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ABSTRACT

Oxidation of the guanine (G) heterocycle to 8-oxo0-7,8-
dihydroguanine (OG) in mammalian gene promoters
was demonstrated to induce transcription. Potential
G-quadruplex forming sequences (PQSs) in promot-
ers have a high density of G nucleotides rendering
them highly susceptible to oxidation and possible
gene activation. The VEGF PQS with OG or an abasic
site were synthesized at key locations in the SV40 or
HSV-TK model promoters to determine the location
dependency in the gene expression profile in human
cells. The PQS location with respect to the transcrip-
tion start site (TSS) and strand of occupancy (cod-
ing versus non-coding strand) are key parameters
that determine the magnitude and direction in which
gene expression changes with the chemically mod-
ified VEGF PQS. The greatest impact observed for
OG or F in the PQS context in these promoters was
within ~200 bp of the TSS. Established PQSs found
to occur naturally in a similar location relative to the
TSS for possible oxidation-induced gene activation
include c-MYC, KRAS, c-KIT, HIF-1a, PDGF-A and
hTERT. The studies provide experimental constraints
that were used to probe bioinformatic data regarding
PQSs in the human genome for those that have the
possibility to be redox switches for gene regulation.

INTRODUCTION

Oxidative stress is characterized as a shift of the redox state
toward oxidation that can result from increased production
of reactive oxygen species (ROS) (1). The free radicals gen-
erated during oxidative stress are considered detrimental to
biological processes by oxidizing biomolecules leading to
mutations and inappropriate cellular activity (2-4); how-
ever, these findings represent only one piece of the overall
picture regarding ROS. A growing body of evidence has
found that ROS can function as signaling molecules and

guide the cellular response to oxidative stress and inflam-
mation (5-10). These free radicals may play an important
signaling role for regulating cellular activity during oxida-
tive or inflammatory stress to prevent long-term damage.
This burgeoning field of study has many remaining ques-
tions for further inquiry.

One domain of this field has identified that ROS function
to regulate cellular phenotype by invoking oxidative mod-
ification of promoter DNA sequences that lead to changes
in mRNA levels (11-16). In an early study, Perillo et al.
demonstrated that chromatin remodeling by LSD1 can ac-
tivate transcription by delivering H,O; to the promoter re-
gions of estrogen-induced genes to effect oxidation of a gua-
nine (G) heterocycle (14). Base excision repair (BER) of the
oxidized G initiated activation of transcription. Their stud-
ies identified a coupling of oxidative modification of the
genome yielding DNA repair-mediated induction of tran-
scription.

Further developments in the field of promoter DNA ox-
idation and gene regulation have been made using the tools
of biology. The Gillespie laboratory identified that hypoxia-
induced oxidation of G within the G-rich control sequence
of the VEGF promoter induces gene expression (15). Their
proposed activation pathway also harnessed BER in the
process. The Tell laboratory found that H,O,-mediated ox-
idation of the SIRTI gene promoter led to gene activa-
tion and required the BER pathway (13). The proposed
mechanism from Tell’s laboratory identified a key role in
the process for the BER endonuclease APE1 that serves
a dual function as a DNA repair enzyme and as a trans-
activating factor for transcription (13). Likewise, the Xodo
laboratory documented that oxidation of a G nucleotide in
the potential G-quadruplex forming sequence (PQS) in the
KRAS gene promoter recruits a transcription factor, a pro-
tein factor, and DNA repair enzymes for gene induction
(16). Lastly, Ba, Boldogh, and co-workers showed that oxi-
dation of G in the TNF-a promoter near an NF-«kB binding
site recruits the DNA repair glycosylase OGG1 and tran-
scription factors for gene activation during inflammatory
stress (12,17). Collectively these studies indicate that oxida-
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Figure 1. (A) The VEGF promoter PQS and scheme of G oxidation to OG, as well as (B) the proposed APEl-dependent pathway for transcriptional
modulation. The previous studies from our laboratory placed the G-rich sequence between —16 to —64 relative to the transcription start site of the SV40
promoter in the coding strand, and controls conducted with a G4-negative sequence support the non-canonical structure participates in gene modulation
(11,25); however, the currently available data cannot speak to the role of the i-motif fold in the process.

tion of G in promoters of a number of genes can upregulate
transcription, although the proposed mechanisms in each
study differ. These observations stand in contrast to exper-
iments that have found oxidatively modified G nucleotides
in the coding region of a gene generally diminish gene ex-
pression (18,19).

Our laboratory mapped a possible mechanism for gene
activation as a result of G oxidation using chemical tools
in a biological context. We demonstrated a possible mech-
anism by which the VEGF gene is activated by oxidation of
the G-rich PQS in the promoter (11). We synthetically in-
stalled the G oxidation product 8-0x0-7,8-dihydroguanine
(OG) at a hotspot for oxidation in the VEGF promoter PQS
(Figure 1A) (20). Selection of OG was based on a collection
of in vivo and in vitro studies demonstrating this modifica-
tion is a major two-electron oxidation product of G under
oxidative stress conditions inside cells (3,20-22). The OG-
modified promoter was then placed in the context of the
VEGF PQS replacing the TATA box of the simian vacuolat-
ing virus 40 (SV40) early promoter that drove a nearly 3-fold
increase in expression of a luciferase gene upon transfection
into mammalian cells (Figure 1B) (11). Our chemically de-
fined approach allowed the claim that the oxidatively modi-

fied G heterocycle OG is a candidate modification to DNA
that has regulatory potential (6,11). Additional experiments
found activation was dependent on the BER pathway in
which the glycosylase OGG1 functions as the initial reader
protein to remove OG and yield an abasic site (AP). The
AP results from OGGI1 primarily functioning as a mono-
functional glycosylase in vivo (18). The AP destabilizes the
duplex state driving a shift in equilibrium favoring a G-
quadruplex (G4) fold because the AP can reside in a loop
region that does not impact the stability of the structure
(11,20). Having the AP in a G4 loop stalls the endonucle-
ase activity of APE1 processing its substrate (23) allowing
the protein to function in its trans-acting factor capabilities
for upregulation of transcription by likely interacting with
the transcriptional activator proteins AP-1 and/or HIF-1«
(15,24). Thus, APEI is the second and pivotal reader pro-
tein in the regulatory process modulating gene expression.
Support for G4 formation in the process was derived from
studies with G4-negative sequences leading to a null result
when located in the coding strand, and the roles for OGG1
and APEI were established using either knockout cells or
siRNA knockdown studies (11).



Our proposed pathway addresses molecular details re-
garding how G oxidation to OG can activate transcription
and provides an explanation for why APE]1 stalls on the
DNA substrate to function as a trans-acting regulator of
transcription (6,11). Additional studies in our laboratory
found a strand bias in gene modulation by OG in the PQS
context when replacing the TATA box of the SV40 early
promoter for luciferase expression. When the VEGF PQS is
located between -16 to -64 relative to the TSS, placement in
the coding strand (i.e., non-transcribed strand) leads to gene
activation in an APE1-dependent process; in contrast, gene
suppression occurs when placement of the same sequence
is in the template strand in an APEl-independent process
(Figure 1B) (25). Thus, OG in the context of a PQS can
function as an on/off transcriptional switch when replacing
the TATA box of the SV40 promoter sequence. The impact
on gene expression for oxidative modification of G to OG
was also demonstrated in the NTHLI, RADI7, and PCNA
PQSs in the same plasmid system (11,26,27). In the com-
plementary strand to the PQS is a potential i-motif form-
ing sequence that could possibly fold and aid in the gene
regulation process (28). At present, we know that DNA re-
pair proteins are required to guide gene regulation that oc-
curs on the G-rich strand because this is where the modified
bases were synthesized (11); however, whether proteins in-
teract with the i-motif fold in addition to the DNA repair
proteins is not currently known, but future studies will aid
in better understanding this step of the proposed activation
process.

A number of laboratories have now documented that ox-
idative modification of a gene promoter results in modu-
lation of gene expression (5-7,9,16). Although, the spatial
constraints within a gene promoter by which OG in the PQS
context can impact transcription are not known. How im-
portant is location? The previous luciferase experiments in
our laboratory replaced the TATA box of the SV40 early
promoter and enhancer driving Renilla luciferase (Rluc) ex-
pression with OG in the VEGF PQS context in the cod-
ing strand. In the present report, we moved the five-track
VEGF PQS with and without OG or an abasic site analog
(tetrahydrofuran, F; Figure 1A) to other critical control re-
gions of the SV40 early promoter driving Rluc expression.
These studies begin to shed light on the importance of PQS
location relative to the transcription start site (TSS) to alter
transcription when the G-rich sequence is oxidatively modi-
fied. At each location selected for study, the PQS was placed
in both the coding or template strands in parallel experi-
ments. The data collected from these studies found that the
VEGF PQS in the wild-type and modified states uniquely
modulate gene expression with dependency on the location
in the promoter and the strand of occupancy (i.e., coding
versus template). These findings would not have been pre-
dicted on the basis of our previous studies (11,25). Lastly,
the experimental findings provide an initial window of se-
quence space to inspect literature data using bioinformatic
tools for identification of genes that possibly can be turned
on or off by oxidative modification of a promoter PQS, as-
suming genomic promoters function similar to the model
promoters studied in the present work.
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MATERIALS AND METHODS

Plasmid synthesis to install the VEGF PQS with and without
modifications

The plasmids were constructed from the native
psiCHECK?2 plasmid (Promega) that contains coding
sequences for the Renilla luciferase (Rluc) and firefly
luciferase (luc) genes. The luc gene is regulated by the
HSV-TK promoter that was generally not modified and
harnessed as the internal standard to conduct a dual-glo
luciferase assay (Promega). The Rluc gene was originally
regulated by the SV40 early enhancer/promoter, which we
modified by replacing key regulatory sequences of interest
with the VEGF PQS flanked by Nt.BspQIl nicking en-
donuclease recognition sequences following a PCR-based
method previously described by our laboratory (11). In-
sertion of site-specific modifications into the plasmids was
achieved following a literature protocol that we adapted
(29), in which the native sequence was clipped out using
the nicking endonuclease Nt.BspQ1 and replaced with a
synthetic oligodeoxynucleotide containing the modification
of interest. To confirm that the DNA modifications were
introduced into the plasmid, a sequencing protocol for the
modifications in DNA was applied (30). Complete details
of the process can be found in the Supporting Information.

Cellular studies

The cells were purchased from ATCC. All cells were grown
in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), 20 pg/mL gen-
tamicin, 1x glutamax and 1x non-essential amino acids.
The cells were grown at 37°C with 5% CO, at ~80% relative
humidity and were split when they reached 70-80% conflu-
ence. The transfection experiments were conducted in white,
96-well plates by seeding 3 x 10* cells per well and then
allowing them to grow for 24 h. After 24 h, the cells were
transfected with 250500 ng of plasmid using X-tremeGene
HP DNA transfection agent (Roche) following the manu-
facturer’s protocol in Opti-MEM media. Following 48 h in-
cubation after transfection, a dual-glo luciferase (Promega)
assay was conducted following the manufacturer’s protocol.
All transfection experiments were conducted at least four
times.

The luminescence data obtained for luciferase expres-
sion were analyzed by converting the luminescence values
measured into normalized relative response ratios (RRR),
which is the luminescence of Rluc divided by the lumines-
cence of luc (i.e. RRR = Rluc/luc). To obtain the normal-
ized expression values reported, each RRR with the mod-
ified plasmid was divided by the RRR for the wild-type
SV40-containing plasmid in that data set, for example, nor-
malized expression = RRRx/RRRgyy49. This data analysis
approach allows control for the different expression levels
of the two luciferase genes that occur in different cell lines.
The error bars represent 95% confidence intervals obtained
from the quadruplicate data sets collected. The actual val-
ues reported in the bar charts in the text are provided in
Supplementary Table S1.
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Figure 2. Diagrams of the SV40 promoter to illustrate the location of functional sequences and the plasmid containing the two luciferase genes studied.
The black arrows depict sites where the VEGF PQS was studied in the promoter.

Bioinformatic analysis

The PQSs distributed throughout the human genome were
previously identified by many laboratories using a PQS
search algorithm (31-35). The data presented in the present
work is from our previous analysis of the human genome
(hg38) using the Quadparser algorithm (31). The RNA
pol II ChiP-Seq data from US87 cells were taken from
the ChIP-Atlas peak browser with a significance level
of 200 (http://chip-atlas.org/). The PQSs and their dis-
tance from the TSS were calculated and plotted with an
in-house Python script (https://github.com/dychangfeng/
PQS_bacterial). Statistical overrepresentation tests of gene
ontology terms were conducted with PANTHER (36).

RESULTS AND DISCUSSION

Experimental design for movement of the VEGF PQS within
the context of the SV40 early enhancer/promoter

The SV40 early promoter and enhancer sequence is 347 base
pairs (bp) long and is comprised of many established func-
tional sequence elements (Figure 2 and Supplementary Fig-
ure S1) (37-43). All element positions are relative to the
TSS. The TATA box is the region in which the RNA pol
II preinitiation complex forms and is located between —16
and —23; additionally, this region has an upstream T stretch
that extends to position -29 that aids in preinitiation of tran-
scription. Next, there are two 21-bp boxes positioned be-
tween —62 to —83 and —84 to —105, and these two regions are
essential for transcription to occur from the SV40 promoter
in mammalian cell culture; thus, as discussed below, these
regions were not altered in our studies. Each 21-bp box has
two copies of the sequence 5'-CCGCCC-3’ on the coding
strand that are recognition sites for the SP1 transcription
factor; this is noteworthy because the VEGF PQS located
in the promoter in mammalian cells has been established to
be bound by the SP1 factor (44). Further upstream of the
TSS are two 72-bp repeats located from positions —108 to
—179 and 180 to—251. These two 72-bp repeats function in-
dependently. The upstream-most 72-bp repeat contains two
unique enhancer elements, SPHII located from —197 to —221
and CoreC located from —235 to —251 that are not found in
the downstream 72-bp repeat. The downstream-most 72-bp

box was documented to be important for gene expression in
mammalian cells, and therefore, this region was not modi-
fied in the studies described below. Next is the P-motif lo-
cated from —253 to —259 that is another essential region for
expression to occur in mammalian cell culture; thus, this
region was not modified with the VEGF PQS. Lastly, the
PVUII enhancer element is located in the promoter from
positions —260 to —272. The regions outlined were found to
be bound by specific protein factors that guide the magni-
tude and timing of gene expression from this promoter in
mammalian cell culture (37-43).

The goal of the present study was to selectively replace
key SV40 promoter elements with the VEGF PQS in the
wild-type and chemically modified states for regulation of
Rluc expression. By making changes to the promoter and
not the transcribed portion of the genes, the effects mon-
itored result from changes in initiation of transcription,
while all other processes in gene expression (i.e. mRNA pro-
cessing and translation) were kept constant throughout the
studies. This study allows the understanding of how the
position of a PQS that can adopt a well-defined parallel-
stranded G4 (45) in a promoter can impact gene expres-
sion. We measured the effect on gene expression in mam-
malian cells in which the wild-type VEGF PQS replaced the
TATA box and T stretch, SPHII, CoreC or PVUII within
regions of the SV40 promoter in the coding or template
strands (Figures 2 and 3A). Following these initial control
experiments, the oxidatively modified G nucleotide OG or
an AP (i.e. F), that is the initial product of OG repair, was
synthetically incorporated into one of the previously iden-
tified hotspots for oxidation in the VEGF sequence (18,20).
The chemical modifications were studied at each location in
which the PQS was placed in the SV40 promoter. The mod-
ulation of Rluc expression for each sequence trial was nor-
malized against the luc expression levels derived from the
gene located on the same reporter plasmid using a dual-glo
luciferase assay to determine a relative response ratio (RRR
= Rluc/luc). The luc expression level was harnessed as an
internal standard that provides greater ability to control for
experimental errors and biological variability. The assays
were performed 48 h post transfection because our previous
work on this system found this analysis time gave expression
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Figure 3. Changes in Rluc expression observed as the VEGF PQS with no base modifications replaced key sequence elements in the SV40 promoter. (A)
Promoter diagram to identify the color key for the plots. Relative response ratios (RRR = Rluc/luc) measured when the VEGF PQS replaced key elements
of the SV40 promoter in plasmids that were transfected in (B) U87, (C) HepG2 or (D) HeLa cell lines. The values were normalized to the native SV40
promoter for comparison (normalized RRR = RRR¢xpt/RRRgv40). The luciferase expression levels were determined using a dual-glo luciferase assay
conducted 48 h post transfection. The RRRs measured were normalized to the native psiCHECK2 plasmid RRR in the same cell line to account for

cell-specific differences in expression.

levels for the WT, OG- or F-modified VEGF PQS plasmids
in U&7 cells that could be maximally differentiated (25).

VEGF PQS location dependency in the SV40 on Rluc expres-
sion

The modified plasmids with the TATA box and T stretch re-
placed with the VEGF PQS in either the coding or template
strand were transfected in U87 (Figure 3B), HepG2 (Figure
3C), or HeLa (Figure 3D) cells. In all three cell lines, having
the PQS in the template strand at this site resulted in greater
expression than having the PQS in the coding strand. The
increase in expression observed for a template strand versus
coding strand VEGF PQS was 2.7-fold more in U87 cells,
1.5-fold more in HepG?2 cells, and 2.7-fold more in HelLa
cells (Figure 3B-D). When the TATA box that was the orig-
inal site of RNA pol II binding for preinitiation of mRNA
synthesis was replaced with the VEGF PQS, transcription
was enhanced for both orientations of the G-rich sequence
studied when compared to the native SV40 promoter in the
cell lines studied.

Replacement of the enhancer elements in the SV40 pro-
moter (SPHII, CoreC or PVUII) with the VEGF PQS on the

coding or template strand resulted in strand orientation, po-
sitional, and cell line differences in expression between the
studies (Figure 3B-D). Replacement of the SPHII element
with the PQS, in general, provided an increase in expres-
sion relative to the native SV40 promoter in all three cell
lines regardless of the strand the G-rich sequence resided.
An interesting observation occurred when the VEGF PQS
was located in the template strand at the SPHII site, wherein
a dramatic increase in expression was observed relative to
the native promoter (~6-fold for U87, ~8-fold for HepG2,
and ~9-fold for HeLa cells). When the CoreC clement was
replaced with the VEGF PQS in either strand, the expres-
sion levels measured were generally greater for the coding
strand PQS than the template strand. For example, in U87
cells 3.7-fold more expression was observed for the coding
strand VEGF PQS, 1.1-fold more in HepG2 cells, and 2.1-
fold more in HeLa cells. The VEGF PQS at the CoreC po-
sition generally increased Rluc expression more than the
native SV40 early promoter. Lastly, replacement of the en-
hancer element furthest from the TSS, PVUII, with the
VEGF PQS in either strand provided similar expression lev-
els between the strands; further, the expression levels mea-
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sured were similar to the wild-type SV40 promoter in all
three cell lines reported. Nearly identical findings for all the
sequence permutations studied were found in a mouse em-
bryonic fibroblast (MEF) cell line, supporting the conclu-
sion that these observations are not unique to human cells
(Supplementary Figure S2). These observations in their en-
tirety suggest when a PQS is in an enhancer region of a pro-
moter, the impact on expression is highly dependent on lo-
cation, which includes both position relative to the TSS and
location in the coding versus template strands.

The data collected from moving the VEGF PQS through
the SV40 promoter on the coding or template strand while
monitoring expression of the Rluc gene in the mammalian
cells provide new insights regarding promoter PQSs. Previ-
ous studies to determine the impact of a promoter PQS on
expression, as well as the strand bias, have produced mixed
findings (34,46-56). These reports support promoter PQSs
can either enhance or diminish expression depending on in-
teractions with RNA pol II, transcription factors, or the
folded G4 can function to maintain the open conformation
of the DNA duplex for transcription bubbles to progress.
Each report studied a different PQS or inspected these se-
quences on the genome-scale at different locations leading
to mixed collective interpretations regarding how the G-
rich sequences guide transcription. In the present studies,
we systematically moved the same PQS to different loca-
tions on either the coding or template strand. This approach
allowed us to rule out any PQS sequence effects, and by
maintaining the same overall promoter (i.e. SV40), long-
range promoter sequence effects were also controlled. We
recognize these studies have taken the VEGF PQS outside of
its native context and the SV40 promoter is of viral origin;
however, moving the same PQS around a promoter region
allows direct comparisons to be made.

The cell-line dependent expression levels observed are
consistent with previous studies with the native SV40 pro-
moter regulating a reporter gene (Figure 3) (57,58); thus,
the differences observed were expected. Replacement of the
TATA box with the VEGF PQS while still maintaining pro-
moter activity was at first glance surprising. The TATA box
is the sequence that RNA pol II loads for preinitiation of
transcription (59); however, a TATA box is not essential for
preinitiation of transcription that is exemplified by >75% of
human genes possessing TATA-less promoters (60). Addi-
tionally, increasing the GC content of a promoter was pre-
viously demonstrated to enhance the activity of a promoter
on the genome-wide scale (61), and the present findings are
generally similar in that replacement of the TATA box (0%
GC) with the VEGF PQS (97% GC) resulted in greater gene
expression; however, the underlying sequence- and possible
structural-context features leading to the observed changes
are not known. Overall, the observation that Rluc expres-
sion was maintained when the TATA box was replaced with
the VEGF PQS is not surprising.

The differences detected between the coding versus tem-
plate strand PQS when replacing the TATA box were signif-
icant (1.1- to 3.7-fold; Figure 3B, C, and D). To determine
whether the impact observed with the TATA box replace-
ment was unique to the SV40 promoter, the experiments
were repeated utilizing the same plasmid while replacing the
TATA box of the HSV-TK promoter driving the luc gene

with the VEGF PQS. These additional studies in U87 cells
found a similar pattern in which the PQS in the template fur-
nished greater expression than the one in the coding strand
(Supplementary Figure S3). Next, placement of the VEGF
PQS at enhancer element sites in the promoter identified a
strand bias for the G-rich sequence with dependency on the
location of the element replaced (Figure 3B-D). The obser-
vations made in these studies indicate that the impact of a
PQS on gene expression within a promoter is location de-
pendent with respect to both the distance from the TSS and
its presence in the coding versus template strand; further-
more, there is not a clear trend for predicting the outcome
from placement of the VEGF PQS, and likely any other
PQS, on gene expression. A similar location dependency of
a PQS on gene expression has been observed in prokary-
otic cells (62). These findings identify location (i.e., distance
from the TSS and coding versus template) strand are two
important parameters that will impact how a PQS effects
gene expression, beyond the sequence and G4 fold of a PQS.

A few final observations regarding the data were made.
First, the VEGF PQS can replace any of the key enhancer
elements of the SV40 promoter and gene expression was still
retained (Figure 3). The expression observed was greatest
for the VEGF PQS on the template strand at the location
of the SPHII enhancer that suggests this location is criti-
cal for amplifying gene expression by a PQS. Interestingly,
this element is of intermediate distance from the TSS (po-
sition -197) that suggests an optimal distance from the TSS
provides the maximal increase in gene expression. A simi-
lar strand bias was generally observed for the VEGF PQS
at the position of the further downstream CoreC element
(position -235). As the PQS was moved further from the
TSS, the changes observed relative to the wild-type SV40
promoter were found to diminish, as did the strand bias ef-
fect that was observed for the PQS at closer positions. In an
additional study, the VEGF PQS was placed just upstream
of the established SV40 early promoter (i.e., outside the pro-
moter) to assay the impact on expression (Supplementary
Figure S4). In this final study, we found no change on Rluc
expression when the VEGF PQS was in either the coding
or template strand in comparison to the native SV40 pro-
moter. This control experiment confirms that when a PQS
is located far enough from the TSS, it will not impact tran-
scription.

In these studies, the VEGF PQS was always maintained
in the same 5 to 3’ orientation, and therefore, moving from
the coding to the template strand reoriented the G-rich
sequence relative to the TSS. A previous structural study
found the inversion of G4 sequences exerts a substantial ef-
fect on the structure (63); therefore, to avoid this additional
complication, we maintained the native VEGF PQS orien-
tation in these studies. Moving the PQS from the coding to
the template strand will reorient proteins that bind the se-
quence, and on the basis of these data, this change may best
explain the impact on gene expressions observed when the
same sequence was studied in the two strands at the same
site.

Identification of the VEGF PQS functioning to enhance
transcription from the coding or template strand is consis-
tent with the findings from the Balasubramanian labora-
tory in which ~10,000 G4s in the human genome on either



strand can increase gene expression (51). Our results pro-
vide further confirmation of the previous studies and iden-
tify within a well-defined promoter such as SV40 that PQS
strand orientation and distance from the TSS play comple-
mentary roles to establish the magnitude of gene expression.
The present results do not address how the PQS interacts
with other elements in the same promoter to set the basal
expression level; nonetheless, the data establish the back-
ground levels of expression prior to analyzing the impact of
oxidation of a G nucleotide on gene expression at each of
the locations studied.

Oxidative modification of the PQS modulates transcription

Each plasmid was then synthesized with the oxidatively
modified G nucleotide OG installed at a hotspot for oxida-
tion in the G-rich VEGF sequence following a previously
established method (11,20). Additionally, knowledge that
release of OG from the genome by OGG1 may yield an
abasic site as the likely first intermediate in the repair pro-
cess (18), and that the abasic site is important for gene reg-
ulation (Figure 1B) (11,13), led us to synthesize a tetrahy-
drofuran abasic site analog (i.e. F) at each position stud-
ied. The F analog was selected for its chemical stability
during handling of the DNA, and this analog is processed
nearly identically to authentic abasic sites by the endonu-
clease APE1 (64). Each site-specifically modified plasmid
was transfected in the human cell lines U87 or HepG?2; the
data for the U87 cell line are provided in Figure 4. Be-
cause the trends for incorporation of the modified bases
were the same in the HepG2 cell line, these data are pro-
vided in Supplementary Figure S5. When OG was located
in the VEGF context at the site of the TATA box in the cod-
ing strand, expression increased by ~3-fold relative to the
all G-containing wild-type sequence in the cell lines stud-
ied (Figure 4A and Supplementary Figure S5); on the other
hand, having the same sequence in the template strand with
OG present led to a ~4-fold decrease in Rluc expression
relative to the wild-type state, again in all the cell lines stud-
ied (Figure 4B and Supplementary Figure S5). Having an
AP site located at the same sites in the same context yielded
an ~4-fold increase in the expression on the coding strand
and ~4-fold decrease in expression on the template strand
(Figure 4 and Supplementary Figure S5). The observations
in these cells with the two modifications are consistent with
our previous findings when the PQS replaced the TATA box
of the SV40 promoter (11,25).

In an additional permutation, we left the TATA box in
place while adding the VEGF PQS before or after this key
element. The new plasmids were studied with the G-rich se-
quence on the coding strand to better understand whether
a PQS can function in conjunction with the TATA box. The
VEGF PQS was installed either just upstream (5") or down-
stream (3’) of the TATA box (Supplementary Figure S6).
First, the VEGF PQS without a chemical modification pro-
duced similar Rluc expression levels as the wild-type SV40
promoter. Introduction of OG into the PQS 3’ to the TATA
box led to ~2-fold increase in Rluc expression, while intro-
duction of the PQS with OG 5 to the TATA box yielded
~2.5-fold increase in Rluc expression. These observations
confirm that oxidative modification of a promoter PQS to
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alter gene expression can still function when a TATA box is
present in the promoter.

When the PQS and modifications were incorporated into
the other more distant positions within the promoter, each
location was found to yield a unique gene expression pro-
file. In contrast to the modified VEGF PQSs at the TATA
box position in the coding strand, placement of the same se-
quences in the same strand at the SPHII element found the
modifications turned gene expression off (OG was 2.7-fold
and F was 5.1-fold); however, on the template strand, intro-
duction of modifications in the PQS context at the SPHII
element led to an increase in gene expression (OG was 2.2-
fold and F was 3.2-fold; Figure 4A, B, and Supplementary
Figure S5). To reiterate, this result is opposite the strand
bias observed when this PQS and modifications were stud-
ied closer to the TSS, replacing the TATA box. Next, the
trends observed for the PQS with OG or F modifications at
either the CoreC or PVUII enhancer elements found, re-
gardless of the strand, the modifications OG or F in the
VEGF PQS context attenuated gene expression (Figure 4A,
B, and Supplementary Figure S5). In a final analysis, the
PQS with OG or F were placed outside the context of the
SV40 promoter to find the same expression levels as the na-
tive promoter, suggesting that expression level changes only
occur when the modified sequence is in the promoter region
(Supplementary Figure S4). These observations paint a very
complex picture for determination of when and where ox-
idative modification of a promoter PQS will activate or de-
activate transcription of a gene of interest.

Lastly, to determine whether promoter dependency im-
pacted the observations, examination of the VEGF PQS
with OG or F replacing the TATA box in the HSV-TK pro-
moter of the luc gene on the same plasmid was studied.
These studies used the unmodified Rluc gene as an inter-
nal standard. The findings for the TATA box VEGF PQS
replacement identified similar values as observed for the
same sequence, strand dependency, and modification sta-
tus within the context of the SV40 promoter (Supplemen-
tary Figure S3). Next, the VEGF PQS in the WT or modi-
fied states were studied at positions -200 or -400 bp relative
to the TSS in the HSV-TK promoter in the coding strand
(Supplementary Figure S3). At the —200 bp position, OG
or F led to activation of transcription that is in contrast to
the results for a similar placement in the SV40 promoter
(i.e. SPHII Figure 4A). At the —400 bp position the VEGF
PQS with OG or F led to no significant change in expres-
sion similar to the SV40 promoter (Supplementary Figures
S3 and S4). Additional studies to move the PQS through
the HSV-TK promoter similar to the SV40 promoter were
not pursued. Nonetheless, the findings in this second pro-
moter identify that the VEGF PQS when modified impacts
gene expression; however, there are differences between the
two promoters studied suggesting long range interactions
are also important in the type of response that will occur
from oxidation of a PQS in a gene promoter. These observa-
tions further point to caution when drawing generalizations
from the present data and all data regarding regulatory pro-
moter PQSs.

Cell-based studies have built a case for folding of PQSs
to G4s within the human genome and particularly gene pro-
moters for regulating transcription leading to the claim G4s
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are epigenetic hallmarks in genomes (51). Our laboratory
seeks to discover when oxidative modification of PQSs, as
a result of oxidative stress, unmasks these epigenetic folds
for gene regulation, thus ascribing the G modification OG
as an epigenetic-like modification to facilitate the G4 fold-
ing process (6). The present observation is fascinating that
OG or its initial repair product AP (modeled as F) turn
transcription on when located in the VEGF PQS context
positioned within an ~200-bp window of the TSS in the
SV40 promoter with dependency on location in this win-
dow. When the modified PQS was at —235 and further up-
stream, chemical modification of the sequence led to down-
regulation of transcription, regardless of the strand. These
data in the model SV40 promoter define spatial constraints
in which oxidative modification can unmask a G4 fold to
upregulate transcription. We recognize these distances are
most likely promoter dependent.

To address whether the PQS context was important for
the gene expression changes observed, a set of control stud-
ies were conducted in a sequence not capable of adopting
a G4 fold on the basis of a prior study (11). The sequence
studied was judiciously selected to maintain the three SP1
transcription factor binding sites in the VEGF PQS while
being incapable of G4 folding (44). The structure-switching

negative sequence was studied at the TATA box and the
SPHII sites in the SV40 promoter in both strands in the
WT, OG- or F-modified states (Figure 5). Studies in the cod-
ing strand at the TATA box site found OG gave similar ex-
pression as the WT sequence and F was attenuated (Figure
SA); in contrast, the same sequence in the template strand
found the WT state gave high expression and the OG- or F-
modified plasmids produced >3-fold reduction in expres-
sion. This observation suggests the RNA pol II complex
that forms near the TSS most likely interacts more strongly
with the template strand when the duplex is denatured to
initiate transcription, consistent with the current structural
data (59). Next, studies at the SPHII enhancer site with the
G4-negative sequence found regardless of the strand, OG
slightly decreased expression and F resulted in a strong at-
tenuation of the signal (Figure 5B). Previous studies found
the presence of OG in an SP1 consensus sequence does de-
crease the binding affinity of the factor to the DNA (65),
which would result in decreased expression as observed. The
abasic site would be more disruptive to the protein-DNA in-
teractions and consistent with this claim, the F was further
detrimental to expression (Figure 5B).

The studies in G4 negative sequences consistently show
no change or decreased gene expression with a modification
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present (Figure 5). In contrast, gene expression was only
found to increase when the modifications were in a sequence
capable of B— G4 switching. We do recognize these stud-
ies are not definitive support for a G4 fold in the activation
process, but they provide one more piece of evidence sup-
porting this conclusion. Future studies are needed to add
more support or refute G4 folds and their chemically modi-
fied state as gene regulatory units. As an additional note, the
complementary strand to a PQS is a potential i-motif form-
ing sequence that may also fold to aid in the gene expression
changes observed. The present data cannot support or rule
out the role of the i-motif in these processes. Future stud-
ies are needed to understand the interplay between G4s and
i-motifs on complementary strands to impact gene expres-
sion when oxidatively modified.

Oxidative modification of a promoter PQS to drive a
change in gene expression is dependent on the location from
the TSS and coding versus template strand. We have found
that close to the TSS, oxidation of the PQS increases gene
expression in the coding strand and decreases gene expres-
sion on the template strand. Contrasting to this finding,
movement of the PQS and oxidation status upstream found
gene activation or deactivation was strand and promoter
dependent (Figure 4 and Supplementary Figure S3). The
ability of an oxidized PQS to activate transcription beyond
~200 bp upstream of the TSS was not observed. This sug-
gests to us that gene modulation via oxidatively modified
PQSs may be most profound within ~200 bp from the TSS.
Beyond this approximate distance, G oxidation to OG de-
creases gene expression that most likely results from mini-
mizing transcription factor binding to the DNA sequence.
Previous studies have found OG in transcription factor con-
sensus motifs decreases the stability of protein-DNA bind-
ing interactions (65-67), consistent with this claim.

Bioinformatic analysis of published results for possible redox-
active PQSs

Where in the human genome is it possible for this proposed
mechanism to function? To properly address this question,

we are in the process of refining our ability to sequence the
human genome for OG (68); in the meantime, we can use
computational methods and previous studies to shed some
light on this question. Bioinformatic inspection of the hu-
man genome to locate PQSs has found them to be enriched
around TSSs (31-35). Further, enrichment of PQSs is sim-
ilar on both the coding and template strand; but more on
point is that these G-rich sequences are most enriched in the
promoter within ~200 bp upstream of the TSS (Figure 6A).
On the basis of the present data, the human genome pos-
sesses many PQSs close enough to the TSS to be unmasked
for gene regulation by oxidative stress. Thus, the number of
folded G4s found by Balasubramanian and co-workers to
regulate transcription under non-stressed conditions (51) is
anticipated to increase in count under conditions of oxida-
tive stress. To estimate the subset of PQSs in gene promoters
poised for activation, we took RNA pol IT ChIP-Seq data
from US87 cells, inspected the peaks of polymerase enrich-
ment for PQSs, and plotted them with respect to their loca-
tion relative to the TSS (Figure 6B). This inspection found
enrichment of poised RNA pol II binding sites with PQSs to
be greatest within a few hundred nucleotides of the TSS on
both coding (n = 3826) and template strands (z = 3010). Re-
striction of the population to those within 200 nucleotides
of the TSS identified 746 poised genes with a PQS on the
coding strand and 754 poised genes with a PQS on the tem-
plate strand (Supplementary Table S2).

Closer inspection of the gene ontology terms for genes
with a PQS in the critical ~200-bp window of sequence
space upstream of the TSS in the RNA pol II ChIP-Seq data
identified gene classes that could be modulated by the pro-
posed mechanism (Figure 1B). There exist many gene on-
tology terms enriched in the list (Supplementary Table S3).
Genes in the list that fit the hypothesis that G oxidation in a
promoter PQS can modulate gene expression include those
that respond to ionizing radiation, H,O,, ROS, or regulate
DNA repair. There exist many other terms with positive en-
richment in the analysis, as well as negative enrichment.

This finding could be fortuitous as PQSs and RNA pol
IT localization occur around TSSs; alternatively, the over-
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lap does support the possibility for PQS-bearing promoters
to be poised for oxidative modification to unmask G4 folds
for gene regulation during oxidative stress. Analysis of these
genome-wide results suggests similar counts of PQSs exist
on either strand within a window of sequence space from
the TSS for oxidative modification of a G nucleotide to im-
pact gene expression.

In the final inspection of literature data for PQSs in the
critical 200-bp window upstream of the TSS, we looked
into the published G4-ChIP-Seq results (51). In this re-
gion 847 genes with PQSs were found nearly equally dis-
tributed across the coding and template strands (Supple-
mentary Table S4). Inspection of gene ontology terms for
these PQSs found enrichment in genes for the response to
radiation, cellular response to stress, DNA repair, and cellu-
lar response to DNA damage stimulus (Supplementary Ta-
ble S5). Changes in expression of these genes would be im-
portant during oxidative stress. This final inspection of the
literature provides more support for a hypothesis of PQSs in
gene promoters functioning as redox switches for regulation
of genes that are involved in the stress response. Complete
transcriptome profiling before and after oxidative stress to
quantify properly how each gene changes for experimental
validation to support these lists of genes will be undertaken
in future studies. Boldogh, Ba and coworkers have found
proinflammatory genes have a strong potential for regula-
tion via G oxidation in a gene promoter (69), consistent with
the hypothesis derived from the present work.

CONCLUSIONS

Experimental evidence is building for oxidative modifica-
tion of a G nucleotide within a gene promoter to function
as a chemical modification with regulatory potential (5-10).
Many more studies are needed to better understand when,
where, and how this occurs. Our laboratory and others have
focused on oxidation of G-rich sequences with the poten-
tial for G4 formation within gene promoters for regulating
mRNA levels (11,16,25). The present work took us a step
forward by addressing possible spatial constraints within a
promoter that define when oxidative modification activates
transcription and when it diminishes transcription. We have

found when the oxidatively modified PQS is close to the
TSS, transcription is turned on when the chemistry occurs
in the coding strand, while transcription is turned off by
modification of the PQS in the template strand. So far, this
rule has held with a variety of PQSs studied in our labo-
ratory (11,25,27). In contrast, moving further upstream in
the promoter found the effect of an oxidatively modified
G to be location, strand, and promoter dependent with re-
spect to the on or off switching potential. In the Xodo labo-
ratory, they found oxidative modification G to OG in the
KRAS PQS in the template strand positioned from —148
to —116 relative to the TSS turned transcription on (16,54),
consistent with our studies in the SV40 promoter (Figure
4B). A few differences exist in our proposed mechanism for
activation when the PQS is oxidized near the TSS relative
to the proposal of Xodo and co-workers, and these could
be best explained by the different PQSs studied and/or the
concept that the promoter location of the modified PQS al-
ters the critical protein players. Further work is needed to
better understand the protein choreography for these path-
ways at each location. Established oncogene promoters with
PQSs in the ~200-bp window upstream of the TSS include
KRAS (16), -MYC (70), hTERT (71), PDGF-A (72), HIF-
la (73) and c¢-KIT (74). When the PQS was located fur-
ther upstream from the TSS to positions >235 bps, oxida-
tive modification of the DNA diminished gene expression.
We have found a window of ~200 bp within the TSS in
which G oxidation to OG can impact gene expression in the
model SV40 and HSV-TK promoters, although this window
is likely different for other promoters, particularly those in
humans. These findings are instructive for future efforts to
better define when G oxidation to OG, and possibly other
products, has epigenetic-like potential (6,9,12).
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