
HAL Id: hal-04753347
https://hal.science/hal-04753347v1

Submitted on 25 Oct 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

G-quadruplex forming motifs in the promoter region of
the B-MYB proto-oncogene

André Miranda, Anne Cucchiarini, Cyril Esnault, Jean-Christophe Andrau,
Paula Oliveira, Jean-Louis Mergny, Carla Cruz

To cite this version:
André Miranda, Anne Cucchiarini, Cyril Esnault, Jean-Christophe Andrau, Paula Oliveira, et al..
G-quadruplex forming motifs in the promoter region of the B-MYB proto-oncogene. International
Journal of Biological Macromolecules, 2024, 270, pp.132244. �10.1016/j.ijbiomac.2024.132244�. �hal-
04753347�

https://hal.science/hal-04753347v1
https://hal.archives-ouvertes.fr


1 
 

G-quadruplex forming motifs in the promoter region of 1 

the B-MYB proto-oncogene 2 

 3 

André Miranda a,d, Anne Cucchiarini b, Cyril Esnault c, Jean-Christophe Andrau c, Paula 4 

A. Oliveira d, Jean-Louis Mergny b*, Carla Cruz a, e* 5 

 6 

a CICS-UBI - Health Sciences Research Centre, University of Beira Interior, Covilhã, 7 

Portugal; 8 

b Laboratoire d’Optique et Biosciences, École Polytechnique, CNRS, INSERM, Institut 9 

Polytechnique de Paris, 91128 Palaiseau, France; 10 

c Institut de Génétique Moléculaire de Montpellier, University of Montpellier, CNRS-UMR 11 

5535, Montpellier, France; 12 

d Centre for Research and Technology of Agro-Environmental and Biological Sciences 13 

(CITAB), Inov4Agro, University of Trás-os-Montes and Alto Douro (UTAD), Quinta de 14 

Prados, 5000-801 Vila Real, Portugal; 15 

e Departamento de Química, Universidade da Beira Interior, Rua Marquês de Ávila e 16 

Bolama, 6201-001 Covilhã, Portugal. 17 

 18 

* Authors to whom correspondence may be addressed. jean-louis.mergny@inserm.fr 19 

(JLM) carlacruz@fcsaude.ubi.pt (CC) 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

mailto:jean-louis.mergny@inserm.fr
mailto:carlacruz@fcsaude.ubi.pt


2 
 

ABSTRACT 29 

To combat cancer, a comprehensive understanding of the molecular mechanisms and 30 

behaviors involved in carcinogenesis is crucial, as tumorigenesis is a complex process 31 

influenced by various genetic events and disease hallmarks. The B-MYB gene encodes 32 

a transcription factor involved in cell cycle regulation, survival, and differentiation in 33 

normal cells. B-MYB can be transformed into an oncogene through mutations, and 34 

abnormal expression of B-MYB has been identified in various cancers, including lung 35 

cancer, and is associated with poor prognosis. Targeting this oncogene is a promising 36 

approach for anti-cancer drug design. B-MYB has been deemed undruggable in previous 37 

reports, necessitating the search for novel therapeutic options. In this study, we found 38 

that the B-MYB gene promoter contains several G/C rich motifs compatible with G-39 

quadruplex (G4) formation. We investigated and validated the existence of G4 structures 40 

in the promoter region of B-MYB, first in vitro using a combination of bioinformatics, 41 

biophysical, and biochemical methods, then in cell with the recently developed G4access 42 

method. 43 

  44 
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1. INTRODUCTION 45 

Cancer is widely recognized as a significant global public health issue [1]. In order to 46 

reduce the millions of annual deaths caused by this disease, it is crucial to identify new 47 

targets and explore synergistic therapeutic combinations. Gaining a profound 48 

understanding of the molecular mechanisms and behaviors involved in carcinogenesis 49 

is imperative, as cancer progression is a complex process that necessitates a series of 50 

genetic events and the acquisition of disease hallmarks [2]. The proto-oncogenes 51 

regulate a number of biological processes in healthy cells, acting as growth factors, 52 

transducers of cellular signals and nuclear transcription factors [3]. However, some 53 

mutations (e.g., point mutations, gene amplification and chromosomal translocation or 54 

transposition events) can turn a proto-oncogene into an oncogene, which plays a critical 55 

role in cancer progression. These mutations can be caused by external stimuli, such as 56 

radiation, chemical compounds or viruses that alter the normal cell behavior, leading to 57 

uncontrolled overexpression of proteins resulting in the acquisition of cancer hallmarks, 58 

such as fast cell division, inhibition of cell differentiation and cell death [4]. For these 59 

reasons, oncogenes are considered as good molecular targets for anti-cancer drug 60 

design. 61 

The B-MYB (V-Myb avian myeloblastosis viral oncogene homolog-like 2), also known 62 

as MYBL2, is a proto-oncogene located on chromosome 20, locus 20q13.12. This gene 63 

encodes a 21 kDa transcription factor involved in the regulation of the expression of 64 

multiple genes affecting cell cycle progression, cell survival and cell differentiation [5–8]. 65 

The knockout of B-MYB results in an early embryonic lethal phenotype, denoting the 66 

importance of the proto-oncogene in proliferating cells [7,9]. During the malignant 67 

transformation of tumor cells, these properties are dysregulated by the B-MYB oncogene 68 

that mediates these alterations [10]. Nevertheless, some reports reported that this 69 

transcription factor is currently undruggable [11,12]. To overcome this obstacle, it is 70 

imperative to consider novel therapeutic options, for example by examining the genetic 71 

components responsible for encoding these transcription factors. 72 

In recent studies, B-MYB expression was shown to be strictly correlated with the 73 

occurrence and development of malignant tumors in various organs and tissues [13]. 74 

The aberrant expression of the B-MYB (denoting the oncogenic role) leads to gene 75 

alterations causing tumorigenesis and sustained tumor growth [14]. B-MYB deregulation 76 

in cancer may be due to oncogene amplification, deregulation of the DREAM complex 77 

assembly or, at the post-transcriptional level, by microRNAs [7,15]. Abnormal 78 

overexpression is commonly observed in several cancers such as prostate cancer, 79 
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melanoma, liver cancer, renal clear cell carcinoma and lung cancer (LC) [16–21] and is 80 

a predictor of poor prognosis [14,22–25]. In LC, B-MYB is up-regulated and promotes 81 

cell growth and motility [26] and its overexpression enhances transcription and 82 

deregulates gene expression [27]. B-MYB can induce activation of extracellular signal-83 

regulated kinases (ERK) and phosphorylated-protein kinase B (Akt) signalling pathways, 84 

involved in tumorigenesis, revealing a potential tumor-role of this oncogene in LC [26]. 85 

MYBL2 has also been reported to participate in different aspects of cell apoptosis and 86 

survival by regulating protein interactions [21]. 87 

Bioinformatic analysis of the human genome showed that promoter regions of several 88 

oncogenes are G/C rich with local G/C skewness. These characteristics facilitate the 89 

formation of non-canonical structures called G-quadruplexes (G4) [28,29]. G4s are 90 

formed by the self-association of four guanine bases in a planar arrangement via 91 

Hoogsteen bonds. As G-rich sequences are significantly enriched around transcription 92 

start sites (TSS), G4s may have a gene regulatory function [28]. In addition, such G4s 93 

can be considered as novel anticancer targets [30] as they provide a potential recognition 94 

motif for small molecules, given that G4 stabilization has been reported to suppress 95 

oncogene transcription and inactivate downstream pathways involved in tumorigenesis 96 

resulting in the reduction of cancer cell proliferation [31]. Recently, Papp et al. 97 

hypothesized, using a computational model, that the promoter regions of genes that 98 

encode transcription factors (TFs) are crucial for the regulatory signals for transcription 99 

processes in cells, as over 90% of protein-coding genes contain potential non canonical 100 

G4 in their promoter or gene body [32]. 101 

Thus, considering its ubiquitous role in cancer biology, downregulating B-MYB 102 

constitutes an attractive strategy for cancer therapy. In this context, the main aim of this 103 

work is to identify and confirm G4 structures in the promoter region of the B-MYB 104 

oncogene as a target for anticancer therapy. For this validation, several bioinformatics, 105 

biophysical and biochemical approaches were carried out, and these in vitro results were 106 

compared with data provided by in cell analysis of G4 formation, using the recently 107 

developed G4Access method [33]. 108 

 109 

 110 

 111 

 112 

 113 
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2. MATERIALS AND METHODS 114 

 115 

2.1. Oligonucleotides and reagents 116 

All sequences (Table S1) were purchased lyophilized from Eurofins (Nantes, France) or 117 

Eurogentec (Liège, Belgium) with double-HPLC grade purification. Oligonucleotides 118 

were resuspended in a proper volume of ultrapure water (18.2 Ω cm−1 resistivity), until 119 

reaching a final concentration of 100 µM, according to the manufacturer’s indication, and 120 

stored at −20 °C. Oligonucleotide concentration was checked using the absorbance at 121 

260 nm (NanoDrop™ 2000c, Thermo Scientific™, Massachusetts, USA) and the molar 122 

extinction coefficients (ε) provided by the manufacturers. 123 

Biophysical experiments were performed in potassium-containing buffers keeping total 124 

ionic strength constant. These buffers always included 10 mM lithium cacodylate 125 

adjusted to pH 7.2 and. Their compositions were adjusted by adding potassium and/or 126 

lithium chloride to obtain buffers called K1 (1 mM KCl, 99 mM LiCl), K10 (10 mM KCl, 90 127 

mM LiCl), K20 (20 mM KCl, 80 mM LiCl) and K100 (100 mM KCl). For the annealing 128 

process, the samples were heated at 95 °C for 5 min and slowly cooled down to room 129 

temperature (inside the heating block until reach 25ºC). 130 

All reagents and commercially available G4 ligands (PhenDC3, ThT and NMM; Table 131 

S1) were obtained from Sigma-Aldrich (St. Louis, MO, USA). 132 

 133 

2.2. Bioinformatic analysis 134 

The B-Myb promoter sequence was found using the UCSC Genome Browser database 135 

(http://genome.ucsc.edu/index.html; Genomics Institute, University of California Santa 136 

Cruz, USA) to access 2000 nucleotides upstream of the TSS. The sequence was then 137 

analyzed using the G4Hunter v.2.0 Web tool 138 

(https://bioinformatics.cruk.cam.ac.uk/G4Hunter/). The software was set for a window 139 

size of 25 nucleotides and a threshold score ≥1.2 (G4H score). This value appears as a 140 

reasonable compromise to minimize the number of false negatives and false positives. 141 

Higher scores correspond to sequences more likely to form stable G4s (high guanine 142 

content) [33]. To design control sequences (mutants) we employed the G4Killer Web tool 143 

(https://bioinformatics.ibp.cz/#/analyse/g4-killer). 144 

In addition, we performed a multiple sequences alignment of B-MYB promoter regions 145 

of several primate species. Sequences were taken from Ensembl Genome Browser 146 

http://genome.ucsc.edu/index.html
https://bioinformatics.cruk.cam.ac.uk/G4Hunter/
https://bioinformatics.ibp.cz/#/analyse/g4-killer
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(http://www.ensembl.org/index.html; EMBL-EBI, Wellcome Genome Campus, Hinxton, 147 

Cambridgeshire, UK;  [34]) and subsequently aligned using Clustal Omega webtool 148 

(https://www.ebi.ac.uk/Tools/msa/clustalo/; EMBL-EBI, Wellcome Genome Campus, 149 

Hinxton, Cambridgeshire, UK). The promoter region alignment and conservation were 150 

visualized using Jalview v2.11.2.6 software [35] and were used to generate the LOGO 151 

consensus plot of the G4 prone sequence region in aligned sequences using the 152 

WebLogo 3 tool [36]. The analyses of B-MYB expression and epigenetic profiles were 153 

carried out using the GEPIA database [37] and the Factorbook database 154 

(https://www.factorbook.org/), respectively.  155 

Additionally, we performed a prediction of the transcription factor binding sites thanks to 156 

the PROMO software applying default parameters (https://alggen.lsi.upc.es/cgi-157 

bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3) and analyzed the gene expression 158 

profiling of proto-oncogenes [37]. 159 

 160 

2.3. Förster resonance energy transfer (FRET) experiments 161 

 162 

2.3.1. FRET-melting competition (FRET-MC)  163 

FRET-MC assay was performed as described [38]. Experiments were carried out in a 164 

CFX Connect™ Real-Time PCR instrument (Bio-Rad, CA, USA), equipped with a FAM 165 

filter (λex = 492 nm; λem = 516 nm), using 96-well plates and a working volume of 25 µL. 166 

Each well contained 0.2 µM of F21T fluorescent oligonucleotide in the presence or 167 

absence of 0.4 µM G4 ligand (PhenDC3) and 3 µM competitors. All solutions were 168 

dissolved in K10 buffer, and each condition was tested on three separate plates. 169 

Equipment was parametrized to record FAM emission and make a stepwise increase of 170 

0.5 °C every 1 min from 25 °C to 95 °C. The obtained curves were normalized and fitted, 171 

applying a Boltzmann model, using OriginPro2021 software (OriginLab, Massachusetts, 172 

USA) to determine the melting temperature (Tm). ΔTm is calculated by the difference in 173 

Tm of F21T in the presence of a competitor and the absence of PhenDC3.  174 

To classify and quantify the competition effect of competitors, the S Factor was 175 

calculated following Equation (1). 176 

S	factor = 	 ΔTm	of	F21T	with	competitors
ΔTm	of	F21T	alone

                                   Eq. (1) 177 

 178 

http://www.ensembl.org/index.html
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.factorbook.org/
https://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3
https://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3


7 
 

Strong competitors give a S factor value around 0 while S remains close to 1 for 179 

ineffective competitors. 180 

 181 

2.3.2. Isothermal-FRET (iso-FRET) assay 182 

The isothermal competition experiment was performed in 96-well plates as reported [39]. 183 

Each well contains a final concentration of 200 nM 37Q, 5 μM competitor, 1 μM 184 

PhenDC3, and 20 nM F22 in a total volume of 25 μL. For this assay, the samples were 185 

not pre-denatured and diluted in K20 buffer. Briefly, we mixed 5 μL of competitor (2.5 186 

μM) with 5 μL of 37Q (1 μM) and 10 μL of PhenDC3 (2.5 μM). The blend was then mixed 187 

and incubated for 5 minutes. After this time, 5 μL of F22 (100 nM) and 5 μL of K20 buffer 188 

were added. Additionally, controls were also performed with F22 in the presence or 189 

absence of 37Q and with G4 and non-G4 forming sequences. Before reading, plates 190 

were kept in an incubator at 37 °C and the fluorescence signal was measured using a 191 

TECAN Infinite M1000 Pro plate reader (Salzburg, Austria).  192 

We calculated the F factor using the OriginPro2021 software (OriginLab, Massachusetts, 193 

USA) with Equation (2) and fluorescence intensities were plotted. The F value 194 

parameter is calculated from the fluorescence intensities (FI); it reflects the extent to 195 

which a competitor affects F22-37Q hybridization in the presence of PhenDC3. 196 

F	value = 	 !"!"#$%&'&"()	$	!"*++	-	./0	12$3%4
!"*++	$!"*++	-	./0	12$3%4

                                   Eq. (2) 197 

 198 

The global alignment analysis function, based on Needleman-Wunsch algorithm, of 199 

NCBI database (https://blast.ncbi.nlm.nih.gov/Blast.cgi; National Center for 200 

Biotechnology Information, Maryland, USA) was used to calculate the CF factor 201 

(Equation (3))  and confirm possible complementarity among competitors and F22 202 

(Table S1). Analysis was performed using the following parameters:  NUC4.4 scoring 203 

matrix, gap and extension penalty of 10.0 and 0.5, respectively.  204 

CF	factor = 	%&'()*+	,-	(.+)	/.0*+	)1/)23)4	05	(!7789,'/)303,*	4&/:)1)
<)5=3>	!77	

                 Eq. (3) 205 

 206 

2.4. Fluorescence light-up probe assays 207 

For these assays, the fluorescence signal of probes was measured using a TECAN 208 

Infinite M1000 Pro plate reader (Salzburg, Austria). ThT (Thioflavin T) and NMM (N-209 

methyl mesoporphyrin IX) were excited at 420 nm and 380 nm and fluorescence signals 210 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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were recorded at 490 nm and 610 nm, respectively. Before reading, the plate was shaken 211 

for 5 min and incubated for 10 min at room temperature. Each well contained 52 µl of 212 

K100 buffer, 40 µl of oligonucleotide (final concentration of 3 µM) and 8 µl of probe (final 213 

concentration of 2 µM). The ligand had be the last component to be added to the mixture. 214 

Experiments were repeated in three different 96-well black plates using positive or 215 

negative controls using different sequences (G4s with different topologies and duplexes). 216 

 217 

Circular dichroism spectroscopy 218 

Using a Jasco J-1500 CD spectropolarimeter (Jasco, Japan), equipped with a multi-219 

holder and Peltier-type temperature controller, we recorded the CD spectra between 210 220 

– 350 nm (scanning rate of 100 nm/min, 0.5 nm bandwidth, 1 s integration time over 4 221 

averaged accumulations). Samples were typically annealed in K100 buffer (or other 222 

working buffers when specified) and scanned using high-precision quartz cuvettes (ref. 223 

115B-10-40 Hellma Analytics, Germany; path-length 10 mm × 2 mm). Final sample 224 

concentrations were adjusted for each oligonucleotide to reach an absorbance value 225 

close to 0.8, following the Lambert-Beer equation and considering ε. Obtained data was 226 

smoothed and converted to molar dichroic absorption (Δε), through Equation (4): 227 

Δε = 	 ?
@7ABC	×	2	×	:

                 Eq. (4) 228 

 229 

where θ is ellipticity in millidegrees, c is the oligonucleotide concentration (mol L-1) and l 230 

is the path of the length in cm. Additionally, the conformation index r was calculated 231 

following Equation 5, as reported by Chen et al. [40]: 232 

𝑟 = 	 9E+56
|9E+56|	8	9E+78	

               Eq. (5) 233 

 234 

where CD265 and CD290 are the molar dichroic absorption of peaks. Parallel, hybrid and 235 

antiparallel conformation have 1 > r ≥ 0.5, 0.5 > r > 0 and r < 0, respectively. 236 

In CD-melting experiments, we monitored the ellipticities at 240, 260 and 290 nm as a 237 

function of temperature, in the range of 20 to 100 °C, with a rate of 1°C/min. Using the 238 

OriginPro2021 program, data were normalized into fraction folded (f) plots, according to 239 

Equation (6), and fitted to a Boltzmann distribution to determine the Tm value. 240 

 241 

f = 	 9E$9E9
#':

9E9
#;4$	9E9

#':                 Eq. (6) 242 

 243 
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UV-Vis spectroscopy 244 

All UV-Vis experiments were performed using a Cary 300 double-beam 245 

spectrophotometer (Agilent Technologies, France) equipped with a thermostable 6-cell 246 

holder and a high-performance peltier temperature controller (Agilent Technologies, 247 

France). Absorbance spectra were recorded in 1 cm pathlength quartz cuvettes (115B-248 

QS, Hellma Analytics, Germany) between 220 and 340 nm with a scan rate of 300 249 

nm/min, 0.5 nm data intervals, 0.05 s of integration time and automatic baseline 250 

correction. For all experiments, the oligonucleotides were used at a 3 μM concentration. 251 

In thermal difference spectra (TDS) oligonucleotide solutions were annealed in K100 252 

buffer and we recorded the spectra at 20ºC (folded state). Then the temperature was 253 

increased to 95ºC and a second spectrum was recorded after 15 min of equilibration 254 

(unfolded state). TDS corresponds to the arithmetic difference between the spectra in 255 

folded and unfolded conditions (20ºC and 95ºC, respectively) [41,42]. The resultant 256 

spectra were normalized relative to the maximum absorbance and TDS factors were 257 

calculated [43,44]. 258 

For isothermal difference spectra (IDS) oligonucleotide solutions were annealed in 10 259 

mM LiCaCo pH 7.2 buffer as previously described. Firstly, we acquired a first spectrum 260 

without potassium cation at 25ºC (unfolded), and then a second after adding this cation 261 

(presumably folded). For this last step, 1 M KCl was added directly into the cuvette to 262 

obtain a final concentration of 100 mM and equilibrated for 30 min before recording. 263 

Spectra were corrected for dilution. IDS corresponds to the arithmetic difference between 264 

the spectra in the unfolded and folded states (in the absence and presence of cation, 265 

respectively). 266 

In the UV-melting assay, we recorded the variations of absorbance at 295 nm as a 267 

function of temperature. Oligonucleotides were prepared in K10 buffer and first heated 268 

to 95 °C for 15 min. The absorbance was recorded at distinct wavelengths using a cycle 269 

composed of cooling down to 10 °C at a rate of 0.2 °C/min. followed by heating to 95 °C 270 

at the same rate [45]. Melting temperatures were determined. Assuming a two-step 271 

melting process, thermodynamic parameters were calculated (Equation (7)) [46,47]. 272 

Δ𝐺-,:4° =	−𝑅𝑇 ln(𝐾H) = 	Δ𝐻-,:4° − 𝑇Δ𝑆-,:4°   Eq. (7) 273 

Using the ΔG°fold vs T plot was extracted from the slope and interception the values of 274 

enthalpy ΔH° and entropy ΔS° of folding. 275 

 276 
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Nuclear Magnetic Resonance (NMR) spectroscopy 277 

1H NMR spectra were recorded using a 600 MHz Bruker Avance III spectrometer (Bruker 278 

Corporation, Massachusetts, USA), operating at a 1H Larmor frequency of 600.10 MHz, 279 

equipped with an inverse detection triple-resonance z-gradient QCI cryoprobe. We 280 

applied the zgesgp water suppression pulse sequence using the next parameters: 32 K 281 

data points, relaxation delay of 2 s and 1024 scans for a spectral width of 12.019 Hz 282 

centered at the water resonance. 283 

All samples (50 µM of oligonucleotide) were acquired at 25ºC in LiCaCo buffer 284 

supplemented with 10% (v/v) D2O (Eurisotop, France). In salt titration experiments, 285 

increasing amounts of KCl 1M were directly added into the 3 mm tube and performed 286 

the annealing. Additionally, we studied the topological conversion analyzing the spectral 287 

changes with temperature (20 ºC and 37 °C). 288 

Data were processed and analyzed using Bruker TopSpin4.1. software and chemical 289 

shifts (δ) were measured in ppm. 290 

 291 

Size-Exclusion Chromatography (SEC) 292 

SEC experiments were conducted with an AKTA FPLC (GE Healthcare Life Sciences, 293 

USA) equipped with a ThermoAcclaim SEC-300 column (4.6 × 300 mm; 5μm hydrophilic 294 

polymethacrylate resin spherical particles, 300 Å pore size; ref. 079723; Thermo 295 

Scientific™, Massachusetts, USA) at 20 °C according previously reported [48]. 296 

Equilibration was performed before the first injection (with at least three column volumes, 297 

i.e. 15 ml). Oligonucleotides were annealed in elution buffer (Tris-HCl 50 mM pH 7.5 298 

supplemented with 100 mM KCl) and eluted at 0.150 ml/min rate. Eluted species were 299 

monitored by the absorbance at 260 nm and then chromatograms were processed 300 

(normalized to 0-1) and plotted in OriginPro2021 using the relative elution volume Ve/V0 301 

(Ve is the elution volume and V0 is the dead volume). 302 

 303 

Native Polyacrylamide gel electrophoresis 304 

Native polyacrylamide gel electrophoresis (PAGE) was used to check the ability of 305 

sequences to adopt a folded structure. For this experiment, a 20% polyacrylamide gel 306 

supplemented with 100 mM KCl was cast and pre-run for 30 min before loading. 307 

Oligonucleotides were first diluted in water at 2 μM and heated for 5 min at 95ºC, followed 308 

by the addition of buffer (20 mM LiCaco and 200 mM of KCl). Subsequently, samples 309 
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were heated at 90ºC for 5 min and slowly cooled down to room temperature. G4 forming 310 

sequences and mutated sequences were mixed with sucrose (Sigma-Aldrich, MO, USA) 311 

until reaching a final concentration of 15% sucrose, 20 mM LiCaco, 100 mM KCl and 1 312 

µM DNA. As a control, single-stranded oligothymidylate markers, 9 to 57 nucleotide-long 313 

(dT9, dT15, dT22, dT30, dT45 and dT57) were also loaded on the gel.  314 

The loaded gel was run in a vertical electrophoretic cell Mini-Protean II (BioRad, 315 

Hercules, CA, USA) at a temperature of 4ºC (110 V, 210 min). After running, the gel was 316 

stained with 2.5 µM of NMM for 30 minutes under continuous and gentle agitation and 317 

visualized in ChemiDoc XRS+ (BioRad, Hercules, CA, USA). Lastly, the gel was stained 318 

with 1X SYBR Gold during 20 min before visualization in ChemiDoc XRS+. Each gel was 319 

briefly washed with water before reading.  320 

 321 

G4access 322 

The G4access was applied according to the protocol recently described by Esnault et al. 323 

[33]. Briefly, K562 (human myelogenous leukaemia), Raji (human Burkitt's lymphoma) 324 

and HaCaT (spontaneously immortalized human keratinocyte)  cell lines were cultured 325 

in RPMI 1640 or DMEM medium supplemented with 10% heat-inactivated fetal bovine 326 

serum, 100 units/mL penicillin, and 100 μg/mL streptomycin at 37°C in a humidified 5% 327 

CO2 incubator. 328 

Prior to MNase digestion, the nuclei were purified and refined using a sucrose cushion. 329 

The nuclei were resuspended in MNase digestion buffer. Prewarmed MNase reaction 330 

buffer supplemented with MNase (Merck, 10107921001) was then added. Samples were  331 

MNase digested for 10 minutes at 37ºC, stopped on ice and by addition of EDTA and 332 

SDS lysis buffer. Before DNA purification, the samples were lysed for two hours at 37 ºC 333 

using 5 μL of RNAse A (ThermoFisher, EN0531) and for two hours at 56 ºC using 8 μL 334 

of proteinase K (Euromedex, 09-0911). The samples were cleaned up using the 335 

QIAquick PCR Purification Kit (QIAGEN, 28106) and assessed using agarose gels and 336 

the Bioanalyzer 2100, in order to guarantee the quality of the MNase digestions. Size 337 

selection was applied using a 4–20% polyacrylamide NovexTM TBE gel (ThermoFisher, 338 

EC6225BOX) in order to select fragments smaller than 100 bp. Segments ranging from 339 

0 to 100 bp were extracted from the gel, eluted in water, and purified using an Agilent 340 

5185–5990 0.22 μm spin filter. DNA libraries were prepared from the size-selected 341 

fragments from MNase digestions that contain approximately 30% of mono-342 

nucleosomes. Using a starting material of 50 ng, paired-end libraries were prepared 343 

using the NEBNext® UltraTM II DNA Library Prep Kit for Illumina (New England Biolabs, 344 
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E7645S). Libraries were sequenced using paired 75 bp reads (Raji), paired 50-30 bp 345 

reads (K562 cells), or paired 76 bp reads (HaCaT cells) using an Illumina NextSeq-500 346 

Sequencer. Datasets were aligned with Bowtie2 and analysed using PASHA (version 347 

0.99.21) R (version 3.3.1) pipeline. Aligned reads were elongated in silico to create 348 

wiggle files. 349 

  350 
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RESULTS AND DISCUSSION 351 

Proto-oncogenes are essential for normal cell homeostasis; however, their conversion 352 

into oncogenes plays a pivotal role in cancer. One example is the B-MYB oncogene that 353 

encodes a transcription factor abnormally overexpressed in cancer and associated with 354 

the occurrence and development of malignant tumors. Due to the undruggable profile of 355 

the B-MYB transcription factor, it is necessary to develop new and efficient therapeutic 356 

approaches. 357 

One proposed approach is to attack upstream pathways, i.e., before the expression of 358 

the transcription factor, namely before transcription. For this, we can take advantage of 359 

the sequence bias found in oncogene promoters near their TSS, that potentially allows 360 

the formation of G4. This quadruplex can act as a binding site for small molecules, 361 

leading to the repression of transcription and consequently the inhibition of downstream 362 

pathways. Multiple examples in the literature testify to the importance of G4 in promoter 363 

regions for the regulation of transcription processes in cells. 364 

 365 

Bioinformatic analysis 366 

The B-MYB gene (ID 4605) is located on locus 20q13.12 of chromosome 20. 367 

Interestingly, this is the chromosome with the higher ratio of G4-positive genes per 368 

chromosome [32]. We started by analyzing the human promoter region of the B-MYB 369 

proto-oncogene to evaluate its ability to form G4 structures. This analysis was performed 370 

with the G4 Hunter algorithm that considers G-richness and G-skewness of a given 371 

sequence and provides a score (G4H score) as an output [29]. This scoring is calculated 372 

taking into account the nucleotide nature of the sequence and the running length of G. 373 

More stable quadruplexes are correlated with higher G4H scores [33]. The evaluation 374 

was carried out using standard parameters namely, a window size of 25 nucleotides and 375 

a threshold score of 1.2, which is considered a reasonable compromise to identify G4-376 

prone motifs in vitro and maximize accuracy (i.e., minimize the fraction of false negatives 377 

and false positives) [29].  378 

The predicted G4 sequences with their G4H score and location are summarized in 379 

Figure 1 and Table S2. The algorithm revealed 4 sequences (B-MYB 26, B-MYB 25R, 380 

B-MYB 26RA and B-MYB 43) among which B-MYB 43 shows the highest score (G4H 381 

score = 2.14) while the other motifs give G4H scores near the threshold value. In the 382 

case of B-MYB 43R, due to its high score and length, shorter sequence derivatives, B-383 

MYB 25RC and B-MYB 22R, were designed. Both sequences exhibit high G4H scores 384 
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(2.94 and 2.91, respectively), even higher than the one determined for the “mother” 385 

sequence. The presence of four runs of at least four guanines in these short 386 

oligonucleotides should allow the formation of very stable quadruplexes, as exemplified 387 

for the G5AG4TACAG4TACAG4 motif found in Dictyostelium [49]. 388 

Figure 1. Schematic representation and location of G-quadruplex forming motifs in the promoter 389 
region of the B-MYB proto-oncogene. The prediction of putative G4 structures was performed 390 
using the G4Hunter algorithm. Several sequences were identified on both stands with distinct 391 
G4H scores. G-tracks are shown in bold characters. 392 

 393 
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Continuing with bioinformatics analysis, we observe that B-MYB is highly expressed in 394 

lung cancer (Figure 2A), as consistently described in the literature [7,14,17,26,27], 395 

emphasizing the relevance of this oncogene. Comparing the relative gene expression of 396 

B-MYB  with other transcription factors of the same family, namely A-MYB and C-MYB, 397 

a clear overexpression was evidenced for lung cancer. In addition, elevated levels of B-398 

MYB have been associated with advanced tumor stages and poor prognosis  [5,50,51]. 399 

Thus, overexpression of B-MYB may contribute to the progression of lung cancer by 400 

promoting the survival and growth of cancer cells. 401 

 402 

Figure 2.  Bioinformatic analysis of expression of MYB genes in lung cancer. Relative expression 403 
and overall survival in MYB gene family obtained thanks to the GEPIA database, in lung cancer 404 
diseases (LUAD – lung adenocarcinoma; LUSC - Lung squamous cell carcinoma) and compared 405 
with healthy individuals. Comparison among A) A-MYB B) B-MYB and C) C-MYB proto-406 
oncogenes. 407 

 408 

Additionally, the analysis of epigenetic profiles can provide an additional clue on the 409 

biological relevance of this gene. Histone changes are useful epigenetic markers of the 410 

chromatin condition linked to either repression or activation of genes. Usually, actively 411 

transcribed genes are marked by trimethylated H3K4 (H3K4me3) and acetylated H3K27 412 

(H3K27ac) in TSS [52]. Analyzing the epigenetic data, taken from the FactorBook 413 
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database (https://www.factorbook.org/), we verified an enrichment in H3K4me3, 414 

H3K4me2 and H3K27ac marks, as demonstrated by the peak intensity density 415 

distribution around its TSS (Figure S1). Thus, we observed a correlation between the 416 

higher expression of B-MYB in cancer patients, when compared to normal tissues, and 417 

the epigenetic profile of histones that reveal an activation mechanism of the gene. 418 

 419 

Figure 3. Bioinformatic analysis of the promoter region of the B-MYB gene. A) Phylogenetic tree 420 
of B-MYB promoter region between Human and primates. B) Logo representation of putative G4 421 
sequences after multiple alignment of primate sequences. 422 

 423 

https://www.factorbook.org/
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After the identification of putative G4 sequences in the B-MYB promoter and expression 424 

analysis, we performed a multiple sequence alignment of the promoter region of the B-425 

MYB gene against the sequencing data reported for primates (List S1-S24). The 426 

promoter sequences were downloaded from the Ensembl Genome database and aligned 427 

using the Clustal Omega webtool. The phylogenetic tree evidenced a close relationship 428 

between Homo sapiens and Pan paniscus followed by Gorilla gorilla gorilla and Pongo 429 

abelii (Figure 3A) in light of functional, structural, and evolutionary relationships [53,54]. 430 

The data also showed good conservation of the promoter, including in the region of the 431 

identified putative G4s (Figure S3-S4). Sequence logos quickly reveal important aspects 432 

of this alignment, as depicted in Figure 3B. They also offer a deeper and more accurate 433 

representation of sequence similarity than consensus sequences and the height of each 434 

letter is proportional to the observed frequency [36]. The logos are only considering the 435 

template sequence of the promoter. Comparing all the studied sequences, we observed 436 

that B-MYB 25R is the most conserved along 24 primate’s species, followed by B-MYB 437 

26RA and B-MYB 43R. 438 

Transcription factor binding sites often overlap or are located near putative G4s [55,56] 439 

and functionally active quadruplex motifs are often associated with one or more 440 

transcription factors [56]. Also, other evidences demonstrate that the transcription 441 

regulation by G4 can be influenced by the recruitment of transcription factors [55,57–60]. 442 

Therefore, G4 structures can be considered as novel epigenetic regulators of the 443 

transcription machinery, working in concert with their associated transcription factors to 444 

generate cell-specific transcriptional programs [57]. Taking this into consideration, we 445 

performed a prediction of the transcription factor binding sites, thanks to the PROMO 446 

software (https://alggen.lsi.upc.es/cgi-447 

bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3) [37]. The program predicted the 448 

existence of 71 distinct transcription factors binding sites in the analyzed promoter region 449 

of 2000 nucleotides. We observed an increased density of binding sites close to the TSS. 450 

Considering only the regions capable of forming G4 structures, we identified possible 451 

transcription-binding sites (Figure S4), also detailed for each G4 region in Table S3. 452 

From all predicted transcription factors, we noted the presence of the Sp1 transcription 453 

factor, which is extensively described as the most significantly represented in G4-folded 454 

sequences. Sp1 is a zinc finger transcription factor that binds specifically to GC-rich 455 

motifs, such as the consensus sequence 5'-GGGCGGGG-3', commonly found in the 456 

promoter regions of a wide range of genes [56]. This consensus it is also observed in 457 

the B-MYB 43R sequence. It functions as a transcriptional activator or repressor, 458 

depending on the context and the target gene. This effect is dependent on the behaviour 459 

https://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3
https://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3
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among them, namely if they exert (i) cooperative regulation (facilitate the formation or 460 

stabilization of G4, thereby enhancing transcriptional activation) or if they have (ii) 461 

antagonist interaction (the presence of G4 may hinder the recruitment of Sp1, thereby 462 

modulating gene expression negatively) [61]. 463 

 464 

 465 

Experimental evidence of G4 forming motifs 466 

High throughput G4-specific probes 467 

After the identification of putative G4 forming motifs in B-MYB proto-oncogene and 468 

analysis of conservation among primates, we wanted to experimentally confirm G4 469 

formation in vitro using a combination of techniques [62]. 470 

A biophysical examination was carried out combining distinct methods to validate G4 471 

formation. We first analyzed the fluorescence emission of G4-specific probes [41], 472 

namely N-methyl mesoporphyrin IX (NMM) [63] and Thioflavin T (ThT) [64] (Table S2). 473 

Upon binding to G4s, these dyes emit a strong fluorescence signal. The results are 474 

depicted in Figure 4, in which positive (e.g., 46AG, 26CEB, C-MYC) and negative (e.g., 475 

ds26, hp2) controls were also added for comparison.  476 

 477 

Figure 4. Light-up fluorescence experiments using A) NMM and B) ThT G4 probes. The chemical 478 
structures of the molecules are represented in each panel. For both assays, an increase in 479 
fluorescence happens in the presence of a sequence adopting a G4 fold. Negative controls are 480 
colored in red, positive controls in green and the tested sequences in blue. 481 

 482 
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The results show, in a general way, distinct behaviours for NMM and ThT which can be 483 

explained by the nature and properties of these two ligands. 484 

The NMM results (Figure 4A) evidenced, in a first look, an important fluorescence only 485 

in the presence of the B-MYB 43R sequence and its designed derivatives (B-MYB 25RC 486 

and B-MYB22R). This result not only provides evidence for G4 formation but also gives 487 

clues on topology, as NMM prefers parallel G4 and tend to have higher fluorescence 488 

levels in the presence of parallel-stranded structures [63]. 489 

In contrast, the ThT results (Figure 4B) tell a different story. The fluorescence profiles 490 

vary among G4 structures, even in the positive control group. The signal emission is 491 

dependent on the binding mode of organic molecules to the oligonucleotide and, in some 492 

cases, can lead to positive and false negative results [64]. From the obtained data, we 493 

can infer the ability of all sequences identified in the B-MYB promoter to form a G4, 494 

except for B-MYB 25R, which shows a low fluorescence level compared to all positive 495 

controls.  496 

Proceeding with biophysical evaluation, and continuing with high throughput 497 

approaches, we then performed FRET-based experiments, namely employing the 498 

recently described FRET-MC [38] and iso-FRET [39] methods. Both methods allow the 499 

multiplex testing of sequences in parallel and results are presented in Figure 5. 500 

 501 

Figure 5. Evidence of formation of G4 structures by B-MYB sequences in promoter region using 502 
FRET experiments. A) FRET-MC assays show the formation of G4 in B-MYB 43R and derivative 503 
sequences (B-MYB 25RC and B-MYB 22R), also corroborated by S factor. B) iso-FRET results 504 
of sequences under study and controls performed at 37ºC. Negative controls are colored in red, 505 
positive controls in green and the tested sequences in blue. 506 

 507 
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The FRET-MC assay is based on the ability of the tested sequence to act as a competitor 508 

for the well-known PhenDC3 G4 ligand [65]. If the competitor is able to form a G4, it will 509 

trap the compound, leading to a noticeable decrease in ligand-induced stabilization (ΔTm) 510 

of the dual-labeled telomeric G4-forming probe (F21T) [38]. 511 

As demonstrated by Figure 5A, the only sequences demonstrating efficient competition 512 

were B-MYB 43R, B-MYB 25RC and B-MYB 22R, as shown by a strong reduction in ΔTm 513 

and an S Factor value around 0. For the other sequences, the same effects were not 514 

observed. Nevertheless, we cannot categorically exclude G4 formation, as it is important 515 

to notice that the main limitation of the FRET-MC method is its inability to detect unstable 516 

quadruplexes, having a low thermal stability. In that case, at the temperature where F21T 517 

begins to melt, these unstable G4s are “seen” as single strands, as previously reported 518 

for other well-known low stability G4s [38]. 519 

To overcome this limitation, a new method was developed employing an isothermal 520 

version of the competition assay called iso-FRET [39]. In the same way, G4-forming 521 

competitors act as decoys and capture the PhenDC3 ligand, preventing it from binding 522 

to the 37Q probe. This in turn leads to the hybridization to the FAM-labeled short 523 

complementary C-rich strand (F22), resulting in fluorescence quenching. On the other 524 

hand, if the competitor does not form a G4, it cannot act as a trap, and PhenDC3 remains 525 

bound to 37Q, preventing the formation of the F22 + 37Q complex. In addition to the 526 

studied sequences, negative control and positive controls were used for comparison. A 527 

potential caveat of this assay is a partial complementarity of competitors with F22, which 528 

was checked by calculating the CF Factor (Table S1). All the competitors showed values 529 

lower than 0.68, meaning that the assay could be used [39]. 530 

All iso-FRET experiments were performed at physiological temperature (37ºC). The iso-531 

FRET results (Figure 5B) show that all sequences from the B-MYB promoter form a G4, 532 

except B-MYB 25R, as evidenced by fluorescence intensity and F Factor values. The 533 

standard F Factor values are defined according to the temperature that assay was 534 

performed [39]. F values below 0.27 are characteristic of a G4 competitor, above 0.54 535 

correspond to non-G4 forming samples while values in between correspond to unknown 536 

structures. One more time, we found no clear evidence of G4 formation for the B-MYB 537 

25R sequence, in agreement with previous results. 538 

The secondary structure of these sequences was then checked by CD spectroscopy. 539 

This technique has the potential to discriminate among G4 topologies as different G4 540 

structures exhibit various CD spectra [66,67]. Parallel G4 conformations exhibit a positive 541 

band at 260−265 nm and a negative band at 240−245 nm, while antiparallel G4 542 
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structures display a positive band around 290−295 nm and a weaker negative band at 543 

260−265 nm. Finally, hybrid topologies present a positive band at 290 nm, a negative 544 

band at 240 nm and a shoulder around 270 nm.  545 

To access the formation and G4 conformation the putative G4 sequences were annealed 546 

in a K100 buffer and spectra were acquired. The CD spectra for all sequences in the 547 

study are presented in Figure 6. As a general tendency, the B-MYB G4 sequences 548 

showed the ability to assemble into a G4 structure with distinct conformations (parallel 549 

and antiparallel), except for B-MYB 25R (described in details below).  550 

 551 

Figure 6. Circular dichroism spectra of the G-rich sequences identified in the B-MYB promoter 552 
region. The spectra were acquired in K100 buffer at 20ºC. 553 

 554 

Analyzing each sequence in detail, the sequence B-MYB 26 demonstrated a mix of 555 

conformations including parallel (predominant) and antiparallel topologies as shown by 556 

the characteristic CD bands. Additionally, the effect of the nature of the cation was also 557 

evaluated by replacing 100 mM K+ by 100 mM of Na+. Results demonstrated the 558 

maintenance of spectral shape associated with a hypochromism of bands at 240 nm and 559 

290 nm (Figure S5A). 560 

In the case of the B-MYB 25R sequence, the spectrum was atypical, with some bands 561 

matching common features of G4 but also an unexpected band at 280 nm. To decipher 562 

this, experiments with different cations were carried out (Figure S5B). Results 563 

demonstrated no changes in the shape and significative alterations in CD signal, 564 

supporting that, despite the presence of bands suggesting G4 formation, the shape of 565 

the CD spectrum rather suggests the formation of Watson-Crick complexes, as observed 566 

for G/C rich heterogeneous DNA (e.g., 71 % with Sarcina Lutea DNA or 42% of Calf 567 
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Thymus DNA) or G/C rich oligonucleotides with G block at the 5´end, e.g., GGGGCCCC 568 

or GGCGCC [68]. This observation illustrates the potential limitation of CD analysis, 569 

arguing for combining several methods [62]. 570 

The B-MYB 26RA was the only one that displayed a CD spectra indicative of an 571 

antiparallel topology. Salt changes (replacing 100 mM of KCl by 100 mM NaCl) lead to 572 

an interconversion from the antiparallel to a hybrid topology (Figure S5C). We also 573 

observed a topology conversion from antiparallel to hybrid topology in response to 574 

temperature increases in the K100 buffer (Figure S6). 575 

Finally, B-MYB 43R and its derivative sequences (B-MYB 25RC and B-MYB 22R) all 576 

displayed a CD spectra compatible with a parallel topology (Figure 6) and a K+ 577 

dependency, as denoted by a hyperchromism with increasing cation concentration 578 

(Figure S7).  579 

All of these conclusions were supported by the quantitative conformation r index and are 580 

summarized in Table 1 [40,69]. This parameter is calculated as detailed in the 581 

methodology section and each r value is associated with a specific topology, namely 1 > 582 

r ≥ 0.5 for parallel, 0.5 > r > 0 for hybrid and r < 0 for antiparallel conformations. 583 

Using CD-melting experiments the thermal stability of oligonucleotides was evaluated by 584 

monitoring the characteristic G4 bands (Figure S8). For all the sequences the Tm values 585 

are listed in Table 1 and Table S4. While some Tm were close to the physiological 586 

temperature, three sequences, all derived from the same region just upstream of the 587 

TSS, exhibited strikingly higher Tm values, above 80°C. This contrasts with the Tm of the 588 

other sequences, between 43.2 and 58.7°C. We observed that the B-MYB 22R sequence 589 

presents the highest Tm (87.9°C). 590 

 591 

 592 

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 

 r index Topology Tm (ºC) 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 593 

TDS, respectively) to confirm the ability of identified sequences to form a G4 structure. 594 

Both methods are based on recording the spectra of unfolded and folded forms of the 595 

same sample and performing the arithmetic difference between the two [42]. The 596 

approaches differ in the variable responsible for the folding/unfolding process, namely 597 

temperature or presence of salt. Thus, the IDS method does not involve temperature 598 

variation (isothermal process), only salt addition as a driving force to induce folding, 599 

which can replicate the absorbance characteristics more accurately [44,45] and give 600 

distinct indicators of various structural conformations of DNA [29]. The IDS spectra are 601 

depicted in Figure 7A. The IDS spectra are indicative of G4 formation, as denoted by 602 

the hypochromism at 295 nm and 260 nm and positive bands at 240 nm, for all 603 

sequences with the exception of B-MYB 25. 604 

 605 

Figure 7. IDS and TDS spectra of B-MYB G-rich sequences. Both A) IDS spectra and B) TDS 606 
spectra were acquired in the K10 buffer. The spectra were obtained by calculating the arithmetic 607 
difference between the spectra in folded and unfolded states. 608 

 609 

In the case of TDS, the spectral shape captures the nuances of base stacking 610 

interactions that are specific to each kind of nucleic acid structure [42,43]. Given the high 611 

thermal stabilization denoted by CD-melting the spectra were recorded in K10 buffer to 612 

ensure unfolding at high temperature. The results are presented in Figure 7B and 613 

evidence G4 formation for B-MYB 43R, B-MYB 25RC and B-MYB 22R. This conclusion 614 

is supported by the bands at 245 nm, 273 and 295 nm that match the postulated 615 

characteristic values for G4 structures [42]. The intense hypochromic band at 295 nm 616 

(typical of the G4 topologies) is explained by the tetrads stacking in the folding and n→π* 617 

and π→π* transitions of bases [70]. As cation concentration plays an important role in 618 
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the folding and stability of G4 structures, we hypothesized that the absence of 619 

characteristic bands in the other sequences (B-MYB 26, B-MYB 25R and B-MYB 26RA) 620 

could be explained by the low potassium concentration chosen. We therefore repeated 621 

the assay in the K100 buffer and the corresponding TDS spectra (Figure S9) exhibited 622 

a faint negative band at 295 nm, possibly indicative of G4 formation. 623 

Additionally, we carried out UV-melting experiments at 295 nm and then performed a 624 

van't Hoff analysis to calculate the thermodynamic parameters [46,47]. We could only 625 

obtain exploitable melting profiles allowing van't Hoff analyses for sequences B-MYB 26, 626 

B-MYB 43R, B-MYB 25RC and B-MYB 22R (Figure S10). Assuming a two-state process 627 

and an intramolecular equilibrium, as suggested by the absence of a significative 628 

hysteresis between cooling and heating curves, we performed a thermodynamics 629 

analysis. The Tm values and thermodynamics parameters as listed in Tables S5-S6. 630 

Overall, the thermodynamic data suggest a spontaneous (at low temperatures) and 631 

strongly enthalpy-driven reaction for G4 formation.  632 

Finally, in order to once again validate G4 formation, NMR assays were carried out. This 633 

technique stands out for its atomic resolution and its ability to discriminate the type of 634 

bonds between nucleic acids. The 1H NMR experiments began with the KCl titrations to 635 

evaluate the effect of cation concentration on the G4 structure. For each titration point, 636 

a proper amount of KCl was directly added to the tube and the sample annealed as 637 

previously described. The spectra of the last titration point (100 mM of KCl) are depicted 638 

in Figure 8. One can observe the presence of two types of imino protons resonances: i) 639 

10-12 ppm characteristic from Hoogsteen pairing and ii) 12-14 ppm typical from Watson-640 

Crick bonds for all sequences, except B-MYB 25RC. In addition, the 1H NMR spectra 641 

show more or less well-resolved spectra with defined peaks and enable us to deduce 642 

that single conformations are present, except for B-MYB 43R that shows a broad 643 

spectrum, perhaps as a result of its long length. Aiming to understand the feasibility of 644 

structure formation at physiological temperature and access the effect of temperature in 645 

secondary structure, more spectra were acquired at 37ºC (Figure S11). Comparing the 646 

spectra at 20ºC and 37ºC allowed us to observe the maintenance of spectral shape, 647 

namely in the guanine imino proton region, for all sequences except B-MYB 26, B-MYB 648 

25R and B-MYB 26RA that exhibited a temperature-dependent behavior. 649 

 650 

 651 
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 652 

Figure 8. 1H NMR spectroscopy of B-MYB sequences in the study. The spectra were acquired in 653 
K100 buffer at 20ºC. Note the presence of two distinct sets of imino protons: 10-12 ppm 654 
characteristic of Hoogsteen bonds formation and 12-14 ppm typical for Watson-Crick pairing. 655 

 656 

Analyzing in detail the K+ titrations of B-MYB sequences (Figures S12-S17) we observed 657 

a general induction of G4 and the appearance of WC bonds signal upon salt addition, 658 

except for B-MYB 25R sequence that did not show any difference in imino signal along 659 

the titration (Figure S13). For this sequence, the spectral shape is maintained and gives 660 

us information about a robust fold independent of salt concentration or nature as 661 

confirmed by CD results (Figure S5B). This intriguing result can also support the 662 

presence of G/C-rich heterogeneous DNA, which is capable of establishing Hoogsteen 663 

bonds but not able to form a stable G4. Further experiments will be needed to decipher 664 

the structural behavior of the structure in response to the type of cation and 665 

concentration. 666 

For B-MYB 26RA, well-resolved Hoogsteen imino peaks only appear at high salt 667 

concentrations and WC imino signals are hugely altered, suggesting the pivotal role of 668 

cations for the structure (Figure S14). A similar stance is observed for B-MYB 43R 669 

(Figure S15). 670 
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After the spectroscopic evaluation of G4 formation in the promoter region of B-MYB 671 

proto-oncogene, we proceeded to the assessment of molecularity of G4 sequences 672 

throughout non-denaturing polyacrylamide gel electrophoresis (PAGE) and size-673 

exclusion chromatography (SEC). 674 

PAGE analysis was performed thanks to post-staining with a G4-specific light-up probe, 675 

NMM, followed by a general probe, SYBR Gold. During electrophoresis, G4 mobility is 676 

affected by the number of strands and topology, and it is possible to have direct evidence 677 

of G4 by the fluorescent probes, which bind and illuminate G4 bands [62]. For this 678 

experiment, mutated sequences (Table S1) were designed using the G4Killer algorithm 679 

(https://bioinformatics.ibp.cz/#/analyse/g4-killer) and were run parallelly to the B-MYB 680 

oligonucleotides in the study. The gel stained with an NMM light-up probe (Figure 9) 681 

evidenced a single band and a G4 formation only in sequence B-MYB 43R and 682 

derivatives B-MYB 25RC and B-MYB 22R, in agreement with previous data (NMM light-683 

up fluorescence studies). In the case of B-MYB 26RA, which forms a G4 with an 684 

antiparallel topology, we did not observe any NMM fluorescent band. This phenomenon 685 

can be explained by the preferential binding of NMM to parallel topologies, as previously 686 

detailed in fluorescence experiments. Mutated sequences did not lead to NMM 687 

fluorescent bands, as expected. SYBR gold was then used to stain and prove the 688 

presence of oligos in the gel (Figure 8). 689 

 690 

Figure 9. Detection of G4 by NMM or SYBR Gold staining after non-denaturing polyacrylamide 691 
gel electrophoresis (PAGE). Samples were placed onto a 20% non-denaturing acrylamide gel 692 
supplemented with 10 mM KCl after being prepared in a 50 mM Tris/HCl, pH 7.5, and 100 mM 693 
KCl solution. The gel was run at 4ºC. 694 

 695 

https://bioinformatics.ibp.cz/#/analyse/g4-killer
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While several independent methods allowed to demonstrate G4 formation, independent 696 

techniques are required to determine the molecularity of these structures, such as SEC. 697 

Compared to non-denaturing gel electrophoresis (PAGE), SEC allows us to evaluate the 698 

hydrodynamic volume of oligonucleotides, under their native settings and uses the 699 

absorbance signal to calculate the relative amount of each structure [62]. The obtained 700 

chromatograms are presented in Figure S19. From these results, we found that inter 701 

molecular complexes (dimers or tetramers) were observed for most oligonucleotides, 702 

with the exception of B-MYB 26 and B-MYB 26RA which are eluted as monomers. 703 

To easily understand all the biophysical information, all de data were summarized in 704 
Table 2. 705 

 706 

 707 

 708 

G4access evaluation 709 

After the bioinformatic identification of putative G4 sequences and our biophysical 710 

evaluation, it was also important to evaluate the in-cell relevance and formation of 711 

structures. For this, we employed the recently developed methodology called G4access 712 

[33] that is capable of isolating and sequencing G4s associated with open chromatin via 713 

nuclease digestion in an antibody- and crosslinking-independent manner. G4access 714 

allows the study of G4s and cellular dynamics and link this with chromatin opening, 715 

transcription, and their antagonism to DNA methylation. Taking all of these into 716 

consideration we took advantage of G4access data performed in three different cell lines 717 

(HaCat, Raji, K562) and we investigated the formation and conservation of G4s at the B-718 

MYB promoter region and around the TSS.  719 

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 
NMM ThT 

FRET-
MC 

Iso-
FRET 

CD IDS TDS NMR PAGE SEC Conclusion 

B-MYB 26 - + - ++ + + + + - intra G4 

B-MYB 25R - ? - ? ? ? - + - inter ? 

B-MYB 26RA - ++ ? ++ ++ + + + - intra G4 

B-MYB 43R ++ ++ ++ ++ ++ ++ ++ + + intra G4 

B-MYB 25RC ++ ++ ++ ++ ++ ++ ++ + + mix G4 

B-MYB 22R ++ ? ++ ++ ++ ++ ++ + + inter G4 



28 
 

 720 

 721 

 722 

 723 

 724 

 725 

 726 

 727 
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 734 

 735 

 736 

 737 

 738 

 739 

Figure 10. Assessment of G4 formation in living cells using G4access. G4access was performed 740 
in HaCaT, Raji and K562 cells. A genome browser view of G4access signal at the MYBL2 locus 741 
is shown (upper panel) and a zoom-in view depicts the signal at the B-MYB 25R, B-MYB 26RA 742 
and B-MYB 43R predicted G4 (lower panel). Only the peak at B-MYB 43R was called by MACS2 743 
as significant with a p-value<10-5. 744 

 745 

The results, presented in Figure 10, evidenced one reproducible and highly significant 746 

enriched G4 signal located 44 nucleotides upstream of the MYBL2 TSS, which 747 

corresponds to one of the quadruplex motifs predicted by G4Hunter (B-MYB 43R 748 

sequence; with a G4Hunter score above 2.0). Furthermore, no significant G4access 749 

peaks were matching the other predicted G4 sequences, which had a significantly lower 750 

G4Hunter score, associated with a much lower thermal stability. Thus, in cell G4 751 

formation was evidenced for the sequence with the highest Tm and highest G4H score. 752 
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For the other sequences, which form a G4 at 37 ºC in vitro, no noticeable G4access peak 753 

was found. This may indicate that the actual G4Hunter threshold for G4 formation is 754 

significantly higher in cells than in vitro with isolated oligonucleotides. The chromatin 755 

context and presence of the complementary sequence allowing stable duplex formation 756 

can prevent G4 formation for moderate G4H scores, at least in the absence of a G4 757 

ligand. Esnault et al. observed that G4s with low-to-medium in silico prediction scores 758 

were preferentially stabilized by the PDS ligand. This would argue that the actual 759 

threshold to be used for in-cell study may depend on the presence of G4 stabilizing 760 

factors altering the duplex-quadruplex equilibrium, potentially interfering with the 761 

hybridization of a complementary sequence. 762 

Overall, taking the in-cell results in consideration, we can hypothesize that while the 763 

optimal threshold for predicting G4 in ssDNA (such as for an aptamer) may be 1.2, as 764 

confirmed experimentally with the sequences analyzed in vitro here, in cell applications 765 

in a chromatin environment may require a higher threshold. 766 

Given the previously described relation between G4access signals at promoters and 767 

open chromatin, we investigated nucleosome density and positioning, RNA Polymerase 768 

(Pol) II recruitment around the G4access peaks at the B-MYB promoter region using 769 

published data sets. Clearly, in this area, the G4access signal that relates to the B-MYB 770 

43R G4 sequence correlates to nucleosome exclusion and strong Pol II recruitment 771 

(Figure S20), suggesting that this specific G4 could directly contribute to chromatin 772 

opening and transcription activation at this locus. This result is in agreement with the 773 

literature [33,71–73]. We propose that this G4 is formed prior transcription, while the act 774 

of transcription likely reinforces this G4 through the action of negative supercoiling as 775 

previously described at the global scale [33]. 776 

Regarding the methylation profile, the G4access peak close to TSS and surrounding 777 

areas are essentially unmethylated (Figure S20) and define a methylation valley. This 778 

data suggests that G4 formation in the B-MYB promoter antagonizes methylation (and 779 

vice-versa) and associates with nucleosome repositioning on DNA.  780 

Thanks to this information we gathered regarding the in cell formation of the identified 781 

G4 sequences in the promoter region of B-MYB oncogene, our study opens up a new 782 

perspective for the further functional study and evaluation of the biological role of this 783 

oncogene in cancer. We provide a strong demonstration of G4 formation in vitro thanks 784 

to the combination of an unprecendent number of independent methods. Even then, 785 

some ambiguity remains for one motif, B-MYB 25R. In any case, while more than one 786 

motif was shown to adopt a G4 fold, a single peak was found with G4Access, arguing 787 
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that only the most proximal G-rich sequence adopts a G4 conformation in cells. Future 788 

work will be needed to understand the contribution of G4 structures on B-MYB 789 

transcription.    790 

  791 
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CONCLUSION 792 

In conclusion, the identification of G4 structure in the B-MYB gene opens new 793 

perspectives to target this oncogene. Interestingly, while most predicted sequences were 794 

confirmed in vitro, only the most stable one, both in terms of G4Hunter score and thermal 795 

stability, was shown to be significantly formed in cells. This motif is also the one closest 796 

to the TSS, only -44 nucleotides away, therefore highly likely to have an impact on the 797 

transcription of this gene. Further studies will be required to understand the functional 798 

role of this G4 in B-MYB transcription. This work may later open up new ways for the 799 

appropriate design of G4 ligands to target this region, based on high-resolution structure 800 

determination of this quadruplex motif.  801 

 802 
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