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ABSTRACT

To combat cancer, a comprehensive understanding of the molecular mechanisms and
behaviors involved in carcinogenesis is crucial, as tumorigenesis is a complex process
influenced by various genetic events and disease hallmarks. The B-MYB gene encodes
a transcription factor involved in cell cycle regulation, survival, and differentiation in
normal cells. B-MYB can be transformed into an oncogene through mutations, and
abnormal expression of B-MYB has been identified in various cancers, including lung
cancer, and is associated with poor prognosis. Targeting this oncogene is a promising
approach for anti-cancer drug design. B-MYB has been deemed undruggable in previous
reports, necessitating the search for novel therapeutic options. In this study, we found
that the B-MYB gene promoter contains several G/C rich motifs compatible with G-
quadruplex (G4) formation. We investigated and validated the existence of G4 structures
in the promoter region of B-MYB, first in vitro using a combination of bioinformatics,
biophysical, and biochemical methods, then in cell with the recently developed G4access

method.
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1. INTRODUCTION

Cancer is widely recognized as a significant global public health issue [1]. In order to
reduce the millions of annual deaths caused by this disease, it is crucial to identify new
targets and explore synergistic therapeutic combinations. Gaining a profound
understanding of the molecular mechanisms and behaviors involved in carcinogenesis
is imperative, as cancer progression is a complex process that necessitates a series of
genetic events and the acquisition of disease hallmarks [2]. The proto-oncogenes
regulate a number of biological processes in healthy cells, acting as growth factors,
transducers of cellular signals and nuclear transcription factors [3]. However, some
mutations (e.g., point mutations, gene amplification and chromosomal translocation or
transposition events) can turn a proto-oncogene into an oncogene, which plays a critical
role in cancer progression. These mutations can be caused by external stimuli, such as
radiation, chemical compounds or viruses that alter the normal cell behavior, leading to
uncontrolled overexpression of proteins resulting in the acquisition of cancer hallmarks,
such as fast cell division, inhibition of cell differentiation and cell death [4]. For these
reasons, oncogenes are considered as good molecular targets for anti-cancer drug

design.

The B-MYB (V-Myb avian myeloblastosis viral oncogene homolog-like 2), also known
as MYBL2, is a proto-oncogene located on chromosome 20, locus 20q13.12. This gene
encodes a 21 kDa transcription factor involved in the regulation of the expression of
multiple genes affecting cell cycle progression, cell survival and cell differentiation [5-8].
The knockout of B-MYB results in an early embryonic lethal phenotype, denoting the
importance of the proto-oncogene in proliferating cells [7,9]. During the malignant
transformation of tumor cells, these properties are dysregulated by the B-MYB oncogene
that mediates these alterations [10]. Nevertheless, some reports reported that this
transcription factor is currently undruggable [11,12]. To overcome this obstacle, it is
imperative to consider novel therapeutic options, for example by examining the genetic

components responsible for encoding these transcription factors.

In recent studies, B-MYB expression was shown to be strictly correlated with the
occurrence and development of malignant tumors in various organs and tissues [13].
The aberrant expression of the B-MYB (denoting the oncogenic role) leads to gene
alterations causing tumorigenesis and sustained tumor growth [14]. B-MYB deregulation
in cancer may be due to oncogene amplification, deregulation of the DREAM complex
assembly or, at the post-transcriptional level, by microRNAs [7,15]. Abnormal

overexpression is commonly observed in several cancers such as prostate cancer,
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melanoma, liver cancer, renal clear cell carcinoma and lung cancer (LC) [16-21] and is
a predictor of poor prognosis [14,22-25]. In LC, B-MYB is up-regulated and promotes
cell growth and motility [26] and its overexpression enhances transcription and
deregulates gene expression [27]. B-MYB can induce activation of extracellular signal-
regulated kinases (ERK) and phosphorylated-protein kinase B (Akt) signalling pathways,
involved in tumorigenesis, revealing a potential tumor-role of this oncogene in LC [26].
MYBL2 has also been reported to participate in different aspects of cell apoptosis and

survival by regulating protein interactions [21].

Bioinformatic analysis of the human genome showed that promoter regions of several
oncogenes are G/C rich with local G/C skewness. These characteristics facilitate the
formation of non-canonical structures called G-quadruplexes (G4) [28,29]. G4s are
formed by the self-association of four guanine bases in a planar arrangement via
Hoogsteen bonds. As G-rich sequences are significantly enriched around transcription
start sites (TSS), G4s may have a gene regulatory function [28]. In addition, such G4s
can be considered as novel anticancer targets [30] as they provide a potential recognition
motif for small molecules, given that G4 stabilization has been reported to suppress
oncogene transcription and inactivate downstream pathways involved in tumorigenesis
resulting in the reduction of cancer cell proliferation [31]. Recently, Papp et al.
hypothesized, using a computational model, that the promoter regions of genes that
encode transcription factors (TFs) are crucial for the regulatory signals for transcription
processes in cells, as over 90% of protein-coding genes contain potential non canonical

G4 in their promoter or gene body [32].

Thus, considering its ubiquitous role in cancer biology, downregulating B-MYB
constitutes an attractive strategy for cancer therapy. In this context, the main aim of this
work is to identify and confirm G4 structures in the promoter region of the B-MYB
oncogene as a target for anticancer therapy. For this validation, several bioinformatics,
biophysical and biochemical approaches were carried out, and these in vitro results were
compared with data provided by in cell analysis of G4 formation, using the recently
developed G4Access method [33].



114

115

116

117
118
119
120
121
122
123

124
125
126
127
128
129
130

131
132

133

134

135
136
137
138
139
140
141
142
143
144

145
146

2. MATERIALS AND METHODS

21. Oligonucleotides and reagents

All sequences (Table S1) were purchased lyophilized from Eurofins (Nantes, France) or
Eurogentec (Liége, Belgium) with double-HPLC grade purification. Oligonucleotides
were resuspended in a proper volume of ultrapure water (18.2 Q cm™ resistivity), until
reaching a final concentration of 100 uM, according to the manufacturer’s indication, and
stored at —20 °C. Oligonucleotide concentration was checked using the absorbance at
260 nm (NanoDrop™ 2000c, Thermo Scientific™, Massachusetts, USA) and the molar

extinction coefficients (€) provided by the manufacturers.

Biophysical experiments were performed in potassium-containing buffers keeping total
ionic strength constant. These buffers always included 10 mM lithium cacodylate
adjusted to pH 7.2 and. Their compositions were adjusted by adding potassium and/or
lithium chloride to obtain buffers called K1 (1 mM KCI, 99 mM LiCl), K10 (10 mM KCI, 90
mM LiCl), K20 (20 mM KCI, 80 mM LiCl) and K100 (100 mM KCI). For the annealing
process, the samples were heated at 95 °C for 5 min and slowly cooled down to room

temperature (inside the heating block until reach 25°C).

All reagents and commercially available G4 ligands (PhenDC3, ThT and NMM; Table
S1) were obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Bioinformatic analysis

The B-Myb promoter sequence was found using the UCSC Genome Browser database

(http://genome.ucsc.edu/index.html; Genomics Institute, University of California Santa

Cruz, USA) to access 2000 nucleotides upstream of the TSS. The sequence was then
analyzed using the G4Hunter v.2.0 Web tool

(https://bioinformatics.cruk.cam.ac.uk/G4Hunter/). The software was set for a window

size of 25 nucleotides and a threshold score 1.2 (G4H score). This value appears as a
reasonable compromise to minimize the number of false negatives and false positives.
Higher scores correspond to sequences more likely to form stable G4s (high guanine
content) [33]. To design control sequences (mutants) we employed the G4Killer Web tool

(https://bicinformatics.ibp.cz/#/analyse/g4-killer).

In addition, we performed a multiple sequences alignment of B-MYB promoter regions

of several primate species. Sequences were taken from Ensembl Genome Browser
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(http://www.ensembl.org/index.html; EMBL-EBI, Wellcome Genome Campus, Hinxton,

Cambridgeshire, UK; [34]) and subsequently aligned using Clustal Omega webtool

(https://www.ebi.ac.uk/Tools/msa/clustalo/; EMBL-EBI, Wellcome Genome Campus,

Hinxton, Cambridgeshire, UK). The promoter region alignment and conservation were
visualized using Jalview v2.11.2.6 software [35] and were used to generate the LOGO
consensus plot of the G4 prone sequence region in aligned sequences using the
WebLogo 3 tool [36]. The analyses of B-MYB expression and epigenetic profiles were
carried out using the GEPIA database [37] and the Factorbook database

(https://www.factorbook.org/), respectively.

Additionally, we performed a prediction of the transcription factor binding sites thanks to

the PROMO software applying default parameters (https://alggen.Isi.upc.es/cgi-

bin/promo_v3/promo/promoinit.cqi?dirDB=TF_8.3) and analyzed the gene expression

profiling of proto-oncogenes [37].

2.3. Forster resonance energy transfer (FRET) experiments

2.3.1. FRET-melting competition (FRET-MC)

FRET-MC assay was performed as described [38]. Experiments were carried out in a
CFX Connect™ Real-Time PCR instrument (Bio-Rad, CA, USA), equipped with a FAM
filter (Aex = 492 nm; Aem = 516 NmM), using 96-well plates and a working volume of 25 pL.
Each well contained 0.2 uM of F21T fluorescent oligonucleotide in the presence or
absence of 0.4 yM G4 ligand (PhenDC3) and 3 uM competitors. All solutions were

dissolved in K10 buffer, and each condition was tested on three separate plates.

Equipment was parametrized to record FAM emission and make a stepwise increase of
0.5 °C every 1 min from 25 °C to 95 °C. The obtained curves were normalized and fitted,
applying a Boltzmann model, using OriginPro2021 software (OriginLab, Massachusetts,
USA) to determine the melting temperature (Tm). AT is calculated by the difference in

Tm of F21T in the presence of a competitor and the absence of PhenDC3.

To classify and quantify the competition effect of competitors, the S Factor was

calculated following Equation (1).

ATm of F21T with competitors
ATm of F21T alone

S factor = Eq. (1)
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Strong competitors give a S factor value around 0 while S remains close to 1 for

ineffective competitors.

2.3.2. Isothermal-FRET (iso-FRET) assay

The isothermal competition experiment was performed in 96-well plates as reported [39].
Each well contains a final concentration of 200 nM 37Q, 5 uM competitor, 1 uM
PhenDC3, and 20 nM F22 in a total volume of 25 uL. For this assay, the samples were
not pre-denatured and diluted in K20 buffer. Briefly, we mixed 5 yL of competitor (2.5
pMM) with 5 pL of 37Q (1 uM) and 10 pL of PhenDC3 (2.5 uM). The blend was then mixed
and incubated for 5 minutes. After this time, 5 pL of F22 (100 nM) and 5 pL of K20 buffer
were added. Additionally, controls were also performed with F22 in the presence or
absence of 37Q and with G4 and non-G4 forming sequences. Before reading, plates
were kept in an incubator at 37 °C and the fluorescence signal was measured using a
TECAN Infinite M1000 Pro plate reader (Salzburg, Austria).

We calculated the F factor using the OriginPro2021 software (OriginLab, Massachusetts,
USA) with Equation (2) and fluorescence intensities were plotted. The F value
parameter is calculated from the fluorescence intensities (Fl); it reflects the extent to

which a competitor affects F22-37Q hybridization in the presence of PhenDC3.

Fi¢ titors — FIF22 + 37Q dup!
F value = ompetitors Q duplex Eq (2)

Flp22 —=Flp22 4+ 37Q duplex

The global alignment analysis function, based on Needleman-Wunsch algorithm, of

NCBI database (https://blast.ncbi.nlm.nih.gov/Blast.cqi; National Center for

Biotechnology Information, Maryland, USA) was used to calculate the CF factor
(Equation (3)) and confirm possible complementarity among competitors and F22
(Table S1). Analysis was performed using the following parameters: NUC4.4 scoring
matrix, gap and extension penalty of 10.0 and 0.5, respectively.

Numbers of base pairs expected in (F22+Competitor duplex)
Length F22

CF factor =

Eq. (3)

2.4. Fluorescence light-up probe assays

For these assays, the fluorescence signal of probes was measured using a TECAN
Infinite M1000 Pro plate reader (Salzburg, Austria). ThT (Thioflavin T) and NMM (N-

methyl mesoporphyrin IX) were excited at 420 nm and 380 nm and fluorescence signals
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were recorded at 490 nm and 610 nm, respectively. Before reading, the plate was shaken
for 5 min and incubated for 10 min at room temperature. Each well contained 52 pl of
K100 buffer, 40 pl of oligonucleotide (final concentration of 3 uM) and 8 pl of probe (final
concentration of 2 uM). The ligand had be the last component to be added to the mixture.
Experiments were repeated in three different 96-well black plates using positive or

negative controls using different sequences (G4s with different topologies and duplexes).

Circular dichroism spectroscopy

Using a Jasco J-1500 CD spectropolarimeter (Jasco, Japan), equipped with a multi-
holder and Peltier-type temperature controller, we recorded the CD spectra between 210
— 350 nm (scanning rate of 100 nm/min, 0.5 nm bandwidth, 1 s integration time over 4
averaged accumulations). Samples were typically annealed in K100 buffer (or other
working buffers when specified) and scanned using high-precision quartz cuvettes (ref.
115B-10-40 Hellma Analytics, Germany; path-length 10 mm x 2 mm). Final sample
concentrations were adjusted for each oligonucleotide to reach an absorbance value
close to 0.8, following the Lambert-Beer equation and considering €. Obtained data was

smoothed and converted to molar dichroic absorption (A¢), through Equation (4):

Ae= —2 Eq. (4)

32980 X c X1

where 6 is ellipticity in millidegrees, c is the oligonucleotide concentration (mol L™) and /
is the path of the length in cm. Additionally, the conformation index r was calculated

following Equation 5, as reported by Chen et al. [40]:

CD3¢5
= ——""20>
[CD265| + CD29q

Eq. (5)

where CD2ss and CD2go are the molar dichroic absorption of peaks. Parallel, hybrid and
antiparallel conformation have 1 >r =>0.5,0.5>r> 0 and r <0, respectively.

In CD-melting experiments, we monitored the ellipticities at 240, 260 and 290 nm as a
function of temperature, in the range of 20 to 100 °C, with a rate of 1°C/min. Using the
OriginPro2021 program, data were normalized into fraction folded (f) plots, according to

Equation (6), and fitted to a Boltzmann distribution to determine the T, value.

cD-cpmin
max min
CDy — CDy

f= Eq. (6)
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UV-Vis spectroscopy

All  UV-Vis experiments were performed using a Cary 300 double-beam
spectrophotometer (Agilent Technologies, France) equipped with a thermostable 6-cell
holder and a high-performance peltier temperature controller (Agilent Technologies,
France). Absorbance spectra were recorded in 1 cm pathlength quartz cuvettes (115B-
QS, Hellma Analytics, Germany) between 220 and 340 nm with a scan rate of 300
nm/min, 0.5 nm data intervals, 0.05 s of integration time and automatic baseline

correction. For all experiments, the oligonucleotides were used at a 3 yM concentration.

In thermal difference spectra (TDS) oligonucleotide solutions were annealed in K100
buffer and we recorded the spectra at 20°C (folded state). Then the temperature was
increased to 95°C and a second spectrum was recorded after 15 min of equilibration
(unfolded state). TDS corresponds to the arithmetic difference between the spectra in
folded and unfolded conditions (20°C and 95°C, respectively) [41,42]. The resultant
spectra were normalized relative to the maximum absorbance and TDS factors were
calculated [43,44].

For isothermal difference spectra (IDS) oligonucleotide solutions were annealed in 10
mM LiCaCo pH 7.2 buffer as previously described. Firstly, we acquired a first spectrum
without potassium cation at 25°C (unfolded), and then a second after adding this cation
(presumably folded). For this last step, 1 M KCI was added directly into the cuvette to
obtain a final concentration of 100 mM and equilibrated for 30 min before recording.
Spectra were corrected for dilution. IDS corresponds to the arithmetic difference between
the spectra in the unfolded and folded states (in the absence and presence of cation,

respectively).

In the UV-melting assay, we recorded the variations of absorbance at 295 nm as a
function of temperature. Oligonucleotides were prepared in K10 buffer and first heated
to 95 °C for 15 min. The absorbance was recorded at distinct wavelengths using a cycle
composed of cooling down to 10 °C at a rate of 0.2 °C/min. followed by heating to 95 °C
at the same rate [45]. Melting temperatures were determined. Assuming a two-step

melting process, thermodynamic parameters were calculated (Equation (7)) [46,47].
AGryig = —RTIn(Ky) = AHpyq — TAS; 014 Eq. (7)

Using the AG°wiq vs T plot was extracted from the slope and interception the values of

enthalpy AH° and entropy AS° of folding.
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Nuclear Magnetic Resonance (NMR) spectroscopy

"H NMR spectra were recorded using a 600 MHz Bruker Avance Il spectrometer (Bruker
Corporation, Massachusetts, USA), operating at a 'H Larmor frequency of 600.10 MHz,
equipped with an inverse detection triple-resonance z-gradient QCI cryoprobe. We
applied the zgesgp water suppression pulse sequence using the next parameters: 32 K
data points, relaxation delay of 2 s and 1024 scans for a spectral width of 12.019 Hz

centered at the water resonance.

All samples (50 pM of oligonucleotide) were acquired at 25°C in LiCaCo buffer
supplemented with 10% (v/v) D.O (Eurisotop, France). In salt titration experiments,
increasing amounts of KCI 1M were directly added into the 3 mm tube and performed
the annealing. Additionally, we studied the topological conversion analyzing the spectral

changes with temperature (20 °C and 37 °C).

Data were processed and analyzed using Bruker TopSpin4.1. software and chemical

shifts (8) were measured in ppm.

Size-Exclusion Chromatography (SEC)

SEC experiments were conducted with an AKTA FPLC (GE Healthcare Life Sciences,
USA) equipped with a ThermoAcclaim SEC-300 column (4.6 x 300 mm; 5um hydrophilic
polymethacrylate resin spherical particles, 300 A pore size; ref. 079723; Thermo
Scientific™, Massachusetts, USA) at 20 °C according previously reported [48].
Equilibration was performed before the first injection (with at least three column volumes,
i.e. 15 ml). Oligonucleotides were annealed in elution buffer (Tris-HCI 50 mM pH 7.5
supplemented with 100 mM KCI) and eluted at 0.150 ml/min rate. Eluted species were
monitored by the absorbance at 260 nm and then chromatograms were processed
(normalized to 0-1) and plotted in OriginPro2021 using the relative elution volume Ve/Vo

(Ve is the elution volume and Vy is the dead volume).

Native Polyacrylamide gel electrophoresis

Native polyacrylamide gel electrophoresis (PAGE) was used to check the ability of
sequences to adopt a folded structure. For this experiment, a 20% polyacrylamide gel
supplemented with 100 mM KCI was cast and pre-run for 30 min before loading.
Oligonucleotides were first diluted in water at 2 uM and heated for 5 min at 95°C, followed
by the addition of buffer (20 mM LiCaco and 200 mM of KCI). Subsequently, samples

10
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were heated at 90°C for 5 min and slowly cooled down to room temperature. G4 forming
sequences and mutated sequences were mixed with sucrose (Sigma-Aldrich, MO, USA)
until reaching a final concentration of 15% sucrose, 20 mM LiCaco, 100 mM KCI and 1
MM DNA. As a control, single-stranded oligothymidylate markers, 9 to 57 nucleotide-long
(dTo, dT+s, dT22, dT3o, dT4s and dTs7) were also loaded on the gel.

The loaded gel was run in a vertical electrophoretic cell Mini-Protean Il (BioRad,
Hercules, CA, USA) at a temperature of 4°C (110 V, 210 min). After running, the gel was
stained with 2.5 yM of NMM for 30 minutes under continuous and gentle agitation and
visualized in ChemiDoc XRS+ (BioRad, Hercules, CA, USA). Lastly, the gel was stained
with 1X SYBR Gold during 20 min before visualization in ChemiDoc XRS+. Each gel was

briefly washed with water before reading.

G4access

The G4access was applied according to the protocol recently described by Esnault et al.
[33]. Briefly, K562 (human myelogenous leukaemia), Raji (human Burkitt's lymphoma)
and HaCaT (spontaneously immortalized human keratinocyte) cell lines were cultured
in RPMI 1640 or DMEM medium supplemented with 10% heat-inactivated fetal bovine
serum, 100 units/mL penicillin, and 100 pg/mL streptomycin at 37°C in a humidified 5%
CO2 incubator.

Prior to MNase digestion, the nuclei were purified and refined using a sucrose cushion.
The nuclei were resuspended in MNase digestion buffer. Prewarmed MNase reaction
buffer supplemented with MNase (Merck, 10107921001) was then added. Samples were
MNase digested for 10 minutes at 37°C, stopped on ice and by addition of EDTA and
SDS lysis buffer. Before DNA purification, the samples were lysed for two hours at 37 °C
using 5 pL of RNAse A (ThermoFisher, EN0531) and for two hours at 56 °C using 8 pL
of proteinase K (Euromedex, 09-0911). The samples were cleaned up using the
QIAquick PCR Purification Kit (QIAGEN, 28106) and assessed using agarose gels and
the Bioanalyzer 2100, in order to guarantee the quality of the MNase digestions. Size
selection was applied using a 4-20% polyacrylamide NovexTM TBE gel (ThermoFisher,
EC6225BOX) in order to select fragments smaller than 100 bp. Segments ranging from
0 to 100 bp were extracted from the gel, eluted in water, and purified using an Agilent
5185-5990 0.22 pm spin filter. DNA libraries were prepared from the size-selected
fragments from MNase digestions that contain approximately 30% of mono-
nucleosomes. Using a starting material of 50 ng, paired-end libraries were prepared
using the NEBNext® UltraTM Il DNA Library Prep Kit for lllumina (New England Biolabs,

11
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E7645S). Libraries were sequenced using paired 75 bp reads (Raji), paired 50-30 bp
reads (K562 cells), or paired 76 bp reads (HaCaT cells) using an lllumina NextSeq-500
Sequencer. Datasets were aligned with Bowtie2 and analysed using PASHA (version
0.99.21) R (version 3.3.1) pipeline. Aligned reads were elongated in silico to create

wiggle files.
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RESULTS AND DISCUSSION

Proto-oncogenes are essential for normal cell homeostasis; however, their conversion
into oncogenes plays a pivotal role in cancer. One example is the B-MYB oncogene that
encodes a transcription factor abnormally overexpressed in cancer and associated with
the occurrence and development of malignant tumors. Due to the undruggable profile of
the B-MYB transcription factor, it is necessary to develop new and efficient therapeutic

approaches.

One proposed approach is to attack upstream pathways, i.e., before the expression of
the transcription factor, namely before transcription. For this, we can take advantage of
the sequence bias found in oncogene promoters near their TSS, that potentially allows
the formation of G4. This quadruplex can act as a binding site for small molecules,
leading to the repression of transcription and consequently the inhibition of downstream
pathways. Multiple examples in the literature testify to the importance of G4 in promoter

regions for the regulation of transcription processes in cells.

Bioinformatic analysis

The B-MYB gene (ID 4605) is located on locus 20q13.12 of chromosome 20.
Interestingly, this is the chromosome with the higher ratio of G4-positive genes per
chromosome [32]. We started by analyzing the human promoter region of the B-MYB
proto-oncogene to evaluate its ability to form G4 structures. This analysis was performed
with the G4 Hunter algorithm that considers G-richness and G-skewness of a given
sequence and provides a score (G4H score) as an output [29]. This scoring is calculated
taking into account the nucleotide nature of the sequence and the running length of G.
More stable quadruplexes are correlated with higher G4H scores [33]. The evaluation
was carried out using standard parameters namely, a window size of 25 nucleotides and
a threshold score of 1.2, which is considered a reasonable compromise to identify G4-
prone motifs in vitro and maximize accuracy (i.e., minimize the fraction of false negatives

and false positives) [29].

The predicted G4 sequences with their G4H score and location are summarized in
Figure 1 and Table S2. The algorithm revealed 4 sequences (B-MYB 26, B-MYB 25R,
B-MYB 26RA and B-MYB 43) among which B-MYB 43 shows the highest score (G4H
score = 2.14) while the other motifs give G4H scores near the threshold value. In the
case of B-MYB 43R, due to its high score and length, shorter sequence derivatives, B-
MYB 25RC and B-MYB 22R, were designed. Both sequences exhibit high G4H scores
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(2.94 and 2.91, respectively), even higher than the one determined for the “mother”

sequence. The presence of four runs of at least four guanines in these short

oligonucleotides should allow the formation of very stable quadruplexes, as exemplified
for the GsAG4TACAG4TACAG. motif found in Dictyostelium [49].

Chromosome 20

TSS N

Promoter B-MYB

f p—

- /' G-rich Sequences

3' - Coding
W §' - Template

B-MYB 26 5}
B-MYB 25R &'
B-MYB 26RA &'
B-MYB43R &
B-MYB 25RC 5

B-MYB 22R &

B-MYB 26RA

- AGGGAGAGGCACAGGTAGGGTGAGGA - 3'

- AGGGGAGCGAGGCGCGAGCATGGGA - 3'

- AGGGCCGGCTGCAGGACAGGGGCGG - 3'

- AGGGGCGGAGCCAGGGGGCGGGGCGGGGCGGGGCCTGCGGGGC - 3 2.14

- CGGGGCGGGGCGGGGCCTGCGGGGC -3

- AGGGGGCGGGGCGGGGCGGGGC - 3'

G4 Hunter
Algorithm

B-MYB 25RC
B-MYB 22R

G4H Score
1.15

1.20

1.12

2.94

2.91

Figure 1. Schematic representation and location of G-quadruplex forming motifs in the promoter

region of the B-MYB proto-oncogene. The prediction of putative G4 structures was performed

using the G4Hunter algorithm. Several sequences were identified on both stands with distinct

G4H scores. G-tracks are shown in bold characters.
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Continuing with bioinformatics analysis, we observe that B-MYB is highly expressed in
lung cancer (Figure 2A), as consistently described in the literature [7,14,17,26,27],
emphasizing the relevance of this oncogene. Comparing the relative gene expression of
B-MYB with other transcription factors of the same family, namely A-MYB and C-MYB,
a clear overexpression was evidenced for lung cancer. In addition, elevated levels of B-
MYB have been associated with advanced tumor stages and poor prognosis [5,50,51].
Thus, overexpression of B-MYB may contribute to the progression of lung cancer by

promoting the survival and growth of cancer cells.
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Figure 2. Bioinformatic analysis of expression of MYB genes in lung cancer. Relative expression
and overall survival in MYB gene family obtained thanks to the GEPIA database, in lung cancer
diseases (LUAD — lung adenocarcinoma; LUSC - Lung squamous cell carcinoma) and compared
with healthy individuals. Comparison among A) A-MYB B) B-MYB and C) C-MYB proto-

oncogenes.

Additionally, the analysis of epigenetic profiles can provide an additional clue on the
biological relevance of this gene. Histone changes are useful epigenetic markers of the
chromatin condition linked to either repression or activation of genes. Usually, actively
transcribed genes are marked by trimethylated H3K4 (H3K4me3) and acetylated H3K27
(H3K27ac) in TSS [52]. Analyzing the epigenetic data, taken from the FactorBook
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database (https://www.factorbook.org/), we verified an enrichment in H3K4me3,

H3K4me2 and H3K27ac marks, as demonstrated by the peak intensity density
distribution around its TSS (Figure S$1). Thus, we observed a correlation between the
higher expression of B-MYB in cancer patients, when compared to normal tissues, and

the epigenetic profile of histones that reveal an activation mechanism of the gene.
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After the identification of putative G4 sequences in the B-MYB promoter and expression
analysis, we performed a multiple sequence alignment of the promoter region of the B-
MYB gene against the sequencing data reported for primates (List $1-S24). The
promoter sequences were downloaded from the Ensembl Genome database and aligned
using the Clustal Omega webtool. The phylogenetic tree evidenced a close relationship
between Homo sapiens and Pan paniscus followed by Gorilla gorilla gorilla and Pongo
abelii (Figure 3A) in light of functional, structural, and evolutionary relationships [53,54].
The data also showed good conservation of the promoter, including in the region of the
identified putative G4s (Figure $3-S4). Sequence logos quickly reveal important aspects
of this alignment, as depicted in Figure 3B. They also offer a deeper and more accurate
representation of sequence similarity than consensus sequences and the height of each
letter is proportional to the observed frequency [36]. The logos are only considering the
template sequence of the promoter. Comparing all the studied sequences, we observed
that B-MYB 25R is the most conserved along 24 primate’s species, followed by B-MYB
26RA and B-MYB 43R.

Transcription factor binding sites often overlap or are located near putative G4s [55,56]
and functionally active quadruplex motifs are often associated with one or more
transcription factors [56]. Also, other evidences demonstrate that the transcription
regulation by G4 can be influenced by the recruitment of transcription factors [55,57-60].
Therefore, G4 structures can be considered as novel epigenetic regulators of the
transcription machinery, working in concert with their associated transcription factors to
generate cell-specific transcriptional programs [57]. Taking this into consideration, we
performed a prediction of the transcription factor binding sites, thanks to the PROMO

software (https://alggen.lsi.upc.es/cqi-

bin/promo_v3/promo/promoinit.cqi?dirDB=TF 8.3) [37]. The program predicted the
existence of 71 distinct transcription factors binding sites in the analyzed promoter region
of 2000 nucleotides. We observed an increased density of binding sites close to the TSS.
Considering only the regions capable of forming G4 structures, we identified possible
transcription-binding sites (Figure S4), also detailed for each G4 region in Table S3.
From all predicted transcription factors, we noted the presence of the Sp1 transcription
factor, which is extensively described as the most significantly represented in G4-folded
sequences. Sp1 is a zinc finger transcription factor that binds specifically to GC-rich
motifs, such as the consensus sequence 5'-GGGCGGGG-3', commonly found in the
promoter regions of a wide range of genes [56]. This consensus it is also observed in
the B-MYB 43R sequence. It functions as a transcriptional activator or repressor,

depending on the context and the target gene. This effect is dependent on the behaviour
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among them, namely if they exert (i) cooperative regulation (facilitate the formation or
stabilization of G4, thereby enhancing transcriptional activation) or if they have (ii)
antagonist interaction (the presence of G4 may hinder the recruitment of Sp1, thereby

modulating gene expression negatively) [61].

Experimental evidence of G4 forming motifs
High throughput G4-specific probes

After the identification of putative G4 forming motifs in B-MYB proto-oncogene and
analysis of conservation among primates, we wanted to experimentally confirm G4

formation in vitro using a combination of techniques [62].

A biophysical examination was carried out combining distinct methods to validate G4
formation. We first analyzed the fluorescence emission of G4-specific probes [41],
namely N-methyl mesoporphyrin IX (NMM) [63] and Thioflavin T (ThT) [64] (Table S2).
Upon binding to G4s, these dyes emit a strong fluorescence signal. The results are
depicted in Figure 4, in which positive (e.g., 46AG, 26CEB, C-MYC) and negative (e.g.,

ds26, hp2) controls were also added for comparison.
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Figure 4. Light-up fluorescence experiments using A) NMM and B) ThT G4 probes. The chemical
structures of the molecules are represented in each panel. For both assays, an increase in
fluorescence happens in the presence of a sequence adopting a G4 fold. Negative controls are

colored in red, positive controls in green and the tested sequences in blue.
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The results show, in a general way, distinct behaviours for NMM and ThT which can be

explained by the nature and properties of these two ligands.

The NMM results (Figure 4A) evidenced, in a first look, an important fluorescence only
in the presence of the B-MYB 43R sequence and its designed derivatives (B-MYB 25RC
and B-MYB22R). This result not only provides evidence for G4 formation but also gives
clues on topology, as NMM prefers parallel G4 and tend to have higher fluorescence

levels in the presence of parallel-stranded structures [63].

In contrast, the ThT results (Figure 4B) tell a different story. The fluorescence profiles
vary among G4 structures, even in the positive control group. The signal emission is
dependent on the binding mode of organic molecules to the oligonucleotide and, in some
cases, can lead to positive and false negative results [64]. From the obtained data, we
can infer the ability of all sequences identified in the B-MYB promoter to form a G4,
except for B-MYB 25R, which shows a low fluorescence level compared to all positive

controls.

Proceeding with biophysical evaluation, and continuing with high throughput
approaches, we then performed FRET-based experiments, namely employing the
recently described FRET-MC [38] and iso-FRET [39] methods. Both methods allow the

multiplex testing of sequences in parallel and results are presented in Figure 5.
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Figure 5. Evidence of formation of G4 structures by B-MYB sequences in promoter region using
FRET experiments. A) FRET-MC assays show the formation of G4 in B-MYB 43R and derivative
sequences (B-MYB 25RC and B-MYB 22R), also corroborated by S factor. B) iso-FRET results
of sequences under study and controls performed at 37°C. Negative controls are colored in red,

positive controls in green and the tested sequences in blue.
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The FRET-MC assay is based on the ability of the tested sequence to act as a competitor
for the well-known PhenDC3 G4 ligand [65]. If the competitor is able to form a G4, it will
trap the compound, leading to a noticeable decrease in ligand-induced stabilization (A7)
of the dual-labeled telomeric G4-forming probe (F21T) [38].

As demonstrated by Figure 5A, the only sequences demonstrating efficient competition
were B-MYB 43R, B-MYB 25RC and B-MYB 22R, as shown by a strong reduction in AT,
and an S Factor value around 0. For the other sequences, the same effects were not
observed. Nevertheless, we cannot categorically exclude G4 formation, as it is important
to notice that the main limitation of the FRET-MC method is its inability to detect unstable
quadruplexes, having a low thermal stability. In that case, at the temperature where F21T
begins to melt, these unstable G4s are “seen” as single strands, as previously reported

for other well-known low stability G4s [38].

To overcome this limitation, a new method was developed employing an isothermal
version of the competition assay called iso-FRET [39]. In the same way, G4-forming
competitors act as decoys and capture the PhenDC3 ligand, preventing it from binding
to the 37Q probe. This in turn leads to the hybridization to the FAM-labeled short
complementary C-rich strand (F22), resulting in fluorescence quenching. On the other
hand, if the competitor does not form a G4, it cannot act as a trap, and PhenDC3 remains
bound to 37Q, preventing the formation of the F22 + 37Q complex. In addition to the
studied sequences, negative control and positive controls were used for comparison. A
potential caveat of this assay is a partial complementarity of competitors with F22, which
was checked by calculating the CF Factor (Table S1). All the competitors showed values

lower than 0.68, meaning that the assay could be used [39].

All iso-FRET experiments were performed at physiological temperature (37°C). The iso-
FRET results (Figure 5B) show that all sequences from the B-MYB promoter form a G4,
except B-MYB 25R, as evidenced by fluorescence intensity and F Factor values. The
standard F Factor values are defined according to the temperature that assay was
performed [39]. F values below 0.27 are characteristic of a G4 competitor, above 0.54
correspond to non-G4 forming samples while values in between correspond to unknown
structures. One more time, we found no clear evidence of G4 formation for the B-MYB

25R sequence, in agreement with previous results.

The secondary structure of these sequences was then checked by CD spectroscopy.
This technique has the potential to discriminate among G4 topologies as different G4
structures exhibit various CD spectra [66,67]. Parallel G4 conformations exhibit a positive
band at 260-265 nm and a negative band at 240-245 nm, while antiparallel G4
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structures display a positive band around 290-295 nm and a weaker negative band at
260-265 nm. Finally, hybrid topologies present a positive band at 290 nm, a negative

band at 240 nm and a shoulder around 270 nm.

To access the formation and G4 conformation the putative G4 sequences were annealed
in a K100 buffer and spectra were acquired. The CD spectra for all sequences in the
study are presented in Figure 6. As a general tendency, the B-MYB G4 sequences
showed the ability to assemble into a G4 structure with distinct conformations (parallel

and antiparallel), except for B-MYB 25R (described in details below).
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Figure 6. Circular dichroism spectra of the G-rich sequences identified in the B-MYB promoter

region. The spectra were acquired in K100 buffer at 20°C.

Analyzing each sequence in detail, the sequence B-MYB 26 demonstrated a mix of
conformations including parallel (predominant) and antiparallel topologies as shown by
the characteristic CD bands. Additionally, the effect of the nature of the cation was also
evaluated by replacing 100 mM K* by 100 mM of Na®*. Results demonstrated the
maintenance of spectral shape associated with a hypochromism of bands at 240 nm and
290 nm (Figure S5A).

In the case of the B-MYB 25R sequence, the spectrum was atypical, with some bands
matching common features of G4 but also an unexpected band at 280 nm. To decipher
this, experiments with different cations were carried out (Figure S5B). Results
demonstrated no changes in the shape and significative alterations in CD signal,
supporting that, despite the presence of bands suggesting G4 formation, the shape of
the CD spectrum rather suggests the formation of Watson-Crick complexes, as observed
for G/C rich heterogeneous DNA (e.g., 71 % with Sarcina Lutea DNA or 42% of Calf
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Thymus DNA) or G/C rich oligonucleotides with G block at the 5°end, e.g., GGGGCCCC
or GGCGCC [68]. This observation illustrates the potential limitation of CD analysis,

arguing for combining several methods [62].

The B-MYB 26RA was the only one that displayed a CD spectra indicative of an
antiparallel topology. Salt changes (replacing 100 mM of KCI by 100 mM NaCl) lead to
an interconversion from the antiparallel to a hybrid topology (Figure S5C). We also
observed a topology conversion from antiparallel to hybrid topology in response to

temperature increases in the K100 buffer (Figure S6).

Finally, B-MYB 43R and its derivative sequences (B-MYB 25RC and B-MYB 22R) all
displayed a CD spectra compatible with a parallel topology (Figure 6) and a K*
dependency, as denoted by a hyperchromism with increasing cation concentration
(Figure S7).

All of these conclusions were supported by the quantitative conformation r index and are
summarized in Table 1 [40,69]. This parameter is calculated as detailed in the
methodology section and each r value is associated with a specific topology, namely 1 >

r = 0.5 for parallel, 0.5 > r > 0 for hybrid and r < O for antiparallel conformations.

Using CD-melting experiments the thermal stability of oligonucleotides was evaluated by
monitoring the characteristic G4 bands (Figure S8). For all the sequences the T, values
are listed in Table 1 and Table S4. While some T, were close to the physiological
temperature, three sequences, all derived from the same region just upstream of the
TSS, exhibited strikingly higher T, values, above 80°C. This contrasts with the Tr of the
other sequences, between 43.2 and 58.7°C. We observed that the B-MYB 22R sequence
presents the highest Tr, (87.9°C).

Table 1. Values of r index and respective topologies of studied sequences, calculated

throughout CD data, and melting temperature (Tm) in K100 buffer acquired by CD-melting

rindex Topology Tm (°C) at 260 nm
B-MYB 26 0.72 Parallel 43.2
B-MYB 25R 0.62 Parallel 58.7
B-MYB 26RA -0.25 Antiparallel 50.6
B-MYB 43R 0.78 Parallel 83.7
B-MYB 25RC 0.71 Parallel 78.1
B-MYB 22R 0.95 Parallel 87.9
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We then carried out isothermal and thermal difference spectra measurements (IDS and
TDS, respectively) to confirm the ability of identified sequences to form a G4 structure.
Both methods are based on recording the spectra of unfolded and folded forms of the
same sample and performing the arithmetic difference between the two [42]. The
approaches differ in the variable responsible for the folding/unfolding process, namely
temperature or presence of salt. Thus, the IDS method does not involve temperature
variation (isothermal process), only salt addition as a driving force to induce folding,
which can replicate the absorbance characteristics more accurately [44,45] and give
distinct indicators of various structural conformations of DNA [29]. The IDS spectra are
depicted in Figure 7A. The IDS spectra are indicative of G4 formation, as denoted by
the hypochromism at 295 nm and 260 nm and positive bands at 240 nm, for all

sequences with the exception of B-MYB 25.
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Figure 7. IDS and TDS spectra of B-MYB G-rich sequences. Both A) IDS spectra and B) TDS
spectra were acquired in the K10 buffer. The spectra were obtained by calculating the arithmetic

difference between the spectra in folded and unfolded states.

In the case of TDS, the spectral shape captures the nuances of base stacking
interactions that are specific to each kind of nucleic acid structure [42,43]. Given the high
thermal stabilization denoted by CD-melting the spectra were recorded in K10 buffer to
ensure unfolding at high temperature. The results are presented in Figure 7B and
evidence G4 formation for B-MYB 43R, B-MYB 25RC and B-MYB 22R. This conclusion
is supported by the bands at 245 nm, 273 and 295 nm that match the postulated
characteristic values for G4 structures [42]. The intense hypochromic band at 295 nm
(typical of the G4 topologies) is explained by the tetrads stacking in the folding and n—1r*

and T—T1* transitions of bases [70]. As cation concentration plays an important role in
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the folding and stability of G4 structures, we hypothesized that the absence of
characteristic bands in the other sequences (B-MYB 26, B-MYB 25R and B-MYB 26RA)
could be explained by the low potassium concentration chosen. We therefore repeated
the assay in the K100 buffer and the corresponding TDS spectra (Figure S9) exhibited

a faint negative band at 295 nm, possibly indicative of G4 formation.

Additionally, we carried out UV-melting experiments at 295 nm and then performed a
van't Hoff analysis to calculate the thermodynamic parameters [46,47]. We could only
obtain exploitable melting profiles allowing van't Hoff analyses for sequences B-MYB 26,
B-MYB 43R, B-MYB 25RC and B-MYB 22R (Figure S$10). Assuming a two-state process
and an intramolecular equilibrium, as suggested by the absence of a significative
hysteresis between cooling and heating curves, we performed a thermodynamics
analysis. The T, values and thermodynamics parameters as listed in Tables S5-S6.
Overall, the thermodynamic data suggest a spontaneous (at low temperatures) and

strongly enthalpy-driven reaction for G4 formation.

Finally, in order to once again validate G4 formation, NMR assays were carried out. This
technique stands out for its atomic resolution and its ability to discriminate the type of
bonds between nucleic acids. The "H NMR experiments began with the KCl titrations to
evaluate the effect of cation concentration on the G4 structure. For each titration point,
a proper amount of KCI was directly added to the tube and the sample annealed as
previously described. The spectra of the last titration point (100 mM of KCI) are depicted
in Figure 8. One can observe the presence of two types of imino protons resonances: i)
10-12 ppm characteristic from Hoogsteen pairing and ii) 12-14 ppm typical from Watson-
Crick bonds for all sequences, except B-MYB 25RC. In addition, the '"H NMR spectra
show more or less well-resolved spectra with defined peaks and enable us to deduce
that single conformations are present, except for B-MYB 43R that shows a broad
spectrum, perhaps as a result of its long length. Aiming to understand the feasibility of
structure formation at physiological temperature and access the effect of temperature in
secondary structure, more spectra were acquired at 37°C (Figure S$11). Comparing the
spectra at 20°C and 37°C allowed us to observe the maintenance of spectral shape,
namely in the guanine imino proton region, for all sequences except B-MYB 26, B-MYB
25R and B-MYB 26RA that exhibited a temperature-dependent behavior.
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Figure 8. '"H NMR spectroscopy of B-MYB sequences in the study. The spectra were acquired in
K100 buffer at 20°C. Note the presence of two distinct sets of imino protons: 10-12 ppm

characteristic of Hoogsteen bonds formation and 12-14 ppm typical for Watson-Crick pairing.

Analyzing in detail the K* titrations of B-MYB sequences (Figures $12-S17) we observed
a general induction of G4 and the appearance of WC bonds signal upon salt addition,
except for B-MYB 25R sequence that did not show any difference in imino signal along
the titration (Figure S13). For this sequence, the spectral shape is maintained and gives
us information about a robust fold independent of salt concentration or nature as
confirmed by CD results (Figure S5B). This intriguing result can also support the
presence of G/C-rich heterogeneous DNA, which is capable of establishing Hoogsteen
bonds but not able to form a stable G4. Further experiments will be needed to decipher
the structural behavior of the structure in response to the type of cation and

concentration.

For B-MYB 26RA, well-resolved Hoogsteen imino peaks only appear at high salt
concentrations and WC imino signals are hugely altered, suggesting the pivotal role of
cations for the structure (Figure $14). A similar stance is observed for B-MYB 43R
(Figure S$15).
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After the spectroscopic evaluation of G4 formation in the promoter region of B-MYB
proto-oncogene, we proceeded to the assessment of molecularity of G4 sequences
throughout non-denaturing polyacrylamide gel electrophoresis (PAGE) and size-

exclusion chromatography (SEC).

PAGE analysis was performed thanks to post-staining with a G4-specific light-up probe,
NMM, followed by a general probe, SYBR Gold. During electrophoresis, G4 mobility is
affected by the number of strands and topology, and it is possible to have direct evidence
of G4 by the fluorescent probes, which bind and illuminate G4 bands [62]. For this
experiment, mutated sequences (Table S1) were designed using the G4Killer algorithm

(https://bicinformatics.ibp.cz/#/analyse/g4-killer) and were run parallelly to the B-MYB

oligonucleotides in the study. The gel stained with an NMM light-up probe (Figure 9)
evidenced a single band and a G4 formation only in sequence B-MYB 43R and
derivatives B-MYB 25RC and B-MYB 22R, in agreement with previous data (NMM light-
up fluorescence studies). In the case of B-MYB 26RA, which forms a G4 with an
antiparallel topology, we did not observe any NMM fluorescent band. This phenomenon
can be explained by the preferential binding of NMM to parallel topologies, as previously
detailed in fluorescence experiments. Mutated sequences did not lead to NMM
fluorescent bands, as expected. SYBR gold was then used to stain and prove the

presence of oligos in the gel (Figure 8).
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Figure 9. Detection of G4 by NMM or SYBR Gold staining after non-denaturing polyacrylamide
gel electrophoresis (PAGE). Samples were placed onto a 20% non-denaturing acrylamide gel
supplemented with 10 mM KCI after being prepared in a 50 mM Tris/HCI, pH 7.5, and 100 mM

KCI solution. The gel was run at 4°C.
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While several independent methods allowed to demonstrate G4 formation, independent
techniques are required to determine the molecularity of these structures, such as SEC.
Compared to non-denaturing gel electrophoresis (PAGE), SEC allows us to evaluate the
hydrodynamic volume of oligonucleotides, under their native settings and uses the
absorbance signal to calculate the relative amount of each structure [62]. The obtained
chromatograms are presented in Figure S19. From these results, we found that inter
molecular complexes (dimers or tetramers) were observed for most oligonucleotides,
with the exception of B-MYB 26 and B-MYB 26RA which are eluted as monomers.

To easily understand all the biophysical information, all de data were summarized in
Table 2.

Table 2. Summary of the results obtained with different biophysical methods. -: no evidence for G4 formation;

+: results in agreement with G4 formation; ++: results strongly supporting G4 formation; ?: unclear. For SEC

(sizer exclusion chromatography), we indicate the molecularity (intra- or inter-molecular). All acronyms are

defined in the experimental section.

Sequence  \mm Tht 5 % h Ips TDS NMR PAGE SEC Conclusion
MC FRET
B-MYB 26 - + - ++ + + + intra G4
B-MYB 25R - ? - ? ? ? - inter ?
B-MYB 26RA - ++ ? ++ ++ o+ + intra G4
B-MYB 43R ++ ++ ++ ++ ++ ++ ++ intra G4
B-MYB 25RC ++ ++ ++ ++ ++ ++ ++ mix G4
B-MYB 22R -5 ? S ++ ++  ++ ++ inter G4
707
708
709  Gdaccess evaluation
710  After the bioinformatic identification of putative G4 sequences and our biophysical
711 evaluation, it was also important to evaluate the in-cell relevance and formation of
712 structures. For this, we employed the recently developed methodology called G4access
713  [33] that is capable of isolating and sequencing G4s associated with open chromatin via
714 nuclease digestion in an antibody- and crosslinking-independent manner. G4access
715  allows the study of G4s and cellular dynamics and link this with chromatin opening,
716  transcription, and their antagonism to DNA methylation. Taking all of these into
717  consideration we took advantage of G4access data performed in three different cell lines
718  (HaCat, Raji, K562) and we investigated the formation and conservation of G4s at the B-
719  MYB promoter region and around the TSS.
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Figure 10. Assessment of G4 formation in living cells using G4access. G4access was performed
in HaCaT, Raiji and K562 cells. A genome browser view of G4access signal at the MYBL2 locus
is shown (upper panel) and a zoom-in view depicts the signal at the B-MYB 25R, B-MYB 26RA
and B-MYB 43R predicted G4 (lower panel). Only the peak at B-MYB 43R was called by MACS2

as significant with a p-value<107.

The results, presented in Figure 10, evidenced one reproducible and highly significant
enriched G4 signal located 44 nucleotides upstream of the MYBL2 TSS, which
corresponds to one of the quadruplex motifs predicted by G4Hunter (B-MYB 43R
sequence; with a G4Hunter score above 2.0). Furthermore, no significant G4access
peaks were matching the other predicted G4 sequences, which had a significantly lower
G4Hunter score, associated with a much lower thermal stability. Thus, in cell G4

formation was evidenced for the sequence with the highest T, and highest G4H score.
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For the other sequences, which form a G4 at 37 °C in vitro, no noticeable G4access peak
was found. This may indicate that the actual G4Hunter threshold for G4 formation is
significantly higher in cells than in vitro with isolated oligonucleotides. The chromatin
context and presence of the complementary sequence allowing stable duplex formation
can prevent G4 formation for moderate G4H scores, at least in the absence of a G4
ligand. Esnault et al. observed that G4s with low-to-medium in silico prediction scores
were preferentially stabilized by the PDS ligand. This would argue that the actual
threshold to be used for in-cell study may depend on the presence of G4 stabilizing
factors altering the duplex-quadruplex equilibrium, potentially interfering with the

hybridization of a complementary sequence.

Overall, taking the in-cell results in consideration, we can hypothesize that while the
optimal threshold for predicting G4 in ssDNA (such as for an aptamer) may be 1.2, as
confirmed experimentally with the sequences analyzed in vitro here, in cell applications

in a chromatin environment may require a higher threshold.

Given the previously described relation between G4access signals at promoters and
open chromatin, we investigated nucleosome density and positioning, RNA Polymerase
(Pol) Il recruitment around the G4access peaks at the B-MYB promoter region using
published data sets. Clearly, in this area, the G4access signal that relates to the B-MYB
43R G4 sequence correlates to nucleosome exclusion and strong Pol Il recruitment
(Figure S20), suggesting that this specific G4 could directly contribute to chromatin
opening and transcription activation at this locus. This result is in agreement with the
literature [33,71-73]. We propose that this G4 is formed prior transcription, while the act
of transcription likely reinforces this G4 through the action of negative supercoiling as

previously described at the global scale [33].

Regarding the methylation profile, the G4access peak close to TSS and surrounding
areas are essentially unmethylated (Figure S20) and define a methylation valley. This
data suggests that G4 formation in the B-MYB promoter antagonizes methylation (and

vice-versa) and associates with nucleosome repositioning on DNA.

Thanks to this information we gathered regarding the in cell formation of the identified
G4 sequences in the promoter region of B-MYB oncogene, our study opens up a new
perspective for the further functional study and evaluation of the biological role of this
oncogene in cancer. We provide a strong demonstration of G4 formation in vitro thanks
to the combination of an unprecendent number of independent methods. Even then,
some ambiguity remains for one motif, B-MYB 25R. In any case, while more than one

motif was shown to adopt a G4 fold, a single peak was found with G4Access, arguing
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that only the most proximal G-rich sequence adopts a G4 conformation in cells. Future

work will be needed to understand the contribution of G4 structures on B-MYB

transcription.
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CONCLUSION

In conclusion, the identification of G4 structure in the B-MYB gene opens new
perspectives to target this oncogene. Interestingly, while most predicted sequences were
confirmed in vitro, only the most stable one, both in terms of G4Hunter score and thermal
stability, was shown to be significantly formed in cells. This motif is also the one closest
to the TSS, only -44 nucleotides away, therefore highly likely to have an impact on the
transcription of this gene. Further studies will be required to understand the functional
role of this G4 in B-MYB transcription. This work may later open up new ways for the
appropriate design of G4 ligands to target this region, based on high-resolution structure

determination of this quadruplex motif.

SUPPLEMENTARY DATA

Supplementary Data are available online and include a list of oligonucleotides and
ligands used in the experiments, epigenetic profile of B-MYB gene considering the
modifications in histones, multiple alignments of promoter regions B-MYB 26 and B-MYB
25R sequences, prediction of transcription factor binding sites in the region of putative
G4 sequences in promoter of B-MYB, CD spectra of B-MYB 43R, B-MYB 25RC and B-
MYB 22R, CD-melting curves of B-MYB 26, B-MYB 25R, B-MYB 26RA, B-MYB 43R, B-
MYB 25RC and B-MYB 22R, TDS spectra of oligonucleotides studied, UV-melting
curves, Van't Hoff equations of B-MYB G4-forming motifs and thermodynamic
parameters extracted from UV-melting curves, '"H NMR spectra of B-MYB sequences,
SEC chromatography results and correlation of G4access peaks with nucleosome,

promoter methylation and Pol Il features in K562 cell line.
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