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ABSTRACT: Interplay between DNA repair of the oxidatively
modified base 8-oxo-7,8-dihydroguanine (OG) and transcrip-
tional activation has been documented in mammalian genes.
Previously, we synthesized OG into the VEGF potential G-
quadruplex sequence (PQS) in the coding strand of a luciferase
promoter to identify that base excision repair (BER) unmasked
the G-quadruplex (G4) fold for gene activation. In the present
work, OG was site-specifically synthesized into a luciferase
reporter plasmid to follow the time-dependent expression in
mammalian cells when OG in the VEGF PQS context was located
in the coding vs template strands of the luciferase promoter.
Removal of OG from the coding strand by OG glycosylase-1
(OGG1)-mediated BER upregulated transcription. When OG was in the template strand in the VEGF PQS context, transcription
was downregulated by a BER-independent process. The time course changes in transcription show that repair in the template
strand was more efficient than repair in the coding strand. Promoters were synthesized with an OG:A base pair that requires
repair on both strands to yield a canonical G:C base pair. By monitoring the up/down luciferase expression, we followed the
timing of repair of an OG:A base pair occurring on both strands in mammalian cells in which one lesion resides in a G-
quadruplex loop and one in a potential i-motif. Depending on the strand in which OG resides, coding vs template, this
modification is an up/downregulator of transcription that couples DNA repair with transcriptional regulation.

Oxidatively modified sites in DNA, such as the two-
electron oxidation of guanine (G) to 8-oxo-7,8-

dihydroguanine (OG, Scheme 1A), are targets for DNA
repair.1,2 Recent reports have demonstrated an interplay
between DNA repair and transcriptional regulation when OG
resides in a gene promoter.3−9 However, many details regarding
the process are poorly understood, providing opportunities for
further inquiry. Herein, chemical synthesis has provided the
ability to prepare plasmids with a site-specific OG modification
in the promoter of a luciferase gene followed by transfection
into mammalian cells to probe the coupling of DNA repair with
transcriptional regulation. The OG-containing reporters
allowed examination into the strand impact (i.e., non-
transcribed or “coding” vs template), sequence context effects,
and base pair partner impact (i.e., OG:C vs OG:A) on
transcription. In the present studies, we discovered that the
strand in which OG resides in a PQS context modulates the
up/downregulation and time course of gene expression. The
results provide further evidence for the modification of G to
OG in DNA poising a gene for up- or down-expression
depending on the context. These studies add support to a
growing body of evidence and discussions that OG is an
epigenetic-like modification to DNA.3,4,10−15

Eukaryotic genes consist of a promoter, 5′-UTR, coding
region comprised of exons and introns, and a 3′-UTR. Previous
studies analyzed how introduction of the OG lesion site
specifically in the coding region of a gene impacts tran-

scription.7−9 When OG is in the template strand of a coding
region paired with C in the opposite strand, initiation of base
excision repair (BER) to yield an abasic site (AP) stalls
progression of the transcription elongation complex, resulting
in downregulation of mRNA synthesis.16 Alternatively, if OG is
detected by the sensor protein CSB that initiates transcription-
coupled nucleotide excision repair (TC-NER), mRNA syn-
thesis is also downregulated.17,18 When OG is in the template
strand in a coding region, the dominant repair pathway is TC-
NER in mammals.19 In the absence of OG repair, the
elongation complex can bypass the modification to yield the
background level of mRNA.8,17 On the other hand, when OG is
located in the coding strand of an exon paired with C in the
opposite strand, OG is preferentially repaired by BER.7,17

Initiation of BER to yield a strand break stalls the transcription
elongation complex leading to downregulation of mRNA
synthesis7 or facilitates mRNA synthesis in G-rich sequence
contexts capable of R loop formation.20 In the absence of BER,
OG in the coding strand does not impact transcription. Local
sequence differences influence the impact OG has on
transcription,21 and the promoter strength can influence the
magnitude by which OG in a coding region alters tran-
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scription.22 Key findings from these studies include a strand
bias in the magnitude of change in transcription by OG and a
strand dependency in the preferred DNA repair pathway
utilized in mammalian cells for removal of OG. However,
studies addressing how OG incorporated site specifically alters
transcription in other gene regions, such as promoters, are
limited. This is a fundamentally different question because OG
in a promoter impacts the transcriptional preinitiation complex
that can lead to coupling of DNA repair and initiation of
transcription; in contrast, OG in a coding region impedes
progression of the transcriptional elongation complex leading
to stalling or truncated transcription.
Previous experiments to establish G oxidation to OG in gene

promoters impacts transcription proceeded by inducing
oxidative stress in cells and then utilizing a low-resolution
sequencing method (e.g., ChIP-qPCR or immunofluorescence)
to determine the possible presence of OG in a specific
promoter.4,6,23 These approaches cannot uniquely identify OG
from the >20 G oxidation products characterized.24,25 The
possible cellular formation of OG in the promoter regions of
the TNFα,4 VEGF,26 BCL2,6 and SIRT15 genes was observed in
tandem with a ∼3-fold upregulation of transcription; further,
these reports suggest a coupling of BER with transcriptional
activation. Our studies on this topic used reporter plasmids
with OG site-specifically synthesized into a gene promoter to
unambiguously verify the impact on transcription, and to begin
mapping the protein and DNA structure switching pathways
involved in the activation process.3 Specifically, we synthesized
OG into the regulatory VEGF promoter potential G-quadruplex
sequence (PQS) in the coding strand to inspect how the
modified base altered transcription of a reporter gene. We
found the OG-modified system after 48 h transfection into
mammalian cells induced transcription by ∼3-fold relative to an
unmodified control.3 Additionally, the BER proteins OGG1
and APE1 were essential for gene activation, as was the ability
of the sequence to adopt a G-quadruplex (G4) structure.
Mechanistically, OGG1-mediated release of OG to yield a helix-
destabilizing AP provides the thermodynamic drive for the PQS

to switch structures to a G4 fold. This structure switching
ability is possible because the VEGF PQS possesses a fifth G
run (aka, “spare tire”) that replaces the damaged run by
extruding it out of the G4 core and establishing a stable
topology (Scheme 1B).27 The G4 fold with an AP site in a long
loop allows APE1 to bind, but it stalls the endonuclease activity
providing a context for APE1 to interact with transcriptional
activating factors.5,28,29 Stalled APE1 activity resulting in the
transcriptional change was supported by experiments with
chemicals that inhibit the activity of APE1 and modified
substrates that are bound but inefficiently cleaved by APE1.3

Our results demonstrate that OG in the coding strand of the
VEGF promoter PQS induces transcription via adoption of a
G4 fold, stalling the BER process for recruitment of activating
factors.
In the present report, we took the next steps to explore what

happens if the VEGF PQS containing OG is located in the
template strand instead of the coding strand of the promoter.
When flipping the OG and PQS to the template strand, we
found transcription was significantly attenuated (Scheme 1C).
This observation led to further studies to begin to understand
the strand bias in DNA repair and determine how different base
pairs of OG (OG:C vs OG:A) impact transcription. In the
present experiments, the time-course transcription profiles were
monitored to gauge the relative differences of OG repair and
gene activation in three different mammalian cell lines. The
results demonstrate that OG in the context of a PQS in a gene
promoter can alter the transcriptional state of a gene by guiding
DNA repair interactions with transcriptional machinery.

■ RESULTS AND DISSCUSSION

Time-Dependent Profiles for OG-Containing Pro-
moters. The site-specifically modified reporter plasmids were
synthesized and verified following methods previously
described by our laboratory.3,30 The G nucleotide modified in
the VEGF PQS was previously found to be at a site sensitive to
oxidation by inflammation-derived CO3

•− to yield OG as a
product.27 The modified reporter plasmid possesses two

Scheme 1. Oxidation of G to OG in the VEGF Promoter PQS Can Turn Transcription On or Off
a

a(A) Scheme for oxidation of G to OG. (B) Oxidation of the VEGF PQS in the coding strand turns transcription on. (C) Oxidation of the VEGF
PQS in the template strand turns transcription off.
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luciferase genes among which the Renilla luciferase gene had
the chemically modified promoter while the firefly luciferase
gene was not modified so as to be used as an internal standard
for the quantitative studies presented. Transfection of the OG-
modified plasmids into wild-type mouse embryonic fibroblasts
(WT MEFs), Ogg1 knocked out MEFs (Ogg1−/− MEFs), and
human glioblastoma (U87 MG) cells was conducted.
Determination of the relative response ratios (RRR) is
described in the Methods section. A time-course analysis
from 12−72 h to determine the rate of Renilla luciferase
expression when OG and the PQS were located in the coding
strand (Figure 1A) or template strand (Figure 1B) relative to a
control plasmid without the OG modification were first
conducted in the WT MEF and glioblastoma (Figure S1)
cells. In the coding strand, the presence of OG in the VEGF
PQS (Figure 1A, red diamonds) showed a time-dependent
increase in expression relative to cells transfected with the all-G
VEGF PQS-containing plasmid utilized as a control to
determine background levels of transcription (Figure 1A,
black square). Expression was nearly 3-fold greater than the
control experiments at 48 or 60 h post-transcription for the WT
MEF or glioblastoma cells, respectively. These observations are
consistent with our previous work.3 In contrast, placement of
OG in the VEGF PQS in the template strand resulted in a time-
dependent decrease in Renilla expression relative to the all-G
control experiments (Figure 1B). The expression was

maximally suppressed by nearly 70% at 24 and 36 h post
transfection in the WT MEF and glioblastoma cells (Figure
S1), respectively. These observations identify a strand depend-
ency in the up- or downregulation of transcription induced by
OG in the context of the promoter VEGF PQS.
Our studies and those of others found that BER of OG

initiated by the DNA glycosylase Ogg1 was the gatekeeper for
setting off a cascade of events for transcriptional induction
when operating in a gene promoter with the VEGF PQS.3−6

The studies in our laboratory found this phenomenon occurred
when OG was located in the coding strand of the promoter.3

Therefore, time-dependent studies with the OG-modified
plasmids in the two different strand orientations were
conducted in Ogg1−/− MEFs to determine the importance of
Ogg1 activity. Two interesting observations were made in these
Ogg1-knockout cell experiments. First, when OG in the PQS
was in the coding strand of the promoter, no increase in Renilla
expression relative to the control was observed over the 72-h
analysis. This result supports Ogg1 being essential for
transcriptional induction when OG is present in the VEGF
PQS context in the coding strand. From the DNA repair
perspective, this null result in the knockout cells suggests that
Ogg1-mediated BER is the dominant process for removal of
OG in the coding strand of a gene promoter. Second, when OG
was in the template strand, a 3-fold reduction in gene
expression between WT and Ogg1−/− MEFS was observed

Figure 1. Time-dependent studies of the impact of G, OG, or an AP analog, F, on transcription when the sites of interest were located in the
promoter VEGF PQS in either the coding or template strand of the promoter for the Renilla luciferase gene. Studies for the modification and PQS in
the coding strand (A) or template strand (B) of the promoter for the Renilla luciferase gene reporter plasmid transfected in WT MEFs. Studies for
the modification and PQS in the coding strand (C) or template strand (D) of the promoter for the Renilla luciferase gene reporter plasmid
transfected in Ogg1−/− MEFs. (E) Time of maximal change in gene expression when OG or F were located in the gene promoter for the MEF and
glioblastoma cell lines. (F) Maximum changes in expression levels observed when OG or F was located in the gene promoter relative to the native
sequence control in all three cell lines. Determination of the RRR is described in the Methods section of the Supporting Information. On the basis of
a Student’s t test, the time in which significance at **P < 0.01 or ***P < 0.001 was first observed is marked on each plot.
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(Figure 1B and D). Additionally, the time profile for the
transcriptional change with OG in the template strand was
similar between the WT and Ogg1−/− MEFS. This similar
result in both MEF cell types means that OG in the template
strand of a gene promoter is not predominantly repaired by
BER and is likely corrected by TC-NER.19 The observation of a
strand bias in the dominant DNA repair pathway in a gene
promoter is consistent with the bias observed in gene coding
regions.16−19 Additional experiments to understand the strand
bias in repair are described below.
Time-Dependent Profiles for Promoters with Abasic

Site Analogs. Base excision repair initiated by OGG1 in
mammals removes OG when base paired with C. In the cellular
context, the product of OG release by OGG1 has been
proposed as either an AP resulting from monofunctional
activity (i.e., glycosylase reaction only)7 or a nick in the
backbone resulting from bifunctional activity (i.e., glycosylase
and β-lyase reactions).31 Regardless of the product identity, the
AP or nick are substrates for APE1 to yield a gap at the
modification site.32,33 The gap is then filled with the correct
nucleotide by POLβ and returned back to the duplex state via
LIGIII-mediated ligation (Scheme 2).1,2 When DNA mod-
ifications are repaired by TC-NER, a multiprotein complex
finds the lesion by the sensor protein CSB and then catalyzes
the releases of a 25−30-mer single strand surrounding the
site.19

First, to better understand the steps following release of OG
by BER, an AP analog F was synthesized into the position of
interest in either the coding or template strand in order to
follow the time-course change in gene expression. In the WT
cells (Figure 1A,B, and S1), the presence of F led to a 6-fold
increase in transcription in the coding strand that was nearly 2-
fold greater than OG in the same context; on the other hand,
when F was in the template strand, it led to a 3-fold decrease in
transcription with a similar magnitude as OG. In the Ogg1−/−

MEFs, the presence of F in the coding strand allowed bypass of
Ogg1, leading to a 6-fold increase in transcription at 48 h post-
transfection (Figure 1C). This is consistent with our previous
results and others that the AP in a structured context (i.e., G4
or hairpin) facilitates upregulation of transcription by an APE1-
mediated process.3,5 Last, the presence of F in the template
strand in the PQS context continued to give a similar decrease
in transcription between the WT and Ogg1−/− MEFs with a
similar time profile (Figure 1D). Results with the F-containing
reporter plasmids further support the strand bias in up- or
downregulation of transcription by modifications in the context
of the VEGF PQS. The results identify that BER on the coding
strand is a mechanism for DNA repair leading to gene
activation; in contrast, the same modifications on the template
strand are not predominantly repaired by BER, resulting in a
decrease in gene expression.

Cell Line and Modification Differences in the Tran-
scription Profiles. On the basis of the time to reach maximal
Renilla expression, the peak of repair coupled with transcrip-
tional modulation could be estimated and compared. The peak
change in expression for either OG or F was 12 h earlier in WT
MEF compared to glioblastoma cells, independent of the strand
in which the modification resided (Figure 1E). Inspection of
the strand bias for achieving the maximum expression change
found modifications in the template strand peaked 12 h earlier
than observed for modifications in the coding strand for both
wild-type cells. These observations point out that OG or F
modifications on the template strand are acted upon faster than
those in the coding strand of the promoter region to induce a
change in transcription. Comparisons between the WT and
Ogg1−/− MEFs for the F modification in either strand found
the time of maximal change in expression was observed 12 h
earlier in the WT cells. Because OG did not change expression
in the knockout cell line when found in the coding strand, a
comparison could not be made. On the template strand, the
change resulting from OG was observed ∼12 h earlier in the
WT MEFs than in the Ogg1−/− MEFs. If DNA repair initiation
is the rate-limiting step leading to the change in gene
expression, these observations support repair, leading to a
change in transcription that is more efficient on the template
strand relative to the coding strand. The concept of greater
repair efficiency on the template strand has been reported for
modifications in gene coding regions that interfere with the
transcriptional elongation complex;19 additionally, recent high-
throughput sequencing studies conclude that mutations from
OG are more likely when located in the coding strand as a
result of less efficient DNA repair.34 Modifications on the
template strand of a promoter impact the transcriptional
preinitiation complex, while that is not the case for
modifications in the coding strand.35 This difference likely
leads to the more efficient activity observed on the template
strand.
The maximum change in expression for each modification in

each cell line was then compared. In the template strand, OG
or F in all three cell lines led to nearly a 3-fold reduction in
transcription (Figure 1F). This observation identifies that
modifications to the template strand that impact transcription
initiation result in gene suppression. In the coding strand, OG
in the VEGF PQS context furnished a 3-fold increase in
transcription in WT MEF and glioblastoma cells, while F in the
same context and cells yielded a 6-fold increase in transcription.
The additional increase in expression observed with the AP
analog compared to OG could result from either the OGG1
release of OG not yielding an intact AP or rather the
glycosylase being bifunctional and generating a strand break.
Perhaps this difference is not reproduced with the synthetic
plasmids, or cellular APE1 operates more slowly on the AP

Scheme 2. BER Pathway for Removal of OG from a Duplex DNA When Base Paired with A (Left) or C (Right)
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analog (i.e., F) than on an authentic AP that would be formed
by monofunctional activity on OG. This is possible because the
F analog is more stable to APE1 cleavage than an authentic
AP.36 The present results cannot rule out either possibility.
The PQS Context Facilitates a Greater Change in

Transcription. Formation of G4 structures by PQSs in coding
vs template strands was proposed to alter the direction in which
transcription is modulated (i.e., G4 folds are up- or down-
regulatory sequences).37 The data so far identify that OG or F
in the coding or template strand in the context of a PQS
modulates transcription; however, these results cannot
conclude whether a G4 fold was involved in the change in
transcription observed. Therefore, time-course studies to
compare OG in the context of the VEGF PQS vs a sequence
not capable of G4 formation were conducted in glioblastoma
cells (Figure 2A). The VEGF PQS is bound by three
equivalents of the SP1 transcription factor,38 and therefore,
the G4 null sequence retained the SP1 transcription factor
consensus sequence to ensure the studies only analyzed G4
formation. When OG was placed in the context of a G4-null
sequence in the coding strand, no induction of transcription
was observed up to 72 h (Figure 2B). In contrast, OG in a G4-
null sequence in the template strand caused a nearly 30%
reduction in transcription after 36 h, less than the ∼70%
reduction in transcription observed for OG in the VEGF PQS
context but still significant (Figure 2C). The presence of OG in
the template strand must impact loading of the transcriptional
preinitiation complex; however, when OG can facilitate G4

formation, the reduction in transcription was much greater.
These results do not provide unequivocal support for G4
formation in the cellular context; however, they do advance
experimental data for G-rich PQSs to guide cellular processes
under oxidative stress conditions with the strong possibility of
G4 formation.

siRNA Knockdown Studies to Probe the Repair
Pathways. The results up to this point conclude that the
removal of OG from the coding strand within a promoter is
achieved by the BER pathway; in contrast, the dominant DNA
repair pathway for removal of OG in the template strand
appears not to be BER. To better understand the strand
dependency in repair of OG, a series of siRNA knockdown
experiments to probe BER or TC-NER proteins were
conducted 24 h prior to transfection of the reporter plasmids
in glioblastoma cells. The cellular reporter plasmids were then
incubated for 48 h before determining the luciferase expression
levels. The Ogg1−/− MEF experiments identified the role of
Ogg1 in the strand dependency of coupling DNA repair with
transcription. Therefore, the first siRNA knockdown studies
were commenced with APE1-specific siRNAs in glioblastoma
cells transfected with OG or F modified reporter plasmids in
the coding strand (Figure 3A). The knockdown studies found
that as the siRNA concentration was increased from 1−50 nM
for OG- or F-containing plasmids, the level of Renilla luciferase
expression decreased with the titration series. This finding
further supports that BER with APE1 activity is the dominant
repair pathway for these lesions in the coding strand, and APE1

Figure 2. Impact of OG on transcription when located in the context of a G4 positive or negative sequence found in the coding or template strand of
the Renilla luciferase reporter gene. (A) The sequences for the G4 positive and negative strands studied. (B) Time-dependent studies for OG in the
coding strand or (C) template strand of the reporter plasmid. The reporter plasmids were analyzed in glioblastoma cells. On the basis of a Student’s t
test, the time in which significance at **P < 0.01 was first observed is marked on each plot.
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is essential for coupling DNA repair with transcriptional
activation. In the second study, the TC-NER lesion sensor
protein CSB (aka ERCC6) was knocked down by siRNAs. For
the cases of OG or F in the coding strand of the plasmid, no
impact on Renilla expression was observed as the CSB-specific
siRNAs were titrated into the cell culture from 1−50 nM,
suggesting that TC-NER is not a major DNA repair pathway
for OG or F located in the coding strand of a gene promoter.
This observation is consistent with studies conducted on these
modifications located in the coding strand of a gene coding
region.8

The same siRNA knockdown studies were then conducted
on glioblastoma cells transfected with OG or F modifications in
the template strand in the context of the VEGF PQS in the
promoter of the reporter gene. Knockdown of APE1 with
siRNAs yielded an insignificant impact on Renilla expression
when OG or F was present in the promoter (Figure 3B).
Knockdown of CSB with siRNAs generated a significant change
in Renilla expression when F was present in the template
strand, and the impact was siRNA dose dependent; however,
Renilla expression remained similar when OG was in the
template strand throughout the CSB siRNA titration study.
These results suggest TC-NER is the DNA repair pathway
functional for AP in the template strand, a finding consistent
with DNA repair of AP in the template strand of gene coding
regions.39 However, knocking down key BER or TC-NER
proteins did not have an effect when OG was in the template
strand. One of two possibilities may occur with OG in the
template strand. (1) By knocking down either BER or TC-
NER, this may activate the other pathway to repair OG, or (2)
repair of OG in the template strand of a gene promoter is
achieved by an alternative mechanism using other damage

sensor proteins. The possibility of an alternative repair pathway
has been proposed for repair of the template strand OG located
in a gene promoter.18 Maher et al. recently found that an
additional unknown factor is required for BER of a base
lesion,40 and therefore, the siRNA knockdown studies may have
failed to target the correct sensor protein. The present results
cannot add further support for either claim. It is interesting that
the siRNA studies with the AP analog did not mirror the results
found with OG. This difference may result from the AP analog
driving the PQS to the G4 state more so than OG, which likely
drives the mechanism of repair in the cell. Future inquiry is
needed to begin to address these differences.

Repair of an OG:A Base Pair Up/Downregulates
Transcription. The experiments establish that repair of OG
in the context of the VEGF PQS in the coding strand leads to
an increase in gene expression, while repair of OG in the same
context but in the template strand leads to a decrease in
transcription (Scheme 1B and C). This is the case when OG is
base-paired with C. Polymerase bypass of OG in a template
strand has a high probability of base paring with A as a
consequence of OG favoring the syn conformation allowing an
OG:A Hoogsteen base pair to form (Figure 4A).1 Repair of an
OG:A base pair is initiated by MUTYH-mediated removal of A
to yield an AP that is a substrate for APE1, POLβ, and LIGIII
to yield an OG:C base pair (Scheme 2).1 Repair of the OG:C
base pair follows the mechanism described above using OGG1,
APE1, POLβ, and LIGIII to yield a G:C base pair. Repair of an
OG:A base pair occurs on both strands in a defined order.
Therefore, we were intrigued to see if we could monitor the
repair processes of an OG:A base pair by following the time-
course expression of Renilla luciferase allowing the up- to

Figure 3. siRNA knockdown studies of APE1 or CSB during transfection of OG or F containing reporter plasmids to determine the strand
dependency in the major DNA repair pathway observed. (A) Studies conducted when OG or F were located in the coding strand in the VEGF PQS
context. (B) Studies conducted when OG or F were located in the template strand in the VEGF PQS context. All transfection experiments were
conducted in human glioblastoma cells by transfecting the siRNAs 24 h prior to transfection of the reporter plasmids. Luciferase expression was
measured 48 h after transfection of the plasmids. *These data were previously reported by our laboratory and are provided for comparative
purposes.3
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downregulation or down- to upregulation of Renilla expression
to be monitored depending on the strand in which OG resides.
As a first step, we determined if repair in the complementary

strand (i.e., potential i-motif sequence, PIMS) to the VEGF
PQS could facilitate a change in gene expression. Plasmids were
prepared placing OG in the loop of the VEGF PIMS with C
opposite in either the coding or template strand of the
promoter for Renilla luciferase. The time-course expression of
Renilla was monitored from 12−48 h post-transfection in
glioblastoma cells to find that when OG was repaired in the i-
motif context residing in the coding strand, Renilla expression
increased relative to the control (Figure S2); in contrast, when
OG was repaired in the i-motif context in the template strand,
Renilla expression decreased relative to the control (Figure S2).
These results show that we can monitor in both strands the
repair of an OG:A base pair. Also, these results demonstrate
that the PQS is not the only structured sequence context that
can lead to a change in gene expression when DNA repair is
coupled to transcription.3,5

The plasmids containing OG in either the coding or template
strand paired with A were transfected into the WT MEF,
Ogg1−/− MEF, or glioblastoma cells to follow the time-course

expression profiles. When OG was in the coding strand in the
PQS context and A was in the template strand in the PIMS
context, studies in WT MEFs showed Renilla expression first
decreased by nearly 50% up to 24 h while Mutyh repaired A in
the template strand (Figure 4B). After 24 h, Renilla expression
increased to be 2-fold greater at 60 h than the control while the
OG was being repaired on the coding strand (Figure 4B). Next,
the OG:A base pair and contexts were flipped to place OG in
the template strand and A in the coding strand, and the
opposite profile was observed (Figure 4C). Repair of A on the
coding strand led first to a 2-fold increase in expression up to
36 h, followed by repair of OG on the template strand and a
decrease in expression (Figure 4C). Similar changes for
monitoring the OG:A base pair repair in the coding or
template strand were observed in glioblastoma cells (Figure
S3). In the final study, we placed the OG:A base pair containing
plasmids in the Ogg1−/− MEF cells that could initiate repair but
not complete the task. Placement of OG in the VEGF PQS
context in the coding strand and A opposite in the template
strand yielded a decrease in expression of 60% at 48 h (Figure
4D). Because OG in the coding strand does not change
expression in Ogg1−/− MEFs, the expression returned to the

Figure 4. Base pairs of OG with A or C and the impact an OG:A base pair has on transcription in WT- or Ogg1−/−-MEF cells when located in the
VEGF PQS in a luciferase reporter gene. (A) Structures for the OG:C and OG:A base pairs. Expression observed in WT MEFs when OG is in either
the coding (B) or template (C) strand base paired with A. Expression observed in Ogg1−/− MEFs when OG is in either the coding (D) or template
(E) strand base paired with A. On the basis of a Student’s t test, the time in which significance at *P < 0.05, **P < 0.01, or ***P < 0.001 was first
observed is marked on each plot.
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level observed in the all-G control study. Finally, placement of
OG in the template strand and A in the coding strand furnished
an increase in expression of more than 2-fold up to 36 h, and
then a decrease of 50% less than the control was observed at 60
h (Figure 4E). These observations are consistent with OG in
the template strand without Ogg1-mediated BER decreasing
transcription (Figure 1D). The ability to synthesize OG into a
reporter plasmid in the OG:A base pair context allowed us to
monitor the complete repair processes of returning this
promutagenic base pair back to the correct G:C base pair.
Oxidiatively Modified Promoter PQSs Up/Downregu-

late Transcription. Synthetic manipulation of reporter
plasmids to install DNA modifications with single-nucleotide
precision provided the opportunity to study the impact on gene
expression of G oxidation to OG in the context of a gene
promoter. The case in which OG was located in the VEGF PQS
context in the coding strand of a gene promoter initiated BER,
leading to gene induction by nearly 3-fold (Figures 1A and S1).
The activation process occurs by BER site specifically
introducing an AP where the OG was located to unmask the
G4 fold for binding by APE1 (Scheme 1B). Although the BER
glycosylase OGG1 operated on OG in a duplex context, the
resulting AP site is highly destabilizing to the duplex, permitting
an equilibrium shift in favor of the G4 fold in which the AP
resides in an unstructured loop. Next, we propose that AP
recruits APE1 to bind but not cleave in the G4 context because
the conformation of the lesion site is inappropriate for
phosphodiester hydrolysis (Scheme 1B). In support of our
proposed mechanism, a previous study found the activity of
APE1 is highly attenuated when an AP resides in the loop of a
G4 fold.41

Of the many roles for APE1 in the cell, another is to function
as a transcriptional activator by interacting with activator
proteins.15,29 We reported on this finding and have now
extended our studies to include the time-course analysis of gene
induction, strand dependency, and OG base-pairing depend-
ency on the gene modulation process (Figures 1−4). We have
found that OG or an AP analog, F, in the coding strand was
repaired to induce transcription 12 h faster in MEF cells than
glioblastoma cells (Figure 1E). When Ogg1−/− MEFs were
studied, coding strand OG was not repaired, while F produced
a slower rate of repair and gene induction than observed in the
WT MEFs (Figure 1E). This observation suggests the
involvement of OGG1 in repair of substrates outside its
scope to increase the efficiency of other DNA repair proteins.
In vitro kinetic studies have found OGG1 and APE1 stimulate
each other’s activity,42,43 and the present findings support an
interaction between these two BER proteins in vivo. The key
finding with respect to DNA repair is that BER is the dominant
pathway for removal of OG or F in the coding strand of a
promoter element (Figures 1C and 3A). Depending on the
sequence context (i.e., PQS or PIMS), the repair process can
facilitate gene induction, as described below.
The presence of OG or F in the template strand of a gene

promoter in the VEGF PQS context led to a decrease in the
transcriptional output of the gene. These findings conclude that
OG or F in this context results in transcriptional repression,
and as described below, this finding was independent of
sequence context. The repair process stimulated by F appears
to be activation of TC-NER via CSB (Figures 1D and 3B),
while the present results are inconclusive with respect to the
major repair mechanism for OG in the template strand of a
promoter. Nevertheless, OG is a downregulator of transcription

when located in the template strand, which in the PQS context
may facilitate G4 formation to further downregulate mRNA
synthesis (Scheme 1C). Comparing the time-course analysis of
OG or F in the coding vs template strands, we found the gene
modulation process via DNA repair to return to background
levels more quickly in the template strand than the coding
strand. Our studies with synthetic reporter plasmids provide
direct evidence for the claim that DNA repair is more efficient
in template strands relative to coding strands.34 Thus, oxidation
of G in a promoter PQS context will provide a faster change in
transcription than oxidation of the same context on the coding
strand.
Base pairs between OG and C or A determine the initial

steps of DNA repair (Scheme 2). By following Renilla luciferase
expression with synthetic reporters, the repair process of each
base pair context of OG could be monitored (Figures 1A−D
and 4B,C). When OG was base paired with C in the VEGF
PQS context, gene expression was either enhanced or repressed
depending on the strand in which the OG and PQS resided.
Interestingly, when OG was base paired with A, transcription
was enhanced and then repressed, and the order of the events
depended on the strand in which OG resided (Figures 4B and
C). This experiment is not a biologically relevant one; it is
highly unlikely OG base paired with A will drive gene
expression changes during oxidative stress, because A is only
inserted opposite OG during polymerase extension. However,
the unique pattern of gene expression modulation (i.e., up/
down or down/up) provides an opportunity to monitor DNA
repair of an OG:A base pair in the cellular context. In addition,
this experiment provided evidence that both the VEGF G4 and
the i-motif sequences are capable of folding under identical
cellular conditions because the induction of gene expression is
only observed when the lesions are present in folded secondary
structures of the coding strand.
The ability of the VEGF PQS context in which OG or F was

housed to possibly adopt a G4 fold was found to be critical for
driving the direction of the gene modulation process (Figures
1A−D). In the coding strand, repair initiation of OG to an AP
provides a drive for the sequence to shift structures from a
duplex to a G4 fold to guide induction of transcription (Scheme
1B). The present data, in tandem with our previous studies,3

supports APE1 as the central BER protein for gene induction.
Many reports have found APE1 interacts with activating
transcription factors, such as HIF-1α, AP1, or NF-κB and
others for transcriptional regulation.15,29 Future cellular and
genome level studies are needed to better understand the
choreography of G4 formation and protein interactions that
regulate transcription. On the other hand, OG or F in the
VEGF PQS context in the template strand led to a greater
repression of transcription (Scheme 1C). This observation is
consistent with studies finding G4 folds block the progression
of polymerases on template strands to stall biological
processes.44,45 Therefore, OG or F can function as up/
downregulatory modifications in gene promoters on the basis
of the strand and sequence context of the modification.
Bioinformatic studies suggest that PQSs are nearly equally

distributed in the coding and template strands of gene
promoters.46 Thus, under conditions of oxidative stress that
effect G oxidation to OG, the impact on transcription would
yield nearly equal up or down transcriptional regulation globally
if other nucleosomal or protein factors are not considered.
Further studies into different PQSs in plasmid-based systems
and experiments on the genome level are needed to clarify the
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sequence requirements and nucleosome impact for G oxidation
to drive transcription. The existence of G4 folds in the nucleus
has been subject to much debate; recent G4 ChIP-Seq studies
found ∼10 000 G4s folded in human skin cells under normal
growth conditions.47 In light of the present studies, the
population of folded G4s may change as a result of oxidative
stress. Future studies on the genome level will guide a better
understanding of whether promoter PQSs are sensors of
oxidative stress by direct oxidation of G nucleotides in the PQS
context to modulate transcription in response to the stress.
Last, this study provides evidence for the oxidative DNA
modification OG functioning as a regulatory mark to up- or
downregulate transcription, leading us and many others to
hypothesize OG could be an epigenetic-like DNA modifica-
tion.3,4,10−13
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