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Abstract

Due to its low redox potential, guanine (G) is the most frequent site of oxidation in the genome. 

Metabolic processes generate reactive oxygen species (ROS) that can oxidize G to yield 8-

oxo-7,8-dihydroguanine (OG) as a key two-electron oxidation product. In a genome, G-rich sites 

including many gene promoters are sensitive to oxidative modification, and some of these regions 

have the propensity to form G-quadruplexes (G4s). Recently, OG formation in G-rich gene 

promoters was demonstrated to regulate mRNA expression via the base excision repair (BER) 

pathway. The proliferating cell nuclear antigen (PCNA) gene was previously found to be activated 

by metabolic ROS, and the gene has a five G-track potential G4 in the coding strand of its 

promoter. Herein, we demonstrated the ability for four G runs of the PCNA promoter sequence to 

adopt a parallel-stranded G4. Next, we identified G nucleotides in the PCNA G4 sequence 

sensitive to oxidative modification. The G oxidation product OG and its initial BER product an 

abasic site were synthetically incorporated into the four- and five-track PCNA sequences at the 

sensitive sites followed by interrogation of G4 folding by five methods. We found the 

modifications impacted the G4 folds with positional dependency. Additionally, the fifth G track 

maintained the stability of the modified G4s by extrusion of the oxidatively modified G run. 

Finally, we synthetically inserted a portion of the promoter into a reporter plasmid with OG at 

select oxidation prone positions to monitor expression in human glioblastoma cells. Our results 

demonstrate that OG formation in the context of the PCNA G4 can lead to increased gene 

expression consistent with the previous studies identifying metabolic ROS activates transcription 

of the gene. This study provides another example of a G4 with the potential to serve as a 

regulatory agent for gene expression upon G oxidation.
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Introduction

Mutations in DNA caused by reactive oxygen species (ROS) are linked to a myriad of 

diseases such as cancer, Alzheimer’s disease, and other neurological disorders.1–3 The DNA 

base guanine (G), having the lowest redox potential, is a frequent site of oxidation in the 

genome.4 Metabolic processes generate the ROS O2
•- that reacts in the cell to yield the 

moderately stable products ONOO- or H2O2.5, 6 These intermediate products can diffuse 

through the cell and generate either CO3
•- or HO• as the active oxidants in the highest yield. 

Metabolically derived oxidants target G to yield the two-electron oxidation product 8-

oxo-7,8-dihydroguanine (OG) as one of the major products.5–7 This oxidatively modified G 

base is suspected to induce G→T transversion mutations found in genomes in many 

diseases resulting from ROS damage (Figure 1).8, 9 These observations led to the long-held 

belief that oxidation to DNA is inherently mutagenic; however, more recent studies support 

the proposal that OG formation in gene promoters may also function in a gene regulatory 

role (i.e., epigenetic-like).10–13 Several examples exist in which OG formation in a gene 

promoter increases transcriptional activity. For instance, genes coding for the vascular 

endothelial growth factor (VEGF), tumor necrosis factor alpha (TNFα), B-cell lymphoma 2 

(BCL2), Kirsten rat sarcoma viral oncogene homolog (KRAS), and sirtuin 1 (SIRT1) all 

show a positive correlation between upregulation and possible OG formation in the gene 

promoter.14–18 Central to the proposal of OG as a regulatory DNA base modification is the 

intertwining of DNA repair and transcriptional induction.19

Likely sites of guanine oxidation include G-rich regions of the human genome, and some of 

these regions have the propensity to form G-quadruplexes (G4s). A G4 secondary structure 

in DNA is composed of three stacked guanine tetrads, each consisting of four guanine bases 

associated with one another through Hoogsteen hydrogen bonding (Figures 2A and2B). The 

classical sequence motif typically observed for a G-quadruplex is 5′-

G≥3NXG≥3NXG≥3NXG≥3-3′ (x = 1–7 nucleotides), and use of this sequence pattern has 

identified via bioinformatics over 350,000 of these potential G-quadruplex forming 

sequences (PQS) in the human genome.20 Experimental determination of the number of 

sequences capable of adopting a G4 in the human genome by G4-Seq found >700,000, and 

G4-ChIP-Seq found ~10,000 sequences that fold within human skin cells to regulate 

transcription.21, 22
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The VEGF gene is an example in which oxidative stress, increased gene expression, 

oxidation of a promoter PQS, and involvement of DNA repair in the process have been 

identified. There exists a positive correlation between oxidative stress and VEGF 
transcription levels in mammalian cells under oxidative stress conditions.14 Additional work 

revealed that VEGF transcriptional activation is dependent on the DNA repair enzyme 8-

oxoguanine glycosylase 1 (OGG1), which is responsible for recognizing and excising OG 

from the genome.14, 23 The VEGF promoter contains one of the best structurally 

characterized and accepted G4s in the coding strand for regulation of the expression of this 

gene that was previously demonstrated.24, 25 Our prior work on the subject found G 

oxidation in the VEGF G4 sequence is incompatible with G4 folding unless that G is not 

required in a tetrad. However, stable folding can occur by a second mechanism in which a 

5th G track allows extrusion of the damaged G run, maintaining the G4 fold by incorporation 

of the 5th G track as the “spare tire.”26 All of these observations begged the question, does G 

oxidation to OG in the G rich VEGF G4 induce transcription? Our laboratory addressed this 

question using chemical tools to identify oxidative modification of the VEGF G4 regulating 

a reporter gene could induce transcription via a possible G4 fold and the BER pathway.27, 28

The PCNA gene, which codes for the proliferating cell nuclear antigen, is another gene with 

a PQS in the coding strand of the promoter.29 This PQS is located between positions −126 

and −159 on the coding strand, and it has five G tracks (Figure 2C). This sequence is bound 

by three equivalents of the SP1 transcription factor that is typical of promoter PQSs.30 More 

importantly, this sequence was identified to adopt a G4 fold in human cells by utilizing G4-

ChIP-Seq and ChIP-Seq for the G4-specific helicases XPB and XPD.22, 31 These 

observations provide compelling data to support the proposal that the PCNA G-rich 

sequence can fold within the cellular context.

An additional interesting observation is that PCNA expression is activated by UV-induced 

oxidative stress, as increases in gene activity were shown at the mRNA and protein levels by 

Chang, et al.32 In a second study, PCNA was significantly upregulated in human colorectal 

cancer cells after exposure to H2O2.33 The authors also found that PCNA induction is not 

dependent on nucleotide excision repair (NER) or repair of double-strand breaks; however, 

these studies did not evaluate whether the BER pathway was important in gene activation.32 

Further, they observed that inhibition of the AP-1 transcription factor that interacts with 

apurinic/apyrimidinic endodeoxyribonuclease 1 (APE1) or inhibition of G oxidation by the 

antioxidant N-acetylcysteine led to a reduction in PCNA activity.34 These results support a 

strong possibility that G oxidation occurred in the PCNA promoter to induce expression.32 

Lastly, PCNA over-expression has been detected in malignancies ranging from colorectal 

cancer to breast cancer, diseases that also show dramatic increases in metabolically derived 

oxidative stress.35–39 Considering that the PCNA gene promoter contains a PQS found to 

fold in human cells, the gene is activated by oxidative stress, and BER was indirectly 

implicated in gene induction, the question was proposed whether oxidative modification of a 

G nucleotide in the PCNA promoter PQS induces gene expression via BER activation 

similarly to VEGF activation under oxidative stress that we previously reported on.27, 28 

This study first sought to characterize the G4 formed in the PCNA promoter, and then to 

determine where this sequence is prone to oxidation. Once the oxidation sites were identified 

we synthetically installed the G oxidation product OG or the initial repair product of OG an 
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abasic site at select hotspot sites to understand how the modifications impact G4 folding in 

the four- and five-track PCNA sequence contexts. Finally, OG was synthesized in the PCNA 
PQS context within a promoter driving expression of a luciferase gene on a plasmid that was 

transfected into human glioblastoma cells to understand the impact on transcription. When 

OG was present in the PCNA PQS context induction of transcription of the reporter gene 

was observed, and this finding is consistent with the previous cell-based studies that found 

PCNA gene was activated under oxidative stress conditions.32, 33

Materials and Methods

Preparation and Purification of Oligodeoxynucleotides

The oligodeoxynucleotides (ODNs) were synthesized at the DNA/Peptide Core Facility at 

the University of Utah using commercially available phosphoramidites, and the OG-

containing ODNs were processed following a previously reported protocol.26 The cleaved 

and deprotected ODNs were purified using an anion-exchange HPLC column (DNAPac 

PA100 250 × 4 mm, 5 µm) running mobile phase compositions that were A = 1 M LiCl and 

20 mM LiOAc (pH 7) in 9:1 ddH2O:MeCN, and B = 9:1 ddH2O:MeCN. To elute the ODNs, 

mobile phase flowed through the column at a rate of 3 mL/min, beginning at 5% B and 

increasing linearly to 100% B over 35 minutes. The ODNs were tracked by monitoring the 

elution profile by the absorbance at 260 nm. The HPLC-purified ODNs were lyophilized to 

decrease the volume and then dialyzed against ddH2O for 36 h to remove the purification 

salts. The dialyzed samples were lyophilized to dryness and resuspended in ddH2O followed 

by determination of the stock concentrations via determination of the A260 nm using a 

Nanodrop UV-vis spectrometer. The extinction coefficients for the ODNs were determined 

by the nearest-neighbor approximation, and G was substituted for OG for the calculation of 

the modified strands.

Characterization of the G4 Folds

To induce G4 formation, the ODNs were annealed by heating them to 90 ˚C and then 

gradually cooling the samples to room temperature in a water bath, before being chilled 

overnight at 4 ˚C. To collect the 1H-NMR spectra, the ODNs were annealed in a solvent 

containing 20 mM KPi, 50 mM KCl, with 10% D2O (pH 7). The 1H-NMR spectra were 

recorded on an 800-MHz NMR spectrometer using the Watergate solvent suppression pulse 

sequencing. To perform the circular dichroism (CD) analysis, thermal melt (Tm), and 

thioflavin-T experiments, the samples were annealed in 20 mM KPi, 120 mM KCl, 12 mM 

NaCl (pH 7.4), at ODN concentrations of 10 μM, 2.5 μM and 1 μM, respectively. The CD 

profiles were recorded at room temperature and plots of molar ellipticity were achieved 

using ε = 263,000 L•mol−1•cm−1 for the PCNA 4-track sequence and ε = 332,000 L•mol
−1•cm−1 for the PCNA 5-track sequence. Thermal melt curves were performed by 

monitoring the ODN absorbance at 295 nm as the temperature was varied from 20 to 100 °C 

at a ramp rate of 1 °C/min with thermal equilibration of 1 min at each step in the 

temperature ramp, and the absorbance readings at each 1 °C temperature change were 

recorded. The fluorescence assays were measured using 0.5 μM Thioflavin-T, with the λex = 

425 and λem scanned from 440–700 nm. The increase in fluorescence of the G4 samples 
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was compared to the emission of control DNA sequences (i.e., established G4 fold, c-MYC 
as a positive control, and single-stranded DNA as a negative control).

Gel Electrophoresis

The ODNs were radiolabeled at the 5′-end with 32P using T4 polynucleotide kinase to 

radiolabel the ODN with [γ−32P]-ATP following a literature protocol.40 To induce G4 folds, 

the radiolabeled ODNs were annealed in the same manner as described above. To determine 

the reactive sites, 50-μL portions of the G4 samples were oxidized using 50 mM riboflavin 

and 350-nm light for time intervals ranging 0–12 minutes following a protocol previously 

reported by our laboratory.41 After the oxidation reaction, the samples were dialyzed against 

ddH2O for 12 h and then lyophilized to dryness. To determine the sites of oxidation, the 

sample was resuspended in 1 M freshly prepared aqueous piperidine and heated at 90 ˚C for 

1 h following a previously reported protocol determined to efficiently induce strand scission 

at known G oxidation products.42 After the piperidine reaction, the samples were lyophilized 

to remove the piperidine. Next, the dry samples were resuspended in 10 μl of loading dye 

(30% glycerol, 0.25% bromophenol blue, and 0.25% xylene cyanol), followed by loading 5 

μL of the sample onto a 20% denaturing polyacrylamide gel (PAGE) and electrophoresed at 

75 W for >1.5 h in 1x TBE electrolyte. The oxidation sites were visualized using storage-

phosphor autoradiography and a phosphorimager.

For native gel electrophoresis, the ODNs were labeled with 32P and annealed to induce G4 

folds both of which were described above. The samples were dried and resuspended in 40 

µL of loading dye and loaded onto a 20% native PAGE gel that included 0.1 M KOAc in the 

gel mix and 1x TBE electrolyte solution (pH ~8). The native gel samples were studied at pH 

8; thus, the poly-dC ladder used was not capable of adopting i-motif folds rendering these 

strands as a suitable ssDNA control.43

Plasmid Construction

Primers containing the PCNA PQS and flanked by recognition sites for the Nt. BspQ1 

nicking endonuclease were designed and inserted into the psi-CHECK-2 plasmid (Promega) 

following a method previously outlined in our laboratory that harnessed conditions to avoid 

non-specific oxidation of G nucleotides in the sequence.27 The plasmid was equipped with 

coding sequences for both the Renilla (Rluc) and firefly luciferase (luc) genes. The Rluc 

gene is driven by the SV40 promoter that was modified with the PCNA sequence, while luc 

is driven by the HSV-TK promoter and this luciferase served as an internal control for the 

measurements. Expression from these two luciferase genes was determined by the dual-glo 

luciferase assay. Following PCR amplification, the plasmid was transformed into NEB-5-

alpha competent E. coli cells according to the High Efficiency Transformation protocol 

(NEB). The sample was plated and grown overnight (~16 h) at 37 ˚C before the colonies 

were picked and incubated in growth media overnight. Plasmid DNA was extracted using a 

miniprep kit (Qiagen) before being submitted to the University of Utah DNA sequencing 

core facility for Sanger sequencing to confirm the proper insertion of the PCNA PQS in to 

the plasmid (refer to Figure S1 for an example Sanger chromatrogram showing G4 

incorporation).
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To insert site-specific modifications into the plasmid, 5 μg of the modified plasmid with 

Nt.BspQ1 recognition sites was added to 50 μL 1x Nt.BspQ1 reaction buffer with 5 units of 

Nt.BspQ1 (NEB). The nicking endonuclease reaction proceeded for 60 min at 50 °C, 

followed by quenching the reaction for 20 min at 80 °C. Next, 1 nmol (~1,000-fold excess) 

of 5′-phosphorylated oligomer with the site-specific modification was added to the reaction 

mixture, and then the mixture was thermally cycled between an 80 °C water bath for 2 min 

and ice for 2 min, which was repeated 4 times. Next, 7 μL of 10x ligase buffer and 800 units 

of T4 DNA ligase were added to the thermally cycled mixture, and it was left to react for 6 h 

at 20 °C. The modified plasmids were purified from protein extracts using an Ultra Clean 

PCR Cleanup kit (MoBio) according to the manufacturer’s protocol, and finally, the 

concentrations were determined using a Nanodrop UV-vis spectrometer.

Cell Culture

Glioblastoma cells (U87 MG) purchased from ATCC were grown in Dulbecco’s Modified 

Eagle Medium (DMEM) and supplemented with 10% FBS, gentamicin (20 µg/mL), 

glutamax (1x), and nonessential amino acids (1x). Transfection experiments were performed 

in white 96-well plates using X-tremeGene HP DNA transfection agent (Roche) with 400 ng 

plasmid. The dual-glo luciferase assay (Promega) was performed according to manufacturer

′s protocol to measure the Rluc expression relative to luc. Each experimental group included 

8 replicates.

Results and Discussion

The aim of the initial characterizations was to determine which of the five G runs in the 

PCNA sequence adopt the principle G4 fold in solution. To address this question, we 

followed a similar method as was used to understand the same question asked of the c-MYC 
G4 sequence.44 First, three sequences were synthesized: a wild-type strand with all five G 

runs (G5), a strand with the first G run substituted with thymine bases (PCNA 2345), and a 

strand with the second G run (PCNA 1345) substituted with thymine bases. Substitutions 

with T were not conducted on the 3′ side of the PQS because where possible, G4 folds 

generally prefer shorter loop lengths in which the 3`-most G runs would provide the shortest 

loops.45 The sequences were then subjected to thermal melting (Tm) analysis to identify the 

stability of the sequences. The Tm values were determined by following denaturation of the 

folded G4 via the decrease in the absorbance at 295 nm as the temperature was increased 

from 20 to 100 °C. The wild-type G4 with five G runs was found to have a low thermal 

stability, followed by the strand with the second G run mutated to Ts (Table 1). In contrast, 

the complete sequence with the 5′ most G run mutated to Ts and the truncated four track 

sequence comprised of the four 3′ most G runs had high thermal stabilities. This final 

observation supports the predominant structure in solution to be one containing a G4 

consisting of the four 3′-most G runs. The CD spectra recorded for the five-track sequences 

showed a λmax at 262 nm and a λmin at 243 nm, indicating the G4s to be parallel stranded 

on the basis of comparison to literature data (Figure 3).46 These initial data support the wild-

type PCNA sequence is a parallel-stranded G4 that folds using the four 3′ most G runs. We 

would like to point out that the five G-track PCNA sequences were extremely challenging to 

work with. The synthetic yields were poor, and the sequences consistently precipitated out of 
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solution; thus, the data for the five G-track sequences were challenging to obtain and in a 

few instances the data were unobtainable.

Because the five G-track PCNA sequence can adopt many possible G4 folds, we chose to 

truncate the sequence to the four 3′-most G runs found to be the most stable in solution to 

minimize the number of folds it could adopt. This truncated PCNA sequence (PCNA G4) 

was studied in greater detail to gain a better understanding of the G4 fold. Next, the 1H-

NMR spectra for the wild-type sequence was recorded at ~300 µM to identify imino proton 

shifts diagnostic of G:G Hoogsteen base pairs in a G4 fold (10–12 ppm), following a prior 

literature report as a guide.47 Figure 4A shows the 1H-NMR spectrum collected for the 

PCNA 4-track sequence in which a broad peak centered at 11 ppm was found that supports 

G:G Hoogsteen base pairing in a G-tetrad. The broadness of the peak suggests that the G4 is 

polymorphic and several folds exist in solution. This observation was expected on the basis 

of the G4 having three G runs with more than four G nucleotides that could adopt up to 12 

possible structures. The next analysis of the wild-type sequence was recording of the CD 

spectra at 20 °C in buffer with K+ and Na+ concentrations designed to match physiological 

conditions with the G4 concentrations at 0.2 or 10 µM. The CD studies were conducted with 

lower DNA concentrations (0.2 or 10 µM) than the NMR experiments. The spectra at both 

DNA concentrations showed a λmax of 262 nm, indicating the PCNA PQS adopts a parallel-

stranded G4 with no dependency on the strand concentration (Figure 4B), on the basis of 

comparison to a literature report.46

The concentration-dependency in the CD spectra was studied as the first experiment to 

support the PCNA sequence adopts an intramolecular G4 fold. The CD spectra at a high and 

low concentration did not change suggesting the structure remains the same (Figure 4B). 

The intramolecularity of this PQS was further supported by a non-denaturing PAGE 

examination that was conducted at 1 and 10 µM (Figure S2). The data from the PAGE 

analysis suggest intramolecular folding of the wild-type PCNA sequences because 

quadruplex-DNA folds are compact and migrate at a greater rate than the single-stranded 

DNA ladder band of similar length used for comparison48 that was observed for the folded 

PCNA strands. Additional support for intramolecular folding of the wild-type PCNA G4 was 

derived from a concentration-dependent Tm study. We found the Tm of the four-track fold 

did not change as the concentration was increased from 2 to 20 µM, which suggests 

intramolecular folding at these concentrations (Figure S3). The next sets of studies were 

conducted at low concentrations (<10 µM), at which intramolecular folds were assumed.

In the following study a Thioflavin-T (ThT) assay was performed that utilizes a light-up 

probe repurposed by Mergny and co-workers for detecting the presence of folded G4s 

because ThT is G4 selective and shows minimal interaction with ss- or dsDNA.49 The 

established c-MYC G4 was used as a positive control and the C-rich complementary strand 

for the PCNA PQS was harnessed as a negative control. Under the conditions of the analysis, 

the C-rich complement did not adopt an i-motif fold that would interfere with the analysis, 

on the basis of a pH-dependent CD study (Figure S4). Application of the ThT assay to the 

controls provided the expected results: high fluorescence for c-MYC (120-fold increase 

above background) and low fluorescence for the ssDNA (<10-fold increase above 
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background). The ThT assay applied to the four G-track PCNA sequence found an 80-fold 

increase in fluorescence at 490 nm that further supports G4 formation (Figure S4).

Following the initial structural analysis of the wild-type PCNA sequence, the 4-track PCNA 
sequence was folded at 10 µM concentration in buffer with physiologically relevant amounts 

of K+ and Na+ ions (140 and 12 mM, respectively), and the DNA was subjected to G-

specific oxidizing conditions to identify the G nucleotides most prone to oxidation. The one-

electron photooxidant riboflavin was used for the oxidation studies because the reaction 

pathway and products are well established.5 Post oxidation mapping of the oxidation sites 

was achieved via hot piperidine-induced cleavage following a method demonstrated to 

cleave all products of riboflavin-mediated oxidation of G detected (2Ih, Sp, Gh, and Iz/Z), 

with the exception of OG.42 Visualization of the cleaved sites by PAGE separation and 

storage-phosphor autoradiography analysis revealed the most reactive sites to be positions 

−149 (core), −145 (loop 1), and −136 (loop 2) relative to the transcription start site (TSS, 

Figures 5 and S5). The core or loop designations will be used for the remainder of the text. 

In the context of the PCNA PQS, position −149 is found in a run of three Gs, suggesting that 

this particular guanine must participate in G-tetrad formation, and therefore, exists in a G4 

core position. The reason the G nucleotide at position −145 in a loop was highly reactive is 

because this position resides in the loop of the folded structure, in which previous studies 

found loop G nucleotides to be hyperreactive toward oxidation.50 Oxidation products of G 

are not compatible with the formation of G-tetrads;51–53 therefore, oxidation in the core 

position is expected to interrupt G4 formation when the four G-track sequence is considered. 

Meanwhile, the guanine labeled loop 1 is not a part of a G run, and therefore, does not 

participate in G4 tetrad formation. Lastly, oxidation to the G labeled loop 2 is part of a run 

of four G nucleotides and is likely forced into a loop position following oxidation allowing 

the other three G nucleotides to form a stable G4 fold as a result of the incompatibility of 

OG for tetrad formation. Now that we have identified sites prone to oxidation in the PCNA 
PQS when folded as a G4, studies were then conducted to understand the impact of 

oxidation at each of these sites on the G4 fold.

We synthesized OG into the PCNA strand at each of the positions found in the oxidation 

studies using a standard solid-phase synthesis protocol. Selection of OG for these studies is 

based on previous work that found OG was a product of G oxidation in the G4 context under 

riboflavin-mediated oxidations in the presence of physiological amounts of reducing agent.
41 The positions studied include the site labeled as the core position, the loop 1 site, and the 

site labeled loop 2. First, 1H-NMR spectra were collected for the OG-containing strands at 

~300 µM to identify imino shifts between 10–12 ppm, indicative of G:G Hoogsteen bonding 

in a G-tetrad (Figures 6A-C).

Before conducting the next set of experiments, the chemically modified G4s were analyzed 

by native-PAGE analysis to determine whether the molecularity changed when folded at 1 or 

10 µM. The analysis found the modified G4s migrated on the gel consistent with 

intramolecular folds (Figure S2). Next, the CD spectra for the OG-containing G4s provide 

additional insights to the topologies of the folds. When OG was located in the core position, 

the λmax was at 265 nm. This change in the λmax in the CD spectrum54 is consistent with 

previous studies identifying OG causing the structure to unravel to an unstable fold,51–53 
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discussed more below. When OG was placed in the first loop position, the CD spectrum had 

a λmax at 262 nm that is consistent with a parallel-stranded fold similar to the wild-type 

PCNA sequence. Lastly, placement of OG in loop 2 provided a CD spectrum with a λmax at 

290 nm (Figure 6 D-F). This final spectrum was significantly different than the others 

measured and is consistent with the sequence adopting an antiparallel-stranded G4 fold.

Previous work from our laboratory demonstrated that PQSs with more than four G runs can 

accommodate OG in a core position by replacing the damaged run with a fifth G run close to 

the principle G4 fold.26 Because the PCNA PQS has a fifth G run, we determined whether a 

similar mechanism to tolerate modifications to the nucleic acid bases in the context of a G4 

fold occurred. We synthesized OG and its proposed initial repair product, an abasic site,55 

that was studied as the THF (F) analog at the same locations as analyzed in the four G-track 

sequence. First, thermal melting assays were performed on the ODNs in both the G4 and G5 

contexts. The thermal stabilities of the damaged five-track strands were similar to the wild-

type sequence, which stands in contrast to the modified four-track strand at the core position 

that was found to be significantly less stable than the wild-type sequence. These differences 

suggest that the fifth domain becomes incorporated into the G-quadruplex fold when damage 

to a core G run has occurred (Figure 7).

To provide further evidence for these observations, we returned to the ThT assay in which 

the OG- and F-containing 4-track sequences exhibited a decrease in FI/FIo relative to the 

wild-type sequence, while the FI/FIo of the OG- and F-containing five-track sequences 

remained high (Figure S6). Lastly, CD analysis was performed on the sequences, confirming 

that the modification-containing G5 sequences adopt a parallel-stranded G-quadruplex 

(Figure S7).

To summarize these findings, introduction of the oxidation product OG at the core G 

nucleotide in the PCNA gene disrupts G-tetrad formation and results in a low stability fold 

(Figure 7A). This observation is consistent with previous studies leading to a similar 

observation.51–53 In contrast, when the oxidation product OG was positioned in loop 1, no 

impact on the G4 fold was observed relative to the wild-type sequence (Figure 6E and7A). 

Finally, the guanine in loop 2 when modified is likely looped out as is made evident by the 

conformational change that results when the G4 shifts from parallel to anti-parallel, on the 

basis of the CD signature (Figure 6F). These observations are summarized in the pathway 

outlined in Figure 8.

In the final cell-based study, the PCNA PQS with OG incorporated at specific locations was 

cloned into the promoter region of a luciferase gene in a plasmid, and the vector was then 

transfected into human glioblastoma cells (U87-MG). The plasmid studied also contains the 

firefly luciferase gene that was not modified and was used as an internal standard for 

quantitative analysis of the impact of OG on gene expression. The time required prior to 

measuring the luciferase expression is based on our previous studies that found 48 h to 

provide a maximum level of expression change when OG was present.28 Our experiments 

focused on the native 5-track PCNA sequence. When OG was present in the core position of 

the PCNA PQS, the observed expression level was similar to that of the unmodified PCNA 
G4 sequence (Figure 9). Next, synthesis of OG at either of the loop positions previously 
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found to be sensitive to oxidation in the PCNA PQS was demonstrated to be consequential 

for gene expression, as roughly a four-fold increase in Rluc expression was observed relative 

to the wild-type PCNA sequence (Figure 9). These studies identified that when OG is 

present in the context of the PCNA promoter in a loop position of the PQS on the coding 

strand, gene expression is enhanced. A reason why OG placed at the core position failed to 

induce transcription is not clear. A possibility is that the G4 fold with OG at a core site 

generates a structure that is not compatible with the proposed mechanism, as described 

below.

The observation that guanine oxidation in the PCNA PQS turns transcription on is consistent 

with previous studies that found oxidation of a PQS in the coding strand of the promoter 

close to the TSS can turn on gene expression through the BER pathway.28 There exist 

further examples in the literature of oxidative stress leading to an increase in PCNA 
expression at the mRNA and protein levels.32, 56, 57 Further, this gene induction occurs 

independently of NER or repair of double-strand breaks.32 The present results support the 

general hypothesis that the interplay of possible G4 formation and oxidative stress can act as 

an on/off switch for transcription, as OG concentrations are increased in combination with 

some DNA repair, cell cycle, and stress response genes during inflammation.7, 27, 28, 58 

Lastly, we hypothesize that incorporation of the fifth domain yields a structural 

conformation when the G4 is modified that is incompatible with APE1 cleavage of the 

strand, but allows APE1 to bind and stall on the DNA for recruitment of activating proteins. 

The structural transition is supported by the increased Tm values found when the fifth 

domain was present (Figure 7B), and the inability of APE1 to process an abasic site in the 

G4 context was previously reported,59 consistent with our proposal.

The studies in our laboratory28 and the present paper have not explored the role of the 

complementary strand that can adopt a i-motif fold in the gene regulatory process. This 

question arises because work on other sequences capable of G4 and/or i-motif formation 

have suggested the i-motif fold plays a significant role in the regulatory process.60 Although, 

we note that ROS derived from metabolic processes is strongly biased for G oxidation and as 

a result of the G richness of the PQS strand, oxidations will occur in this strand. By focusing 

the oxidation on the PQS strand, the BER proteins that are essential for gene induction will 

target this strand leading to the repair-mediated gene activation observed, on the basis of our 

previous studies.28 Thus, the G-rich strand is important for the induction processes but the 

full scope of the i-motif strand is not known.

The results to the VEGF inquiry led our laboratory to propose a mechanism of how 

oxidative damage, G4 formation, and transcriptional regulation are all interconnected 

(Figure 10).27 The synthetic reporters were transfected into mammalian cells to map the 

gene induction process when OG was located in the VEGF promoter PQS. The studies 

found OG was released by the glycosylase OGG1 to form a duplex-destabilizing abasic site 

(Figure 10). The destabilization allowed the structure to possibly adopt the now 

thermodynamically preferred G4 fold by placing the abasic site in a loop that did not 

interfere with the G4 structure. This was achievable because the VEGF PQS possesses a 

fifth G track (i.e., spare tire) that allows looping out the damaged track and replacing it with 

the non-damaged G track to avoid destabilizing the structure (Figure 10). The Tm studies 
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comparing modifications in the PCNA four-vs. five-track sequences (Figure 7) are similar to 

our previous results on VEGF,26 supporting a similar folding process of the G4 strand. Last, 

the abasic site was then bound in the G4 context, but poorly cleaved, by apurinic/

apyrimidinic endonuclease I (APE1). A key feature of APE1 is that it interacts with 

activating transcription factors such as HIF-1α and AP-1 for gene induction while the 

binding was attenuated on the abasic site in the G4 context (Figure 10).51, 59, 61 To date, we 

have yet to complete mapping of the protein players in the proposed pathway. The present 

work on the PCNA PQS, in tandem with our previous studies on the VEGF PQS,27 adds 

support for a hypothesis that G oxidation to OG focuses the BER process to unmask a G4 

fold for gene regulation. Lastly, this study has identified another candidate gene with a 

promoter PQS that can function as a redox switch for gene regulation during oxidative 

stress.

Conclusion

We have demonstrated that the PCNA promoter contains a G-rich region on the coding 

strand that is capable of forming a parallel-stranded G-quadruplex (Figure 3). The initial in 
vitro studies identified the G4 sequence to be prone to oxidation at specific sites (Figure 5). 

Next, studies to understand the impact of the G oxidation product OG on the G4 fold found 

positional dependency in the G4 topology relative to the site OG was synthetically 

incorporated (Figure 8). In a final study, the promoter of a luciferase gene was modified to 

include the PCNA PQS with and without OG present near the TSS in the coding strand. 

When the plasmid containing OG at one of three different sites studied was transfected into 

human glioblastoma cells, those with OG in a loop position of the PCNA PQS gave nearly 

four-fold greater expression than the plasmid without OG (Figure 9); however, placement of 

OG at the core position did not lead to significant enhancement of transcription. The present 

findings add additional support for understanding how guanine oxidation in the context of a 

promoter PQS may function as a key regulatory modification that impacts gene expression.
10, 27–29 Furthermore, these results provide molecular details to a possible mechanism by 

which the PCNA gene is activated during oxidative stress conditions as previously found.
32, 33 In the proposed mechanism, the G-rich PQS promoter element of the PCNA gene is 

subject to G oxidation to yield OG. This oxidation event directs DNA repair to the promoter 

for initiating events that ultimately induce transcription of the gene. In contrast to our prior 

work on this topic in the VEGF,27, 28 NTHL1,27 and RAD1762 promoter PQS contexts, the 

PCNA PQS contains longer G runs that result in this sequencing being more sensitive to 

oxidative stress while also causing the G4 formed to adopt many different folds, as evident 

by the 1H-NMR spectra (Figures 4 and 6A-C). Interestingly, this sequence can shift the 

structural fold upon oxidation (Figure 8) that was only observed for the RAD17 sequence in 

which 5′ and 3′ nucleotides were found to be a contributing factor in the structural shift.62 

The present study adds additional support to growing interests in understanding whether 

oxidative modifications to the guanine heterocycle serve a biological function other than 

causing mutations to the genome.
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Figure 1. 
The two-electron oxidation of G yields OG.
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Figure 2. 
(A) The structure of a G-tetrad, in which four guanine bases associate via Hoogsteen pairing 

around a K+ ion, represented by the red circle. (B) A G4 representation, in which three 

tetrads are stacked on top of one another and stabilized by two K+ ions to adopt a parallel-

stranded G4 fold. (C) The PCNA PQS showing its position in the coding strand between 

−126 and −159 relative to the transcription start site (TSS) of the gene.
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Figure 3. 
The CD spectra of the folded five-track PCNA sequences that include the unmodified PCNA 
G5, PCNA with the first G-run mutated to Ts (PCNA 2345), and the PCNA with the second 

G-run mutated to T nucleotides (PCNA 1345). The spectra were recorded in 20 mM KPi (pH 

7.4) buffer with 120 mM KCl, 12 mM NaCl at 20 °C.
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Figure 4. 
Characterization of the 4-track PCNA PQS by spectroscopic methods. (A) The 1H-NMR 

shows a chemical shift diagnostic of imino protons in G:G Hoogsteen base pairs in a G-

tetrad between 10–12 ppm. (B) The CD spectra has a λmax of 262 nm for the folded 

sequence at varying concentrations.
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Figure 5. 
Denaturing PAGE showing PCNA PQS to have oxidation hotspots at positions −149 (core), 

−145 (loop 1), and −136 (loop 2) relative to the TSS. The PCNA G4 studied with the 

reactive sites underlined is 5′-TTCA GGG CGAC GGGGG C GGGG C GGGG CT, there 

were two T nucleotides added to the 5′ end to facilitate observation of the cleaved G closest 

to the 5′ end. See also Fig. S5.
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Figure 6. 
Characterization of the four G-track PCNA PQS with OG synthesized at sites sensitive to 

oxidation in the sequence. (A–C) The 1H-NMR spectra for the PCNA PQSs with OG at the 

three different positions studied (D–F) The CD spectra recorded for the PCNA PQS with 

OG in the core, loop 1, and loop 2 positions.
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Figure 7. 
Thermal melting assays performed on the damage-containing G4 and G5 strands showing 

that the fifth domain is engaged in the G5 context. (A) Thermal melting profiles for the 

PCNA G4 show a decreased thermal stability when damage occurs in the core position. (B) 

Thermal stability for the PCNA G5 remains high when the modifications occur in the core 

position, in which the stability is maintained by the “spare tire,” or 5th domain, in the native 

PCNA sequence. The error bars represent the standard deviation determined from triplicate 

analysis of each sample.
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Figure 8. 
Summary of the effects of G oxidation on the PCNA G4. Oxidation to position −149 (core) 

destabilizes the quadruplex and leads to triplex formation, suggesting the G to be in a 

definitive core position. Oxidation at position −145 (loop 1) does not affect the topology of 

the fold, confirming it to be in a loop position, while oxidation to position −136 (loop 2) 

results in a conformational change, shifting the G4 from parallel to anti-parallel topology. 

This indicates that position −136 (loop 2) can exist in either a loop or a core position.
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Figure 9. 
Incorporation of OG in the PCNA PQS led to a statistically significant increase in Rluc 

expression. *The results are significant at the 95% confidence interval on the basis of the 

Student’s t test.
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Figure 10. 
Proposed mechanism for how OG provides the drive for G4 formation in the PCNA 
promoter. First, OG removal by OGG1 yields a duplex-destabilizing abasic site that allows a 

structural switch to the G4 fold. Next, APE1 binds the abasic site when it is looped out in 

the G4 fold to recruit activating transcription factors for gene induction. The proposal is 

made on the basis of comparisons to our previous work regarding VEGF activation by a 

similar process.27
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Table 1.

The PCNA G4 sequences studied and their Tm values.

Strand Sequence Tm (°C)

PCNA G5 5′-CAGGGAGGCAGGGCGACGGGGGCGGGGCGGGGCG-3′ 70.6 +/− 0.6

PCNA 2345 5′-CATTTAGGCAGGGCGACGGGGGCGGGGCGGGGCG-3′ 74.6 +/− 1.4

PCNA 1345 5′-CAGGGAGGCATTTCGACGGGGGCGGGGCGGGGCG-3′ 70.2 +/− 2.5

PCNA G4 5′-CAGGGCGACGGGGGCGGGGCGGGGCG- 3′ 74.1 +/− 0.6
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