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Abstract 

Post-transcriptional regulation of gene expression is influenced by RNA-binding proteins (RBPs) and 
small non-coding RNAs which bind to conserved mRNA sequences to modulate mRNA processing. 
These regulatory molecules effect the structural conformation of mRNAs, creating formations like G-
quadruplexes (G4s) which alter translation initiation and regulatory factor site accessibility. Recent 
studies have highlighted Nuclear factor erythroid 2-related factor 2 (NRF2) as a key regulator of 
cellular redox homeostasis and cellular response to oxidative stress. An intriguing feature of NRF2 is 
the structural formation of its 5’ untranslated region (UTR) which may promote or inhibit translation 
initiation depending on the cellular context. In this study with mini genes, we provide evidence of 
RNA G4s in NRF2 mRNA’s 5’ UTR regions under basal (no stress) conditions in vitro through EMSA 
and fluorescence spectra in the presence of pyridostatin. Understanding how structural motifs within 
NRF2’s 5’UTR regions influence mRNA function provides insights into a common molecular 
mechanism underlying diseases where NRF2 is dysregulated, like cancers, cardiovascular disease, 
and neurodegeneration, and highlights potential therapeutic avenues through regulation of NRF2. 

Keywords: nuclear factor erythroid 2 related factor; pyridostatin; RNA-binding proteins; G-
quadruplexes; 5’ untranslated regions; cancer 
 

1. Introduction 

The regulation of gene expression is a complex and finely tuned process, with messenger RNA 
(mRNA) playing a crucial intermediary role between DNA and protein synthesis (1). The structure 
of mRNA (2), including its 5’ untranslated region (UTR) (3), 3’ UTR (4), and coding region (5), is 
pivotal in determining the efficiency and timing of gene expression (6). While the coding region 
contains the information for protein synthesis (7), the 5’ and 3’ UTRs serve as key regulatory regions 
that influence mRNA stability (8), translation initiation (9), and post-transcriptional modifications 
(10). The 5’ UTR, located upstream of the coding sequence (11), is particularly important for 
regulating the initiation of translation (12), and often harbours elements like secondary structures (3), 
upstream open reading frames (uORFs) (13), and binding sites for regulatory proteins or small RNAs 
(14). Meanwhile, the downstream 3’ UTR typically influences an mRNA’s: stability (15), intracellular 
localisation (16), and degradation through elements like microRNA binding sites (17), or 
polyadenylation signals (18). Together these regions contribute to a dynamic regulation of gene 
expression that allows cells to adapt rapidly to changing conditions (19), coordinating the production 
of proteins essential for cellular function and survival. Understanding the features of UTR’s that 
facilitate post-transcriptional gene regulation will provide valuable insights into their potential 
implications in diseases during which these processes are often dysregulated, such as cancer (20) or 
neurological disorders (21). 

The Nuclear Factor Erythroid 2 Related Factor 2 (NRF2) gene plays a crucial role in maintaining 
cellular homeostasis by regulating several key signalling pathways including the antioxidant 
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response (22), detoxification processes (23), and cellular defence mechanisms against oxidative stress 
(24). Advancements in systems biology and molecular level multi-omics analysis, allow us to 
investigate the complex interactome between NRF2-related cellular signalling pathways and 
highlight its potential involvement in diseases from cancers (25) and cardiovascular disease (26), to 
neurodegeneration (20)(27). This has led to discussions regarding the benefits of NRF2 as a 
therapeutic target (21,28). Furthermore, a more complete understanding of NRF2’s activity and 
signalling interactome may inform on future personalised medicines (29,30). As a transcription factor, 
NRF2 activates the expression of various genes involved in protecting cells from damage caused by 
reactive oxygen species (ROS) (31), heavy metals (32), and other environmental stressors (33). Under 
normal ‘healthy’ conditions, NRF2 is sequestered in the cytoplasm through association with the 
Kelch-like ECH-associated protein 1 (Keap1) dimer, which facilitates ubiquitination and degradation 
of NRF2 via the Cullin 3-RING-box protein 1 complex (CUL3-RBX1) (33,34) (Figure 1a, top). 
However, under oxidative stress, ROS disrupt NRF2-Keap1 interactions, permitting the translocation 
of NRF2 into the nucleus (Figure 1a, bottom). Here NRF2 heterodimerises with small Maf (sMaf) 
proteins and binds to antioxidant response elements (AREs) within promoter regions of its specific 
gene targets, initiating the transcription of antioxidant and cytoprotective genes to counteract ROS 
(35,36) (Figure 1a, bottom). 

 

Figure 1. Schematic representation of a) the NRF2 signalling pathway in basal and oxidative stress response and 
b) the layered structure of RNA G-quadruplexes and general functions. 

The activity of NRF2 is not only regulated by signalling pathways (37) but also by the structural 
features of its mRNA (38). The most canonical structure of RNA molecules are double helices which 
are formed by Watson-Crick hydrogen bond patterns between base pairs. Alternative Hoogsteen 
hydrogen bond base pairings form in non-Watson-Crick patterns to form increasingly structured 
helixes such as triplexes and quadruplexes (39). The 5’ UTR of NRF2 mRNA, contains guanine-rich 
sequences that can form secondary RNA tetra-helical structures called G-quadruplexes (G4s) (40) (41) 
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(Figure 1b). The first step in forming a G4 is a G-quartet. This is formed by 4 guanine bases interacting 
via a combination of Hoogsteen and Watson-Crick hydrogen bonds, stabilised by a central 
monovalent cation (M+) (Figure 1b, top). The cation that forms the strongest interaction within the G-
quartet is potassium (K+), although other cations may also be centralised such as ammonium (NH4+), 
sodium (Na+), and lithium (Li+) which have increasingly weaker interactions (Figure 1b, right top) 
green text (42). Three stacked G-quartet layers with stable parallel topology, linked to loop regions, 
form the ultimate RNA G4 quadruplex structure (Figure 1b, middle). G4 forming G-rich regions 
found in many mRNAs, are characterised flanked by loop sequences (Figure 1b, bottom). G4s in other 
mRNA’s have been found to have many effects including an influence on translation through stability 
adjustment (43), accessibility for ribosome binding (44), and the efficiency of translation initiation 
(45). Here, results indicate the potential presence of such a G4 in the 5’UTR of NRF2’s mRNA and 
potential methods for investigating its function during different cellular conditions, and therapeutic 
avenues are discussed. 

The structural integrity of both the mRNA and the associated regulatory proteins plays a pivotal 
role in NRF2 activation (46). Changes in the RNA’s secondary structure (47), or in the interactions 
between RNA-binding proteins and the mRNA (48), can have profound effects on NRF2’s ability to 
respond to stress (49), affecting not only its activation but also its ability to regulate genes that control 
cellular defence mechanisms (50). NRF2’s role as a master regulator of several interacting cellular 
signalling pathways places it in a key position to be dynamically regulated by G4s which have been 
shown to be modulated under different cellular conditions, such as cellular stress (51). Such a 
mechanism would allow for controlled responses to environmental cues. Disruptions in the 
formation of NRF2’s structural elements have been shown to contribute to several diseases (25)(20). 
Thus, a more thorough understanding of how the structural formations in NRF2 mRNAs influence 
its regulatory role may open new possibilities for targeted therapeutic interventions. 

To investigate the presence of a G4 in the 5’ UTR of NRF2’s mRNA, a series of computational 
and experimental techniques were employed (52). Initially, a series of bioinformatics tools were used 
to predict whether these structural motifs exist within the NRF2 RNA sequence (53–56). To validate 
in silico predictions, we designed minigenes corresponding to the NRF2 mRNA’s 5’ UTR to assess 
the potential for G4 structural formations. We utilized an electrophoretic mobility shift assay (EMSA) 
(57), with a commonly used G4-specific antibody called 1H6 IgG (58) to investigate G4 formation. 
The EMSA is a fundamental technique involving the use of polyacrylamide gel electrophoresis 
(PAGE) to determine protein-nucleic acid interactions(59). Protein-nucleic acid complexes are larger 
than separate molecules so diffuse more slowly through the gel, hence if our minigenes interacted 
with the 1H6 antibody, they migrated less distance than unbound RNA. Next, we aimed to 
manipulate this interaction using pyridostatin (PDS) (60,61), a small molecule known to stabilize G4 
structures (62). The effect of PDS binding to the NRF2 5’ UTR was assessed by fluorescence emission 
spectroscopy (63). By quantifying the association of 1-50 µM of PDS with 1 µM of RNA, the 
disassociation constant (Kd) was calculated (64). The dissociation suggests how strongly two 
molecules interact and is given as a concentration (µM) at which a half the complex will separate into 
individual component molecules. Although, this Kd does not always directly relate to in vivo binding 
efficiency since local concentration, ligand accumulation, and cooperative effects can also enhance in-
cell associations. Here, the Kd was measured by plotting the fractions of RNA-complexed vs 
individual proteins and performing non-linear regression (65). The overall goal was to directly 
measure the formation and stabilization of RNA G4s in NRF2’s 5’ UTR and assess their potential 
functional relevance. 

2. Materials and Methods 

2.1. In Vitro Transcription and Purification of NRF2 5’ UTR RNA 

Three complementary bioinformatic structural analysis tools: RNAfold (66), QGRS Mapper (55), 
and G4Hunter (56), were used to assess the human NRF2 gene’s (Ensembl ID: ENSG00000116044) 
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5’UTR (NCBI RefSeq accession number: NM_006164.4) and investigate the presence of a G4 structure. 
The predicted G4 forming section (spanning nucleotides -197 to -158) was synthesized as two 
complementary DNA oligonucleotide sequences 5’-
GTGGGGCGGGAGGCGGAGCGGGGCAGGGGCCC 

GCCGGCG-3’and 5’-CACCCCGCCCTCCGCCTCGCCCCGTCCCCGGGCGGCCGC-3’ 
(Online Resource 1a). The two sequences were annealed in a 1: 1 molar ratio to form the DNA 
template for PCR (67). This PCR amplification was performed to generate the transcription template 
(minigene) for in vitro RNA synthesis and was performed using primers designed to incorporate the 
T7 RNA polymerase promoter sequence. This is a common molecular technique adapted from (68). 
The forward primer (5’-TAATACGTGGGGCGG-3’) contains the T7 promoter (TAATAC) sequence, 
and the reverse primer (5’-GCGGCCGCCCGGGGA-3’) is complementary to the end of the NRF2 5’ 
UTR G-rich region (Online Resource 1b). 

The transcription reaction was prepared to a 50 µL final volume including: 40 mM Tris-HCl pH 
7.5, 20 mM MgCl2, 10 mM NaCl, 2 mM spermidine HCl, 10 mM DTT, 4 mM rNTPs, 5% RNaseOUT 
(Invitrogen), 10 ng/µL PCR template, 5% T7 polymerase (1: 20 dilutions, homemade). The reaction 
was placed at room temperature for 10 minutes to allow for proper mixing, followed by incubation 
for 4 hours at 37 °C for transcription. After the transcription reaction, 1 unit of DNase I (Promega) 
was added for 30 extra minutes at 37 °C to degrade any remaining DNA template. Termination was 
achieved through a 10-minute 65 °C incubation. RNA was purified using an S-300 spin column (GE 
Healthcare), followed by a standard phenol-chloroform extraction to remove residual contaminants. 
RNA was precipitated at -20 °C for 30 minutes with 2.5 volumes of ethanol. Centrifugation created 
an RNA pellet which was collected, washed with 70% ethanol, and air-dried. The purified RNA was 
resuspended in RNase-free water and frozen in -80 °C. RNA concentration was assessed using a 
spectrophotometer by measuring absorbance at 260 nm. RNA fragments were determined pure with 
an A260:A280 ratio of approximately 2.0 according to the Thermo scientific Nanodrop 
spectrophotometer technical bulletin T042. Finaly, the integrity of the RNA was confirmed by 
electrophoresis at room temperature on a 1% agarose gel, ensuring the absence of degradation 
products (Online Resource 2a). 

2.2. 5’ End Labelling of RNA Oligonucleotides 

RNA oligonucleotides were 5’ end-labelled using a standard procedure with T4 polynucleotide 
kinase (PNK) (New England Biolabs) and [γ-32P] ATP (Perkin Elmer) (69). The labelling reaction was 
set up by combining the following components in a final volume of 20 µL at room temperature: 1× 
PNK reaction buffer (New England Biolabs), 2.5 µM RNA oligonucleotide template, 0.33 µM [γ-32P] 
ATP (specific activity: 3,000 Ci/mmol, 10 mCi/mL; Perkin Elmer), 10 U of T4 polynucleotide kinase 
(PNK) (New England Biolabs). The reaction was placed at 37 °C for 1 hour to allow for 
phosphorylation of the RNA 5’ end. Following incubation, the labelled RNA was separated by 
electrophoresis on a 15% denaturing polyacrylamide gel (6 M urea, 1× TBE buffer (89 mM Tris base, 
89 mM boric acid, 2 mM EDTA), and 15% acrylamide (19: 1 bisacrylamide) solution (Accugel)) for 3 
hours at 18 Watts. After electrophoresis, the band corresponding to the labelled RNA was excised 
from the gel. The RNA was then purified by ethanol precipitation. The gel slice was incubated with 
300 mM sodium acetate and centrifuged at 13,000 rpm for 15 minutes. The resulting pellet was 
washed with 200 µL of pure ethanol and dried under vacuum for 30 minutes. After purification, 
labelled RNA was resuspended in RNase-free water for subsequent experiments. 

2.3. Electrophoretic Mobility Shift Assay 

EMSA was adapted from experiments described in past papers (57). Here, DNase I-treated 5’ 
end-labelled NRF2 5’ UTR mRNA was denatured by incubating at 95 °C for 5 minutes, then slowly 
cooled to room temperature overnight. The pure RNA was then incubated with the 1H6 antibody at 
0, 1, 5, 10 µM concentrations. The RNA and antibody mixture was incubated at 30 °C for 10 minutes 
in a microtiter plate to allow for complex formation. For gel preparation, the RNA-antibody mixture 
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was combined 1: 1 with native bromophenol blue and xylene cyanol gel dyes with 50 mM Tris and 
50 mM Glycine. The samples were then added onto a 2.5% (w/v) native Low Melting Point (LMP) 
agarose (Invitrogen) gel in 1× Tris/Glycine buffer (50 mM Tris, 50 mM Glycine). Electrophoresis was 
performed at 4 °C at 80 V for 2.5 hours in 1× Tris-Glycine buffer. Following electrophoresis, the gels 
were compressed and dried overnight under vacuum. After drying, the gels were scanned using a 
Typhoon scanner with a phosphor imaging screen to visualize the labelled RNA. The scanned images 
were analysed and quantified using OptiQuant software to determine the size of RNA-antibody 
complexes and the relative binding efficiency at varying antibody concentrations. 

2.4. Fluorescence Assays 
Fluorescence assays and concentrations of reagents chosen were adapted from a previously 

described technique (63). In our experiment the mRNA fragment in-vitro transcribed in section 2.1 
(GTGGGGCGGGAGGCGGAGCGGGGCAGGGGCCCGCCGGCG), was prepared at a final 
concentration of 1 µM. This ensured reliable fluorescence detection and binding signal while 
maintaining physiological relevance and avoiding RNA aggregation. The PDS (MERCK SML2690) 
was added to 1, 2, 5, 10 and 50 µM, to span a full titration range for fluorescence binding assays, 
allowing accurate determination of binding affinity. The RNA-PDS mixture was prepared in G4-
forming buffer (10 mM KCl, 10 mM Tris-HCl pH 7.5 and 1 mM MgCl2). The solution containing the 
1 µM NRF2 mRNA and specific concentrations of PDS was carefully mixed in a Hellma fluorescence 
cuvette (Suprasil® quartz cuvette, with a spectral range of 200-2500 nm and a path length of 10 × 2 
mm, chamber volume of 100 µL). The cuvette material and specifications (Suprasil®) were chosen to 
minimize background fluorescence and allow optimal signal detection for RNA fluorescence assays. 
The fluorescence emission was recorded at room temperature by using FluoroMax-4. The excitation 
wavelength was set to 555 nm, which is optimal for the excitation of PDS-bound RNA (70). Emission 
spectra were collected from 350 nm to 700 nm, as this range encompasses the characteristic emission 
maxima observed for PDS-bound G-quadruplexes. Previous studies showed that PDS exhibits 
enhanced fluorescence upon G4 binding, with emission maxima typically observed around 610–620 
nm (70). The spectra were recorded in 1 nm intervals to ensure accurate resolution of emission 
features, with the data being collected in scan mode for a full emission profile. 

3. Results 

To investigate the potential for G4 formation in the 5’ UTR of NRF2 RNA under basal conditions, 
we employed three bioinformatics tools: RNAfold (66), QGRS Mapper (55), and G4Hunter (56). The 
sequence of the NRF2 5’ UTR analysed was the same as amplified for in vitro transcription as 
described in section 2.1: 5’-GTGGGGCGGGAGGCGGAGCGGGGCAGGGGCCCGCCGGCG-3’. We 
compared the predictions from these tools to assess their ability to identify G4 forming regions within 
this RNA segment (Online Resource 3a-c). RNAfold was applied to predict G4 forming regions 
based on folding energy and sequence motifs. It suggested that the 5’ UTR sequence 5’-
GTGGGGCGGGAGGCGGAGCGGGGCAGGGGCCCGCCGGCG-3’ is likely to harbour a highly 
stable G-quadruplex structure. The tool highlighted the segment 5’-GTGGGGCGGGAGGCGGAGC-
3’, which forms a G4 structure of three G-tracts (5G, 3G, 3G) separated by 1-nucleotide loops (C and 
A), forming a predicted 3-tetrad G4 with short loop lengths typically associated with highly stable 
G4 structures. RNAfold predicted minimum free energy (ΔG) of -6.9 kcal/mol supporting the idea of 
a strongly structured G4. This region includes a highly conserved G-rich motif 5’-
GGGGGCGGGAGGG-3’, in agreement with previously identified G4 forming sequences. The 
predictions from QGRS, and G4Hunter were also consistent in identifying a G4-forming region of the 
NRF2 5’ UTR 5’-GTGGGGCGGGAGGCGGAGC-3’. All three tools highlighted the same G-rich 
sequence 5’-GGGGGCGGGAGGG-3’, supporting the likelihood of G4 formation. These results 
indicate that the formation of G-quadruplex structures in this region is likely which could potentially 
play a regulatory role in NRF2 expression, either by influencing RNA stability or translation 
efficiency. To further investigate the potential significance of the proposed rG4 complex in NRF2’s 
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5’UTR, we aligned several representative mammalian NRF2 5′ UTR sequences to explore 
evolutionary conservation. Despite 5′ UTR sequences being typically less conserved across species 
than coding regions, the G-rich tract highlighted by the three predictive software’s is partially 
conserved, likely in a manner that would preserve G4 structural formation (supplementary figure). 

To experimentally verify the G-quadruplex formation and assess the binding of the 1H6 
antibody to the NRF2 5’ UTR, we conducted EMSA using varying concentrations of the 1H6 antibody 
(Figure 2). The experiment was run on a LMP gel to assess the binding of the G4 structure without 
denaturing the RNA. The NRF2 5’ UTR RNA fragment 5’-
GTGGGGCGGGAGGCGGAGCGGGGCAGGGGCCCGCCGGCG-3’ was incubated with increasing 
concentrations of the 1H6 antibody (ranging from 1 to 10 µM) in a binding buffer optimized for G4 
stabilisation (Figure 2a, left). As the concentration of the 1H6 antibody increased, we observed a clear 
shift in the mobility of the RNA on the native gel. At higher antibody concentrations (1 µM and 
above), a distinct slow migrating band appeared, which is consistent with the formation of a stable 
RNA-1H6 antibody complex. In negative control experiments, we used a no antibody, which did not 
result in any detectable mobility shift, confirming the specificity of the interaction between the 1H6 
antibody and the G4 structure (Online Resource 2b). The 1H6 antibodies efficiency to an alternative 
positive control G4 was not included here but has been shown in previous publications (71). 
Furthermore, we used a G4-disrupting mutant where six G residues in the within the G4 core 
sequence 5′-GGGGGCGGGAGGG-3′, were substituted with adenines (A) (positions 3–6 and 10–11) 
resulting in the G4 disrupting mutant sequence: (5′-
GTAAAACGGGAGACGGAGCGGGGCAGGGGCCCGCCGGCG-3′). This modified sequence 
prevents G-tetrad stacking required for G-quadruplex formation. With this mutant we saw 
significantly reduced mobility shift with a of the NRF2 5’ UTR, further confirming that the observed 
shift was dependent on the presence of a stable G4 structure in the RNA. 
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Figure 2. EMSA gel picture and ImageJ quantification of NRF2 RNA G-quadruplex binding to 1H6 antibody at 
various concentrations, error bars show standard deviation between biological replicates (n=2). 

The 2.5% LMP agarose gel picture shows both WT (left) and mutated NRF2 5’ UTR (right) RNA 
G4s binding to 1H6 AB in a variety of concentrations (1, 2, 5, and 10 µM). In the WT condition free 
RNA shifts upwards due to binding to 1H6 AB as the formation of RNA G4s occur. The mutated form 
(Gs to As) does not show the same upward shift as the RNA G4s do not form anymore (Figure 2a). 
The bar graph shows the ratio of band intensities of each lane both in WT and mutated condition 
normalised to no 1H6 AB condition in each concentration measured by ImageJ tool (Figure 2b, Online 
Resource 4). 

To further characterize the G-quadruplex structure formed by the NRF2 5’ UTR RNA, we 
performed a fluorescence spectroscopy including pyridostatin which selectively binds to RNA G-
quadruplexes, resulting in a change in fluorescence emission due to the interaction with the G4 
structure (Figure 3). This assay allowed for the determination of binding affinity based on 
fluorescence intensity across wavelengths (Online Resource 5) and provided insight into the 
formation and stabilization of G-quadruplexes in the NRF2 5’ UTR RNA. Following incubation, the 
fluorescence emission spectra of the DNA-free pyridostatin-RNA complexes were measured between 
500–600 nm which represents the emission range of pyridostatin when bound to RNA G4 structures 
(Figure 3). A sharp increase in fluorescence intensity at approximately 555 nm was expected as 
pyridostatin binds to the G4 structure, and any shift or change in intensity would indicate 
stabilization of the G4 conformation by pyridostatin (Figure 3a). A control sample containing only 
RNA and no pyridostatin was included to measure the baseline fluorescence. The fluorescence 
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spectroscopy binding assay confirmed the creation of a stable G-quadruplex structure in NRF2’s 5’ 
UTR and demonstrated that pyridostatin binds specifically to the G4 structure. The fluorescence 
emission spectra showed a clear, concentration-dependent increase in intensity upon pyridostatin 
binding. The dissociation constant (Kd) for binding of PDS to NRF2 RNA is calculated by linear 
regression using Python and MATLAB tools (Online Resource 6a-b). The Kd value of 29.82 µM 
indicates a relatively strong interaction between pyridostatin and the NRF2 RNA G-quadruplex 
(Figure 3b), which agrees with previous RNA G4 measurements from Hou et al., 2022.  

 

Figure 3. Line graph and a binding curve showing the interaction of PDS with 5’ UTR G4 forming NRF2 RNA 
sequences at different concentrations of pyridostatin (PDS). 

Fluorescence emission spectra of free PDS (dark blue) and 1 µM (grey), 2 µM (yellow), 5 µM 
(light blue), 10 µM (orange) and 50 µM (green) PDS in the presence of NRF2 RNA. RNA was 
incubated at a concentration of 1 µM with PDS at increasing concentrations at excitation wavelength 
380 nm. 

These findings further support the possibility of a functional G-quadruplex in NRF2’s 5’ UTR 
and suggest that pyridostatin could be used as a tool for modulating G4 structures in RNA, which 
we hypothesise may influence post-transcriptional regulation of NRF2 expression. 

4. Discussion 

This study aimed to elucidate a potential formation of G4 structures in NRF2 RNA’s 5’ UTR 
region and their implications in regulating NRF2 expression. Using three bioinformatics tools: 
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RNAfold, QGRS, and G4Hunter, we consistently identified a G4-forming region within the NRF2 5’ 
UTR. All three tools highlighted the G-rich sequence GGGGGCGGGAGGG as a likely candidate for 
G4 formation (Online Resource 3a-c, 7). The high consistency across the predictive tools reinforces 
the reliability of these findings, particularly the prediction by RNAfold which showed this G4 
structure is highly stable, with a folding energy of -6.9 kcal/mol. To extend our bioinformatic 
investigation, we aligned a few representative mammalian NRF2 5′ UTR sequences which indicate 
there may be some evolutionary conservation of this sequence (supplementary resource). Next, to 
support the in silico analysis, EMSA and fluorescence spectroscopy techniques were applied. The 
EMSA experiments, quantified with Image J software, provided experimental evidence supporting 
the bioinformatics predictions. The mobility shift observed with increasing concentrations of the 1H6 
antibody confirmed the formation of a G4 structure in the NRF2 5’ UTR RNA. Importantly, the 
absence of a shift in G4 mutant negative controls validates the necessity of this sequence for antibody 
interaction and thus G4 formation. 

These in vitro results suggest that the predicted G-quadruplex is indeed formed under the 
experimental conditions and may have functional relevance. We further validated the bioinformatics 
and EMSA with the fluorescence spectroscopy assay to further characterise the G4 structure by its 
association with a G4 binding molecule called pyridostatin (62). The observed concentration-
dependent increase in fluorescence intensity again supported the predicted presence of a G4 structure 
within this section of the NRF2 5’UTR, due to an interaction between pyridostatin and the G4 
structure. The calculated dissociation constant (Kd) of 29.82 µM indicates a solid binding affinity for 
an RNA G4. Other RNA G4’s has been discovered with similar micromolar affinities (72)which 
indicates that, depending on cellular context, this interaction should be physiologically viable in vivo. 
Further experimental validation, such as G4-specific RNA probes or structural assays, could be 
applied to confirm these predictions and elucidate their functional significance. Regarding PDS, its 
association with known DNA G4s in vitro is typically even stronger than our determined NRF2 RNA-
G4 value. Hence it was essential for the RNA in this paper’s EMSA’s to be DNA-free. For example, 
one paper found PDS bound to G rich DNA strands TERRA and Telomere repeat DNA (TeloDNA) 
known to form DNA G4 structures with Kds of 0.66 µM and 0.05 µM respectively(73). PDS was also 
identified as a non-sequence-selective ligand for G4s which associated with the NRAS DNA G-
quadruplex with a Kd of 4.1 ± 0.1 µM (74), and binding Zika virus RNA G-quadruplexes in vitro with 
a Kd of 4.2 ± 0.4 µM. Although these values show higher affinity binding of PDS to G4s is possible, 
these are DNA G4’s, suggesting PDS may have a higher affinity for DNA G4’s than RNA G4’s. 
Therefore, we also compared our affinity with other RNA G4 targeting molecules in initial drug 
screens. For example, a molecule termed ‘F1’ bound to a G4 in human DHX15’s 5’UTR with a Kd of 
12.6 µM (75), and ‘oxymatrine’ which provided a Kd of 37.5 µM associating with a G4 in human 
vascular endothelial growth factor (hVEGF) mRNA (75). These findings highlight that PDS 
association with our NRF2 G4 is strong enough to be considered for initial in vivo analysis, and 
highlights that in the future, therapeutic ligands with even stronger affinity for NRF2 G4 could be 
designed. 

Other RNA G4s function to influence mRNA splicing and modulate isoform production, affect 
biogenesis of ncRNAs and their functions (76,77), effect transport of the mRNA depending on protein 
co-factor association, and effect translation (78–81). G4s have already been linked to oxidative stress 
which may also point a link to the G4 in NRF2 ‘s 5’UTR that we investigated here (82,83). Specifically, 
when in the 5’UTRs of some mRNAs, G4s have been revealed as potential therapeutic targets, such 
as the G4 in cyclin D3 mRNA which helps regulate the cell cycle and whose disruption has been 
implicated in cancers (84). Therefore, it would be intriguing to also follow up the G4 we identify in 
NRF2’s 5′ UTR for therapeutic intervention. However, many optimisations would be required before 
use. 

While our EMSA and fluorescence spectroscopy are robust methods, they do not provide all the 
answers which are essential before therapeutic investment (85). The first step may be to confirm the 
exact structure of our proposed rG4 including parallel/antiparallel orientation and tetrad number. To 
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elaborate on these structural dynamics, CD spectroscopy may be the logical next step, followed by 
higher-resolution NMR as resources allow. It is also important to consider that alternative structures 
such as hairpins may coexist with the G4 in the NRF2 5′ UTR therefore SHAPE-MaP could be 
employed as it is the gold-standard method to probe structural heterogeneity in cells. Next, the 
functional in vivo significance of this suggested NRF2 G4 should be explored including its possible 
effects on the cells oxidative stress response. Currently, NRF2’s G4-related response to oxidative 
stress remains speculative. Modulation of NRF2’s 5′ UTR G4 stability likely plays a critical role in 
fine-tuning NRF2 translation, thereby influencing the timing and magnitude of cellular antioxidant 
responses. However, there are several possibilities for exactly how this occurs. Under basal 
conditions, stable G4 structures may act as translational repressors limiting NRF2 protein synthesis 
to maintain homeostasis and prevent unwarranted activation of the antioxidant pathway (86,87). 
Upon oxidative or electrophilic stress, dynamic remodelling or destabilization of these G4 motifs 
potentially mediated by helicases or RNA-binding proteins could rapidly relieve translational 
repression, facilitating a timely increase in NRF2 levels. In this case, pharmacological stabilization of 
the G4 with ligands like pyridostatin may prolong the repressive state, attenuating NRF2 translation 
and downstream antioxidant gene expression to reduce NRF2 overactivity in diseases such as certain 
cancers where NRF2 confers chemoresistance (20). Conversely, G4 formation in NRF2’s 5’UTR may 
increase translation most commonly by stimulating cap-dependent translation initiation by 
recruitment of the 40S small ribosomal subunit via eukaryotic initiation factors (eIFs) (88,89). This is 
relatively common for RNA G4s (90), and has been suggested in a previous paper where the removal 
of the 5’UTR resulted in an unresponsive NRF2 mRNA which was not induced by H2O2 during 
oxidative stress (91). They found that loss of a 5’UTR G4 complex prevented elongation factor 1 alpha 
(EF1a) from associating with NRF2 mRNA transcript, thereby reducing translation. Therefore, if 
NRF2 expression is no longer enhanced upon oxidative stress, then it cannot upregulate the 
expression of antioxidant genes as per its normal function. Dysregulation of NRF2 in such a way is 
linked to various diseases including cardiovascular (92), Huntington’s (27), cancers and more 
generally across neurodegeneration (20). Hence it has great value as a therapeutic target. 

Although current results suggest a regulatory role, direct evidence linking the G4 structure to 
NRF2 expression regulation or cellular responses is lacking, especially relating to the timing or 
magnitude of NRF2 activation in response to stress. Investigating how G4 stability influences the 
kinetics of NRF2 activation including the onset, peak, and duration of protein expression following 
stress is therefore crucial. Time-course experiments measuring NRF2 protein and target gene 
induction, coupled with real-time monitoring of G4 folding status (e.g., via live-cell RNA imaging, 
chemical shift mapping NMR spectroscopy or Forster Resonance Energy Transfer), would provide 
valuable mechanistic insights into this regulatory layer (93,94). Other functional studies such as 
luciferase reporter assays, RNA-binding protein knockdowns/overexpression, or CRISPR-CAS9 
experiments are required to establish if NRF2 expression is changing upon G4 binding in vivo. 
Luciferase reporter assays have been applied in this manner before to investigate c-MYC 
transactivation in NM23-H2 binding to a DNA G4 motif within the cMYC gene (95). For NRF2, 
reporter constructs containing the wild-type versus G4-disrupting mutant NRF2 5′ UTR sequences 
could be transfected into cells to quantitatively assess the impact of G4 formation on translational 
efficiency and RNA stability in living cells. Luciferase reporter assays are useful as they are quick and 
provide precise quantitative results but have limitations too. The main limitation is that the levels of 
mRNA produced from the plasmid is difficult to reflect endogenous levels, so they do not completely 
reflect in vivo conditions which may be an issue if binding efficiency depends on concentration(96). 
Alternatively, CRISPR-Cas9 could be used to create an endogenous NRF2 mutant that can no longer 
form the G4 and investigate the effect on the cell’s response to oxidative stress with phenotypic cell 
culturing experiments (97). The disadvantage here is that strain generation takes longer, but apart 
from the mutation, endogenous transcription and translation are maintained meaning optimal 
investigation of the cellular effect of G4 removal is possible. Finaly, CRISPR or siRNA interference 
techniques could be used to knockdown RNA binding proteins known to interact with G4’s such as 
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helicases (98), to evaluate their roles in modulating NRF2 G4 structure stability, consequent NRF2 
expression changes, and oxidative stress response. Although this will be more useful once a clear 
target to investigate is discovered as cause-and effect of NRF2’s G4 and the knocked down protein 
will not be clear. 

Once the role of NRF2’s G4 in response to oxidative stress is elucidated in vivo, therapeutic drug 
design may be established. Firstly, screening methods are required to find compounds that associate 
with sufficient efficiency and selectivity. This can be completed in silico via computational docking 
which predicts ligands for structure-based drug discovery, so is commonly used for G4-targeted 
therapeutic development (99). There has been shown to be inconsistencies with the results from 
various docking software’s such as AutoDock Vina, DOCK6, Glide, and RxDock, which was 
investigated in a paper looking to design a drug targeting a G4 in the MYC promotor (100). They 
concluded that current in silico docking platforms are relatively unreliable and should be used with 
care. Therefore, biochemical and biophysical high-throughput screening techniques can be employed 
in tandem within silico approaches (101). For example, small molecule microarrays have been 
employed recently alongside in silico analysis to discover BMVC, a drug that can target the 
aforementioned G4 in the MYC promotor (102). 

Structure-based in silico and biochemical drug screens would benefit from complementary in-
depth structural analysis like Nuclear Magnetic Resonance (NMR) spectroscopy or x-ray 
crystallography which could offer more definitive insights into the G4 structure to get a clear 
prediction of potential therapeutic molecules (102,103). X-ray crystallography requires careful trial-
and-error adjustment of several aspects of the buffer including pH, temperature, ion concentration 
and precipitant size/concentration, to optimize crystal formation (104), however imaging is much 
more straightforward once the crystallised structure. In the case of large protein-RNA complexes 
crystallisation may be impossible. NMR measure’s structure determined by the spinning of protons 
in hydrogen atom nuclei, it is more difficult to perfect than x-ray crystallography but more useful for 
imaging dynamics over time with chemical shift mapping (93). NMR can also struggle to determine 
large complexes, although isotope and segmental labelling techniques have been applied in the past 
to investigate complicated structures such as ribonucleoprotein complexes (105). In the case of 
visualising large, complicated structures, cryo-electron microscopy (Cryo-EM) could be employed 
which involves electron microscopy at cryogenic temperatures to detect the electron density and 
generate a map of protein-RNA structure. However, the resolution of the image generated is lower 
than X-ray crystallography, so the fine points of G4 structure may remain elusive. Finaly, single-
molecule tools like Forster Resonance Energy Transfer (smFRET) have previously been applied to 
investigate G4s (94,106,107). Similarly to NMR, smFRET can visualize dynamics and interactions 
between short RNA sequences (~50-100 nts) labelled RNA and proteins (108). However the 
fluorophore labels can affect RNA folding and function, so the location of fluorophores on the DNA 
construct needs to be tightly controlled and the ionic conditions of the experiment need to be highly 
regulated to allow simultaneous G4 formation and fluorescence imaging. Despite these difficulties, 
the kinetic and mechanistic data from FRET can synergize well with static structural data from x-ray 
crystallography or Cyro-EM. Overall, each high-resolution imaging method has pros and cons and 
best would be to apply these techniques in tandem to enable more detailed structural analysis of 
NRF2 Gf complex formation (109). Together in silico and biochemical screening within high 
resolution imaging approaches can be applied to the G4 in NRF2 to discover potential therapeutic 
ligands. 

After screening, several rounds of structural optimisations of ligands may be required before a 
ligand of adequate strength, minimal off target effects, and minimal toxicity can be designed (110). 
Effective delivery of small molecules like PDS to target tissues and sub-cellular compartments 
remains a significant hurdle. Strategies such as nanoparticle-based delivery systems (111) or 
conjugation to targeting moieties (112)already implemented in gene therapies, may be necessary to 
enhance bioavailability and tissue specificity. Another optimisation required would be to design the 
drug to limit off-target effects. Off target effects represent a major concern due to the high prevalence 
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of G-quadruplex motifs throughout the transcriptome (total mRNAs) and translatome (mRNAs being 
actively translated by ribosomes). Small molecules that are designed to bind specific G4 structures 
may also inadvertently stabilize or disrupt other RNA or DNA G-quadruplexes, leading to 
unintended gene regulation changes or toxicity. Antibodies already exist that can preferentially target 
RNA G-quadruplexes over DNA G quadruplexes (113) but for more specific targeting, structure-
based drug design and rigorous selectivity screening will be essential to minimize these risks (114) 

Finally, RNA G4 dynamics are often influenced by cellular context and interacting proteins, 
suggesting that context-dependent cellular variability could affect therapeutic efficacy. Cellular 
factors that could influence G4 formation and stability include RNA-binding proteins (RBPs), 
secondary RNA structures, and intracellular ionic conditions. It is well known that G4 complexes are 
targets for RBPs which are often required for the physiological effect of the RNA G4 (81). In vivo it 
has also been suggested cytosine methylation may influence RNA G quadruplex formation. It is 
possible other RNA modifications such as m7G methylation also effect RNA G-quadruplex 
structures, possibly acting as rapid switches to activate or inactivate the G-quadruplex folding (115). 
This could be one mechanism for how NRF2’s G4 contributes to oxidative stress response, if the G 
rich element is methylated to trigger formation of the G quadruplex and initiate its transcription 
factor activity. Finaly, in vitro, G4 structures are induced by cationic concentrations, most often K+ 
(116), so it is possible influx of K+ in vivo may also act as an initiator of G4 folding and be used to 
initiate the translation of NRF2 to boost antioxidant genes transcription upon oxidative stress. Each 
of these effects would be missed or exaggerated in our bioinformatics and in vitro experiments, 
highlighting the need for comprehensive in vivo experiments as the next stage of testing NRF2 G4 
cellular function to evaluate pharmacodynamics, toxicity, and long-term effects. There are options 
for in vivo profiling of the NRF2 3’ G4 in vivo with G4 specific probes. For example, fluorescent 
ligands like pyridostatin, BRACO-19, TMPyP4, and Ber can be applied to cells (117–119). These cells 
can be tested for fluorescence with flow cytometry and immunofluorescence assays to investigate 
interactions. However, their analysis is limited by the same factors as NRF2 G4 therapeutic molecule 
design, by difficulties targeting probes to a subcellular location and a specific RNA-G4 of interest. 
There is also some difficulty visualizing fluorescence in certain subcellular localisations so new 
methods and ligands are being explored, such as the G4-ligand guided immunofluorescence staining 
approach with BrdU immune tag modified G4-ligands for vivo applications (107). For initial 
experiments pyridostatin could be used as a starting point for NRF2’s G4 as we have shown a 
relatively strong interaction in vitro. 

Despite the challenges discussed, there are many G4s already being exploited by design of small 
molecules or aptamers that can bind the G4 and effect translation for therapeutic purposes (75). For 
example, RNA G4 targeted degradation complexes have been developed to specifically degrade 
RNAs with G4s in an effort to inhibit Fragile X mental retardation protein (FMRP) whose 
overexpression has been associated with metastasis and immune evasion in cancers (120). Outside 
genetic defects, G4s have also been targeted for antiviral therapies (121). For example, the d(GGGT)4) 
or T30175 aptamers form G4 dimers recognised by the Human Immunodeficiency Virus (HIV) 
integrase protein, which then competes with viral G4 quadruplexes. Viral G4s are important for 
replication and by preventing HIV integrase binding, infectivity is inhibited (122,123). An alternative 
to aptamers is proteolysis-targeting chimeras (PROTACs) which degrade target proteins using the 
cells endogenous ubiquitin-proteasome system (124).This shows that although some major 
developments are required for G4 therapeutics, they are possible and could be applied to NRF2. 

In conclusion, we have taken the first steps in identifying and validating an RNA G4 in the 5’UTR 
of NRF2 with a combination of bioinformatic and in vitro analysis. In vivo studies using G4-specific 
probes such as pyridostatin, in living cells could provide further insights into the relevance of this 
structure in cellular contexts. Additionally, structural studies employing high-resolution techniques 
could be applied to confirming the G4 topology and identify potential interactions with RNA-binding 
proteins or small molecules. These steps should reveal if NRF2’s G4 is a therapeutic target for drug 
screening and disease treatments. 
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