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Abstract

DNA i-motif structures are formed in the nuclei of human cells and
are believed to provide critical genomic regulation. While the
existence, abundance, and distribution of i-motif structures in
human cells has been demonstrated and studied by immuno-
fluorescent staining, and more recently NMR and CUT&Tag, the
abundance and distribution of such structures in human genomic
DNA have remained unclear. Here we utilise high-affinity i-motif
immunoprecipitation followed by sequencing to map i-motifs in the
purified genomic DNA of human MCF7, U20S and HEK293T cells.
Validated by biolayer interferometry and circular dichroism spec-
troscopy, our approach aimed to identify DNA sequences capable
of i-motif formation on a genome-wide scale, revealing that such
sequences are widely distributed throughout the human genome
and are common in genes upregulated in GO/G1 cell cycle phases.
Our findings provide experimental evidence for the widespread
formation of i-motif structures in human genomic DNA and a
foundational resource for future studies of their genomic, struc-
tural, and molecular roles.
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Introduction

Unravelling the location of regulatory elements in human genomic
DNA is critical for our understanding of genome architecture and
function. I-motif structures and related guanine-rich G-quadruplex
structures (G4s) have been identified as important regulatory elements
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in gene transcription, DNA replication, telomeric and centromeric
regions, and have been implicated in a range of human conditions
(Abou Assi et al, 2018; Bochman et al, 2012; Kendrick et al, 2014; Li
et al, 2016; Takahashi et al, 2017; Wells, 2007; Zeraati et al, 2017).
While there has been extensive research into G4 location and function
(Balasubramanian et al, 2011; Chambers et al, 2015; Hansel-Hertsch
et al, 2016; Lam et al, 2013; Marsico et al, 2019), iM formation is less
well-studied (Tao et al, 2024). Unlike the canonical double-stranded B-
form DNA, i-motif (iM) DNA is formed by hemi-protonated
intercalated cytosine base pairs folded into a tetrameric structure
(Fig. 1A) (Abou Assi et al, 2018). Although it had been evident for
several decades that cytosine-rich sequences can form i-motif
structures in vitro, the observations that the formation of the i-motif
structure is dependent on acidic conditions (pH 5-6) had initially
raised questions concerning their formation in cells (Bochman et al,
2012; Wells, 2007). However, more recently, it has become apparent
that iM structures can exist at physiological pH under conditions of
molecular crowding and negative DNA superhelicity (Li et al, 2016;
Takahashi et al, 2017; Zeraati et al, 2017). More recently, iM structures
that fold at neutral pH have also been identified (Chambers et al, 2015;
Kendrick et al, 2014; Marsico et al, 2019), and the existence, abundance
and distribution of iMs in the chromatin context of human cells have
been characterised by NMR (Viskova et al, 2024), and immunofluor-
escence (King et al, 2020) and CUT&Tag (Zanin et al, 2023) using the
iM-specific antibody iMab (Zeraati et al, 2018).

Results

Immunoprecipitation, biophysical validation, and
distribution of iM structures

To establish a map of iMs across protein-depleted human genomic
DNA, we first isolated DNA and generated fragments of
100-200 bp through DNA shearing. Following a heat-cool step to
promote single-stranded tetrameric structures, immunoprecipita-
tion of iM DNA was carried out using a high-affinity anti-iM
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Human cell ines ——— genomic DNA extraction

Figure 1. Identification of iM structures in human genomic DNA.
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(A) Schematic representation of intramolecular iM cytosine base pairing (C-C*) and of canonical four-stranded iM structure (based on previously reported NMR structure
(PDB: 1i9k)). (B) Immunoprecipitation and next-generation sequencing strategy used to identify iMs in human genomic DNA.

antibody (iMab) previously developed by our group (Zeraati et al,
2018) and physiological pH (pH 7.4) (Fig. 1B). Two independent
biological replicates were carried out for each cell line to generate
annotations of iMs across human genomic DNA. Immunoprecipi-
tation steps were carried out at 4°C (Fig. 2) (or alternatively at
16 °C as a control; Fig. EV1A) (Abou Assi et al, 2018; Zhou et al,
2010). We used DNA isolated from the MCF7 human breast cancer
cell line (previously used for G4 studies (King et al, 2020; Lam et al,
2013)) as well as from U20S osteosarcoma and HEK293T human
embryonic kidney cell lines. Using this strategy, we identified
96,086 iM regions in MCF7 genomic DNA, 73,320 in U20S and
86,826 in HEK293T, with high similarity in sequenced read count
patterns observed between cell lines and replicates (Fig. EV1A-D).
In total, 53,153 iM regions were observed among all three datasets
(Fig. 2A,B).

To validate the sequences identified through immunoprecipitation
and their ability to form iM structures, tetraplex structure formation
was next analysed in vitro by biolayer interferometry and circular
dichroism spectroscopy. For this purpose, we manually selected a set of
27 sequences located within the promoter regions of known oncogenes
and tumour suppressor genes (Table EV1). The sequences were
synthesised as DNA oligonucleotides and tested for binding to the
iMab antibody (used for immunoprecipitation, as above) by biolayer
interferometry: this confirmed that all of the analysed oligonucleotides
bound to the iMab antibody with high-affinity and equilibrium
binding constants (Kp) in the nM range (6-102 nM; Table EV1). Next,
iM formation was further validated by circular dichroism

© The Author(s)

spectroscopy, with the majority of analysed sequences displaying
spectra indicative of iM structures (Fig. EV2A, characterised by
~285 nm/~260 nm maximum/minimum (G Manzini and Xodo 1994;
Wright et al, 2017)). For three of the iM sequences (HOXC13, SIRPA,
and TSHR) folding was further investigated across a range of pH
conditions (pH 5.0-8.0) with the analysed oligonucleotides displaying
a high degree of pH-dependent folding (Figs. 2C and EVIE), a
canonical feature of the iM structure (Day et al, 2013; Wang and
Chatterton, 2021). Importantly, folding was observed at both 25°C
and at 37 °C, indicating the potential of the identified sequences for
fold at physiological temperatures (Fig. EV2B).

We observed widespread distribution of iMs throughout the
human genome, including in intergenic regions, introns, exons, and
promoter regions (Figs. 1D and EV3A-C). Distances relative to the
transcription start site (TSS) of genes were also highly variable with
less than 30% observed within 10 kb of the TSS (Fig. 1E). Sequences
were further analysed using the MEME software tool (Bailey et al,
2009), which revealed the enrichment of cytosine-rich motifs
connected by thymidine tracts (Fig. 1F), in excellent agreement
with the sequences of previously described iMs (Abou Assi et al,
2018; Fleming et al, 2018; Leroy, 2003; Skoldkovi et al, 2019).

Interplay of G4 and iMs
Prior experiments have suggested a close relationship between G4 and

iM formation (Cui et al, 2016), with the dynamic formation of either
structure having direct effect on the properties of the opposing DNA
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Figure 2. iM structures are detectable and broadly distributed across human genomic DNA.

(A) Total intersected iM regions observed after immunoprecipitation of protein-depleted purified DNA from three different human cell lines (53,153). Each cell line
experiment was conducted twice using biological replicates. Coloured circles represent the regions intersected between cell line replicates (HEK293T; n = 86,826) (MCF7;
n=96,086) (U20S; n =72,320), (B) Genomic view highlighting an iM structure upstream of the HOXC13 oncogene and downstream the transcription initiation site of
HOXC13-AS. iM regions from each cell line replicate are shown (green tracks: MCF7, purple tracks: HEK293T, blue tracks: U20S, lower tracks: control input profiles).
(C) Validation of identified iM upstream of HOXC13 by and circular dichroism spectroscopy under variable pH conditions (pH 5-8) and a temperature of 25 °C.

(D) Distribution of iM structures across human genomic DNA. Percentage of genomic features. (E) Distribution relative to transcription starting sites. Represented regions
(E, F) are the intersection across all three cell line experiments, n = 53,153. (F) Most frequently identified sequence motif observed in MCF7 DNA (MEME suite (Bailey
et al, 2009)). NMR: Nuclear Magnetic Resonance, PDB: Protein Data Bank, MEME: Multiple Expectation maximisations for Motif Elicitation. All data shown from
immunoprecipitated iMs at 4°C and pH 7.4.
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strand, leading to changes in genomic expression within neighbouring
genes (Sun and Hurley, 2009). Using the iMab antibody utilised here,
we have recently demonstrated that G4 and iM formation are
interdependent and that the stabilisation of one structure can prevent
the formation of the other on the opposing DNA strand (King et al,
2020). Locations of G4s in human genomic DNA have been previously
reported in protein-depleted genomic DNA of MCEF7 cells (using
independent replicates and the small organic molecule pyridostatin
(PDS) as a stabilising agent) (Chambers et al, 2015), allowing for
comparison with the MCF7 iM dataset generated here. This analysis
revealed considerable colocalisation between iM and G4 counts
(Fig. 3A), indicating broad clustering of the two structures throughout
DNA. Indeed, 71.6% (68,812/96,086) of iMs regions that were
observed in both MCF7 biological replicates overlapped with
previously reported G4s stabilised with PDS. This high level of
colocalization was observed despite the previously reported G4 dataset
being generated by polymerase stop assays (Chambers et al, 2015)
rather than the direct immunoprecipitation technique utilised here
(Fig. 3B).

Previous studies have further suggested the wide-ranging effect
of iMs and G4s on transcription and gene regulation (Hansel-
Hertsch et al, 2016; Miglietta et al, 2015; Varshney et al, 2020). To
investigate this question, we determined their distance to the closest
transcription starting site (TSS). For both DNA structures, we
observed considerable overlap for protein-coding human genes
(Fig. 3C), as indicated by high count frequency in relation to the
TSS. However, we also noticed that iM regions were somewhat less
frequent in the centre of the TSS compared to the previously
reported G4 regions. The occupancy of iMs in relationship to the
TSS is in agreement with biochemical studies of individual iMs
(Brooks et al, 2010; Brown et al, 2017; Kendrick et al, 2014; Shu
et al, 2018; Sun and Hurley, 2009) and computational predictions
(Belmonte-Reche and Morales, 2020; Huppert and Balasubrama-
nian, 2007; Kikin et al, 2006) that suggest a close correlation
between tetrameric DNA formation and transcriptional regulation.
In addition to transcription, G4 structures have been implicated in
the control of replication (Besnard et al, 2012; Bochman et al,
2012). When analysing the previously reported G4 dataset, we
observed a clear association of G4s with early (but not late)
replication domains. However, such an association was not
observed for the iM dataset, indicating different roles of the two
DNA motifs in replication (Fig. EV3D) (Liu et al, 2016). In
addition, our analyses revealed that iM regions are frequently
observed in TAD boundaries that had previously been identified in
MCEF7 using Hi-C (Barutcu et al, 2015), with a majority (3174/
32,273) of TAD regions containing iMs, and 24% (22,594/96,086)
of iMs associated to a MCF7 TAD boundary region (Fig. EV3E).

iMs and gene expression

The accessibility of chromatin to transcription factors (TFs) and
the regulation of gene expression is mediated by DNA accessibility
and histone modification, including methylation and acetylation
(Bannister and Kouzarides, 2011; Lemon and Tjian, 2000;
Vaquerizas et al, 2009). We examined genome coordinate overlaps
in iM regions with data reported for multiple nuclear proteins in
MCF7 cells from the ENCODE consortium, including histone
modification markers, chromatin remodelling proteins, and DNA
repair-associated proteins (2012; Manville et al, 2015; Nagarajan

© The Author(s)
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Figure 3. Comparison of iM and G4 annotations.

(A) Overlap of iM regions observed in protein-depleted DNA purified from
MCF7 replicates and G4 regions previously reported (PDS stabilised)
(Chambers et al, 2015). (B) Tag density histograms and heatmaps representing
the occupancy of reads after iMab immunoprecipitation. Representative
replicate from MCF7 purified DNA in proximity to published G4 regions
stabilised by PDS (Chambers et al, 2015) (left panel) and occupancy of G4
reads in proximity to iM regions (right panel). Datasets are centred with 2.5 Kbp
flanks. (C) Count frequency and distance (bp) of iMs and previously reported
(PDS stabilised) G4s regions relative to TSS. MCF7 data shown from
immunoprecipitated iMs at 4 °C and pH 7.4. PDS pyridostatin.

et al, 2014). Positive correlation of iMs with H3F3A, H3K27ac,
H3K4mel, H2AFZ, H3K4me3, H3K4me2, and H3K9ac histone
modifications were observed, indicating an association with gene
transcriptional activity (Fig. EV4). A detectable correlation was also
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observed for modifications associated with transcriptional elonga-
tion as represented by H4K20mel (and contrasting with the
H3K36me3 modification associated with heterochromatin, DNA
repair and mitosis). In accordance with this, a negative correlation
was also observed for H3K9me2 and H3K9me3, and a weak
positive correlation with H3K27me3 histone modification marks,
implying iM absence in genes with repressed transcription
(Fig. EV4A). In contrast, comparison of the overlap of iM sites
with those of chromatin remodelers suggests a more complex
landscape of involvement in gene regulation, with positive
correlations with the locations of MTA2, MTA3, SUZ12, and
BMI1 proteins, which are associated with the control of repressed
regions, whereas iMs did not correlate with other repressive
chromatin remodelers such as SIN3A, CTBP1 and HCFC1
(Fig. EV4B). Overlap correlation and high global read counts at
the locations of several TFs were further observed for iM regions,
including E4F1, E2F8, POL2A, CLOCK, PAX8, GATAD2B, SP1
and CREBI (Fig. EV4C). In contrast, iMs sites appear to not
correlate with DNA repair-associated molecules (with the exception
of ZBTBI; Fig. EV4A-D).

To further explore the association between iMs and gene
expression, we surveyed bulk MCF7 RNA-seq. Our analyses
revealed significant differences in the location of iM relative to a
gene and its expression level. Genes with iMs associated to 5 UTR,
promoter-TSS (regions extending considerably from the TSS), 3’
UTR and exons displayed increased median mRNA levels (Fig. 4A),
in agreement with the trend towards association of iMs with open
chromatin and transcriptionally active DNA regions. As observed
previously with a detectable decrease of iMs overlapping with the
centre of the TSS region (Fig. 3C), genes with iMs at the TSS
showed an overall probability of lower transcriptions levels than
other groups (except non-coding regions). Overall, our result
suggests that iMs positively correlate with genes with high mRNA
expression rates (Fig. 4B), further supporting the notion that gene
expression is regulated by iM formation. Ontology associations of
iMs highlighted excitatory systems, including chemical channels of
different tissues and extracellular signalling structures
(Figs. 4C and EV5).

Finally, we analysed previously published nascent RNA (GRO-
seq) sequencing datasets from MCEF7 cells (Core et al, 2008; Liu
et al, 2017), focusing on differential RNA-seq of upregulated and
downregulated genes within G0/G1, S, and G2/M cell cycle phases.
These analyses revealed an association of iMs and upregulated
genes in the G0/G1 phase (G0/G1 vs G2/M) and (GO/G1 vs S);
P<2.2x107' while (G2/M vs S); P=0.735] (Fig. 4D), consistent
with previously reported data by our group and others that have
demonstrated an increase of iM formation in GO/GI phase by
immunofluorescence (King et al, 2020; Zeraati et al, 2018).

Discussion

While the existence of DNA iM structures in human cells in the
context of chromatin has been demonstrated by immunofluor-
escent staining (Zeraati et al, 2018), and recently NMR (Viskova
et al, 2024) and CUT&Tag (Zanin et al, 2023), specific insights
into their location in protein-depleted human genomic DNA have
so far been elusive. Here we use immunoprecipitation and high-
throughput sequencing of protein-depleted human genomic DNA

4790 The EMBO Journal Volume 43 | Issue 20 | October 2024 | 4786 - 4804
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from three different cells lines (MCF7, U20S and HEK293T) to
experimentally map sequences capable of iM formation in
protein-depleted human genomic DNA. Our study further high-
lights the potential of the iMab antibody fragment for
immunoprecipitation-based sequencing on a genome-wide scale,
allowing the identification of a large number of DNA sequences
capable of iM formation and their validation by biophysical
characterisation in this study.

The use of the iMab antibody for the identification of iMs is
further supported by three independent recent studies that used the
antibody for immunoprecipitation, CUT&Tag and microarray
analyses. More specifically, Ma et al (Ma et al, 2022) utilised
immunoprecipitation to study iM-forming sequences in rice, which
resulted in the identification of 25,306 iM sequences. Zanin et al,
used the iMab antibody in CUT&Tag sequencing of human
chromatin which identified 23,903 iM sequences in HEK293T cells
(Zanin et al, 2023). Recently, Yazdani et al, analysed 10,976 DNA
sequences derived from human promoters, centromeres and
telomers, which confirmed binding of iMab to previously validated
iMs from genes including HRAS2, VEGFB and BRA (but not to a
large set of control sequences) (Yazdani et al, 2023). While
differences in experimental approaches exclude direct comparisons,
taken together these results are in excellent agreement with the
results reported here, which identified ~53,000 iMs among a set of
three human cell lines (HEK293T, MCF7, U20S).

In contrast to the published studies as above, recent work by
Boissieras et al, using in vitro measurements reported that the iMab
antibody binds to C-rich sequences independently of iM formation
(Boissieras et al, 2024). This contrasts with the study by Zanin et al, (as
well as the data outlined here), which demonstrates by CD that the
identified sequences predominately fold into iM structures (Zanin
et al, 2023). Similar observations were also made by Ma et al, who
reported that all the DNA sequences that were randomly selected from
their set of 25,306 hits, and characterised by CD, formed iM structures
(Ma et al, 2022) (the study was not referenced by Boissieras et al).

To further investigate the reported discrepancies, Ruggiero et al,
have recently performed pulldown experiments using iMab and the
set of synthetic oligonucleotides used by Boissieras et al, (preprint:
Ruggiero et al, 2024). This analysis revealed that several of the
oligonucleotides used by Boissieras et al, form intermolecular iM
structures at higher DNA concentrations, which was further
confirmed by NMR studies, providing a direct explanation for the
observed discrepancies reported by the authors (preprint: Ruggiero
et al, 2024). In contrast, highly iM-specific pulldowns were
observed at lower DNA concentrations in the physiological range,
highlighting the specificity of the iMab antibody, which recognises
both intra- and intermolecular iMs (preprint: Ruggiero et al, 2024).

It is important to note that the observed differences are likely to
partially reflect different experimental procedures, conditions, and
reagents. Thus, immunoprecipitation studies including the studies by
Ma et al (Ma et al, 2022) and study described here are carried out at
4°C, while cellular studies are generally carried out 37 °C (Viskova
et al, 2024; Zanin et al, 2023; Zeraati et al, 2018). Moreover, different
conditions were used: in particular, strong blocking conditions (milk
powder, superblock, spermidine, high ionic strength, salmon sperm
DNA) were used here and by the above studies but not by Boissieras
et al (Boissieras et al, 2024), which might well have contributed to the
non-specificity reported by the authors (preprint: Ruggiero et al,
2024). Specific antibody formats used in the different studies may

© The Author(s)
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have also contributed to the observed differences, with some of the
studies (including Ma et al) (Ma et al, 2022) utilising an IgG format,
while other studies predominately used iMab in a single chain Fv
(scFv) antibody format.

While differences in experimental approaches (including the use of
rice DNA and acidic conditions (pH 5.5)) exclude direct comparisons,
the studies by Ma et al, and Zanin et al, highlight the potential of iMab,
developed in our laboratory, for immunoprecipitation and tagmenta-
tion approaches across a wide range of organisms. In contrast to the
tagmentation studies above (Zanin et al, 2023), results outlined here

© The Author(s)

display a high level of consistency of iM regions among three different
human cells lines (Fig. 2A), indicating experimental robustness and a
high degree of iM convergence between cells of different morpholo-
gical origins, including cancer cell lines. On the other hand, the iM
mapping performed in the chromatin context, revealed different iM
distribution among cell lines (Zanin et al, 2023), in line with the
observation that the chromatin dynamic architecture influences cell
identity (Klemm et al, 2019). Although the study outlined here utilised
protein-depleted human genomic DNA, we observed overall similar
results with the study of Zanin et al (Zanin et al, 2023): in both cases,
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Figure 4. iMs are distributed across human genes and are observed preferentially in the proximity of genes upregulated during early cell cycle phases.

(A) Box plots of Log, (average mRNA expression) from three independent MCF7 cell bulk RNA seq experiments and the association with iMs regions at different human
genomic annotations. The line representing the median and each boxplot is colour-coded for the median value and IQRs (interquartile range, box edges), with whiskers
ranging at quantiles £ (1.5 % IQR). (TSS - intergenic; P = 0.04, intron—5' UTR; P = 0.006, 3' UTR—exon; P = 0.003), (Wilcoxon rank-sum test). (B) Cumulative
distribution plot of iMab regions at different human genomic annotations. Plots represent the cumulative probability versus log, (average mRNA expression) of three
independent bulk RNA experiments in MCF7 cells. (C) Reactome pathway enrichment analysis. Ten most significant pathways shown with P value adjusted represented in
a colour gradient and gene counts represented in the dot size. (D) Box plots and scatter plots of differentially expressed genes from nascent RNA (GRO-seq data:
GSE94479 (Liu et al, 2017)) between GO/G1 vs G2/M, GO/G1 vs S, or G2/M vs S cell cycle phases in MCF7 cells and their relation against iMab reads near each gene
transcription initiation site. Box plots for each differential analysis show upregulated and downregulated genes. Box plots indicate Log,(normalised iMab/INPUT tag on
TSS +1kbp) median values and IQRs with whiskers and outstanding data represented as points. Statistical significance was determined by the Wilcoxon rank-sum test
between groups. (GO/G1 vs G2/M) and (GO/G1 vs S); P < 2.2 x 107" while (G2/M vs S); P = 0.735 Differential expression data (Volcano plots): log, FC (fold change) on
the x axis; y axis logjo (P value). Volcano plots show genes in purple dots which have iMs regions in proximity to the gene body, including TSS, 5" UTR, promoter, 3' UTR
and exon-related annotations. Percentages show the ratio of genes with proximal iMs over total differentially expressed genes in each group (upregulated or
downregulated). Differentially expressed genes (statistically significant) with log, FC > 0.5 (GO/G1 vs G2/M; n=1587 upregulated and n =1430 downregulated genes)
(GO/G1 vs S <2; n=1951 upregulated and n =1623 downregulated) (G2/M vs S <2; n =734 upregulated and n =571 downregulated genes).

iM structures were observed located in close proximity to G4 forming L‘i‘::lt:g'zzm
regions and in genes with high transcription rates, indicating that iM Reagent/resource Reference or source  number
and G4 forming sequences in the human genome are mostly observed
within regions that regulate gene expression. Antibodies
We conclude that iM structures are located in close proximity to iMab scFv-Hisx6-FLAGX3 Garvan Institute
G4 forming regions, genes with high transcription rates, and those Oligonucleotides and other sequence-based reagents
expressed in GO/G1 phase, highlighting their non-random distribu- DNA oligonucleotides Integrated DNA Table EV1
tion and involvement in genomic architecture. Our study provides iliechnologies
foundational knowledge and resources relating to the location and Chemicals, enzymes and other reagents
distribution of iMs in human genomic DNA, representing potential DPBS ThermoFisher 14190144
targets for future diagnostic and therapeutic strategies. Dulbecco’s Modified Eagle Medium  ThermoFisher 10566016
(DMEM, high glucose, GlutaMAX™
Supplement)
SuperBlock™ Blocking Buffer ThermoFisher 37515
Methods 2 £
Software
Reagents and tools table MEME v 5.33 Bailey et al, 2009
Identifier or R version 4.0.4 R Core Team, 2021
catalogue .
Reagent/resource Reference or source number bedtools Quinlan and Hall, 2010
deepTools version 3.5.0 Ramirez et al, 2016
Experimental models Cutadapt version 3.5 Kechin et al, 2017
MCF7 cell line Garvan Institute Azthent(ijcatteld b FastQC software (https:// Andrews, 2010
;nnael)':/’:ig :fn y by www.bioinformatics.babraham.ac.uk/
microsatellite projects/fastqc/)
profiles in PCR bowtie2 Version 2.4.5 Langmead et al, 2019
amplified DNA
extracted from Samtools Version 1.10 Danecek et al, 2021
:::dceergs;es;:;tt macs2 Version 2.2.7.1 Zhang et al, 2008
(STR) validation bedops Version 2.4.39 Neph et al, 2012
was performed
using references picard Version 2.25.6 http://broadinstitute.
from ATCC/ github.io/picard/
DSMZ . .
HOMER Version 4.11.1 Heinz et al, 2010
HEK293T cell line Garvan Institute Authenticated . .
independently by Prism version 9 GraphPad Software,
analysis of Boston, Massachusetts
microsatellite USA, h
profiles in PCR www.graphpad.com
amplified DNA BLItz Pro software version 1.3. ForteBio
extracted from
the cells; short Other
tandem repeat R
(STR) validation Genomic DNA from cells was QIAGEN 80224
was performed harvested using an AllPrep DNA/
using references RNA/miRNA Universal Kit
gg;\n/\;TCC/ Amicon Ultra-0.5 Centrifugal Filter ~ Millipore UFC501096
Unit
U20S cell line CellBank Australia 92022711 ssDNA/RNA Clean & Concentrator  Zymo D70

Recombinant DNA

kit

pET12a Garvan Institute
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Identifier or
catalogue
Reagent/resource Reference or source number
AFA Fibre Pre-Slit Snap-Cap Covaris 520045
microtubes
M220 Focused-ultrasonicator, Covaris
Covaris instrument
96-well MaxiSorp plate Thermo Scientific 442404
No-shearing IDT xGEN cfDNA & FFPE Integrated DNA
DNA Technologies
4200 TapeStation instrument Agilent Technologies
D1000 ScreenTapes Agilent Technologies 5067-5582
NovaSeq 6000 SP reagent kit lllumina 20028312
lllumina NovaSeq 6000 Illumina
Aviv 215 S circular dichroism Aviv
spectrometer
BLItz system ForteBio

Antibody production

Expression and purification of the iM-specific antibody (iMab) was
performed as previously described (Rouet et al, 2012; Zeraati et al,
2018). In brief, the iMab gene was cloned into pET12a vector
encoding C-terminal c-Myc and Avi tags. Competent E. coli BL21-
Gold (DE3) cells were transformed with pETI12a-iMab and
pBirAcm (Avidity). In vivo biotinylated iMab-MycAviTag antibody
fragments were purified by affinity chromatography and biotinyla-
tion confirmed by biolayer interferometry using a BLItz system
(Pall ForteBio LLC) and streptavidin sensors.

Cell lines

MCF7 and HEK293T cell lines were authenticated independently
by analysis of microsatellite profiles in PCR amplified DNA
extracted from the cells; short tandem repeat (STR) validation was
performed using references from ATCC/DSMZ. U20S cell line was
purchased from CellBank Australia. Cell lines were independently
tested for mycoplasma contamination.

DNA immunoprecipitation and sequencing

Cell lines were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) + 10% v/v foetal bovine serum (FBS) and supplemented
with penicillin-streptomycin antibiotics. Frozen cell line cultures were
initiated from a single vial and split accordingly for biological
replicates after the second passage. Genomic DNA from cells was
harvested using an AllPrep DNA/RNA/miRNA Universal Kit
(QIAGEN, Cat No: 80224) following the manufacturer’s protocol.
Purified DNA was concentrated using an Amicon Ultra-0.5
Centrifugal Filter Unit (Millipore, UFC501096) and concentration
adjusted. DNA was fragmented using AFA Fibre Pre-Slit Snap-Cap
microtubes (Covaris, 520045) and a Covaris instrument (M220
Focused-ultrasonicator) at Peak power: 50, Duty factor: 20, Cycles/
Burst: 200, Time: 700s, Setpoint: 20°C producing 100-200 bp
fragments. DNA fragments were stored at —80 °C until a pull-down
experiment. A 96-well MaxiSorp plate (Thermo Scientific, 442404) was
coated by adding 60 uL per well of 50 g mL "' streptavidin diluted in
PBS and incubated overnight at 4 °C. Fragmented DNA was thawed
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and diluted in DPBS (ThermoFisher, 14190144), pH adjusted to 7.4.
For each biological replicate, 140 ug DNA were diluted in 525 uL. DPBS
and heated at 90 °C for 10 min followed by cooling down at the rate of
1 °C per min to 21 °C and kept on ice until the pull-down experiment. A
streptavidin-coated plate was washed once with PBS and blocked with
200 uL per well of SuperBlock (ThermoFisher, 37515) for 2h at room
temperature Biotinylated iMab-MycAviTag was diluted to 49 ug in
525 uL of DPBS pH 7.4 (7 wells, 75 pL each) for each biological replicate.
Blocked wells were washed once with PBS and Biotinylated iMab-
MycAviTag solution was added. After incubating for 1h at room
temperature while shaking at 200 rpm, wells were washed twice with
DPBS pH 7.4. Then, 75 pL of DNA solution was added to each well and
incubated 16-20 h at 4 °C, and additionally, in the case of the MCF7 cell
line, two independent control experiments were also carried out at an
incubation temperature of 16 °C. The supernatant was aspirated, each
well-washed and tap-dried seven times with 200 uL of DPBS pH
7.4 supplemented with 0.1% v/v Tween 20 and twice with DPBS only at
controlled room temperature of 24 °C. Elution was performed by adding
100 pL of fresh 100 mM Tris/acetate pH 10 supplemented with 1%
w/v SDS to each well and incubating for 1 h at 40 °C while the plate
was shaking at 200 rpm. Eluted DNA was collected, combined, and
concentrated using ssDNA/RNA Clean & Concentrator kit (Zymo,
Cat No.: D7011) following the manufacturer protocol. A no-
shearing IDT xGEN cfDNA & FFPE DNA library preparation was
performed to obtain libraries. A 4200 TapeStation instrument
(Agilent Technologies) and D1000 ScreenTapes (Agilent Technol-
ogies, Part No: 5067-5582) with D1000 Reagents (Agilent
Technologies, Part No: 5067-5583) were used for library quality
controls. Sequencing was performed on NovaSeq 6000 (Illumina)
using NovaSeq 6000 SP reagent kit in a paired-end 300 cycles
mode following the manufacturer protocol.

iM analysis

Paired reads were trimmed using trim_galore (Cutadapt version: 3.5)
(Kechin et al, 2017). Quality control was performed on the trimmed reads
using FastQC software (https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/). Reads were aligned to the hgl9 reference genome using
bowtie2 (Version: 2.4.5). Samtools (Version: 1.10) was used to obtain
compressed binary files (bam), sort and fix mates when necessary.
Duplicates were marked using picard MarkDuplicates (Version: 2.25.6).
Files were indexed using Samtools (Version: 1.10) and Bigwig files
generated using bamCoverage (deeptools Version: 3.5.1) with the
following parameters: -bs 10 -p 10 -normalizeUsing CPM. A list of
high signal regions was blacklisted using the ENCODE’s blacklist hg19-
blacklist.v2 file (Amemiya et al, 2019) and a bedtools intersect command
Regions were called using macs2 (Version: 2.2.7.1) using default
parameters and INPUT bam files as the controls for each experiment.
Intersecting regions were selected using bedops --intersect (Version:
24.39). Peaks were annotated using HOMER (v 4.11.1) (Heinz et al,
2010) and selected regions transformed back to fasta using bedtools
-getfasta from reference genome hgl9, sequences under 30 bp discarded
using seqkit and de novo motif discovery was performed using MEME (v
5.3.3) (Bailey et al, 2009).

DNA synthesis and biolayer interferometry

iM DNA sequences were synthesised and HPLC purified (Inte-
grated DNA Technologies) and resuspended at 100 uM in nuclease-
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free ddH,O (ThermoFisher, cat No: 10977015). Binding kinetics of
iMab and iM DNA oligonucleotides were determined by biolayer
interferometry using a BLItz system (ForteBio) at room tempera-
ture. Biotinylated iMab scFv (or DP47/DPK9 as control) in 20 mM
Tris-acetate pH 6.0 supplemented with 100 mM KCl was used to
load the streptavidin biosensor for 2min. Refolded DNA
oligonucleotides 100 nm (in 20 mM Tris-acetate pH 6.0 with
100 mM KCl) were then used for association for 4 min, followed by
4 min dissociation in 20 mM Tris-acetate pH 6.0 with 100 mM KCL
Curve fitting was performed using BLItz Pro software version 1.3.

Circular dichroism spectroscopy (CD)

DNA oligonucleotides were diluted to 10 uM in 20 mM Tris-acetate pH
6.0 with 100 mM KCl and annealed by heating at 90 °C for 10 min
before cooling to room temperature at the rate of 1 °C min~". CD spectra
were recorded using an Aviv 215§ circular dichroism spectrometer
equipped with a Peltier temperature controller at 25 °C. Four scans were
gathered over the wavelength ranging from 220 to 320 nm in a 0.1 cm
path length cell and bandwidth 1 nm. A buffer-only blank spectrum was
subtracted from the average scans for each sample. CD spectra were
normalised to the total species concentrations. CD spectra were plotted
using 4th order smoothing (10 neighbours) in GraphPad Prism. For pH
gradient folding, DNA oligonucleotides were diluted to 10 uM in 20 mM
sodium cacodylate at pH 5.0 to pH 8.0 with 100 mM KCl, and annealed
by heating at 90 °C for 10 min before cooling to room temperature at a
rate of 1°C min ™', as previously described (Wright et al, 2017).

Analyses of G4-seq and ChlIP-seq data

G4-seq data and multiple datasets from ChIP-sequencing, ATAC
and DNase seq from MCF7 cells were obtained from previously
published data (see Table EV2) and analyses performed using
bedtools (Quinlan and Hall, 2010) and deepTools (Ramirez et al,
2016) version 3.5.0; analyses used regions within + 1 kbp from the
TSS of all refseq (O’Leary et al, 2016) genes, defined as TSS
proximal iM regions. Read heatmaps and correlation plots were
generated using deepTools (Ramirez et al, 2016) and R version
4.0.4. Ontology analyses were carried out in R using ChIPseeker

(Yu et al, 2015), TxDb.Hsapiens.UCSC.hgl9.knownGene,
EnsDb.Hsapiens.v75,  clusterProfiler, ~ AnnotationDbi,  and
org.Hs.eg.db.

Analyses of RNA-seq and GRO-seq data

RNA-seq and GRO-seq read counts were obtained from previously
published data (see Table EV2) on non-hormone-stimulated MCF7
cells (Janky et al, 2014; Liu et al, 2017). Reads were annotated,
depleted for low expressing genes (CPM <0.5), normalised for
composition bias and merged with iMab tag on TSS +2.5 kbp or
tested for differential expression analysis. All reanalysis was
conducted in R using the packages: EdgeR, limma, Glimma and
org.Hs.eg.db.

Statistical analyses
Statistical tests were carried out using deepTools (Ramirez et al,

2016), R version 4.0.4 and Prism 9. The ranges of x and y axes for
scatter plots are justified in the figure captions. Statistical tests,
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number of experiments and P values are cited in figures and/or
captions.

Data availability

Sequencing data generated in this manuscript can be accessed
through the Gene Expression Omnibus under the accession code
GSE248445 for all DIP-seq immunoprecipitation data and
accession code GSE248441 for MCF7 bulk RNA-seq results. All
previously reported GEO datasets used for the analyses are listed in
Table EV2.

The source data of this paper are collected in the following
database record: biostudies:S-SCDT-10_1038-S44318-024-00210-5.

Expanded view data, supplementary information, appendices are
available for this paper at https://doi.org/10.1038/s44318-024-00210-5.

Peer review information

A peer review file is available at https://doi.org/10.1038/544318-024-00210-5

References

Andrews S (2010) FastQC: a quality control tool for high throughput sequence
data. http://www.bioinformatics.babraham.ac.uk/projects/fastqc

Abou Assi H, Garavis M, Gonzélez C, Damha MJ (2018) i-Motif DNA: structural
features and significance to cell biology. Nucleic Acids Res 46:8038-8056

Amemiya HM, Kundaje A, Boyle AP (2019) The ENCODE blacklist: identification
of problematic regions of the genome. Sci Rep 9:9354

Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, Ren J, Li WW, Noble
WS (2009) MEME SUITE: tools for motif discovery and searching. Nucleic
Acids Res 37:W202-208

Balasubramanian S, Hurley LH, Neidle S (2011) Targeting G-quadruplexes in gene
promoters: a novel anticancer strategy? Nat Rev Drug Discov 10:261-275

Bannister AJ, Kouzarides T (2011) Regulation of chromatin by histone
modifications. Cell Res 21:381-395

Barutcu AR, Lajoie BR, McCord RP, Tye CE, Hong D, Messier TL, Browne G, van
Wijnen AJ, Lian JB, Stein JL et al (2015) Chromatin interaction analysis reveals
changes in small chromosome and telomere clustering between epithelial and
breast cancer cells. Genome Biol 16:214

Belmonte-Reche E, Morales JC (2020) G4-iM Grinder: when size and frequency
matter. G-Quadruplex, i-Motif and higher order structure search and analysis
tool. NAR Genom Bioinform 2:lgz005

Besnard E, Babled A, Lapasset L, Milhavet O, Parrinello H, Dantec C, Marin JM,
Lemaitre JM (2012) Unraveling cell type-specific and reprogrammable human
replication origin signatures associated with G-quadruplex consensus motifs.
Nat Struct Mol Biol 19:837-844

Bochman ML, Paeschke K, Zakian VA (2012) DNA secondary structures: stability
and function of G-quadruplex structures. Nat Rev Genet 13:770-780

Boissieras J, Bonnet H, Susanto MF, Gomez D, Defrancq E, Granzhan A, Dejeu J
(2024) iMab antibody binds single-stranded cytosine-rich sequences and
unfolds DNA i-motifs. Nucl Acid Res 52:8052-8062

Brooks TA, Kendrick S, Hurley L (2010) Making sense of G-quadruplex and
i-motif functions in oncogene promoters. FEBS J 277:3459-3469

Brown RV, Wang T, Chappeta VR, Wu G, Onel B, Chawla R, Quijada H, Camp SM,
Chiang ET, Lassiter QR et al (2017) The consequences of overlapping

© The Author(s)


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE248445
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE248441
https://www.ebi.ac.uk/biostudies/sourcedata/studies/S-SCDT-10_1038-S44318-024-00210-5
https://doi.org/10.1038/s44318-024-00210-5
https://doi.org/10.1038/s44318-024-00210-5
http://www.bioinformatics.babraham.ac.uk/projects/fastqc

Cristian David Pefia Martinez et al

G-quadruplexes and i-motifs in the platelet-derived growth factor receptor
core promoter nuclease hypersensitive element can explain the unexpected
effects of mutations and provide opportunities for selective targeting of both
structures by small molecules to downregulate gene expression. J Am Chem
Soc 139:7456-7475

Chambers VS, Marsico G, Boutell JM, Di Antonio M, Smith GP, Balasubramanian
S (2015) High-throughput sequencing of DNA G-quadruplex structures in the
human genome. Nat Biotechnol 33:877-881

Core LJ, Waterfall JJ, Lis JT (2008) Nascent RNA sequencing reveals widespread
pausing and divergent initiation at human promoters. Science 322:1845-1848

Cui Y, Kong D, Ghimire C, Xu C, Mao H (2016) Mutually exclusive formation of
G-quadruplex and i-motif is a general phenomenon governed by steric
hindrance in duplex DNA. Biochemistry 55:2291-2299

Day HA, Huguin C, Waller ZA (2013) Silver cations fold i-motif at neutral pH.
Chem Commun 49:7696-7698

Danecek P, Bonfield JK, Liddle J, Marshall J, Ohan V, Pollard MO, Whitwham A,
Keane T, McCarthy SA, Davies RM et al (2021) Twelve years of SAMtools and
BCFtools. Gigascience 10(2):giab008

ENCODE Project Consortium (2012) An integrated encyclopedia of DNA
elements in the human genome. Nature 489:57-74

Fleming AM, Stewart KM, Eyring GM, Ball TE, Burrows CJ (2018) Unraveling the
4n - 1 rule for DNA i-motif stability: base pairs vs. loop lengths. Org Biomol
Chem 16:4537-4546

G Manzini NY, Xodo LE (1994) Evidence for intramolecularly folded i-DNA
structures in biologically relevant CCC-repeat sequences. Nucleic Acids Res
22(22):4634-40

Hansel-Hertsch R, Beraldi D, Lensing SV, Marsico G, Zyner K, Parry A, Di Antonio
M, Pike J, Kimura H, Narita M et al (2016) G-quadruplex structures mark
human regulatory chromatin. Nat Genet 48:1267-1272

Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, Cheng JX, Murre C, Singh
H, Glass CK (2010) Simple combinations of lineage-determining transcription
factors prime cis-regulatory elements required for macrophage and B cell
identities. Mol Cell 38:576-589

Huppert JL, Balasubramanian S (2007) G-quadruplexes in promoters throughout
the human genome. Nucleic Acids Res 35:406-413

Janky R, Verfaillie A, Imrichova H, Van de Sande B, Standaert L, Christiaens V,
Hulselmans G, Herten K, Naval Sanchez M, Potier D et al (2014) iRegulon:
from a gene list to a gene regulatory network using large motif and track
collections. PLoS Comput Biol 10:e1003731

Kechin A, Boyarskikh U, Kel A, Filipenko M (2017) cutPrimers: a new tool for
accurate cutting of primers from reads of targeted next generation
sequencing. J Comput Biol 24:1138-1143

Kendrick S, Kang HJ, Alam MP, Madathil MM, Agrawal P, Gokhale V, Yang D,
Hecht SM, Hurley LH (2014) The dynamic character of the BCL2 promoter
i-motif provides a mechanism for modulation of gene expression by
compounds that bind selectively to the alternative DNA hairpin structure. J
Am Chem Soc 136:4161-4171

Kikin O, D'Antonio L, Bagga PS (2006) QGRS Mapper: a web-based server for
predicting G-quadruplexes in nucleotide sequences. Nucleic Acids Res
34:W676-682

King JJ, Irving KL, Evans CW, Chikhale RV, Becker R, Morris CJ, Pefia, Martinez
CD, Schofield P, Christ D, Hurley LH (2020) DNA G-quadruplex and i-motif
structure formation is interdependent in human cells. J Am Chem Soc
142:20600-20604

Klemm SL, Shipony Z, Greenleaf WJ (2019) Chromatin accessibility and the
regulatory epigenome. Nat Rev Genet 20:207-220

Lam EY, Beraldi D, Tannahill D, Balasubramanian S (2013) G-quadruplex
structures are stable and detectable in human genomic DNA. Nat Commun
41796

© The Author(s)

The EMBO Journal

Langmead B, Wilks C, Antonescu V, Charles R (2019) Scaling read aligners to
hundreds of threads on general-purpose processors. Bioinformatics 35:421-432

Lemon B, Tjian R (2000) Orchestrated response: a symphony of transcription
factors for gene control. Genes Dev 14:2551-2569

Leroy JL (2003) T.T pair intercalation and duplex interconversion within i-motif
tetramers. J Mol Biol 333:125-139

Li H, Hai J, Zhou J, Yuan G (2016) The formation and characteristics of the i-motif
structure within the promoter of the c-myb proto-oncogene. J Photochem
Photobio B 162:625-632

Liu F, Ren C, Li H, Zhou P, Bo X, Shu W (2016) De novo identification of
replication-timing domains in the human genome by deep learning.
Bioinformatics 32:641-649

Liu Y, Chen S, Wang S, Soares F, Fischer M, Meng F, Du Z, Lin C, Meyer C,
DeCaprio JA et al (2017) Transcriptional landscape of the human cell cycle.
Proc Natl Acad Sci USA 114:3473-3478

Ma X, Feng Y, Yang Y, Li X, Shi Y, Tao S, Cheng X, Huang J, Wang XE, Chen C
et al (2022) Genome-wide characterization of i-motifs and their potential
roles in the stability and evolution of transposable elements in rice. Nucleic
Acids Res 50(6):3226-3238

Manville CM, Smith K, Sondka Z, Rance H, Cockell S, Cowell IG, Lee KC, Morris
NJ, Padget K, Jackson GH et al (2015) Genome-wide ChlIP-seq analysis of
human TOP2B occupancy in MCF7 breast cancer epithelial cells. Biol Open
4:1436-1447

Marsico G, Chambers VS, Sahakyan AB, McCauley P, Boutell JM, Antonio MD,
Balasubramanian S (2019) Whole genome experimental maps of DNA
G-quadruplexes in multiple species. Nucleic Acids Res 47:3862-3874

Miglietta G, Cogoi S, Pedersen EB, Xodo LE (2015) GC-elements controlling HRAS
transcription form i-motif structures unfolded by heterogeneous
ribonucleoprotein particle Al. Sci Rep. 5:18097

Neph S, Kuehn MS, Reynolds AP, Haugen E, Thurman RE, Johnson AK, Rynes E,
Maurano MT, Vierstra J, Thomas S et al (2012) BEDOPS: high-performance
genomic feature operations. Bioinformatics 28:1919-1920

Nagarajan S, Hossan T, Alawi M, Najafova Z, Indenbirken D, Bedi U,
Taipaleenmaki H, Ben-Batalla |, Scheller M, Loges S et al (2014) Bromodomain
protein BRD4 is required for estrogen receptor-dependent enhancer activation
and gene transcription. Cell Rep 8:460-469

O'Leary NA, Wright MW, Brister JR, Ciufo S, Haddad D, McVeigh R, Rajput B,
Robbertse B, Smith-White B, Ako-Adjei D et al (2016) Reference sequence
(RefSeq) database at NCBI: current status, taxonomic expansion, and
functional annotation. Nucleic Acids Res 44:D733-745

Quinlan AR, Hall IM (2010) BEDTools: a flexible suite of utilities for comparing
genomic features. Bioinformatics 26:841-842

R Core Team (2021) R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria. https://www.R-
project.org/

Ramirez F, Ryan DP, Griining B, Bhardwaj V, Kilpert F, Richter AS, Heyne S,
Diindar F, Manke T (2016) deepTools2: a next generation web server for
deep-sequencing data analysis. Nucleic Acids Res 44:W160-165

Rouet R, Lowe D, Dudgeon K, Roome B, Schofield P, Langley D, Andrews J,
Whitfeld P, Jermutus L, Christ D (2012) Expression of high-affinity human
antibody fragments in bacteria. Nat Protoc 7:364

Ruggiero E, Marusic M, Zanin |, Pefia Martinez CD, Plavec J, Christ D, Richter SN
(2024) The iMab antibody selectively binds to intramolecular and
intermolecular i-motif structures. Preprint at biorXiv https://doi.org/10.1101/
2024.06.22.600195

Shu B, Cao J, Kuang G, Qiu J, Zhang M, Zhang Y, Wang M, Li X, Kang S, Ou TM
et al (2018) Syntheses and evaluation of new acridone derivatives for selective
binding of oncogene c-myc promoter i-motifs in gene transcriptional
regulation. Chem Commun 54:2036-2039

The EMBO Journal Volume 43 | Issue 20 | October 2024 | 4786 - 4804 4795


https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1101/2024.06.22.600195
https://doi.org/10.1101/2024.06.22.600195

The EMBO Journal

Skolakova P, Renéiuk D, Palacky J, Kraf¢ik D, Dvorakova Z, Kejnovska I,
Bednarova K, Vorlickova M (2019) Systematic investigation of sequence
requirements for DNA i-motif formation. Nucleic Acids Res 47:2177-2189

Sun D, Hurley LH (2009) The importance of negative superhelicity in inducing
the formation of G-quadruplex and i-motif structures in the c-Myc promoter:
implications for drug targeting and control of gene expression. J Med Chem
52:2863-2874

Takahashi S, Brazier JA, Sugimoto N (2017) Topological impact of noncanonical
DNA structures on Klenow fragment of DNA polymerase. Proc Natl Acad Sci
USA 114:9605-9610

Tao S, Run Y, Monchaud D, Zhang W (2024) i-Motif DNA: identification,
formation, and cellular functions. Trends Genet https://doi.org/10.1016/
jtig.2024.05.011

Vaquerizas JM, Kummerfeld SK, Teichmann SA, Luscombe NM (2009) A census
of human transcription factors: function, expression and evolution. Nat Rev
Genet 10:252-263

Varshney D, Spiegel J, Zyner K, Tannahill D, Balasubramanian S (2020) The
regulation and functions of DNA and RNA G-quadruplexes. Nat Rev Mol Cell
Biol 21:459-474

Viskova P, Istvankova E, Rynes J, Dzatko S, Loja T, Zivkovic ML, Rigo R, El-Khoury
R, Serrano-Chacon |, Damha MJ et al (2024) In-cell NMR suggests that DNA
i-motif levels are strongly depleted in living human cells. Nat Commun 15:1992

Wang B, Chatterton E (2021) Identifying i-motif formation using capillary
electrophoresis. Electrophoresis 42:1300-1305

Wells RD (2007) Non-B DNA conformations, mutagenesis and disease. Trends
Biochem Sci 32:271-278

Wright EP, Huppert JL, Waller ZAE (2017) Identification of multiple genomic
DNA sequences which form i-motif structures at neutral pH. Nucleic Acids
Res 45:2951-2959

Yazdani K, Seshadri S, Tillo D, Yang M, Sibley CD, Vinson C, Schneekloth Jr JS
(2023) Decoding complexity in biomolecular recognition of DNA i-motifs with
microarrays. Nucleic Acids Res 51:12020-12030

Yu G, Wang LG, He QY (2015) ChiPseeker: an R/Bioconductor package for ChIP
peak annotation, comparison and visualization. Bioinformatics 31:2382-2383

Zanin |, Ruggiero E, Nicoletto G, Lago S, Maurizio |, Gallina I, Richter SN (2023)
Genome-wide mapping of i-motifs reveals their association with transcription
regulation in live human cells. Nucleic Acids Res 51:8309-8321

Zeraati M, Langley DB, Schofield P, Moye AL, Rouet R, Hughes WE, Bryan TM,
Dinger ME, Christ D (2018) I-motif DNA structures are formed in the nuclei of
human cells. Nat Chem 10:631-637

Zeraati M, Moye AL, Wong JW, Perera D, Cowley MJ, Christ DU, Bryan TM,
Dinger ME (2017) Cancer-associated noncoding mutations affect RNA G-
quadruplex-mediated regulation of gene expression. Sci Rep 7:1-11

Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein BE, Nusbaum C,
Myers RM, Brown M, Li W et al (2008) Model-based analysis of ChIP-Seq
(MACS). Genome Biol 9:R137

Zhou J, Wei C, Jia G, Wang X, Feng Z, Li C (2010) Formation of i-motif structure
at neutral and slightly alkaline pH. Mol Biosyst 6:580-586

Acknowledgements
DC acknowledges funding from the National Health and Medical Research
Council (1157744). The authors acknowledge the use of the services and

4796 The EMBO Journal Volume 43 | Issue 20 | October 2024 | 4786 - 4804

Cristian David Pefia Martinez et al

facilities of the Australian Genome Research Facility (AGRF) and the facilities
of the Children’s Medical Research Institute (CMRI).

Author contributions

Cristian David Pefia Martinez: Conceptualisation; Data curation; Software;
Formal analysis; Investigation; Visualisation; Methodology; Writing—original
draft; Writing—review and editing. Mahdi Zeraati: Conceptualisation;
Methodology; Writing—review and editing. Romain Rouet: Conceptualisation;
Data curation; Formal analysis; Validation; Investigation; Methodology.

Ohan Mazigi: Validation; Writing—review and editing. Jake Y Henry: Project
administration; Writing—review and editing. Brian Gloss: Data curation;
Software; Writing—review and editing. Jessica A Kretzmann: Writing—review
and editing. Cameron W Evans: Writing—review and editing. Emanuela
Ruggiero: Validation; Writing—review and editing. Irene Zanin: Validation;
Writing—review and editing. Maja Marusi¢: Validation; Writing—review and
editing. Janez Plavec: Validation; Writing—review and editing. Sara N Richter:
Validation; Writing—review and editing. Tracy M Bryan: Resources; Formal
analysis; Writing—review and editing. Nicole M Smith: Writing—review and
editing. Marcel E Dinger: Conceptualisation; Writing—review and editing.
Sarah Kummerfeld: Software; Formal analysis; Methodology; Writing—review
and editing. Daniel Christ: Conceptualisation; Supervision; Funding acquisition;
Methodology; Writing—original draft; Writing—review and editing.

Source data underlying figure panels in this paper may have individual
authorship assigned. Where available, figure panel/source data authorship is
listed in the following database record: biostudies:S-SCDT-10_1038-544318-
024-00210-5.

Disclosure and competing interests statement
The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attribution 4.0
International License, which permits use, sharing, adaptation, distribution and
reproduction in any medium or format, as long as you give appropriate credit to
the original author(s) and the source, provide a link to the Creative Commons
licence, and indicate if changes were made. The images or other third party
material in this article are included in the article's Creative Commons licence,
unless indicated otherwise in a credit line to the material. If material is not
included in the article’'s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. Creative Com-
mons Public Domain Dedication waiver http://creativecommons.org/public-
domain/zero/1.0/ applies to the data associated with this article, unless
otherwise stated in a credit line to the data, but does not extend to the graphical
or creative elements of illustrations, charts, or figures. This waiver removes legal
barriers to the re-use and mining of research data. According to standard
scholarly practice, it is recommended to provide appropriate citation and
attribution whenever technically possible.

© The Author(s) 2024

© The Author(s)


https://doi.org/10.1016/j.tig.2024.05.011
https://doi.org/10.1016/j.tig.2024.05.011
https://www.ebi.ac.uk/biostudies/sourcedata/studies/S-SCDT-10_1038-S44318-024-00210-5
https://www.ebi.ac.uk/biostudies/sourcedata/studies/S-SCDT-10_1038-S44318-024-00210-5
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/

Cristian David Pefia Martinez et al The EMBO Journal

Expanded View Figures

Figure EV1. iM immunoprecipitation (controls, repeats).

(A) Regions observed across replicate experiments, intersected iM regions observed after immunoprecipitation of protein-depleted purified DNA from the MCF7 cell-line
protein-depleted DNA. Immunoprecipitation experimental repeats using an incubation temperature of 16 °C or 4 °C. (B) Regions observed across experiment repeats in
DNA from two different cell-lines. Replicates for HEK293T and U20S protein-depleted DNA from pulldowns conducted at 4 °C. (C) Pairwise intersection-fraction of
overlap pie charts of all-vs-all experiments conducted. (D) Genomic view highlighting an iM structure upstream of the oncogenes ATM, SIRPA, and TSHR. iM regions from
each cell line replicates are shown (green tracks: MCF7, brown tracks: MCF7 DNA incubated at 16 °C, purple tracks: HEK293T, blue tracks: U20S, lower tracks:
immunoprecipitation negative control input profiles). (E) hTelo positive control CD curve under variable pH conditions (left panel) and validation of an identified iM
candidate upstream of SIRPA and TSHR by DNA synthesis following CD spectroscopy under variable pH (pH 5-8) and a temperature of 25°C. CD Circular Dichroism.
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Figure EV3. Distribution and sequences of iM regions in common genomic features, DNA replication zones and TAD boundaries.

(A) Distribution of genomic DNA iM structures across the human genome features. Left panels show the distribution of iM pulldown relative to all TSS regions (Refseq).
Centre panels show the percentage of occupancy of iM sites relative to TSS distance. Right panels represent the percentage in relationship with the common gene body
features. (B) log, fold enrichment of iM regions distributed across most common genomic annotations. (C) Relative immunoprecipitated DNA mean signal normalised
(sample-input) in relationship to RefSeq gene coordinates. (D) Genomic partition of replication zones (analyses based on repetition of up transition zones (UTZ), early
replication zones (ERD), down transition zones (DTZ) and late replication domains (LRD); Tag count heatmaps of G4 (Chambers et al, 2015) (upper panels) and iMs
(lower panels; two biological replicates shown). (E) Overlap of iM regions found in DNA purified from MCF7 replicates and previously reported MCF7 TAD boundaries
(GSE66733).
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L | Figure EV4. iM regions occupy transcription machinery and active transcription histone modification sites.

Read count occupancy of iMab pulldowns relative to reported ChlP-sequencing from transcription factors and histone modifications in MCF7 cells (ENCODE) and pairwise

intersection of iM regions in MCF7 cells (spearman correlation values shown). (A) Histone modification markers. (B) Chromatin remodelers. (C) Transcription factors and
transcription-related machinery. (D) DNA repair-associated molecules.
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Figure EV5. Pathway enrichment across sample sets.
Reactome pathway enrichment analysis across samples from the different cell-lines and conditions. Ten most significant pathways shown with P value adjusted and scaled

to highlight ratio of genes.
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