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Abstract

The cellular response to oxidative stress includes transcriptional changes, particularly for genes 

involved in DNA repair. Recently, our laboratory demonstrated that oxidation of 2`-

deoxyguanosine (G) to 8-oxo-7,8-dihydro-2`-deoxyguanosine (OG) in G-rich potential G-

quadruplex sequences (PQSs) in gene promoters impacts the level of gene expression up or down 

depending on the position of the PQS in the promoter. In the present report, bioinformatic analysis 

found that the 390 human DNA repair genes in the genome ontology initiative harbor 2,936 PQSs 

in their promoters and 5`-untranslated regions (5`-UTRs). The average density of PQSs in human 

DNA repair genes was found to be nearly twofold greater than the average density of PQSs in all 

coding and non-coding human genes (7.5 vs. 4.3 per gene). The distribution of the PQSs in the 

DNA repair genes on the non-transcribed (coding) vs. transcribed strands reflects that of PQSs in 

all human genes. Next, literature data were interrogated to select 30 PQSs to catalog their ability to 

adopt G-quadruplex (G4) folds in vitro using five different experimental tests. The G4 

characterization experiments concluded that 26 of the 30 sequences could adopt G4 topologies in 

solution. Last, four PQSs were synthesized into the promoter of a luciferase plasmid and co-

transfected with the G4-specific ligands pyridostatin, Phen-DC3, or BRACO-19 in human cells to 

determine whether the PQSs could adopt G4 folds. The cell studies identified changes in luciferase 

expression when the G4 ligands were present, and the magnitude of the expression changes 

dependent on the PQS and the coding vs. template strand on which the sequence resided. Our 

studies demonstrate PQSs exist at a high density in human DNA repair gene promoters and a 

subset of the identified sequences fold in vitro and in vivo.
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Introduction

Oxidative stress represents a shift in the redox balance toward the oxidative state.1 During 

oxidative stress there is an increase in reactive oxygen species (ROS) that are electron 

deficient and can readily oxidize biomolecules.2,3 Oxidative damage to the genome is 

particularly troublesome because it can result in mutations that can impact the phenotype of 

parent and daughter cells.4 The cellular damage imposed by ROS, particularly on the 

genome, has been implicated in the initiation and propagation of cancer, neurological 

disease, cardiovascular disease, and the aging process.5–7 Nature has evolved a DNA repair 

system to counteract ROS-mediated damage to the genome.8,9 The DNA repair pathways are 

divided into subgroups that include base excision repair (BER), nucleotide excision repair 

(NER), mismatch repair (MMR), homologous recombination (HR), non-homologous end 

joining (NHEJ), cross-link repair (XLR), translesion synthesis (TLS), and a group of 

proteins associated with DNA repair (e.g., DNA damage signaling, ubiquitinases, etc). To 

date, the gene ontology initiative has classified 390 genes to be involved in human DNA 

repair.10 Transcriptome profiling before and after oxidative stress have identified many DNA 

repair genes that are activated, repressed, or remain the same after exposure to the stress.
11,12 The molecular details that drive the changes in expression levels during oxidative stress 

are ongoing questions for deeper inquiry.

Our laboratory has recently begun efforts to understand the interplay between oxidative 

stress and gene regulation controlled by potential G-quadruplex sequences (PQSs) in gene 

promoters.13,14 The experiments we have conducted to date have found oxidation of 2`-

deoxyguanosine (G) to 8-oxo-7,8-dihydro-2`-deoxyguanosine (OG) in PQSs located in 

either the VEGF or NTHL1 gene promoters guide the DNA repair process to the regulatory 

region.13 By directing DNA repair on the gene promoter in the PQS context, formation of a 

G-quadruplex (G4) can occur for transcriptional induction or repression depending on the 

position of the PQS.13,15 Other laboratories have documented oxidation, most likely at G, in 

the VEGF,16 BCL2,17 SIRT1,18 and TNFα19 promoters also facilitates an interplay of DNA 

repair and gene induction. Thus, we asked whether DNA repair genes harbor PQSs for gene 

regulation during oxidative stress.

Sequences of DNA with four or more runs of G with each run possessing at least three G 

nucleotides and with intervening sequences (loops) between the G runs of generally ≤12 

nucleotides have the potential to adopt G4 folds (Figure 1A).20,21 The G4 structure is 

comprised of at least three tetrads of four Gs each participating in Hoogsteen base pairs, in 
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which each run of Gs provides one of the members to the tetrads (Figure 1B). The three 

tetrads stack on one another to allow coordination to metal ions in the interior of the channel 

formed by the tetrad stack (Figure 1C).20,21 The major monovalent cation in human cells is 

K+ (~140 mM), which is also more tightly bound by the G4 than the lower concentration of 

Na+ ions (~12 mM) found in human cells.21 The nucleotides between the G runs provide the 

loops that hold the structure together. A fascinating aspect regarding G4s is that they adopt 

many different folding types with dependency on the sequence, nature of the cation, and/or 

the analysis conditions (Figure 1C).20,21

Bioinformatic algorithms have been developed to inspect genomes of interest for PQSs.22–25 

Bioinformatic analysis of the whole human genome has identified >375,000 classically 

defined PQSs with four G runs and loops of up to seven nucleotides between the G tracks.
22,26 Next-generation sequencing results obtained from human genomic DNA identified 

>700,000 sequences that might adopt G4 folds.27 The discrepancy between these numbers 

represents the large number of non-classical G4s with loops >7 nucleotides long and/or 

structures possessing bulges in the G-tetrad core that natural human genomic sequences can 

adopt. Interestingly, the PQSs observed are biased toward gene promoters, UTRs, and 

intron-exon boundaries, particularly in the first intron.28 The Balasubramanian laboratory 

demonstrated G4 folding in human cells by immunofluorescence,29 and recently they 

identified ~10,000 PQSs fold to G4s and regulate transcription in human keratinocytes by 

G4 ChIP-Seq.30 The Maizels laboratory conducted ChIP-Seq for the G4-specific helicases 

XPB and XPD to locate folded G4s in cells that preferentially are found in promoters, 

UTRs, and introns.31 Our understanding of how G4s regulate transcription is best described 

by work in the Hurley laboratory on the c-MYC oncogene.32 Additional genes reported to be 

regulated by a promoter PQS include VEGF,33 PDGF-A,34 KRAS,35 SRC,36 and many 

others;37,38 additionally, in some instances the C-rich complementary strand may adopt an i-

motif structure for gene regulation as was recently reported by Hurley and co-workers for 

the BCL2 gene promoter.39 Regulation of transcription via G4 folds from sequences in the 

5`-UTR at the RNA level has been demonstrated.40 Roles for G4s in epigenetic changes to 

chromatin,41 stimulation of retrotransposition,42 participation in stress granule assembly,
43,44 HIV infections,45 and causing polymerase stalling and DNA instability have also been 

reported.46 There continues to be considerable interest in understanding the role of G4s in 

regulating biological processes. In the present study, we consider the possibility that many 

human DNA repair genes may be regulated by promoter PQSs. The first step to support this 

possibility includes identifying all PQSs in these genes by a bioinformatic approach, 

followed by cataloging a subset of these PQSs for their ability to adopt G4 folds in solution.

Materials and Methods

Bioinformatic Analysis

The human genome assembly GRCh38 was used to obtain all genomic sequences studied, 

and the gene annotations were obtained from the UCSC genome table browser.47 

Specifically, the sequences studied were 2,000 nucleotides (nt) upstream and 1,000 nt 

downstream of the transcription start site (TSS) for all human genes (coding and non-

coding); these were downloaded and combined for study. The PQSs from the whole human 
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genome were identified using Quadparser22 running a modified set of parameters: the loop 

lengths were ≤12 nt, and 4 or more G tracks with three or more Gs per track were inspected 

(Figure 1A). The human genome ontology initiative using the AmiGO tool (Oct. 2017) was 

inspected to identify the classified genes (e.g., DNA repair, oncogenes).10 The functional 

classification of each gene was determined using PANTHER (v12).48 The genes with PQSs 

in their promoters and 5`-UTRs were extracted with the BEDTools intersect command,49 

and determination of PQS distances to the TSS, as well as counts of PQSs in random gene 

samples were calculated using custom script run in Python v2.7 that can be found on GitHub 

at the following address https://github.com/dychangfeng/DNA_repair_promoter_G4/blob/

master/G4_DNArepair_gene_notebook.ipynb.

Oligomer Preparation

The oligomers were synthesized by the DNA/Peptide core facility at the University of Utah 

using commercially available phosphoramidites and a standard solid-phase synthesis 

protocol. The crude oligomers were purified using a semi-preparative, anion-exchange 

HPLC column running line A = 1:9 ddH2O:MeCN, and line B = 20 mM LiOAc (pH 7) with 

1 M LiCl in 1:9 ddH2O:MeCN and a flow rate = 3 mL/min while monitoring the elution via 

the absorbance at 260 nm. After purification, the oligomers were dialyzed against ddH2O for 

36 h while changing the water three times to remove the purification salts. The dialyzed 

samples were lyophilized to dryness and resuspended in ddH2O. The concentrations were 

determined by the absorbance at 260 nm using the primary sequence to estimate the 

extinction coefficients. All oligomers were stored at −20 °C when not being studied. The G4 

strands were annealed in the desired salt and buffer by heating them to 90 °C for 5 min and 

then slowly cooling the samples to room temperature over ~4 h. After reaching room 

temperature, the samples were stored at 4 °C for at least 24 h prior to their study.

1H-NMR Analysis

The PQS samples were annealed in 300 µL at a 300 µM concentration in 20 mM KPi (pH 

7.0) and 50 mM KCl in 9:1 H2O:D2O. The annealed samples were placed in a D2O-matched 

Shigemi NMR tube. The samples were analyzed on an 800-MHz NMR spectrometer 

(Varian, Inc.) with the temperature set to 24 °C. Each sample was scanned 2,048 times using 

the Watergate solvent suppression pulse sequence. The data were analyzed and plotted using 

the instrument’s software.

Circular Dichroism Analysis

The PQS samples were annealed at 10 µM concentration in 20 mM lithium cacodylate buffer 

(pH 7.4) with 140 mM KCl and 12 mM NaCl. The samples were placed in a 0.2-cm quartz 

cuvette for circular dichroism (CD) analysis at 20 °C (Jasco J-815 circular dichroism 

spectrometer). The recorded data were solvent background subtracted and then normalized 

on the y-axis to units of molar ellipticity ([Θ]) for plotting and comparative purposes.

Thermal Melting Analysis

The thermal melting (Tm) values were determined on samples of 5 µM oligomer in buffered 

solutions with physiological K+ and Na+ concentrations (20 mM lithium cacodylate pH 7.4, 
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140 mM KCl, and 12 mM NaCl). The melting experiments were initiated by thermally 

equilibrating the samples at 20 °C for 10 min followed by heating at 0.5 °C/min and 

equilibrating at each 1 °C increment for 1 min. Readings at 260 and 295 nm were taken after 

each 1 °C change in the temperature starting at 20 °C up to 95 °C. Plots of absorbance at 295 

nm vs. temperature were constructed, and the Tm values were determined by a two-point 

analysis protocol using the instrument’s software (Shimadzu Scientific UV-1800 

spectrometer).

Thermal Difference Spectra Analysis

Measurement of the thermal difference spectra (TDS) for each PQS was achieved by 

annealing the strands at 3 µM concentration in 20 mM lithium cacodylate buffer (pH 7.4) 

with 140 mM KCl and 12 mM NaCl. The samples were placed in a 1.0-cm cuvette for UV-

vis analysis initially at 20 °C (Shimadzu Scientific UV-1800 spectrometer). After recording 

the low temperature spectra, the samples were heated to 90 °C followed by thermal 

equilibration for 20 min, after which the UV-vis spectra were re-recorded. The arithmetic 

difference of the two spectra was calculated (Abs90 °C − Abs20 °C) and plotted to obtain the 

TDS plots.

Thioflavin-T Fluorescence Analysis

The PQS samples were annealed at 4 µM concentrations in 20 mM lithium cacodylate buffer 

(pH 7.4) with 140 mM KCl and 12 mM NaCl. The fluorescence assay was conducted by 

diluting the G4 stocks to a final concentration of 1 µM with 0.5 µM thioflavin T (3,6-

dimethyl-2-(4-dimethylaminophenyl) benzothiazolium cation) present in the same buffer 

they were annealed. The samples were placed in a 0.2-cm quartz cuvette with the 

spectrometer (Hitachi, F-7000 fluorescence spectrometer) set to excite the thioflavin T at 

425 nm. The emission spectra were collected over the range of 440 to 700 nm at 2 nm 

intervals. The experimental spectra were corrected by subtracting the buffer and thioflavin-T 

background spectra prior to plotting the data reported. The c-MYC G4 sequence (5`-GG 

GTG GGG AGG GTG GGG-3`) was studied as a positive control, and the sequence 5`-TGT 

TCA TCA TGC GTC GTC GGT ATA TCC CAT-3` was used as a single-stranded control 

and addition of the complementary strand to this final strand provided the double-stranded 

control.

Native Polyacrylamide Gel Electrophoresis Analysis

To conduct the native polyacrylamide gel electrophoresis (PAGE) analysis, 2 pmoles of 

oligomer were 5` labeled with 32P following a literature protocol.50 Next, to a 10 µM 

solution of each non-radiolabeled PQS was added 20,000 cpm of the same sequence that 

was 5` labeled with 32P in 20 µL final volume of buffer (20 mM Tris (pH 7.8), 100 mM 

KOAc). The samples were annealed as stated above. To the samples were loaded dye and 

then they were electrophoresed in comparison to a ladder of 5`-32P radiolabeled poly-dCn (n 

= 10, 15, 20, 30, and 40 nt) on a 20% native PAGE doped with 100 mM KOAc. The gel was 

run at either 4 °C or 20 °C at 25 W.
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Plasmid Preparation and Dual Glo Luciferase Assay

The PQSs were inserted into the SV40 promoter regulating the Renilla luciferase gene in the 

psiCHECK2 plasmid (Promega) via an approach we previously reported.13 The full details 

and PCR primer sequences for insertion of the BLM, MGMT, NEIL1, and NEIL3 PQSs can 

be found in the Supplementary Information file. Wild-type glioblastoma cells (U87 MG) 

were grown in Dulbecco’s Modified Eagle Medium supplemented with 10% FBS, 20 µg/mL 

gentamicin, 1× glutamax, and 1× non-essential amino acids. The cells were grown at 37 °C 

with 5% CO2 at ~80% relative humidity and were split when they reached 70–80% 

confluence. The transfection experiments were conducted in white, 96-well plates by 

seeding 2 × 104 cells per well and then allowing them to grow for 24 h. After 24 h, the cells 

were transfected with 200–400 ng of plasmid using X-tremeGene HP DNA transfection 

agent (Roch) following the manufacturer’s protocol in Opti-MEM media. All transfection 

experiments were conducted at least 4 times. Next, 48 h post transfection, the Dual-Glo 

luciferase (Promega) assay was conducted following the manufacturer’s protocol.

The G-quadruplex specific ligands pyridostatin, Phen-DC3, and BRACO-19 were obtained 

from commercial sources and stock solutions of these ligands were made in DMSO. For the 

titration studies, pyridostatin was added at 1 or 5 µM directly to the media at the same time 

the plasmid was transfected into the cells. For the titration studies with Phen-DC3 or 

BRACO-19, they were added to the media at 10 or 20 µM concentrations directly to the 

media at the same time the plasmids were transfected into the cells. A control experiment 

was conducted with DMSO and the original psiCHECK2 plasmid to verify that DMSO did 

not impact the expression levels observed.

Results and Discussion

Bioinformatic analysis of human DNA repair gene promoters and 5`-UTRs for PQSs

The human genome assembly GRCh38 provided the promoter and 5`-UTR sequences for 

the 390 human DNA repair genes found in the human genome ontology initiative (Figure 

2A);10 additionally, the same sequence space was also obtained for all annotated genes in the 

human genome. The two different sequence data sets were analyzed with Quadparser22 

(settings were ≥4 G tracks with ≥3 Gs per track and loops ≤12 nts) to locate PQSs in these 

regulatory regions. From the DNA repair genes, the sequence analysis found 2,936 PQSs in 

353 of the 390 possible genes (Table S1). There were 37 genes that did not have a PQS in 

their promoter or 5`-UTR (Table S2). The analysis on all annotated genes (20,338 coding 

+ 22,521 non-coding = 42,859) identified 194,172 PQSs (Table S3), while the entire genome 

has 708,572 PQSs with the consensus sequence searched in all regions except the telomere. 

These sequence data sets were used for the following analyses.

To understand if human DNA repair genes possess a greater average density of PQSs than 

expected by chance, we took a random sample of 390 human genes, equal to the number in 

the DNA repair gene ontology, and determined the average density of PQSs per gene. By 

running this random selection process 500 times, we found the random samples to have 

1,680 PQSs per 390 genes on average, which yields an average density of ~4.3 PQSs per 

gene (Figure 2B). In contrast, the 390 DNA repair genes possessed 2,936 PQSs with a 
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density of 7.5 PQSs per gene (Figure 2B). These randomization plots found human DNA 

repair genes have ~1.8-times more PQSs in their promoters and 5`-UTRs than expected by 

chance (P = 4.8 × 10−20). An interesting finding was the MTA1 gene had the largest number 

of unique PQS forming regions (some regions could fold to more than one G4) with 67. 

Furthermore, the MTA1 protein is involved in signaling the response to oxidative stress, and 

the expression levels of this protein change following a burst of ROS.51 The comparisons 

provided show that DNA repair genes are two-fold enriched in PQSs in their promoters and 

5`-UTRs relative to a random sample of other genes from the human genome.

Similarly to the human DNA repair genes, proto-oncogenes were found by the Maizels 

laboratory to be significantly enriched in PQSs by bioinformatic analysis; further, their 

studies also found tumor suppressor genes had a low density of PQSs.25 This finding was 

supported by G4 ChIP-Seq results looking for folded G4s in human keratinocytes under 

normal growth conditions along with ChIP-Seq for the G4-specific helicases XPB/XPD.30,31 

The ChIP-Seq studies also concluded that highly transcribed genes yielded greater numbers 

of possibly folded G4s in cells. All of these studies and our initial findings with DNA repair 

genes suggest a non-random occurrence of PQSs in the human genome with respect to gene 

type. The leading hypothesis is that some of these are involved in gene regulation possibly 

when folded to non-B-form structures such as G4s. Why these sequences were selected for 

regulation of certain types of genes and not others is not well understood. The molecular-

level details for a few genes have been described,52 but many questions still remain. 

Additional bioinformatic and experimental studies are required to further develop our 

knowledge regarding regulatory PQSs.

In our previous studies, we found that the coding (non-template) vs. template strand in 

which the PQS resides in a gene promoter alters the direction in which gene expression 

changes when a G is oxidized in the sequence.15 Thus, plots were made of the coding or 

template strand vs. the location of the PQSs in human DNA repair genes relative to the TSS 

(Figures 2A, 2C, and 2D). Overlaid on the DNA repair gene data is a plot of the PQS 

distribution for all coding and non-coding genes found in the known human gene table 

(UCSC table browser).47 For the coding strand, there is a slight increase in the number of 

PQSs on the promoter side of the TSS compared to the whole genome (Figure 2C); 

otherwise, the PQS distributions mirrored one another. The plot of the template strand 

distribution of PQSs in the promoter and 5`-UTRs between the DNA repair genes and the 

whole genome are very similar (Figure 2D). Thus, human DNA repair genes are enriched in 

PQSs relative to other genes (~1.8-fold; Figure 2B), and the PQSs are distributed similarly 

to the whole genome with a slight preference for them being located on the coding strand on 

the promoter side of the TSS (Figures 2C and 2D).

In a final analysis of the PQSs found in human DNA repair genes, we inspected for PQSs 

that had more than four G tracks. The reason for this analysis is twofold: (1) Our sequencing 

work on the mammalian genome for the G oxidation product OG identified a preference for 

OG formation in PQSs.53 This observation is consistent with chemical studies demonstrating 

sequences with runs of G are more prone to oxidative modification via transfer of an 

electron hole through the DNA stack.54 When Gs are oxidized to OG or other products, the 

modified sites cannot participate in G:G Hoogsteen base pairing in tetrads resulting in poor 
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G4 formation;55 however, we demonstrated if the PQS has more than four G runs, the 

additional run allows extrusion of the oxidized G track to maintain the fold.56 (2) The 

presence of more than four G runs maximized the transcriptional output in our studies 

demonstrating the VEGF gene was upregulated when the G oxidation product OG was in the 

regulatory PQS.13,56 Thus, we seek to understand the frequency in which these additional G 

runs exist in DNA repair genes.

The percentage of genes with more than four G tracks was quantified (Figure 2E). First, the 

PQSs throughout the whole genome, which includes intergenic regions but not telomeres, 

found 42.1% of the PQSs have more than four G tracks. When analyzing for >4 G track 

sequences between −2,000 to +1,000 nt flanking the TSS, 46.5% and 47.1% of human DNA 

repair and all genes had >4 track PQSs, respectively. Next, we inspected for the percent of 

PQSs with >4 G tracks between −250 to +250 nt flanking the TSS because this region had 

the greatest enrichment in PQSs (Figures 2C and 2D). The percentage of PQSs with >4 G 

tracks in the smaller region flanking the TSS was 51.8% for the DNA repair genes and 

51.3% for all genes (Figure 2E). From these values, the DNA repair genes compared to all 

genes had nearly identical numbers of five G track or greater PQSs in their promoters and 

5`-UTRs when inspecting the larger and smaller regions flanking the TSS. More 

interestingly, when moving from the whole genome to regions flanking the TSS we observed 

an increase in the PQSs with >4 G tracks. This was most pronounced when inspecting the 

region 250 nt flanking the TSSs. For all genes and DNA repair genes, ~51% had >4 G tracks 

showing a greater frequency of >4 G track PQSs than the whole genome (~42%; Figure 2E).

Initial structural characterization of 30 PQSs to determine G-quadruplex formation

The number of sequences identified by the bioinformatic analysis was far too large to 

characterize all of them by initial methods; therefore, the sequence population was reduced 

for an initial structural inquiry to those that have the greatest potential to fold in cells. 

Reduction of the PQS population was achieved by inspecting the sequences found in the 

DNA repair genes (Table S1) against data from human cells that identified folded G4s by G4 

ChIP-Seq30 and ChIP-Seq for the G4-specific helicases XPB and XPD.31 In the G4 ChIP-

Seq data, 316 human DNA repair PQSs were found, and the G4-specific helicase ChIP-Seq 

data possessed 233 of the PQSs (Tables S4 and S5). There exist 63 sequences common to 

both data sets (Table S6). On an additional note, 18 out of the 63 PQSs in the intersected 

ChIP-Seq data sets are stress response genes (PRKDC, TAOK3, RAD9A, UBE2B, 

ORAOV1, UBE2V1, RAD51, POLD1, POLD4, MSH5, MBD4, NSMCE1, TDG, PNKP, 

SOD1, HMGA2, USP28, and HMGA1). From this population, we picked PRKDC, RAD9A, 

and UBE2B for the structural studies described below.

Overall, we chose 30 sequences from these cellular data sets for initial characterization of 

G4 folding (Table 1). The sequences selected favored those with short loop lengths because 

established regulatory PQSs typically have loop lengths of 1–4 nt, and these generally have 

greater stability resulting in an increased ability to impact genomic processes such as 

polymerase bypass.20,38,57 This approach may cause loss of some potentially important 

PQSs; however, this provides us a place to start understanding whether PQSs found in 

human DNA repair genes can adopt G4 folds. Many of the sequences had five or more G 
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runs, and for the initial characterization, the four G runs calculated by QGRS mapper58 to be 

the most stable were studied. Lastly, all sequences studied had 2-nt overhangs of the natural 

sequence on the 5` and 3` ends to maintain a more relevant sequence context. Previous 

studies with the human telomere sequence have found omission of the natural 5` and 3` 

overhangs impacts the structures observed.59

The 30 promoter PQSs selected are found in many subsets of DNA repair genes including 

BER (NEIL1, NEIL3, and NTHL1), HR (RAD54L), NER (ERCC8, GTF2H1, MMS19, and 

RPA1), XLR (FAAP24, FANCA, and FANCC), repair associated nucleases (FEN1), MMR 

(PMS1), NHEJ (LIG4 and PRKDC), direct DNA repair (MGMT), TLS (PARP3, PCNA, 

POLB, POLH, POLL, POLZ, and REV1), and other proteins associated with DNA repair 

(BLM, RAD9A, RAD17, RECQL, UBE2B, WRN, and XAB2; Tables 1 and S1). The 

sequences were scored via the QGRS mapper algorithm58 using the default settings (length 

= 35 nt) to yield scores ranging from 35–69 (Table 1); two PQSs were too long to be 

analyzed by the default settings, and thus the length setting was increased to 45 nt to 

accommodate the sequences. To give some meaning to these scores, the human telomere 

sequence,59 c-MYC regulatory G4,38 and VEGF regulatory G438 have QGRS mapper scores 

of 42, 41, and 41, respectively. The sequences selected for characterization spanned a range 

of scores with 16 of them scoring >40 by this approach. Lastly, all sequences studied were 

identified in at least one ChIP-Seq data set from the literature (Table 1).30,31

The 30 chosen sequences were then synthesized, HPLC purified, and annealed in NMR 

buffer containing K+ cation (20 mM KPi pH 7.0, 50 mM KCl, and 22 °C) at 300 µM DNA 

concentration. The NMR analysis conditions at lower than physiological ionic strength were 

selected on the basis of literature precedence to achieve the best possible NMR spectra,60 

and the DNA concentration had to be 300 µM to maximize the signals. Previous studies with 

other promoter G-quadruplexes found increased concentrations used for NMR analysis did 

not impact the molecularity of the G-quadruplex folds;61 additionally, the 2-nt tails added to 

the ends were previously shown to strongly favor unimolecular G-quadruplex folds (i.e., 

prevent concatenation).62 We took a subset of these sequences and analyzed them by native 

PAGE (see below) at 300 µM concentration and did not find any major bands that suggest 

major multimolecular folds were monitored during the NMR experiments.

The 30 sequences were analyzed by 1H-NMR to identify whether imino protons were 

present that are diagnostic of G:G Hoogsteen base pairs (10–12 ppm)60 found in G-tetrad 

building blocks of G4 structures (Figures 3A and S1). All sequences produced characteristic 

imino proton peaks except FANCA and RPA1. Inspection of these two sequences suggest 

FANCA has the potential to adopt a possible five base-paired hairpin that can compete with 

the G4 fold (5`-GCG GGC TCG GGC GCA GGG AGC CGC CGC CGG GGC T-3`, 

underline = hairpin), while the RPA1 sequence cannot adopt a competitive hairpin. The only 

trend observed in the data was that sequences with long G runs that have the potential to 

adopt many possible structures furnished spectra with broad imino peaks, while those with 

fewer possible structures generally provided better resolved imino spectra (Figures 3A and 

S1). Hoogsteen base pairs between two Gs can be found in other secondary structures, such 

as hairpins or triplexes;63,64 thus, caution is strongly warranted when interpreting the 1H-
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NMR results. To further establish G4 folding, additional methods of structural analysis were 

pursued.

After 1H-NMR analysis, the PQSs were analyzed by spectroscopic methods requiring more 

dilute samples. Support that the following analyses were inspecting predominantly 

intramolecular G4 folds, the sequences were interrogated by native PAGE at 4 and 20 °C in 

comparison to a single-stranded DNA ladder. Intramolecular structures (i.e., G-quadruplexes 

and hairpins) migrate faster on a native PAGE than a single-stranded control of the same 

length, and in contrast, multi-molecular structures generally migrate slower than a single-

stranded control of the same length as the monomer strand.65 When the sequences were 

annealed at the highest concentration used in the spectroscopic methods (10 µM), most of 

the sequences when folded provided a band that migrated faster than the single-stranded 

control of a similar length at 20 °C; in contrast, when the gel was run at the traditional 4 °C 

a significant amount of material failed to migrate out of the wells and could not be 

interpreted (Figure S2). Similarly, when the native PAGE was used to interrogate a subset of 

the samples at 300 µM used in the NMR studies, some of the material did not migrate out of 

the wells and could not be interpreted. One exception was LIG4 that migrated as a single 

band in line with the single-stranded control of the same length. Many of the sequences 

migrated as more than one band. If the two bands migrated faster than the single-stranded 

control, we concluded that the sequences likely adopted more than one possible G4 structure 

in solution. If one band migrated similarly to the control and one was faster than the control, 

a mixture of G4 and single-stranded folds likely existed; alternatively, this result could 

suggest a monomer and multi-molecular structure were present in solution. A major 

limitation of native PAGE results from the low resolution of the data and the many hours of 

electrophoresis required to achieve separation, and as a consequence, we cannot differentiate 

these possibilities; however, with this limitation in mind, the analysis does suggest all 

sequences adopted a G4 fold with the exception of LIG4.

The CD spectrum for each PQS was recorded in a buffered solution designed to mimic the K
+ and Na+ concentrations inside human cells (20 mM lithium cacodylate pH 7.0, 140 mM 

KCl, 12 mM NaCl) at 10 µM strand concentration. The spectra recorded fall into four 

general categories: (1) Ones that have a λmax = 262 nm and λmin ~245 nm, consistent with 

literature sources for a parallel-stranded G4 (Figure 1C); (2) those having a λmax = 262 and 

290–295 nm and λmin ~245 nm that is consistent with a mixture of parallel- and antiparallel-

stranded conformations or a mixed-hybrid conformation (i.e., mixture of folds; Figure 1C); 

(3) those showing a λmax = 295 nm and λmin ~260 nm indicative of a antiparallel 

conformation (Figure 1C); or (4) spectra with a λmax = 265–280 nm and λmin ~240 nm that 

supports the conclusion that sequence did not adopt a known G4 structure (Figures 3B and 

S1).66–68 Sequences that adopt parallel-stranded G4 topologies include BLM, ERCC8, 

FAAP24, FANCC, FEN1, GTF2H1, NEIL1, PCNA, PMS1, POLB, POLH, POLL, POLZ, 

RAD9A, RAD54L, REV1, UBE2B, and WRN. Sequences that gave CD spectra consistent 

with a mixture of folds include MGMT, MMS19, NEIL3, NTHL1, PARP3, PRKDC, and 

XAB2. The RAD17 PQS provided a CD spectrum nearly identical to that observed for a 

hybrid human telomere sequence (λmax ~ 295 nm, λshoulder ~ 264 nm, and λmin ~245 nm).
69 Lastly, those that did not adopt known G4s on the basis of CD spectroscopy were 

FANCA, LIG4, RECQL, and RPA1, in which FANCA and RPA1 had λmax = 270–280 nm 
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and λmin = 240 nm suggestive of single-stranded DNA. The single-stranded nature of 

FANCA and RPA1 were further supported by these sequences failing to provide G:G 

Hoogsteen imino signatures in the 1H-NMR experiments (Figure S1). In contrast, LIG4 and 

RECQL had λmax = 265 nm and λmin = 240 nm that in tandem with poor G:G imino 

protons in the 1H-NMR experiment does not support a known G4 fold (Figure S1). To 

further support whether each sequence adopts a G4, further analyses were undertaken.

Thermal difference spectra (TDS) provide another method to assess if a new PQS can adopt 

a G4 fold.70 The UV-vis spectrum for a given sequence was recorded while folded at 20 °C 

and then denatured at 90 °C, followed by taking the arithmetic difference of the spectra to 

obtain the TDS. The temperatures selected ensure the sequences were in the folded and 

unfolded states, which will be discussed below for the thermal melting experiments. 

Sequences that adopt G4 folds yield TDS with a negative peak at 295 nm and positive peaks 

at 240 and 270 nm.70 The most consistent G4-specific peak in a TDS is the negative band 

around 295 nm that was preferentially used to assign G4 folding.70 Most sequences gave 

G4-consistent TDS (Figures 3C and S1). The sequences that failed to yield TDS indicative 

of G4 folding include FAAP24, LIG4, PRKDC, RECQL, RPA1, and XAB2. On the basis of 

comparisons to the previous results, it was expected that LIG4, RECQL, and RPA1 would 

fail this test for G4 folding; however, FAAP24, PRKDC, and XAB2 were not expected to 

give inconsistent G4 TDS. These four sequences do not share any sequence or CD spectral 

similarities to explain why they do not yield a G4-type TDS. It must be noted that this 

method is low resolution and has been shown to yield false positive and negative results.70 

Even with this limitation, the TDS support G4 folding for most of these sequences.

The Tm values for the 30 sequences were then measured by following the decay in 

absorbance at 295 nm as a function of increasing the temperature from 20 to 95 °C. All of 

the sequences furnished Tm values for the denaturing processes greater than physiological 

temperature except FANCA and RPA1, which are the two sequences that did not appear to 

adopt G4 folds, as discussed above (Figures 3D and S1). Trends in the Tm values failed to 

emerge when making comparisons to the fold type on the basis of CD spectra or the quality 

of 1H-NMR imino peaks. A study by Piazza, et al. found that G4s with Tm values >60 °C 

are capable of stalling polymerase bypass in cellulo;57 therefore, taking this polymerase 

study as a guide, all sequences studied have the potential to impact biological processes 

except FAAP24, FANCA, PRKDC, RECQL, and RPA1 (Figure 3D).

The final study to establish G4 folding monitored the fluorescence emission enhancement of 

the G4-specific fluorophore thioflavin T (ThT) following a literature protocol.71 The ThT 

assay for the 30 PQSs were compared to the fluorescence changes observed for the c-MYC 
G4-forming sequence used as a positive control and dsDNA and ssDNA structures utilized 

as negative controls (Figures 3E and S1). Literature sources have found enhancement of ThT 

fluorescence emission of >20 Fl490nm/Flo in the presence of a folded G4;71 therefore, 

utilizing this metric leads to the conclusion that all PQSs studied adopt G4 folds except 

FANCA, GTF2H1, LIG4, RAD54L, RECQL1, and RPA1. The sequences FANCA, LIG4, 

RECQL, and RPA1 were anticipated to fail this test on the basis of the previous results; 

however, the reasons GTF2H1 and RAD54L failed are not immediately clear. This final 
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confirmation provided additional support that many of the selected PQSs can adopt G4 

folds.

The six biophysical methods provided data (Figures 3A–E and S1) to establish whether the 

30 PQSs found in human DNA repair gene promoters can adopt G4 folds (Figure 3). The 

data were collectively evaluated to bin the sequences into high, medium, or low probability 

to adopt a G4 structure. The Mergny laboratory followed a similar approach for assigning 

G4 folding probability in an attempt to minimize false positive sequences that are claimed to 

adopt G4 folds.23 The data were equally weighted in the process of assigning folding 

probability; however, 1H-NMR and CD spectroscopy provide the most direct readout of 

whether a PQS has adopted a G4 fold. A high classification equals a G4 positive result in 4 

or more of the experiments, a medium classification equals a G4 positive result in 3 of the 

experiments, and a low classification equals 2 or fewer positive results out of the 

experiments (Figure S3). The sequences with the lowest probability of folding include 

FANCA, LIG4, RECQL, and RPA1, while the sequence PRKDC has a medium probability 

of adopting a G4 structure under the conditions studied. All remaining sequences have a 

high probability of adopting a G4 fold under the conditions of the present studies. The 

approach of looking at folding probability by many complementary methods provides an 

excellent way to establish more confidently whether a sequence can adopt a G4 structure. 

For instance, if only 1H-NMR was used to establish folding, the LIG4 sequence would 

appear to have adopted a G4 fold; however, the additional methods suggest that LIG4 does 

not adopt a G4 fold. Even though the studies looked at short sequences outside of their 

biological context, these biophysical analyses are a necessary first step to understand the 

possibility of G4 formation in a cell. With this limitation in mind, the utilization of many 

complementary G4 characterization methods allows us to identify the best possible 

sequences for future study in a biological setting.

Human DNA repair PQSs are targets for G4-specific molecules in human cells

In the final studies, we set out to determine whether some of the human DNA repair PQSs 

could possibly fold within the context of a human cell. To achieve this goal, we incorporated 

the BLM and NEIL3 PQSs found in the coding strand (Table 1) of the promoter and the 

MGMT and NEIL1 PQSs located in the template strand of the promoter (Table 1) into the 

SV40 promoter sequence in a plasmid expressing the Renilla luciferase gene. The PQSs 

were inserted following a method we previously reported.13 The plasmid selected also 

contained the firefly luciferase gene that was not modified and was therefore used as an 

internal standard. To determine if the PQSs could possibly adopt G4 folds in human cells, 

the modified plasmids were transfected into human glioblastoma cells (U87) and then 

titrated with G4-specific compounds. The luciferase expression levels were quantified and 

normalized to a relative response ratio (RRR) and compared across the titration series to 

determine if the G4-specific compounds alter expression of the Renilla luciferase gene 

containing the PQSs. The G4-specific compounds pyridostatin (PDS; Figure 4A),27 Phen-

DC3 (Figure 4B),72 and BRACO-19 (Figure 4C)73 were chosen for study because they have 

all been previously validated to selectively bind G4 sequences over duplex or single-stranded 

DNA in the cellular context. Lastly, the concentrations for the compounds were selected on 

the basis of literature precedence.36,57,74
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The G4 ligand studies aided in demonstration that the PQSs from human DNA repair genes 

are targeted by the G4-specific ligands and alter gene expression on the basis of the 

following observations (Figures 4D–4F). For the MGMT and NEIL1 PQSs naturally located 

in the template strand, when PDS, Phen-DC3, or BRACO-19 were titrated in the media 

along with the plasmid, reduction in Renilla luciferase expression was observed. As a 

control, the wild-type (WT) plasmid with the native SV40 promoter regulating Renilla 

luciferase that does not have a PQS was studied with the G4 ligands, and in each case the 

expression was not impacted by the ligands (Figures 4D–4F). Therefore, this supports the 

changes in luciferase expression measured result from the ligands binding the G4 folded 

state of the PQSs in the modified plasmids. The decrease in luciferase expression is 

consistent with the ligands stabilizing the G4 fold on the template strand and decreasing 

RNA pol II preinitiation leading to a decrease in mRNA synthesis (Figure 4G). Further, 

these observations are consistent with other cellular studies that showed that these ligands, 

when added to cell culture media, result in a decrease in gene expression.36,73,75 The 

observation of suppression of Renilla luciferase expression when regulated by either the 

MGMT or NEIL1 PQSs demonstrate a strong possibility for these PQSs to fold in the 

cellular context. These two examples do not reflect all of the PQSs identified in the 

bioinformatic studies (Figure 2) or those initially characterized (Figure 3), but these cellular 

results suggest it is likely that human DNA repair PQSs can fold to G4s in human cells.

In the studies with the BLM or NEIL3 PQSs located in the coding strand of the promoter 

regulating the Renilla luciferase gene, we observed either no change in gene expression or 

an increase in luciferase expression (Figures 4D–4F) when the G4 ligands were added. First, 

the relative changes in expression observed when the PQSs were located in the coding strand 

vs. the template strand were lower in the coding strand cases. Because each study targeted a 

different PQS, we cannot rule out the suggestion that different sequences caused the 

difference in expression change rather than the location on the coding vs. template strand. 

Even with this limitation in mind, when the PQSs are in the coding strand, transcription was 

induced for both PQSs when Phen-DC3 was added to the cell cultures. These results are 

consistent with previous literature findings,75 and they suggest that when PQSs fold in the 

coding strand, transcription can be enhanced (Figure 4H). In contrast, pyridostatin (PDS) 

addition to the cell cultures increased expression for the BLM PQS and had no impact when 

the NEIL3 PQS was present. Lastly, BRACO-19 did not alter luciferase expression when 

either the BLM or NEIL3 PQSs were present.

Regardless of all these ligand differences, these studies aid in validating that the human 

DNA repair PQSs in the coding strand of the promoters can possibly impact transcription 

when folded by increasing gene expression. We must caution that all of these studies placed 

the PQSs −24 nts from the TSS, and therefore, how the location of the PQS in the natural 

promoter may impact gene expression when possibly folded was not studied and cannot be 

addressed with the present data. Furthermore, these plasmid studies make a good attempt at 

understanding chemistry inside cells, but they do not completely model the genomic context.

As stated in the introduction, our long-term goal is to better understand the interplay 

between oxidatively derived DNA damage in gene promoters with PQSs and the impact this 

has on gene expression. Our goal is not related to understanding G4 ligands and how these 
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molecules impact gene expression. Outside of our main goal, these cellular studies do 

identify some interesting points that may be of interest to the G4 community. First, PDS, 

Phen-DC3, and BRACO-19 targeted both template PQSs (i.e., MGMT and NEIL1) leading 

to a reduction in transcription. There did not appear to be any selectivity for these sequences 

by these three ligands. The lack of sequence selectivity should be of concern to the G4 

community. When the PQSs were in the coding strand, gene expression was generally 

increased. Therefore, treatment of cells with these ligands will decrease and increase gene 

expression with dependency on the promoter sequences and the coding vs. template strand in 

which the targeted PQS resides. Selective targeting of different sequences will be very 

challenging to tune with large planar molecules that do not have built-in sequence 

selectivity. We do realize the four different sequences inspected in the present study do not 

paint the complete picture of the genome, but the observations made should be of 

importance to researchers trying to synthesize and understand G4 ligands for 

pharmacological applications.

Conclusions

In the present report, we evaluated 390 human DNA repair gene promoters and 5`-UTRs for 

PQSs utilizing the Quadparser algorithm.22 We identified 2,936 PQSs in 353 of the DNA 

repair genes that have an average density of 7.5 PQSs per gene (Figure 2B). By evaluating 

500 random populations of 390 human genes, we found the average PQS density was 4.3 per 

gene in the human genome; thus, human DNA repair genes possess ~1.8-times more PQSs 

than the human genes on average. The finding that DNA repair genes have a greater density 

of PQSs than expected by chance is an observation that, in tandem with oncogenes having 

high PQSs,25,30,31 leads to many intriguing future questions. The distribution of the PQSs in 

the DNA repair genes was similar to the whole genome when looking at their presence on 

non-transcribed (coding) or transcribed strands (Figures 2C and 2D). The number of PQSs 

in the DNA repair genes reflects that of the whole genome when evaluating the percentage 

of sequences that have more than four G tracks (Figure 2E). Further, we found that PQSs 

near TSSs (±250 nt) are enriched with >4 G track PQSs relative to the whole genome. This 

final observation supports our previous observation that regulatory PQSs favor >4 tracks of 

G runs for maintaining their folds when damaged by ROS.56

We then intersected the PQSs identified with ChIP-Seq data for folded sequences in human 

cells,30,31 that found hundreds of DNA repair sequences that have strong potential to fold in 

cellulo (Tables S4–S6). We cataloged the ability of 30 of these PQSs to adopt G4 topologies 

in vitro by five different tests for G4 folding (Table 1 and Figures 3A–E). These experiments 

determined 26 of the sequences have a medium to high potential to adopt G4 folds in 

solution (Figures 3A–E and S3). These initial structural characterization results suggest a 

possibility that these sequences can adopt G4 folds in cells. As a step forward in 

understanding whether a subset of these human DNA repair promoter PQSs could fold in 

cells and alter gene expression, four PQSs (i.e., BLM, MGMT, NEIL1, and NEIL3) were 

synthesized in the promoter of a luciferase gene in a plasmid. We demonstrated in human 

glioblastoma cells that when the plasmids were co-transfected with G4 specific ligands, 

luciferase expression was altered (Figure 4). Furthermore, the up or down change in gene 

expression was dependent on the coding (up) vs. template (down) strand in which the PQS 
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was synthesized. However, studies outside of the genomic context cannot fully reproduce the 

complexity of nucleosomes and other higher order chromatin structure; thus, caution is 

warranted when interpreting these results. Lastly, these data provide the first steps in our 

efforts to understand whether DNA repair genes harbor PQSs in their regulatory regions that 

aid in transcriptional regulation during oxidative stress. The present results are critical in 

guiding our future cellular studies to understand how this class of genes may be regulated by 

G-rich sequences during cellular oxidative stress.14

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Generalized PQS, (B) structure of a G-tetrad, and (C) typical G4 folding topologies.
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Figure 2. 
Bioinformatic analysis of PQSs in all human genes compared to human DNA repair genes. 

(A) Diagram of a basic gene structure. (B) Average density of PQSs per gene from 500 

randomized samples of 390 human genes per sample compared to the average density of 

PQSs in human DNA repair genes. (C) Location of PQSs in all human genes and human 

DNA repair genes on the coding strand or (D) template strand. (E) Counts of PQSs with 

more than four G tracks in all human genes (coding + non-coding) vs. human DNA repair 

genes.
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Figure 3. 
Examples of (A) 1H-NMR, (B) CD, and (C) TDS spectra for the BLM and PARP3 PQSs, as 

well as the (D) Tm and (E) thioflavin-T fluorescence intensities for all PQSs with 

comparisons to a known G4, dsDNA, and ssDNA controls. Data for all of the sequences are 

provided in Figure S1. *These sequences failed to provide thermal transitions while 

monitoring at 295 nm. The 1H-NMR, CD, and Tm data for the NTHL1 PQS were reported in 

our previous work.13

Fleming et al. Page 22

Biochemistry. Author manuscript; available in PMC 2019 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Demonstration that the BLM, MGMT, NEIL1, and NEIL3 human DNA repair gene 

promoter PQSs can fold in human glioblastoma cells when targeted with G4-specific 

ligands. The structures of (A) pyridostatin, (B) Phen-DC3, and (C) BRACO-19. (D–F) The 

changes in Renilla luciferase expression relative to firefly luciferase (i.e., RRR) expression 

measured for the four PQSs targeted with the three G4 ligands. Models to understand how 

gene expression decreased when the PQS is in the (G) template strand or increased when the 

PQS is in the (H) coding strand.
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