NDR locations. At both promoter and non-
promoter G4access locations, we also observed a consistent reduction 

of the signals where pG4s are present, indicating that nucleosomes tend 
to reposition to G4 sites, thus presumably reducing their formation 
(Extended Data Fig. 9b,c). We note that these results are in contrast 
with effects observed with another HDAC inhibitor8,27. However, when 
growth conditions such as hypoxia result in chromatin compaction at 
pG4 sites, G4 formation is also reduced26.

Together, our analyses show that G4 structures found in open chro-
matin regions are associated with transcription as well as nucleosome 
positioning. While transcriptional activity does not appear essential 
for G4 formation, it might stabilize their structure.

G4s associate with active alleles in hybrid mES cells
Because of their G-rich content, pG4s are over-represented at CGIs. We 
find that the same is true for differentially methylated regions (DMRs) 
at imprinted gene domains, many of which also correspond to CGIs as 
well30. Because of their parental DNA methylation imprints, DMRs are 
stably repressed on their methylated allele and are transcriptionally 
active on the nonmethylated allele30. They constitute, thus, an attrac-
tive model to compare repressed and active alleles within the same 
nuclear context.

We hypothesized that G4 formation in open chromatin might 
occur specifically at the active, unmethylated alleles of imprinted 
DMRs. To address this question, we performed G4access in hybrid 
mESCs obtained through reciprocal crosses between Mus musculus 
domesticus C57BL/6J and Mus musculus molossinus JF1 (ref. 31) strains 
(BJ and JB; Fig. 5a). These strains are genetically divergent, allowing 
efficient discrimination of the parental alleles.

We assessed a total of 31 well-characterized mouse-imprinted 
DMRs (Supplementary Table 1; Methods). We observed differential 
allelic G4access signals at seven of them, of 11 DMRs showing signal 
(P < 0.05; Fig. 5b). Interestingly, at both paternally and maternally 
imprinted DMRs, G4access signals were much stronger on the 
expressed, unmethylated allele, suggesting that G4 formation is related 
to the unmethylated state (Fig. 5b). For example, the promoter-DMR of 
the imprinted Meg3 gene is methylated and repressed on its paternally 
inherited allele and is exclusively expressed from the maternal allele 
(Fig. 5c). G4access displays similar allelic asymmetry, with signal com-
ing virtually only from the unmethylated copy of the DMR (Fig. 5c). This 
suggests that G4 formation is associated with the allelic expression 
of Meg3. We confirmed this observation at another imprinted locus, 
Peg13, which comprises a maternally methylated DMR (Fig. 5d). At 
this imprinted DMR, G4access signal is again strong at the expressed 
and unmethylated paternal allele. These experiments suggest that G4 
formation and repressive DNA methylation are mutually exclusive, at 
least at imprinted DMRs. However, they do not directly address whether 
methylation of G4 DNA could be used as a mechanism to destabilize 
them in favor of nucleosome association.

DNA methylation antagonizes G4 formation and open chromatin
To gain further insight into this question, we analyzed methylation at 
G4Hunter-predicted regions with or without G4access signal (Fig. 6a,b). 
These analyses were performed at medium G4 predictions (G4H1.2) that 
contained at least two CpG nucleotides. We found that experimentally 

Fig. 4 | G4s are associated with open chromatin, nucleosome positioning 
and Pol II and are partially independent of transcription. a, Nucleosome 
positioning and Pol II recruitment centered on G4access sites overlapping 
G4 predictions at promoter (TSS, n = 4,619) and nonpromoter sites (non-TSS, 
n = 11,807; see also Methods). b, Examples of G4access peaks, nucleosome 
depletion and positioning at promoter (upper panel, chr7: 116.498.400–
116.507.000) and nonpromoter (lower panel, chr1: 155.061.700–155.065.500) 
sites in Raji cells. G4H regions with a score >2.0 are shown below. c, G4access 
peaks associate with strong nucleosome depletion, Pol II recruitment and define 
highly positioned nucleosomes at most genomic G4s. Heatmaps are shown 
ranked by decreasing MNase signals around G4access peaks overlapping weak/

moderate G4 annotations (Methods). Four groups were defined based on the 
features of the individual MNase profiles as follows: (1) 844, strong depletion and 
low positioning; (2) 6,215, depletion and strong positioning; (3) 2,073, moderate 
depletion and positioning and (4) 2,675, no depletion and weak positioning 
(see Extended Data Fig. 7 for individual profiles). d, Transcription inhibition 
results in moderate G4access decrease. Average profiles of Pol II over genes 
(composite profile, n = 1,808) or G4access at promoters (n = 1,808) and gene 
bodies (n = 349) following triptolide and KM05283 treatment. e, Examples of 
transcription inhibition effects on Pol II and G4access signal over the CD19 gene 
(chr16: 28.941.930–28.951.789) in Raji cells. G4H regions with a score >2.0 are 
shown below.
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identified G4s are associated with a loss of CpG methylation, consist-
ent with previous observations10. Yet, we also found that the G4s cor-
responding to weak/medium predictions tend to be more methylated 

when compared to neighboring DNA. These results suggest that G4 
formation favors open chromatin formation, while pG4 DNA meth-
ylation antagonizes this process. To further address this issue at the 
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most basic level, in the context of naked chromatin, we re-analyzed 
data from in vitro nucleosome assembly using human granulocyte 
genomic DNA32. We ranked the in vitro nucleosome densities at pG4s 

by increasing signal (Fig. 6c) and analyzed corresponding signals for 
in vivo nucleosomes and DNA methylation. This analysis indicates a 
clear relationship between methylation levels at pG4s and nucleosome 
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Fig. 5 | Differential G4access signal at active and inactive imprinted genomic 
loci in mouse hybrid ES cells. a, Reciprocal crosses of hybrid mouse strains ( JF1 
and C57/Bl6) used in this study for maternal and paternal imprinting (2i-medium 
derived cell lines). b, Allele-specific G4access and RNA signals in BJ and JB ESCs at 
DMRs with differential G4access signals, only considering the regions containing 
a strain-specific SNP with interpretable signals. In each case, the imprinted 
methylated allele is indicated by Bm or Jm, depending on the strain it originates 
from (see Supplementary Table 1). Individual datasets, mean with s.e.m. are 

presented (n = 2 for G4access, n = 2 for RNA-seq for each cross BJ and JB).  
c,d, Example of G4access enrichment at the TSS-proximal DMR of the Meg3 
(chr12: 110.775.000–110.825.000) and Peg13 (chr15: 72.635.500–72.642.500) 
imprinted locus. G-stretches involved in predicted G4 formation (G4Hunter 
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count) are indicated in the dashed rectangle for each of the strains and the 
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formation in vitro and in vivo (Fig. 6d). These results propose that high 
methylation of G4FS results in a sequence context favorable to intrinsic 
nucleosome formation and G4 structure destabilization.

G4access enriches weaker G4s in lower eukaryotes
While our data suggest an important role of G4s found in open chro-
matin in mammalian transcription and imprinting control, we won-
dered whether the G4access procedure could also isolate G4FS in 
lower-complexity eukaryotes. We chose Drosophila melanogaster 
and Saccharomyces cerevisiae as models as they carry 1.5- and 12-fold 
less G4FS at the genomic scale as compared to humans, respectively 
(Extended Data Fig. 10a). However, and interestingly, the relative 
G4Hunter density at promoters suggests a selective pressure for G4FS 

in human cells that is absent in Drosophila. In budding yeast, a bias 
toward the stronger scores is also observed at promoters, although 
to a lesser extent than in humans.

We adapted our G4access protocol in S2 Drosophila cells and in 
an S288C yeast strain, following an adjusted workflow (Methods). We 
compared the procedure’s performance to isolate G4FS in the three 
organisms by plotting the G4access’s prediction scores (Extended Data 
Fig. 10b). As in mammalian cells, we found an enrichment of G4s in the 
sequenced fragments. However, and as expected from the genomic den-
sities of G4 predictions, we observed lower G4Hunter scores in Dros-
ophila and far lower in yeast. Further investigation of the DNA motifs 
present in G4access data indicated G-rich and GAGA motifs in Dros-
ophila and A/Tor G/C-rich sequences in yeast (Extended Data Fig. 10c).  
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Fig. 6 | DNA methylation is antagonistic with G4access signal and with 
G4-associated nucleosome exclusion in vivo and in vitro. a, G4access signal 
is found at unmethylated DNA sites in K562 cells. Heatmaps centered on G4 
medium predictions (G4H1.2) containing at least two CpG are separated into  
two groups: top, G4access peaks overlapping pG4s ranked by increasing 
G4access signal n = 16,820 and bottom, randomly selected pG4s (G4H > 1.2) at 
sites that do not show any G4access peak n = 16,820. Heatmaps show G4access 
and DNA methylation (whole-genome bisulfite sequencing (WGBS)) signals.  
b, Metaprofiles of G4access and methylation signals at pG4s (G4H1.2) overlapping 

or not with G4access peaks in a window of ±5 kb. c, G4-associated nucleosome 
depletion is antagonistic with DNA methylation. Heatmaps of nucleosome 
mapping by MNase-seq from in vitro reconstituted chromatin, from native 
samples (granulocyte) and methylation (WGBS) signals centered on pG4 
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Moreover, 60% and 34% of potential G4 subtypes were found in Dros-
ophila and in yeast, respectively (Extended Data Fig. 10d). When brows-
ing the G4access locations in the genomes, our data confirmed that 
G4FS were more enriched at promoters in yeast as compared to Dros-
ophila. As expected, in both cases, G4access locations correlated with 
open chromatin ATAC-seq signal (Extended Data Fig. 10e).

We conclude that G4s can be identified in yeast and fly chromatin 
using G4access, albeit less efficiently than in mammals, likely reflecting 
a lower association of G4s with open chromatin in these organisms. We 
note an enrichment of strong G4 sequences in yeast that may reflect a 
specific role for the few genes described to display G4s at promoters14,33.

Discussion
In this study, we introduce G4access, an efficient procedure for 
scoring G4FS associated with open chromatin in cells. Because G4 
formation requires the opening of the DNA double-helix, making 
DNA incompatible with a stable nucleosome locally, we propose that 
G4access-identified pG4s reflect structures that are formed in vivo. 
Based on our in vitro validation, it appears that G4access loci that are 
conserved across different cell lines have a robust potential to form G4 
structures in various assays, even at low prediction scores. We speculate 
that these areas will define critical gene control regions that display 
a broad spectrum of expression in different cell types. Compared to 
existing methods, such as ChIP or Cut&Run, G4access thus appears as 
a useful orthogonal approach with comparable performance. Future 
improvements of the method may take advantage of combining assays 
but also optimizing K+ concentration during the extraction procedure, 
closer to physiological conditions.

Our investigations suggest a role for G4s in chromatin opening, 
nucleosome positioning, Pol II transcription and imprinting control, 
expanding the possible functions of these secondary DNA structures in 
the genome. Among these properties, it is remarkable that G4s harbor 
the apparent ability to position nucleosomes with a phasing compara-
ble to that of insulators3,34. We further show that G4s are maintained 
without active transcription, albeit reduced. This indicates that G4s 
may be formed before transcription and that transcription further sta-
bilizes their structure, reconciling previous conflicting observations8,27. 
This result is also consistent with the idea that negative supercoiling 
upstream of the transcription front increases G4 stability24.

Our study also finds that G4s might contribute to imprinted 
gene expression. Among the DMRs analyzed, all those displaying an 
allele-specific expression or active unmethylated state were shown to 
display an allele-specific G4access signal. This suggests that G4s have 
an activating role in DMRs/CGIs that are not methylated. Our data also 
indicate that while G4s formed in a given cell antagonize methylation, 
local CpG methylation also disfavors G4 formation and their related 
nucleosome exclusion property, providing a possible model for paternal 
or maternal allele inactivation at DMR. In agreement with this, it was pre-
viously shown that CpG methylation results in loss of chromatin opening 
and phasing at CGIs35, both features associated with G4FS in the present 
study. Nevertheless, we note that methylation on G4 oligonucleotides 
does not clearly modify the properties of G4 formation in vitro36–38. 
This could originate from the difference in topology between oligonu-
cleotides and dsDNA embedded in nucleosomes in vivo. In the latter, 
topological constraints could result in more sensitivity to DNA methyla-
tion on G4 structure, a possibility that requires further investigation.

Up to now, the precise mechanism of action of G4 ligands in vivo 
has remained elusive. It is proposed that they stabilize G4s in the 
genome, but the spectrum of their DNA target sites has never been 
explored extensively. Unexpectedly, our results suggest that G4s with 
low-to-medium in silico prediction scores are preferentially stabilized 
by PDS. Although we cannot completely rule out sequencing bias in our 
data, we favor the possibility that weaker G4s are preferential ligand 
targets. Future development of this idea will require exploring the 
genomic effects of other G4 ligands.

In summary, the G4access technique will not only enable future 
investigations to better understand the role of G4s in transcription 
control but also other genomic processes such as replication39, DNA 
repair and the role of helicase in genome stability40, as well as deepen-
ing the mechanistic understanding of various G4-targeting drugs, 
including some that are believed to display an anticancer potential41.
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Methods
Our research complies with French/European ethical policies and did 
not require a specific board to approve our study.

Cell culture and treatments
K562 (human myelogenous leukemia, gift of E. Soler) and Raji (human 
Burkitt’s lymphoma, gift from D. Eick) cell lines were cultured in Roswell 
Park Memorial Institute medium (RPMI-1640, Thermo Fisher Scientific, 
11875085) supplemented with 10% heat-inactivated fetal bovine serum 
(Sigma, 12103C), 100 units per ml penicillin, and 100 μg ml−1 strepto-
mycin (Thermo Fisher Scientific, 15140122) at 37 °C in a humidified 5% 
CO2 incubator. Human Raji cells, grown at an approximative density of 
106 cells per ml, were treated with 10 µM PDS (Sigma, SML0678) or H2O 
(control) for 30 min, with 2 µM TSA (Sigma, T8552) or dimethyl sulfox-
ide (DMSO, control) for 24 h for G4access experiment. TSA efficiency 
was tested by western blot on H3K9ac histone acetylation (Ab Millipore, 
CS200583). For transcription inhibition experiments, cells were treated 
for 2 h with DMSO 0.1% (control), 1 µM triptolide (inhibiting initiation 
stage; Sigma Merck) or 100 µM KM05283 (inhibiting elongation stage; 
Thermo Fisher Scientific) prior collection for G4access or Pol II ChIP–
seq. HaCaT (spontaneously immortalized human keratinocyte line, gift 
from the Institut de Recherche en Cancerologie de Montpellier (IRCM) 
screening platform in oncology) was cultured in DMEM-high glucose 
medium (Thermo Fisher Scientific, 11965084) supplemented with 10% 
heat-inactivated fetal bovine serum (Sigma, 12103C), 100 units per 
ml penicillin and 100 μg ml−1 streptomycin (Thermo Fisher Scientific, 
15140122) at 37 °C in a humidified 5% CO2 incubator.

HeLa cells (gift from E. Bertrand) used for siRNA knockdown assays 
were maintained in DMEM supplemented with 10% fetal calf serum, pen-
icillin/streptomycin (100 units per l) and glutamine (2.9 mg l−1) at 37 °C 
and 5% CO2. Knockdown experiments were performed using Invitrogen 
siRNA Silencer Select (siDHX36 and siWRN, 4392420) control siRNA 
(Dharmacon, ON-TARGETplus Nontargeting Pool) and lipofectamine 
RNAiMAX (Thermo Fisher Scientific) following manufacturer instruc-
tions. Knockdown efficiencies were analyzed by western blot using 
specific antibodies (DHX36: Abcam, ab70269; WRN: Sigma, W0393).

The 2i-medium-derived ESCs hybrid between M. m. domesticus 
strain C57BL/6J and M. m. molossinus strain JF1 were derived recently31. 
The two chosen lines, BJ (full laboratory name BJ-WT3) and JB (full 
laboratory name JB-WT2), are both male, both with a normal karyo-
type. They were cultured for cell collection on 0.1% gelatin-coated 
dishes (Merck-Millipore, SF008) in serum-free ESGRO Complete PLUS 
medium (Millipore, with LlF and GSK3 inhibitor, SF001) at 37 °C in a 
humidified 5% CO2 incubator.

Drosophila S2 cells (gift from J. Tazi) were cultured in Schneider’s 
S2 Drosophila medium (Dominique Dutscher, L0207-500) supple-
mented with 10% heat-inactivated fetal bovine serum (Sigma, 12103C), 
100 units per ml penicillin and 100 μg ml−1 streptomycin (Thermo 
Fisher Scientific, 15140122) at 27 °C and collected at 2 × 106 cells per ml. 
Yeast S288C (BY4741, gift from M. Radman-Livaja) haploid cells were 
grown up to and collected at the mid-log phase (OD600 = 0.5) in 100 ml 
of Yeast extract-Peptone-Dextrose (YPD) (2% glucose).

G4access
For adherent HeLa, HaCaT and mES cells, cells were first trypsinized and 
then pelleted, while suspension (K562, Raji) cells were directly pelleted 
by centrifugation at 413 rcf for 10 min at 4 °C. For S2 semi-adherent cells, 
cells were resuspended by pipetting up and down multiple times. All 
cell pellets were rinsed twice in PBS. HaCaT cells were further subjected 
to mechanical permeabilization in 5 ml of permeabilization buffer 
(150 mM of sucrose, 80 mM KCl, 5 mM KH2PO4, 5 mM MgCl2, 0.5 mM 
CaCl2 and 35 mM N-(2-Hydroxyethyl)piperazine-N′-(2-ethanesulfonic 
acid) (HEPES, pH 7.4)) and homogenized using a dounce (40 strokes). 
HeLa cells tend to clump under such conditions. Therefore, nuclei were 
first purified under a sucrose cushion as described42. For this, cells 

were resuspended on ice-cold nuclei buffer 1 (15 mM Tris–HCl (pH 7.5), 
300 mM sucrose, 60 mM KCl, 15 mM NaCl, 5 mM MgCl2, 0.1 mM ethyl-
ene glycol-bis N,N,N′,N′-tetra-acetic acid (EGTA), 0.5 mM dithiothreitol 
(DTT), 0.1 mM phenylmethylsulfonyl fluoride (PMSF), 3.6 µg ml−1 apro-
tinin) before the addition of ice-cold buffer 2 (15 mM Tris–HCl (pH 7.5), 
300 mM sucrose, 60 mM KCl, 15 mM NaCl, 5 mM MgCl2, 0.1 mM EGTA, 
0.5 mM DTT, 0.1 mM PMSF, 3.6 µg ml−1 aprotinin, 0.4% IGEPAL CA-630) 
and then were carefully layered on ice-cold nuclei buffer 3 (15 mM 
Tris–HCl (pH 7.5), 1.2 M sucrose, 60 mM KCl, 15 mM NaCl, 5 mM MgCl2, 
0.1 mM EGTA, 0.5 mM DTT, 0.1 mM PMSF, 3.6 µg ml−1 aprotinin). Cells 
were then centrifuged at 10.000g for 20 min at 4 °C. The supernatants 
were discarded, and the nuclei-containing pellets were resuspended 
in MNase digestion buffer for later steps (see two sentences below). 
For all mammalian cell lines, 5 × 106 cells per titration point were then 
resuspended in 50 μl of prewarmed permeabilization buffer supple-
mented with 0.2% (vol/vol) NP40 and incubated for 5 min at 37 °C before 
digestion. The same procedure was performed for 50 × 106 cells for 
S2 Drosophila cells. MNase digestions were then performed by add-
ing a volume of 500 μl of prewarmed MNase reaction buffer (150 mM 
sucrose, 50 mM Tris–HCl (pH 8), 50 mM NaCl and 2 mM CaCl2) supple-
mented with either 3, 6, 12, 25 or 50 U of MNase (Merck, 10107921001). 
Digestions were incubated at 37 °C for 10 min and stopped on ice and 
by adding 11 μl of 500 mM EDTA to each reaction followed by the addi-
tion of 550 μl of SDS lysis buffer (1% (vol/vol) SDS, 10 mM EDTA and 
50 mM Tris–HCl (pH 8)). Samples were then incubated for 10 min on 
ice. Before DNA purification, 1 ml of water was added to dilute the SDS, 
and the samples were incubated with 5 µl of RNAse A (Thermo Fisher 
Scientific, EN0531) at 37 °C for 2 h and with 8 µl of proteinase K (Euro-
medex, 09-0911) at 56 °C for 2 h to complete the lysis. To then quality 
control the MNase digestions, 125 μl of each sample was cleaned-up 
using QIAquick PCR Purification Kit (Qiagen, 28106) and assessed by 
agarose gel and Bioanalyzer 2100, using high-sensitivity DNA chips (Fig. 
1c). At this step, for efficient G4access, samples should present ~30% 
(±5%) of mononucleosomes (Fig. 1c). Notably, this assessment should 
be performed on purified DNA that does not contain the subnucleo-
somal fraction, using bioanalyzer equipment. The remaining samples 
were then purified by phenol–chloroform and ethanol precipitation 
for subsequent steps. We recommend that when implementing this 
method, a wide range of MNase concentrations shall be tested in a first 
round of preparative experiments to narrow the condition in which the 
critical fraction of 30% of mononucleosome, as compared to the whole 
nucleosomal fraction, shall be obtained. Our experiences showed this 
fraction is on average optimal for the best G4 sequence recovery. We 
also recommend that the bioanalyzer and agarose gel Quality Controls 
(QCs) shall be used to assess that MNase digestion and lysis are as 
complete as possible. Whenever chromatin is not properly digested, a 
smear occurs on top of the digestion pattern (high molecular weights 
from nonpermeabilized nuclei) that does not get resolved by increas-
ing digestion time or MNase concentration. Such samples are typically 
discarded, and it is preferable in this case to check that cell lysis is as 
complete as possible under the microscope so that all nuclei can be 
digested similarly by the enzyme.

For yeast, a distinct procedure was used. Cells were pelleted and 
rinsed twice in PBS. Pellets from 100 ml culture were suspended in 
600 µl of cell-breaking buffer (20% glycerol and 100 mM Tris (pH 7.5)), 
600 µl zirconia beads (0.5 mm) and 10 µl of 100× protease inhibi-
tors (Roche, 06538282001). Beads beating was performed in 1.5 ml 
screw-cap tubes in a Bullet Blender (Next Advance) for 4 × 3 min at a 
strength of 8 at 4 °C. Cell suspensions were recovered by centrifugation; 
a tube was punctured (23 gauge syringes) and the nuclei were collected 
in collection tube by centrifugation at 170 rcf. The nuclei fraction was 
then centrifuged for 5 min at 20g, and the pellets that contained the 
nuclei were resuspended in 300 μl of prewarmed Nuclear Preparation 
(NP) buffer (50 mM NaCl, 10 mM Tris (pH 7.4), 5 mM MgCl2, 1 mM CaCl2, 
0.2% NP40 (vol/vol), 0.5 mM spermidine (Sigma, S0266-1G) and 0.007% 
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β-mercaptoethanol (Sigma, M3148-100ML)). Digestion took place 
by adding a volume of 300 µl prewarmed NP buffer supplemented 
with either 60U, 30U, 15U, 7.5U, 3.75U, 1.9U or 1U of MNase (Merck, 
10107921001). Digestions were stopped on ice and by adding 150 μl of 
stop buffer (5% SDS, 50 mM EDTA). Before DNA purification, digestions 
were incubated with 5 µl of RNAse A (Thermo Fisher Scientific, EN0531) 
at 37 °C for 2 h and with 10 µl of proteinase K (Euromedex, 09-0911) at 
56 °C for 2 h. Purification was performed with two consecutive phenol 
and one chloroform steps followed by ethanol and linear acrylamide 
precipitation. Notably, purified DNAs were once again incubated with 
5 µl RNAse A (Thermo Fisher Scientific, EN0531) to get rid of persistent 
RNA contaminations. As for other cells described above, a criterion of 
30% mononucleosome was used for the choice of the subnucleosomal 
fraction to be sequenced. We note that the absence of K+ ions in this 
yeast-specific procedure might impact an optimal G4 recovery.

The phenol–chloroform purified DNAs were subjected to size 
selection to select fragments under 100 bp. For that, 1 µg of each diges-
tion product was migrated in a 4–20% polyacrylamide Novex TBE gel 
(Thermo Fisher Scientific, EC6225BOX) at 100 V for 60 min. The gels 
were stained with Syber Gold (Thermo Fisher Scientific, S11494) for 
30 min. Fragments of 0–100 bp were cut out from the gel and trans-
ferred to 0.5-ml Eppendorf tubes, previously punctured in the bottom 
with a 0.45 µm needle. These tubes were inserted into 1.5-ml collection 
tubes and centrifuged for 10 min at 15.300 rcf to collect the gel through 
the hole, generating gel beads. To elute the DNA from the beads, 700 μl 
of water was added and the tubes were incubated overnight at 55 °C 
in a thermomixer at 1500 r.p.m. DNA was purified by transferring the 
samples (DNA eluate and gel beads) to the top of a 0.22 µm spin filter 
(Agilent, 5185-5990). Spin filters were centrifuged for 2 min at 15.300 rcf 
to recover the DNA eluate. DNA was precipitated with isopropanol and 
linear acrylamide. Size selection was verified by Bioanalyzer. Relative 
amount of targeted G4s was also evaluated by qPCR (Extended Data Fig. 
1b). The titration points showing a percentage of mononucleosomal 
fraction of 30% of the total DNA (excluding subnucleosomal fraction) 
gave the best qPCR enrichment of targeted G4s after size selection. 
This observation was further confirmed when sequencing the cor-
responding libraries.

G4access library preparation
The 0–100 bp size-selected fragments from MNase digestions that have 
~30% of mononucleosomes were subjected to DNA library prepara-
tion. In parallel, genomic DNA libraries were sonicated by Bioruptor 
Pico sonicator (Diagenode) to obtain DNA fragments of ~150 bp to be 
used later as reference datasets for bioinformatic analyses. Paired-end 
libraries were constructed using NEBNext Ultra II DNA Library Prep Kit 
for Illumina (New England Biolabs, E7645S) using a starting material 
of 50 ng. DNA fragments were treated with end-repair, A-tailing and 
ligation of Illumina-compatible adapters. Clean-up of adapter-ligated 
DNA was performed by using CleanNGS beads (CNGS-0050) with a 
bead:DNA ratio of 2:1. The purified products were amplified with eight 
cycles of PCR. Finally, samples were cleaned-up with a bead:DNA ratio 
of 0.8:1 to remove the free sequencing adapters. Human and mouse 
libraries were sequenced on the Illumina NextSeq-500 Sequencer using 
paired 75 bp reads (Raji), paired 50–30 bp reads (K562, mES cells) or 
an Illumina HS4000 using paired 76 bp reads (HaCaT cells). Libraries 
from HeLa, Raji cells treated with TSA, Drosophila and yeast cells were 
sequenced on Novaseq 6000 Sequencer in paired-end (50–50 bp) 
sequencing runs.

ChIP–seq
Fifty million cells were used to prepare extracts for Pol II ChIP–seq 
experiments. Cells were crosslinked for 10 min at 20 °C with the 
crosslinking solution (10 mM NaCl, 0.1 mM EDTA (pH 8), 0.05 mM EGTA 
(pH 8), 5 mM HEPES (pH 7.8) and 1% formaldehyde). The reaction was 
stopped by adding glycine to reach a final concentration of 250 mM. 

After 5 min of formaldehyde quenching, cells were washed twice with 
cold PBS and resuspended in cold 2.5 ml LB1 (50 mM HEPES (pH 7.5), 
140 mM NaCl, 1 mM EDTA (pH 8), 10% glycerol, 0.75% NP40, 0.25% Tri-
ton X-100) at 4 °C for 20 min on a rotating wheel. Nuclei were pelleted 
down by spinning at 1,350 rcf in a refrigerated centrifuge and washed 
in 2.5 ml LB2 (200 mM NaCl, 1 mM EDTA (pH 8), 0.5 mM EGTA (pH 8), 
10 mM Tris (pH 8)) for 10 min at 4 °C on a rotating wheel followed by 
centrifugation to collect nuclei. Nuclei were then resuspended in 1 ml 
LB3 (1 mM EDTA (pH 8), 0.5 mM EGTA (pH 8), 10 mM Tris (pH 8), 100 mM 
NaCl, 0.1% Na-deoxycholate, 0.5% N-lauroylsarcosine) and sonicated 
using Bioruptor Pico (Diagenode) in 15-ml tubes for 24 cycles of 30 s 
ON and 30 s OFF pulses in 4 °C bath. All buffers (LB1, LB2 and LB3) were 
complemented with EDTA free protease inhibitor cocktail (Roche), 
0.2 mM PMSF just before use. After sonication, Triton X-100 was added 
to a final concentration of 1% followed by centrifugation at 20,000 rcf 
and 4 °C for 10 min to remove particulate matter. After taking aside a 
50 µl aliquot to serve as input and to analyze fragmentation, chromatin 
was aliquoted and snap-frozen in liquid nitrogen and stored at −80 °C 
until use in ChIP assays. Input aliquots were mixed with an equal volume 
of 2× elution buffer (100 mM Tris (pH 8.0), 20 mM EDTA, 2% SDS) and 
incubated at 65 °C for 12 h for reverse-crosslinking. An equal volume 
of TE buffer (10 mM Tris (pH 8) and 1 mM EDTA (pH 8)) was added to 
dilute the SDS to 0.5% followed by treatment with RNase A (0.2 µg ml−1) 
at 37 °C for 1 h and proteinase K (0.2 µg l−1) for 2 h at 55 °C. DNA was 
isolated by phenol:chloroform: isoamyl alcohol (25:24:1, pH 8) extrac-
tion followed by Qiaquick PCR Purification (Qiagen). Purified DNA was 
then analyzed on a 1.5% agarose gel and on Bioanalyzer (Agilent) using 
a high-sensitivity DNA assay.

For Pol II ChIP, Protein-G coated Dynabeads were incubated at 4 °C 
in blocking solution (0.5% BSA in PBS) carrying Pol II F12 (Santa Cruz 
10 sc-55492, lot H2019) specific antibodies. Sonicated chromatins 
(10 × 106 Raji cells equivalent and 5 × 106 Drosophila S2 cells equivalent 
(2:1 spike-in ratio)) were added to precoated beads (250 µl), and the 
mix was incubated overnight at 4 °C on a rotating wheel. After incuba-
tion with chromatin, beads were washed seven times with wash buffer 
(50 mM HEPES (pH 7.6), 500 mM LiCl, 1 mM EDTA (pH 8), 1% NP40, 0.7% 
Na-deoxycholate, 1× protease inhibitor cocktail) followed by one wash 
with TE–NaCl buffer (10 mM Tris (pH 8) and 1 mM EDTA (pH 8), 50 mM 
NaCl) and a final wash with TE buffer (10 mM Tris (pH 8) and 1 mM EDTA 
(pH 8)). Immunoprecipitated chromatin was eluted by two sequential 
incubations with 50 µl elution buffer (50 mM Tris (pH 8), 10 mM EDTA 
(pH 8), 1% SDS) at 65 °C for 15 min. The two eluates were pooled and 
incubated at 65 °C for 12 h to reverse-crosslink the chromatin followed 
by treatment with RNase A and proteinase K and purification of DNA, 
as described in the previous paragraph for input samples. Both input 
and ChIP samples were subjected to Bioanalyzer analysis to check that 
the major bulk of isolated DNA was in the 250 bp size range.

For ChIP–seq experiments in Raji cells, purified DNA was quanti-
fied with Qubit DS DNA HS Assay (Thermo Fisher Scientific). In total, 
1 ng of ChIP DNA was used to prepare sequencing libraries with NEBNext 
Ultra II DNA Library Prep Kit for Illumina (New England Biolabs, E7645S). 
After end-repair and adapter ligation, library fragments were amplified 
by 13 cycles of PCR. Barcoded libraries from different samples were 
pooled together and sequenced on Illumina NextSeq-500 Sequencer 
in paired-end (50–30 bp) sequencing runs.

Nascent chromatin-associated RNAs sequencing (ChrRNA-seq)
ChrRNAs presented in Extended Data Fig. 3g were either analyzed 
from GSE90238 or isolated from 2 × 107 Raji cells as follows. Nuclear 
fractionation was performed by incubating cells in 4 ml of buffer 1 
(10 mM Tris–HCl (pH 7.5), 10 mM NaCl, 2.5 mM MgCl2, 0.5% IGEPAL 
CA-630) on ice for 5 min. Next, we carefully underlaid 1 ml of buffer 
2 (10 mM Tris–HCl (pH 7.5), 10 mM NaCl, 2.5 mM MgCl2, 0.5% IGEPAL 
CA-630, 10% sucrose) before collecting the nuclear fraction at 1400 rcf 
for 5 min at 4 °C. Nuclei were resuspended with 125 µl of NUN1 buffer 
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(20 mM Tris–HCl (pH 8), 75 mM NaCl, 0.5 mM EDTA, 50% glycerol) fol-
lowed by 1.2 ml of NUN2 buffer (20 mM HEPES–KOH (pH 7.6), 300 mM 
NaCl, 0.2 mM EDTA, 7.5 mM MgCl2, 1% IGEPAL CA-630, 1 M urea). 
After 15 min of vigorous vortexing, the chromatin was centrifuged at 
15,000 rcf for 10 min at 4 °C and washed with 500 µl of NUN2 buffer. 
After discarding the supernatant, the chromatin was resuspended in 
500 µl of Trizol. At this stage, the chromatin pellet is very tight and 
needs to be dissolved in Trizol by repeated pipetting with decreasing 
volume tips (1 ml–200 µl–10 µl) and then pushing through very small 
syringe needles. Then RNA was extracted from chromatin according 
to the Trizol manufacturer’s protocol and resuspended in 50 µl of 
nuclease-free water (Invitrogen, AM9906) followed by TurboDNase 
(Invitrogen, AM2238) treatment. Trizol RNA extraction and TurboD-
Nase were performed two more times, and RNA was resuspended in 
20 µl of nuclease-free water. Purified RNAs were quantified by Qubit, 
and quality was assessed using the RNA Assay kit (Agilent RNA 6000 
Pico reagents, 1567-1513) with Bioanalyzer 2100 (Agilent Technologies). 
ChrRNAs were then subjected to library preparation using the True-seq 
stranded total RNA library prep gold kit (Illumina, 220599) using 1 µg 
of ChrRNA, with a total of 15 cycles of amplification and following the 
manufacturer’s instructions (including ribo-depletion).

Quantitative PCR analysis of targeted G4s
For the relative quantification of targeted G4s, human cells Raji, K562 
and HaCaT cells were used. Briefly, the DNA was isolated by phenol–
chloroform and ethanol precipitation after MNase treatment and 
size selection. The relative amount of targeted G4s related to its cor-
responding nonsize selected sample was evaluated by qPCR by using 
the delta-Cq method using the following primers for the G4 at the 
human MAZ locus (chr16): G4_Maz_F ACTGAGCGCAGGATTGTAAATA 
and CCTCATGCTTCGGCTTCC and control primers at the KRAS locus 
(chr12): Control_NEG-1_F TAAACCAGGGCTGCTGTTCT and Control_
NEG-1_R TGACCGCAAAGCTGTTACAC. Quantitative PCR reaction was 
performed using the Platinum Taq DNA polymerase (Thermo Fisher 
Scientific, 11304011) following the manufacturer’s instructions on a 
LightCycler 480 system. qPCR reactions were performed in triplicates. 
Cycling conditions were 95 °C for 10 min, then 40 cycles of 95 °C for 
30 s/65 °C for 30 s/72 °C for 15 s, followed by melting curve analysis. 
Results presented in Extended Data Fig. 1c are displayed as the ratio 
of enrichment of the G4 to non-G4 regions.

FRET-melting profiles
FRET-melting profile assays were performed on 6 G4s and one hairpin 
to test their stabilities in MNase digestion conditions. FRET buffers were 
lithium cacodylate supplemented with 140 mM KCl and 10 mM KCl with 
45 mM NaCl for physiological and NMase conditions, respectively. The 
sequences tested,

F21CTAT (GGGCTAGGGCTAGGGCTAGGG),
EBR1 (GGGCAGGGGGTGATGGGGAGGAGCCAGGG),
F21T (GGGTTAGGGTTAGGGTTAGGG),
F25cebT (AGGGTGGGTGTAAGTGTGGGTGGGT),
FAG3AT (AGGGAAGGGAAGGGAAGGGA),
FmycT (TTGAGGGTGGGTAGGGTGGGTAA), and
FdxT (TATAGCTAT-PEG-TATAGCTATA), were double labeled with FAM 

and TAMRA to follow their unfolding by fluorescence. All G4s are highly 
stable in the MNase buffer condition at room temperature or at 37 °C. 
Most differences in their stabilities are observed at higher temperatures.

FRET–MC, Th-T and NMM massive G4 validation assays in vitro
Target selection for the design of 596 oligonucleotides was performed 
by first overlapping human G4access peaks common to HaCaT, K562 
and Raji cell lines. This allowed the isolation of 4,743 regions of various 
sizes (Extended Data Fig. 2b) from which we extracted the maximum 
G4Hunter score, using a window of 30 nt within the G4Hunter algo-
rithm. To perform our large-scale in vitro assays, we subsequently 

selected 596 fragments from this list, with a score distribution compara-
ble to that of the initial pool (not shown). The list of peaks with genomic 
coordinates and oligonucleotides is presented in Supplementary 
Tables 2 and 3. The library of oligonucleotides was synthesized and 
purchased at Eurogentec (Seraing) with RP cartridge gold purification, 
and further used for FRET–MC, Th-T and NMM.

FRET–MC assay was performed in 96-well plates, and the fluores-
cence of the labeled oligonucleotide F21T was recorded using a CFX96 
qPCR instrument (Bio-Rad). Oligonucleotides were annealed at 7.5 µM 
strand concentration (95 °C, 5 min) in FRET buffer (10 mM KCl, 10 mM 
lithium cacodylate, 90 mM LiCl, pH 7.2). The tested oligonucleotides 
and the F21T were added to each well (final concentration of 3 µM and 
0.2 µM, respectively), which were incubated with or without 0.4 µM 
of phenDC3 in a final volume of 25 µl. The microplate was incubated 
at 25 °C for 5 min, after which the temperature was increased by incre-
ments of 0.5 °C per minute to reach 95 °C. The collected signal was 
normalized to 1, and the melting temperature (Tm) was defined when 
the normalized signal was 0.5. ΔTm corresponds to the difference of 
Tm between the oligonucleotide with and without PhenDC3. Each 
sequence was tested in an intraday duplicate.

The fluorescence assay was performed in 96-well plates, using a 
plate reader M1000 Pro (Tecan). Fluorescence emission was read at 
490 and 610 nm after excitation at 420 and 380 nm for Th-T and NMM, 
respectively. Oligonucleotides were annealed at 7.5 µM in K100 buffer 
(100 mM KCl, 10 mM LiCaco, pH 7.2). To each well in a 96-well plate, 3 µM 
of oligonucleotide and 2 µM of fluorescent ligands were added, reach-
ing a total volume of 100 µl. The plate was then shaken and incubated 
for 10 min. Each oligonucleotide was tested in an intraday duplicate. 
The threshold of positive or negative sequences was determined using 
different controls (G4s with different topologies, duplex and single 
strands). All fluorescence results (including the controls) were nor-
malized to the number of nucleotides. A summary of the results of all 
experiments is presented in Supplementary Table 1.

Bioinformatic procedures
Genomic dataset processing, peak calling and differential analysis. 
For both native and re-analyzed published datasets considered in this 
study, raw sequencing reads were aligned using Bowtie2 (ref. 43; version 
2.1.0) to the human (hg19), mouse (mm9), Drosophila (dm6) and yeast 
(sc3) genomes. Aligned reads were elongated in silico using the DNA frag-
ment size inferred using an in-house developed PASHA (version 0.99.21) 
R (version 3.3.1) pipeline44 or using MACS2 (ref. 45; version 2.1.2), which 
also allows peak calling for G4–ChIP and G4access (peaks were consid-
ered below a P value of 10−10 from the narrow peaks table). PASHA was 
used for ChIP–seq and MNase-seq datasets, using Drosophila spike-in 
for ChIP normalization46 (Fig. 4d), and MACS2 was used for G4access 
and G4–ChIP for the sake of consistency in comparison with previously 
published G4–ChIP analyses. MACS2 was run using input DNA as control 
and with recommended settings45. Bedgraph files generated by MACS2 
were then converted to wig files (bin10) and scaled using the sequencing 
depth with PASHA. Wiggle files representing the average enrichment 
score every 10 bp were generated. For nucleosome positioning analyses 
(midpoints), to determine the average nucleosome positions, wiggle 
files representing the central nucleotides of DNA fragments were also 
generated (Figs. 1a and 4a and Extended Data Figs. 6a, 7a and 9c). Finally, 
for nucleosome densities representation and analyses (MNase-seq), we 
smoothed the signal by replacing each 10 bp bin by the average of the five 
surrounding bins on each side and using an in-house script.

To assess differences in G4access peak intensities, DESeq47 (version 
1.26.0) was used with the MACS2 peak definition as genomic reference. 
Differences between the conditions (control versus treated cells) were 
called at a P value below 0.05.

RNA-seq datasets analyzed or re-analyzed in this study were pro-
cessed by aligning sequencing reads to the mouse genome (mm9) or 
human genome (hg19) using TopHat2 for RNA-seq and ChrRNA-seq. 
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Alignment files were then treated using Cufflinks (v2.2.1) to gener-
ate RPKM used in Extended Data Fig. 3g. SNP analyses for mouse 
RNA-seq data from Fig. 5a are described in the section ‘Allelic data 
analysis of mESC’.

Motif search analysis and NDRs determination. To analyze motifs 
associated with open chromatin/NDRs at promoters, we focused on 
CGI-containing promoters because those display an established intrin-
sic property to exclude nucleosomes2. NDRs and deepest NDR points 
were defined using an in-house script. First by creating an inversed 
track of the MNase-seq signal (y = 1/x, 0 values were replaced by the 
minimal value found in the region −300/+100 of annotated TSSs in the 
sequencing signals). Then, peaks and peak summits corresponding 
to NDRs and their deepest points were determined. The peak call-
ing was performed using wigpeakcaller48 (https://doi.org/10.7554/
eLife.02105.022) fixing a threshold based on the peak height and the 
gap between two adjacent signals (Fig. 1a and Extended Data Fig. 7c). 
De novo motif discovery analyses were thus performed at the lowest 
nucleosome density (deepest point of MNase-seq signal) at promoters 
overlapping CGIs between −500 and TSS (Fig. 1a) and on G4access or 
G4–ChIP (Extended Data Fig. 4) datasets using Multiple Em for Motif 
Elicitation tool MEME–ChIP49 (default settings, version 5.0.2). Frag-
ments from −30 to +30 bp centered on the deepest point of MNase-seq 
signal or peak summits for the other datasets were used and tested 
using the Jaspar 2020 core nonredundant database. Fragments over-
lapping the annotated TSS region (−200 bp to the TSS) were defined 
using Bedtools (version 2.21.0). For yeast datasets (Extended Data 
Fig. 10a), TSS determined by CAGE was used (http://www.yeastss.org/
download/). The first three motifs are displayed ranked by site numbers 
(Fig. 1a and Extended Data Figs. 4 and 10c).

Allelic data analysis of mESC. Raw sequencing reads were aligned 
strictly to the mm9 or JF1 (ref. 50) genomes using Bowtie2. Reads 
overlapping distinguishable SNPs (https://molossinus.brc.riken.jp/
mogplus/#JF1) between the two genomes were considered to assess 
allelic signals of G4access and RNA-seq datasets. At these loci, reads 
overlapping SNP from each allele were determined and counted using 
HTSeq-count (version 0.6.1p1) at G4access peaks (for differential 
G4access analysis) and within gene annotations (for differential gene 
expression analysis). Assessment of statistical analyses of differential 
signals was performed using DESeq47 (version 1.26.0; Fig. 5b–d and 
Supplementary Table 1).

The list of 31 murine imprinted DMRs, all corresponding to CGIs, 
was in-house curated by the Feil laboratory and is largely based on 
previous reports by others51–53 together with Feil laboratory’s own 
compilation of imprinted DMRs. Mm9 was used as a reference genome. 
The list of these annotations with genomic coordinates is provided in 
Supplementary Table 1.

G4 motif and enrichment analysis. Peak size for all G4–ChIP and 
G4access peaks detected by MACS2 were analyzed, and the distribu-
tion plots were generated using R v3.3.1 (Fig. 1e). G4 scores of all peaks 
were determined using G4Hunter6,54 (see also two sentences below), 
and their distributions were plotted using R (Figs. 1g and 3d,h and 
Extended Data Figs. 2d,e, 6c,d, 7c and 10b). To compare G4access and 
G4–ChIP, all peaks were resized at 90 bp (±45 bp from peak summits) 
before G4Hunter score determination (Extended Data Fig. 2d,e).

G4Hunter scores of all experiments were tested against fragments 
of the same size distribution randomly selected in the genomes (ten 
permutations), thus allowing the evaluation of the observed versus 
expected from random selection scores (Fig. 1f).

Finally, G4 motifs were analyzed using a published code to assign 
G4 classes8—loop size 1–3, 4–5 and 6–7: sequences with at least one loop 
of the respective length; long loop: sequences with a G4 with any loop 
of length >7 (up to 12 for any loop and 21 for the middle loop); simple 

bulge: sequences with a G4 with a bulge of 1–7 bases in one G-run or 
multiple 1-base bulges; 2-tetrads/complex bulge: sequences with a G4s 
with two G-bases per G-run or several bulges of 1–5 bases and other: 
other G4 types that do not fall into the former categories (Fig. 1h and 
Extended Data Figs. 3a and 10d). In this analysis, random sequences 
with the same size distribution were used as control.

Computation of G4Hunter scores. G4Hunter scores were computed 
using a previously published principle54 with specific functions (Sup-
plementary Software). First, G4Hunter hits were extracted from the 
reference genomes (hg19, mm9, dm6 and sc3; with a window of 25 and 
a minimal score of 0.5). Each hit is characterized by its genomic coor-
dinates and a ‘max_score’ reflecting the score of the highest G4Hunter 
within this window. These scores reflect the relative G4 propensity of the 
peaks. Peaks with no overlapping G4Hunter hit have a score of 0. Ran-
dom genomic regions of the same size distribution were used as control.

To assess GC richness effects in G4Hunter score distributions, 
all peaks were resized at 90 bp around their summits. Shuffled DNA 
sequences using the same pool of nucleotides and the same size distri-
bution were generated and compared to G4access or G4–ChIP datasets 
using G4Hunter analysis at 25 bp window settings and selecting the 
best scores in the fragments6 (Extended Data Fig. 2e).

GC and CpG contents, G-tracks and number of G per track analyses. 
For number of G-tracks and number of G per G-track analyses, all peaks 
were resized at 90 bp around their summits (Extended Data Fig. 3c,d).  
To assess GC and CpG contents, G or C and dinucleotide CG were deter-
mined in the specified windows. For promoters, windows from −200 bp 
to gene TSSs were used (Extended Data Fig. 3e).

Gene expression and gene ontology analyses. Genes exhibiting 
G4access peaks in their promoters (within −200 bp and their TSS) 
were determined using Bedtools55. Fragments per kilobase per million 
(FPKM) of all genes were determined using Cufflinks56 (version 2.2.1; 
Extended Data Fig. 3g). Charts were drawn from all expressed genes 
defined as genes with FPKM > 0 (RNA-seq dataset used are indicated in 
Supplementary Table 4). Gene ontology was performed using DAVID 
webtool57 (https://david.ncifcrf.gov/) on the top 3,000 promoters 
ranked by G4access signals (Extended Data Fig. 3f).

Methylation analysis. Whole-genome bisulfite sequencing datasets 
were analyzed using Bismarck (version 0.22.3)58 for Fig. 6a,b (K562 cells) 
and the computed beta files provided in ref. 59 (GSE186458) for Fig. 6c,d 
(human granulocytes). A selection on G4H1.2 exhibiting at least 2CpG 
within the annotation and overlapping with G4access was performed 
(Fig. 6). A subset of 100,000 randomly selected G4H1.2, which do not 
overlap with G4access peaks, was used as control (Fig. 6b).

Average binding profiles and heatmaps. To generate average binding 
or G4Hunter profiles (Figs. 1a and 4a,d and Extended Data Figs. 1a, 7a,b, 
8 and 9c), R scripts were developed and used for retrieving bin scores 
in defined regions from 10 bp bin-sized wiggle files44. Heatmaps were 
generated, viewed and color-scaled according to sample read depth 
using Java TreeView60 (version 1.2.0-osx; Figs. 4c and 6a,c). Regions were 
defined as centered on the G4access peak summits (from the narrow 
peak table of MACS2 at P < 10−10). For Fig. 4a,c, and because we applied a 
filter of G4access peaks with weak/moderate G4 predictions, G4access 
peaks (from the narrow peak table of MACS2, P < 10−8) overlapping G4 
predictions G4H1.2 or QP long loops were considered (n = 10,018). The 
long loop predictions were generated using the Quad-Parser consen-
sus14 QP3-7, allowing one loop of a maximum length of 30 nt. To gener-
ate average binding profiles of Pol II (Fig. 4d, left), hg19 Ensembl gene 
annotations were used to extract values from wiggle files associated 
with the selected genes. Bin scores inside these annotations and in a 
region of 5 kb before the TSSs and after 5 kb of annotated termination 
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sites were determined. Based on the gene list selections, bin scores from 
wiggle files were used to rescale values between TSSs and transcription 
termination sites (gene body) of all genes using linear interpolation. In 
total, 1,000 points were interpolated for the gene body of each selected 
gene in all average profiles presented.

Metaprofiles of G4access at gene bodies were performed as above 
at sites that do not overlap with H3K27ac ChIP–seq signals to avoid 
enhancers and unannotated promoters (Fig. 4d, right). Finally, Deep-
tools61 (version 3.3.0) was used to generate metaprofiles in Fig. 6.

Frequency analysis of pG4 in the human, mouse and yeast genomes. 
pG4s were defined by G4Hunter using a window of 25 nt and thresholds 
ranging from G4H0.25 to G4H2.0 (refs. 6,54). Number of hits per kb of 
the sequenced genome was then determined. For TSSs, pG4 densities 
found in the TSS area (−200 bp to TSS) were calculated and expressed 
as pG4s/kb (Extended Data Fig. 10a).

Analysis of genomic locations of pG4s or G4access peaks. pG4s 
were defined by G4Hunter using a window of 25 nt at thresholds of 
1.2, 1.5 and 2.0. Genomic locations of predictions and G4access peaks 
detected by MACS2 (described in section ‘Average binding profiles and 
heatmaps’) were defined as follows (Extended Data Fig. 3b): promoter 
(−200 bp to TSS), 5′ gene body (TSS to +400 bp), gene body (from 
+400 bp after the TSS to −200 bp upstream off the transcription end 
site (TES)), TES (−200 bp to +200 bp of TES), all other locations were 
defined as intergenic (using Ensembl annotations).

Analysis of signal variation between replicates. All peaks found in 
the replicates of the same experiments were merged (using bedtools), 
and signal from individual samples were extracted for each sample. 
Results were then plotted using R as scatterplots (x axis: signal from 
individual replicates; y axis: merged G4access signals; Extended Data 
Fig. 1e).

Statistics and reproducibility
Sample size. No statistical method was used to predetermine the 
sample size. In the case of Fig. 2 analysis, 596 G4access peaks were 
randomly selected within the 4,743 G4access peaks that were found 
in common in the three cell lines (Hela, Raji and K562). Margin of error 
of this selection is 3.68% for a confidence level of 95% following the 
central limit theorem.

Data exclusion. For Fig. 4a,c, and because we applied a filter of G4ac-
cess peaks with weak/moderate G4 prediction scores, G4access peaks 
(from the narrow peak table of MACS2, P < 10−8) overlapping G4 pre-
dictions G4H1.2 and/or QP long loops were considered. The long loop 
predictions were generated using the Quad-Parser consensus.

In the gene expression analysis presented in Extended Data Fig. 3g, 
genes that are not expressed (RPKM = 0) were not included.

In MNase-seq heatmaps, saturated or absence of signals expand-
ing all along the displayed genomic areas were considered as artifacts 
or outliers and removed.

Replication. Experiments were repeated in replicates as indicated in 
the manuscript (between 2 and 4 times). All replicates were successful.

Please note that Extended Data Fig. 1b has been performed as 
technical replicates only.

Randomization. Randomization of genome sequences was repeated 
ten times for enrichment analyses. In Figs. 1g and 6a and Extended 
Data Figs. 2d,e, 6c,d, 7c and 10a,b genomic sequences were randomly 
selected and compared to experimental datasets of the same sizes.

Blinding. A total of 596 G4access peaks were blindly tested using 
in vitro assays (Fig. 2) using coded oligonucleotides.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The genomic datasets published in this study are available under 
GSE187007. All data used from the previously published study are 
referenced in Supplementary Table 4. Source data are provided with 
this paper.

Code availability
Code generated and used for this study has been deposited in the 
linked Zenodo repository: https://zenodo.org/record/7912528 
(ref. 62). The G4Hunter algorithm version code and functions used 
in this article are included as supplementary files (G4Hunter.r and 
G4HunterAccess_function.r).
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Extended Data Fig. 1 | G4access signal optimization and characterization. 
a- G4FS at all promoters are associated to open regions upstream of TSSs. The 
graph shows nucleosome and G4H2.0 densities in Raji cells, as well as the location 
of upstream and downstream peak’s locations of G4 and nucleosome deep of all 
CGI containing promoters. b- qPCR quantification of a model G4 (human MAZ 
locus) in G4access preparations. This G4 containing fragment is enriched in the 
3 cell lines at various digestion levels of MNase as indicated. MNase activity was 
controlled by measuring the level mononucleosome fractions (see Fig. 1b).  

c- FRET melting profiles for comparison of physiological (red) and MNase 
(black) digestion conditions. Fluorescence level reflects denaturation of the 
G4 structure. d- Table of test sequences and G4Hunter scores. Tm and ∆Tm are 
indicated for all sequences except Myc, because of complex melting and very 
high stability. Note that all G4s are highly stable in the MNase buffer at room 
temperature or 37 °C (blue bar). e- Correlation plots of G4access merged signals 
compared to individual biological replicates.
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Extended Data Fig. 2 | G4access comparison to G4-ChIP and G4Hunter.  
a- Comparison of G4access signal and G4-ChIP at a selected area of the genome 
(KRAS locus, (chr12: 25.330.000-25.560.000)) b- Venn diagram of overlapping 
G4access peaks in the 3 model cell lines. (Fisher tests of the overlaps <1 × 10−4) 
c- Venn diagram of overlapping G4access and G4-ChIP peaks in the HaCaT and K562 
cell lines. (Fisher tests of the overlaps <1 × 10−4). d- G4Hunter prediction scores in 
G4access performed in 3 human cell lines and comparison to published G4 ChIP-
seq in 2 of these cell lines. For the sake of comparison, all fragments were resized 

at 90 bp in G4-ChIP, G4access peaks and genomic DNA (40.000 annotations; see 
Methods). All distributions are highly significant compared to random selections 
(not shown) using a two-sided Wilcoxon test (p-value < 2 × 10−16). e- G4Hunter 
prediction scores compared to shuffled sequences of same sizes and same 
nucleotide compositions and to random sequences (see Methods; all differences 
in the distributions of G4access associated scores are highly significant 
compared to random and shuffled selections using a two-sided Wilcoxon test, 
p-value < 2 × 10−16).
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | G4access genomic localization, sequence 
characterization and association to gene expression programs. a- G4 
subtypes identified in the 3 cell lines (see Methods). b- Compared partition of 
G4access and G4 ChIP regions in the human genome. The control bars represent 
the genomic distribution of G4FS at various stringencies (G4Hunter scores of 
1.2, 1.5 and 2.0). TES represent transcription end sites at gene units. c- Analyses 
of number GG or GGG tracks found in G4-ChIP or G4access peak datasets 
(n = 11563, 44412, 12216, 13320 and 9031). d- Number of Gs found in the G-tracks 
of the predicted G4s in the G4-ChIP or G4access datasets, with at least 2 G per 

track. e- GC and CpG contents distributions at promoters associated to G4access 
peaks (K562 n = 8343, HaCaT n = 4090, Raji n = 4465, all genes n = 20314). f- Gene 
ontology analyses using DAVID database of the genes associated to promoter 
with G4access peaks in K562, Raji and HaCaT cells (DAVID, modified Fisher Exact 
p-value,). g- Gene expression level analysis expressed as Fragment per kb per 
million (FPKM) in chromatin RNA-seq datasets in K562 and Raji cells (n = 4660, 
8569, 32355, 31779, 4659, 8601, 32753 and 31434). Box plots represent minimal 
and maximal values, first and third quartiles and the median value.
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Extended Data Fig. 4 | Motifs associated to G4access and G4 ChIP peaks in the 3 model cell lines (2 in the case of ChIP) at TSS and all sites as indicated. The 
sequence logos and statistics associated to this analysis were generated using the MEME algorithm. Presented motifs are ranked by occurrence (top 3). MEME-ChIP 
e-value are displayed.
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Extended Data Fig. 5 | In vitro G4 characterization and validation. a- Principle 
of the ThT and NMM G4 determination. b- Cumulative percentage of validated 
regions in FRET-MC above a given threshold of G4Hunter of G4access selection 

sequences. c- Experimental fluorescence for NMM experiments. G4 threshold 
is indicated at 125 (a. u). d- Experimental fluorescence for ThT experiments. G4 
threshold is indicated at 200 (a. u).
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Extended Data Fig. 6 | G4access measures G-quadruplex dynamics in 
response to cell treatments with a G4 ligand. a- Genome browser view 
illustrating Pyridostatin (PDS, 10 µM for 30 min) effect on G4access peaks 
dynamics in Raji cells (Chr1: 203.500.000-205.500.000). In the zoom area is 
shown the promoter ATP2B4, in which the main G4access signal redistributes 
from strong to weak G4FS. b- DESeq analysis of G4access signal following 30 min 

of treatment by PDS. The promoter-proximal (TSS) and non-promoter G4s are 
indicated in red and blue respectively (DESeq, p-value < 0.05). c- G4access score 
density is shifted toward weaker G4s following PDS treatment. d- G4seq score 
density is shifted toward weaker G4s following PDS treatment, although to a 
lesser extent than for G4access.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Nucleosome and Pol II features at G4access peaks, 
with or without strong G4 predictions. a- average profiles of G4access regions 
depending of their nucleosome depletion level (relates to Fig. 4). Metaprofiles 
of MNase-seq (Nucleosome midpoints), G4access and Pol II ChIP-seq centered 
on G4access summits in the 4 groups defined in Fig. 4c. The corresponding 
signals for the H3K4me3 and H3K4me1 ChIP-seq in Raji cells are also shown (right 
panels), for which the relative high amount of H3K4me3/me1 is indicative of a 
promoter feature, as seen for group 1 and, to a lesser extent, group 2. b- Features 
of signals below G4 formation threshold in G4access signal. G4access signals 
were selected above (G4Hunter > 1.2; n = 9047 regions) or below (<1.0; n = 3492 

regions) threshold for G4 formation in all genomic locations and analyzed for 
nucleosome positioning/density, G4access signals and Pol II loading. G4-forming 
sequences are strongly associated with nucleosome depletion and positioning 
c- G4Hunter prediction scores in nucleosome depleted regions (NDRs, see 
Methods) associated or not to G4access peaks. A random selection of genomic 
area of same size is indicated in light gray. While distributions of scores at 
G4access associated NDRs are highly significant compared to random selections 
(using a two-sided Wilcoxon test, p-value < 2.2 × 10−16), distributions of G4Hunter 
scores at other NDRs are not significatively different to random selections.
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Extended Data Fig. 8 | Nucleosome depletion at experimentally defined 
G-quadruplexes. a- G4Hunter (G4H1.2) and chromatin landscape (ATAC-seq and 
MNase-seq density or positioning) profiling in K562 cells at sites with common 
or specific G4access and G4-ChIP peaks as indicated. b- G4Hunter (G4H1.2) 

and chromatin landscape (ATAC-seq) profiling in HaCaT cells. Groups were 
defined as in Extended Data Fig. 2c and genomic datasets used are listed in the 
Supplementary Table 1.
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Extended Data Fig. 9 | G4access dynamics in response to nucleosome 
perturbation by the HDAC inhibitor TSA. a- TSA treatment for 24 hours 
leads to H3K9acetylation increase. Western-blots of VCP and total H3 (loading 
controls) and of H3K9ac in 3 independent replicates are shown. b- Representative 
examples of G4access decrease associated to NDR closure at the MFSD2A 

promoter (chr1: 40.418.000- 40.424.000) and the chr16: 19.503.827-19.506.304 
genomic region. c- TSA treatment for 24 hours leads to a global decrease 
of chromatin accessibility at NDRs associated to G4access decrease signal. 
Metaprofiles of G4access (left) and MNase-seq density and positioning (right) are 
shown at all TSSs (up) and non TSS (bottom) sites.
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Extended Data Fig. 10 | Application of the G4access procedure in organisms 
with less genomic G4 densities. a- Comparison of G4Hunter prediction 
frequencies per kb (higher table) and densities (lower table and graph in the 
right panel) in 3 distinct organisms (Human, D. melanogaster and S. cerevisiae). 
b- G4 prediction scores in G4access and equivalent selection of random DNA 
fragments in the 3 organisms. c- Motif search (MEME) at promoter and non-
promoter sites, ranked by occurrence in flies and yeast. MEME-ChIP e-value 

are displayed. d- Repartition of the G4 subtypes in G4access peaks in flies and 
yeast as for Fig. 1h. In yeast, the majority of G4access peaks are non-forming 
G4 sequences. e- Examples of G4access, ATAC-seq and Pol II ChIP-seq signals in 
Drosophila (chr3L: 18.755.000-18.772.500) and Yeast (chrIV: 766.800-771.500). 
The isolated peaks for G4access and ATAC, and the G4H1.2 annotations are 
indicated below the signal tracks.
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