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ABSTRACT

DNA damage can significantly modulate expression
of the affected genes either by direct structural in-
terference with transcription components or as a
collateral outcome of cellular repair attempts. Thus,
DNA glycosylases of the base excision repair (BER)
pathway have been implicated in negative transcrip-
tional response to several spontaneously generated
DNA base modifications, including a common oxida-
tive DNA base modification 8-oxoguanine (8-oxoG).
Here, we report that single 8-oxoG situated in the
non-transcribed DNA strand of a reporter gene has a
pronounced negative effect on transcription, driven
by promoters of various strength and with differ-
ent structural properties, including viral, human, and
artificial promoters. We further show that the mag-
nitude of the negative effect on the gene expres-
sion correlates with excision of the modified base
by OGG1 in all promoter constructs tested. More-
over, by using expression vectors with nuclease re-
sistant backbone modifications, we demonstrate that
OGG1 does not catalyse DNA strand cleavage in vivo.
Rather, cleavage of the phosphate bond 5′ to 8-oxodG
(catalysed by APE1) is essential and universally re-
quired for the onset of transcriptional silencing, re-
gardless of the promoter structure. Hence, induction
of transcriptional silencing emerges as a ubiquitous
mode of biological response to 8-oxoG in DNA.

INTRODUCTION

Consequences of oxidative damage of nucleobases for phys-
iological functions of DNA are of major toxicological con-
cern, because generation of reactive oxygen species (ROS)
and the resulting damage to genomic DNA are inevitably
associated with endogenous physiological processes and
can be manifold amplified in response to numerous chem-
icals and various forms of radiation (1,2). One of the

most prevalent reactions of DNA with ROS is oxidation
of guanine to 8-oxo-7,8-dihydroguanine (8-oxoG), a pre-
mutagenic lesion capable to mispair with adenine during
replication (3,4), eventually leading to G to T transversion
mutations and cancer (5,6). This is counteracted by very ef-
ficient repair, which ensures a reasonably low steady state
level of 8-oxoG in the chromosomal DNA, estimated in
the order of a few modifications per million guanine bases
(7). Base excision repair (BER) initiated by the specific 8-
oxoguanine DNA glycosylase (OGG1) effectively protects
from accumulation of the characteristic mutations in grow-
ing organs of young mice and regenerating liver (8–10), be-
ing the only comprehensively documented pathway for the
removal of 8-oxoG from chromosomal DNA in mammals.
Human OGG1 is a bifunctional DNA glycosylase, which
first generates an apurinic (AP) site by catalysing hydroly-
sis of the N-glycosidic bond. This can be followed by either
beta-elimination of the 3′ phosphate by an intrinsic beta
lyase activity of the enzyme (11,12) or endonucleolytic hy-
drolysis of the 5′ phosphodiester bond by the AP endonu-
clease APE1 (13,14). In cell-free cleavage reactions, APE1
strongly stimulates the DNA glycosylase activity and im-
proves OGG1 dissociation from the AP site, thus favouring
the second scenario (15,16); however, it is not known which
of the two mechanisms actually prevails in cells. Subsequent
repair steps follow the unified BER scenario, reviewed else-
where (17,18).

In the absence of replication of DNA, 8-oxoG apparently
does not induce mutations, however it can interfere with the
process of transcription, which makes this DNA lesion po-
tentially dangerous to non-proliferating cells as well (19).
At least three modes of interference of 8-oxoG with gene
transcription have obtained experimental support. The first
is direct modulation of the strength of binding of several
transcription factors to their target DNA sequences (20–
22). The second is an increased rate of erroneous incorpora-
tion of ribo-ATP opposite 8-oxoG during RNA polymerase
II transcription, sometimes called ‘RNA mutagenesis’ or
‘transcriptional mutagenesis’ (23,24). The third is suppres-
sion of transcriptional activity of affected genes, which can
be induced by 8-oxoG situated at apparently any location
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in the gene sequence (25–28). Remarkably, already a single
8-oxoG suffices to significantly reduce the gene’s transcrip-
tional output (26,29), which makes this mode conceivably
the most relevant one at physiologically low 8-oxoG densi-
ties, albeit the precise mechanism is not yet clarified.

Thorough expression analyses of reporter vectors con-
taining 8-oxoG revealed that the negative effect of the le-
sion on transcription is robustly manifested in host cells
harbouring a functional OGG1 gene, but never in the ab-
sence of OGG1 (27,29). This is true even for constructs in
which synthetic 8-oxoG was deliberately positioned in the
transcribed DNA strand and even in host cells deficient
in transcription-coupled repair (29), clearly testifying that
the lesion is efficiently bypassed by RNA polymerase II in
vivo. These results further suggested that excision of 8-oxoG
plays a decisive role in the mechanism of transcriptional
gene inactivation, plausibly via interaction of transcription
components with BER intermediates. In support of this hy-
pothesis, it was shown that the magnitude of the inhibition
of transcription in genetically manipulated host cells ex-
tremely well correlates with the OGG1 protein amounts and
the actual 8-oxoG excision efficiencies (30). Moreover, sup-
pression of transcription appeared to be a common feature
of several BER substrates besides 8-oxoG; and in all cases
investigated so far the respective specific DNA glycosylases
(either mono- or bifunctional) have been clearly implicated
((30,31,32) and unpublished results). All these observations
strongly indicate that some common post-excision BER in-
termediate plays a critical role for the inhibition of tran-
scription in cells. This intermediate does not necessarily
have to block the elongating RNA polymerase, since the
lesions in the transcribed and the non-transcribed DNA
strands are equally harmful (30,32). Rather, it should elicit
a signal leading to transcriptional repression or silencing of
the gene’s promoter (28).

To understand the mechanism of transcriptional inacti-
vation by BER substrates, it is necessary to figure out which
events in the chain of enzymatic BER steps (generation of
AP site, strand incision by bifunctional DNA glycosylases
or APE1, processing of DNA ends, repair patch synthe-
sis, ligation) are critical for the manifestation of transcrip-
tional inactivation of damaged genes. On the other hand,
it is important to investigate whether intrinsic gene-specific
peculiarities of transcriptional regulation have an impact on
transcriptional responses to DNA lesions. An idea that pro-
moter strength and structure might determine the magni-
tude of transcriptional inhibition by 8-oxoG was previously
proposed in attempt to reconcile the heterogeneous obser-
vations in different experimental systems (26,33), however
no systematic research has been performed in this direction.
The aims of present work were to measure the impact of sin-
gle 8-oxoG on transcription, driven by promoters of various
strength and with different structures, and to identify the
harmful repair intermediate.

MATERIALS AND METHODS

Cell lines

T-RExTM-HeLa cells were purchased from Life Technolo-
gies GmbH (Darmstadt, Germany). HeLa/OGG1sh cells
(clone 12), in which the OGG1 protein expression was 70%

reduced by stable expression of the specific shRNA, and the
corresponding isogenic cell line HeLa/pEpS with normal
OGG1 expression were generated and characterised previ-
ously (30). HeLa cells stably overexpressing human OGG1
protein fused to GFP (34) were kindly provided by Pablo
Radicella (CEA, Fontenaix au Roses).

Synthetic oligonucleotides

Synthetic 18-mer 5′-TGAGCACCCAGTCC[8oG]CCC
deoxyribo-oligonucleotides, containing 8-oxodG, as
well as 5′-CATTGCTTC[AP]CTAGCACG, containing
a stable AP site analogue tetrahydrofuran (AP), were
from BioSpring GmbH (Frankfurt am Main, Germany).
When specified, 5′ and/or 3′ phosphodiester bonds
flanking the modified nucleotide were substituted for
the phosphorothioate linkages (a random combination
of the R- and S-stereoisomers). The respective control
deoxyribo-oligonucleotides without base or backbone
modifications (5′-TGAGCACCCAGTCCGCCC and 5′-
CATTGCTTCGCTAGCACG) were from Eurofins MWG
Operon (Ebersberg, Germany). All oligonucleotides used
for incorporation into vector DNA and subsequent gene
expression analyses were HPLC-purified and validated by
electrospray ionisation mass spectrometry. High purity
salt free grade oligonucleotides used for cloning purposes
and as PCR primers were from Eurofins MWG Operon
(Ebersberg, Germany).

Expression vectors

Expression vectors pZAJ, pZAJ-5W and pZAJ-5C suited
for incorporation of synthetic oligonucleotides with desired
base modifications into the coding region of the enhanced
green fluorescent protein (EGFP) gene (p-ZAJ vector) or
into the 5′-untranslated gene region as an additional op-
tion (pZAJ-5W and pZAJ-5C) were described previously
(30). Vectors carrying the (EGFP) reporter gene under the
control of various promoters were generated from pZAJ
or pZAJ-5C vectors, in which the cytomegalovirus imme-
diate early promoter (CMV-IE) was mutated, deleted or re-
placed, as described in Supplementary Methods. All vectors
retained the entire EGFP coding region, including the tan-
dem Bpu10I sites suited for the incorporation of synthetic
oligonucleotides (29).

Incorporation of synthetic oligonucleotides containing 8-
oxodG and adjacent backbone modifications into vector DNA

Double incisions were generated in the non-transcribed
DNA strand of the EGFP gene with the Nt.Bpu10I nick-
ing endonuclease (Thermo Fisher Scientific, Bonn, Ger-
many), after which synthetic oligonucleotides with or with-
out modifications were incorporated into the vector DNA
by a straightforward strand-exchange procedure (31). Com-
pleteness of the strand exchange reactions was monitored
by the inhibition of formation of covalently closed DNA
in the absence of polynucleotide kinase, as described pre-
viously (31). Care was taken that all vector preparations
carrying the specified modifications contain the same pro-
portion of nicked DNA as the respective control constructs.
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The presence of 8-oxoG was further verified by detection of
DNA strand scission by the Fpg DNA glycosylase. To this
end, 100 ng covalently closed plasmid DNA in a 15 �l reac-
tion volume were incubated with 2 units Fpg (NEB GmbH,
Frankfurt am Main, Germany) in buffer containing 10 mM
HEPES (pH 7.5), 200 mM NaCl, 1 mM ethylenediaminete-
traacetic acid (EDTA), and 0.1 mg/ml nuclease-free bovine
serum albumin (NEB) 1 h at 37◦C. Analogously, the pres-
ence of synthetic AP site and the impact of adjacent phos-
phorothioates on the APE1 strand cleavage activity were
verified by incubation with 0.65 units human APE1 (NEB)
in the 1× NEB4 buffer for 1 h at 37◦C. Reactions were
followed by heat-inactivation for 20 min at 65◦C and elec-
trophoresis in agarose gels in the presence of 0.5 mg/l ethid-
ium bromide.

Quantification of in vitro incision activities at 8-oxodG

OGG1 incision activity was measured in 10 mM HEPES
(pH 7.5), 200 mM NaCl, 1 mM EDTA, and 0.1 g/l nuclease-
free bovine serum albumin (NEB). Vector DNA constructs
(100 ng in 15 �l) containing single 8-oxodG flanked by
the specified phosphate backbone modifications were incu-
bated with the specified amounts of recombinant human
OGG1 (NEB) for 1 h at 37◦C, followed by heat-inactivation
for 20 min at 65◦C. Protein extracts of OGG1-GFP over-
expressing HeLa cells for the in vitro cleavage assay were
prepared by the protocol described previously (30). Reac-
tion conditions were the same as for recombinant OGG1.
Prior to gel electrophoresis, samples were adjusted to 0.1%
SDS and heated to 50◦C for 3 min. The extent of DNA
strand cleavage was determined from the relative intensities
of DNA bands by the GelDocTM XR+ molecular imager
and Image LabTM software (Bio-Rad Laboratories, GmbH,
Munich, Germany), as described previously (30). Since the
incised substrate yields stronger ethidium bromide fluores-
cence than the same amount of covalently closed DNA (30)
we have further applied the experimentally determined cor-
rection factor of 2.4 (specific for pZAJ vector) for calcula-
tion of relative abundance of the analysed DNA forms.

Transient transfections for the quantitative EGFP expression
analyses

HeLa cells were co-transfected with equal copy num-
bers of the EGFP reporter constructs and the pDsRed-
Monomer-N1 vector (Clontech, Saint-Germain-en-Laye,
France). Since EGFP and DsRed are detected in separate
fluorescence channels of the flow cytometer, DsRed was
used as a marker for selective gating of the transfected
cells, which allows precise quantitative measurement of the
EGFP expression (28). This principle was applied to mea-
sure strengths of the newly constructed promoters and to
measure the impact of 8-oxoG (or AP site) on the EGFP
expression, as explained in the following section.

Cells were transfected in six-well plates (Nunc, Wies-
baden, Germany) with the help of Effectene (Qiagen,
Hilden, Germany), as described previously (29). Transfec-
tions were always done in parallel with equal amounts of
vector constructs containing the specified modifications (8-
oxoG, AP site, phosphorothioates) and the reference con-

struct harbouring unmodified synthetic oligonucleotide (al-
ways mixed with the same amount of the unmodified refer-
ence vector, encoding for DsRed). Inducible promoters were
activated by addition of 1 mg/l tetracycline (pCMV TetO2)
or 100 nM dexamethasone (GR SynthRE). Both reagents
were from Sigma-Aldrich GmbH (Seelze, Germany). PARP
inhibitors olaparib and ABT-888 (both from Absource Di-
agnostics GmbH, Munich, Germany) were dissolved at 10
mM dimethylsulfoxide (DMSO) and applied at 30 �M.
Trichostatin A (Sigma-Aldrich) was dissolved at 3.3 mM
in ethanol. Inhibitors or inducers were added at the time
of transfection, unless otherwise specified. For time course
analyses, cells were gently detached at either 6 or 8 h post-
transfection (as indicated) and a fraction of them was fixed
with 1% formaldehyde, as described previously (29). The re-
mainder was split into several parts for further cultivation.
Further samples were harvested at the specified time inter-
vals and formaldehyde-fixed for flow cytometry (see below)
or lysed for DNA isolation (Supplementary Methods).

EGFP expression analyses by flow cytometry and data pre-
sentation

The method for quantitative determination of EGFP
expression in transiently transfected cells by flow cy-
tometry was described and validated previously (28).
Formaldehyde-fixed cells were equilibrated in phosphate-
buffered saline (PBS) and analysed using FACSCaliburTM

and the CellQuestTM Pro software (Beckton Dickinson
GmbH, Heidelberg, Germany). dDsRed was used as gat-
ing marker to trace effectively transfected cells, as described
and illustrated previously (28,35). After the exclusion of
untransfected cells, EGFP fluorescence (FL1-H) distribu-
tion plots were generated and average EGFP expression per
cell determined as the median of the distribution. To as-
sess variability between independent experiments, relative
expression level of each construct with a modification was
calculated in each experiment relative to the expression of
the control construct as a ratio of the respective FL1-H val-
ues. Thereby, relative expression of DNA without modifica-
tion was arbitrarily set to 1. Mean relative expression, errors
and P-values were calculated based on data of n indepen-
dent experiments (as indicated in the figure legends). Fur-
ther, for better visual appreciation of the impacts of anal-
ysed DNA modifications on the EGFP gene expression,
we always present exemplary raw data as overlays of two
individual fluorescence distribution curves––one for trans-
fection with a construct carrying the specified DNA mod-
ifications and another for parallel transfection with corre-
sponding control construct with incorporated unmodified
synthetic oligonucleotide (as indicated by labelling).

RESULTS

Transcriptional inhibition by 8-oxodG requires a 5′ nucle-
olytic cleavage

To understand which proteins and structural transitions of
DNA are critical for the initiation of gene repression fol-
lowing the recognition of 8-oxoG by OGG1, we sought for
possibilities to modulate the efficiencies of single BER reac-
tions. We have designed oligonucleotides containing phos-
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phorothioate bonds next to 8-oxodG and incorporated the
modified oligonucleotides into the pZAJ expression vector
(Figure 1A–C) by the technique described previously (31).
Substitution of phosphodiester bonds with phosphoroth-
ioate linkages renders nucleic acids resistant to hydrolysis by
various types of nucleases, therefore we hoped that a phos-
phorothioate ester immediately 3′ to the lesion would in-
hibit the beta-lyase activity of OGG1. On the other hand,
the 5′ phosphorothioate was meant to inhibit the strand
cleavage by APE1, based on the reported potent inhibition
of strand scission by a phosphorothioate situated 5′ to an
AP site analog (36). Because surrounding DNA sequence
can have a strong influence on the excision efficiency by
OGG1 (29,30), we chose to place 8-oxoG in the sequence
context where the excision efficiency and the capacity to
inhibit the gene expression were maximal, based on previ-
ous results. To prevent that transcribing RNA polymerase
complexes run into a BER intermediate, which might cause
elongation block or RNA mutagenesis and could be poten-
tially mistaken for transcriptional repression, 8-oxoG was
placed in the non-transcribed DNA strand of the gene.

The Nt.Bpu10I excised native strand fragment of the
vector DNA (Figure 1A) was substituted for a matching
unmodified synthetic deoxyribo-oligonucleotide or for one
of the synthetic oligonucleotides containing 8-oxodG sur-
rounded by different combinations of phosphate and phos-
phorothioate linkages (Figure 1B). Successful incorpora-
tion of each of the five synthetic strands into vector DNA
was confirmed by inhibition of ligation reactions in paral-
lel samples incubated without polynucleotide kinase (Fig-
ure 1C). The presence of 8-oxoG in the vector DNA was
additionally verified by incision with saturating amounts of
the Fpg DNA glycosylase, which resulted in conversion of
covalently closed vector DNA into the open circular form
(Figure 1C). The incision was slightly inhibited in both sub-
strates containing phosphorothioate 3′ to 8-oxodG, as can
be judged from the small residual amounts of covalently
closed DNA. Also incision by human OGG1 was partly
inhibited in both substrates containing phosphorothioate
bonds in the 3′ position, but not in the substrate contain-
ing a combination of 5′ phosphorothioate with 3′ phosphate
linkages (Figure 1C), indicating that the beta lyase activity
of OGG1 is inhibited, but not completely abolished by the
presence of a phosphorothioate ester in the 3′ position.

Next, we transfected human host cells with vectors in
which none, one or both phosphodiester bonds flanking
the 8-oxodG nucleotide were replaced with phosphoroth-
ioate esters. Quantitative EGFP expression analyses in fully
repair-proficient HeLa cells by flow cytometry (Figure 2A,
B) showed that all constructs were expressed at equal
strengths at early time (6 h) after transfections. In line with
previous reports, this clearly indicates that 8-oxoG does not
directly inhibit gene expression (29,30). The negative effect
of 8-oxoG on the EGFP expression was progressively build-
ing up with the course of time in the construct that con-
tained no phosphorothioate, as it was expected to take place
in consequence to the 8-oxoG excision by OGG1 (29). A
very similar expression pattern was observed for the con-
struct in which 8-oxodG was flanked by unmodified phos-
phodiester bond on the 5′ and phosphorothioate on the 3′.
In contrast, in cells transfected with constructs containing a

5′ phosphorothioate (combined with either type of the bond
on the 3′), the inhibition of the gene expression by 8-oxodG
was abolished or, at least, very significantly retarded (Fig-
ure 2A and B). These results indicate that incision of phos-
phodiester linkage on the 5′ side of 8-oxodG is required for
the manifestation of the inhibitory effect on transcription of
the damaged gene. Based on the knowledge of BER mech-
anism, this incision has to be done by APE1.

Since phosphorothioate 3′ to 8-oxodG inhibits the DNA
lyase activity of OGG1 (Figure 1D) we questioned whether
OGG1 is still required for the inhibition of transcription
by this combination of DNA modifications. We there-
fore investigated the effect of OGG1 knockdown in HeLa
cells on the expression constructs containing 8-oxodG sur-
rounded by all four combinations of phosphodiester and
phosporothioate bonds (Figure 2C). We found that OGG1
knockdown clearly moderates the strength of transcrip-
tional inhibition inflicted by 8-oxodG with a phosphodi-
ester bond on the 5′ side, regardless of the nature of the
linkage 3′ to the modified nucleotide. This suggests that the
5′ incision is dependent on the specific OGG1-8-oxoG in-
teraction, and this interaction takes places also in the pres-
ence of the 3′ phosphorothioate. We have further verified
the integrity of the expression constructs in both cell types
by re-isolation of DNA from transfected cells and real-time
quantitative PCR with primers enclosing the modification
site (Supplementary Methods). Previously, we have shown
that single 8-oxoG does not result in degradation of anal-
ogous expression constructs in HeLa cells at least over 24
h post-transfection (29). Now we have performed the same
type of analyses in isogenic cell lines with different OGG1
expression statuses containing 8-oxodG and various com-
binations of adjacent phosphodiester and phosporothioate
linkages over the extended time of 48 h (Supplementary Fig-
ure S1). We observed very minor (within the error range
of the method) stochastic variation in the amounts of re-
covered DNA. The EGFP gene copy numbers recovered
from cells were similar, regardless of the type of modifi-
cation present, and there was no difference between the
control and OGG1-knockdown cell lines. Nevertheless, the
protein expression was strongly affected in cells transfected
with both constructs containing 8-oxodG with unprotected
5′-linkages, and these effects were partly attenuated by the
knockdown of OGG1.

The observation that 5′ phosphorothioate protects from
the negative effect of 8-oxodG on the gene transcription
even if a normal phosphodiester bond is retained on the
3′ side (Figure 2A and C) made us suggest that the 3′
bond might not be cleaved at all under physiological BER
conditions. We measured nicking activities in extracts of
OGG1 overexpressing HeLa cells towards the same 8-
oxodG-containing circular DNA constructs, which were
used for the aforementioned gene expression analyses. At
equivalent cell extract concentrations, the substrate con-
taining phosphorothioate 3′ to 8-oxodG was nicked with
70–85% efficiencies, compared to the substrate with phos-
phodiester linkages on both sides of 8-oxodG. Under the
same conditions, the specific cleavage was almost com-
pletely inhibited in both substrates containing phospho-
rothioate 5′ to 8-oxodG. Even if the 3′ phosphodiester bond
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Figure 1. Construction of plasmid vectors containing the indicated DNA base (8-oxoG) and backbone (phosphorothioate) modifications in the non-
transcribed strand of the reporter EGFP gene. (A) Out of scale scheme of the pZA expression vector showing the EGFP coding sequence (signed open
arrow), transcription start (broken arrow) and tandem Nt.Bpu10I nicking sites used for site-specific insertion of synthetic oligonucleotides. (B) Overview
of synthetic oligonucleotides and the contained modifications. (C) Verification of the incorporation of the indicated synthetic DNA strands into vector
DNA. Inhibition of ligation reaction in the absence of polynucleotidekinase (PNK) is an indicator of the successful strand exchange reaction, as described
previously (31). The presence of 8-oxoG is confirmed by DNA strand scission by bacterial Fpg. Positions of covalently closed (cc) and the nicked circular
(nc) forms are shown. (D) Incision of plasmid vectors containing the specified DNA modifications with 0.5 units human OGG1.

was retained, the yield of nicked DNA was almost as low as
in the absence of 8-oxoG (Figure 2D). It is striking that the
3′ bond cleavage was not favoured over the 5′ incision, in
spite of the elevated >10-fold OGG1 expression and activ-
ity in these cell extracts (30,34). Such mode of strand cleav-
age was also observed when vector constructs containing 8-
oxodG and the specified phosphorothioates were incubated
with limited amounts of OGG1 in the presence of recom-
binant human APE1 (Supplementary Figure S2). In sum-
mary, these results demonstrate that DNA strand cleavage
under cell-free conditions takes place preferably at the link-
age 5′ to 8-oxodG, which strengthens the earlier conclusion
about the requirement of APE1 for strand cleavage in vivo.
Such a mechanism is in agreement with the crucial role of
the APE1-generated repair intermediate for the inhibition
of transcription in cell transfection assays, described above
(Figure 2A–C).

8-OxoG inhibits expression of genes transcribed at different
rates

Sarasin et al. have previously suggested that 8-oxoG might
only affect expression of genes containing sufficiently strong
promoters, as were two viral promoters used by their group
(26). The new knowledge that the inhibition of transcription
requires a BER-generated single strand break (ssb) could
rationalise this hypothesis, assuming that the probability for
transcribing RNA polymerase to encounter the repair inter-
mediate is proportional to the frequency of transcription
cycles. Since EGFP transcription was driven by a potent
CMV-IE promoter in the pZAJ vector described above, we
wondered whether decreasing the promoter strength would

obliterate or modulate the indirect inhibition of transcrip-
tion by 8-oxoG. To slow down the transcription rate without
changing the promoter structure, we introduced two TetO2
sequence elements into the gene’s 5′-untranslated region
and performed further expression analyses in T-RExTM-
HeLa cells (Figure 3). These cells stably express the TetR
protein, whose binding to TetO2 restrains the rate of tran-
scription to a very low level. Addition of tetracycline to
the culture medium resulted in a >20-fold induction of
the EGFP expression in cells transiently transfected with
the TetO2-regulated reporter (calculated from Figure 3C),
which corresponded to 40–60% strength of the unmodi-
fied CMV-IE promoter. When 8-oxoG was introduced into
the EGFP gene, the expression levels where negatively af-
fected at both inductive and repressive conditions (Figure
3C). Correction of the values obtained under each condi-
tions with respect to the expression levels of the reference
construct (without 8-oxoG) revealed that relative strength
of the negative effect of 8-oxoG was the same in cells in-
cubated with or without tetracycline. Measured 24 h post-
transfection, the reduction of the EGFP expression was in
the range of 40–45% (Figure 3D), which is also very close
to values previously obtained for the unrestrained CMV-
IE promoter (Figure 2D). Eight hours post-transfection
(the earliest time point when the expression could be repro-
ducibly measured in T-RExTM-HeLa cells), the harmful ef-
fect was not yet detectable, again resembling the situation
in HeLa and thus suggesting that processing of 8-oxoG is
not perturbed by the TetR expression in cells. In summary,
the results show that 8-oxoG is harmful for gene expression
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Figure 2. Effects of 5′ and 3′ phosphorothioate bonds on the magnitude of inhibition of the EGFP gene expression by single synthetic 8-oxodG in HeLa
cells. (A) Representative EGFP fluorescence distribution plots of cells transfected with vectors containing 8-oxodG in combination with the specified DNA
backbone modifications (amber lines). Cells in the reference sample (overlaid blue line) were transfected with a control vector containing the corresponding
synthetic oligonucleotide without 8-oxoG. (B) EGFP expression in cells transfected with the specified constructs, each normalised relative to the reference
construct without 8-oxoG, transfected in parallel. Summary of 6 independent experiments (mean ± SD). P-values: Student’s two-tailed t-test. (C) EGFP
expression in the OGG1 knockdown (OGG1-sh) HeLa cells and the isogenic control cell line (No sh) analysed at 24 h post-transfection, as described in (A).
Error bars show data range (n = 2). (D) DNA strand cleavage activities in the OGG1-overexpressing cell extracts towards plasmid substrates containing
the specified modifications. Agarose gel and quantification of the nicked fraction.
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Figure 3. Inhibitory effect of single 8-oxoG on the expression of the in-
ducible EGFP gene. (A) Scheme of the tetracycline-regulated (tet-on)
EGFP expression vector. Two TetR binding motifs (TetO2 ×2) were intro-
duced into the 5′-untranslated region without affecting the protein-coding
sequence. Tandem Nt.Bpu10I nicking sites were retained and used for
incorporation of synthetic oligonucleotides, as above. (B) Verification of
the incorporation of 8-oxoG into the tet-on vector. DNA strand scission
analysis of constructs produced with unmodified synthetic oligonucleotide
(G) or the oligonucleotide containing single 8-oxoG (8oG). (C) Represen-
tative fluorescence distribution plots of T-RExTM-Hela cells 24 h post-
transfection with the expression constructs containing synthetic oligonu-
cleotides with or without 8-oxoG. Cells were incubated in the absence (-
tet) or in the presence of tetracycline (+ tet). (D) Relative EGFP expres-
sion calculated at the uninduced (- tet) and induced (+ tet) conditions (n =
6, ± SD).

within the broad (at least 20-fold) range of transcription
rates.

Deletion mutants of the CMV-IE promoter are susceptible to
the inhibitory effect of 8-oxoG

The results described above strongly suggest that the ob-
served negative effect of 8-oxoG on the gene transcription
is mediated not at the level of elongation, but rather ini-
tiation. This would require a signalling mechanism, which
would lead to gene repression––either by promoting an in-
active chromatin structure incapable of binding transcrip-
tional activators or by modulating interactions of an acti-
vator or repressor with a specific site in the promoter. To
inspect whether such regulatory DNA region is present in
the CMV-IE promoter, we investigated the effect of single
8-oxoG on the expression driven by several truncated ver-
sions of the promoter. Of the multiple transcription factor-
binding motifs present in the DNA sequence, cAMP re-
sponse elements (CRE) are of primary importance for high
transcriptional activity of CMV-IE promoter in HeLa cells
(37). We generated promoter deletions in which 1, 2, or 3
of 4 available full-length 5′-TGACGTCA-3′ CRE sites were
eliminated (Figure 4A). As expected, promoter strength
progressively declined with the increasing deletion scale.
Judged on the measured EGFP expression, CMV 1111 pro-
moter (in which all four canonical CRE sites were pre-
served) was the most active, followed by CMV 1011 (3 CRE
sites), CMV 0011 (two CRE sites) and finally CRE-Uno

(consisting of a single CRE site), which produced the low-
est, but still measurable, EGFP expression level (Figure 4B).

We further incorporated synthetic oligonucleotide con-
taining single 8-oxoG into the same position in the EGFP
gene as described previously (Figure 1A). After the presence
of 8-oxoG was verified in all constructs (Supplementary
Figure S3), we performed expression analyses in HeLa cells
transfected in parallel with each promoter construct con-
taining either single 8-oxoG or no base modification in the
inserted DNA strand. The negative effect of 8-oxoG on the
EGFP expression levels measured at 24 h post-transfection
was clearly present in all analysed promoter constructs (Fig-
ure 4C). As observed earlier with the CMV-IE promoter,
this effect did not yet manifest at 6 h post-transfection,
which indicates that the same amounts of transcription-
competent ‘G’ and ‘8-oxoG’ constructs have been delivered
to cells by transfection. Again, as in case of the CMV-IE
promoter, the strength of the negative effect of 8-oxoG was
moderated by the OGG1 knockdown in all promoter vari-
ants, regardless of the deletion size (Supplementary Figure
S4). These results show that excision of 8-oxoG is univer-
sally required for the inhibition of transcription and that the
mechanism of transcriptional repression is not limited to a
peculiar sequence element within the CMV promoter. Best-
fit lines generated by plotting the effect of 8-oxoG against
the promoter strength (Figure 4D) had slopes close to zero,
further indicating that the rate of transcription does not
have a major effect on the magnitude of the inhibitory ef-
fect of 8-oxoG––in agreement with results obtained with the
tetracycline-inducible promoter, described previously (Fig-
ure 3).

Repression of transcription in response to 8-oxoG does not
require the CRE motif

CRE is the response element for the CREB/CREM/ATF1
family of multifunctional transcription factors, which are
involved in both positive and negative transcriptional regu-
latory mechanisms. Since at least one CRE site was present
in all hitherto analysed promoters, we questioned whether
transcriptional silencing by 8-oxoG is mediated by a spe-
cific repressor binding to CRE sequence. We therefore sub-
stituted the entire CMV-IE promoter with an artificial pro-
moter, which consists of a glucocorticoid response element
(GRE) fused to a minimal TK promoter and does not con-
tain the consensus CRE sequence (Figure 5A). In the ab-
sence of dexamethasone, both TK and GRE-TK promoters
yielded very low, but still robustly measurable, EGFP ex-
pression levels, similar to those produced by CRE-Uno pro-
moter (data not shown). Dexamethasone induced a >4-fold
increase of the EGFP expression in the GRE-TK construct.
We inserted synthetic oligonucleotides with and without 8-
oxoG into the pGRE-TK vector (Supplementary Figure
S3) and measured the EGFP expression both in the ab-
sence and presence of dexamethasone. The negative effect
of 8-oxoG on the gene expression was clearly manifested
at both conditions and its magnitude did not notably dif-
fer between the induced and uninduced states (Figure 5B).
As in the case of CMV promoter and its modified variants
described hitherto, the inhibitory effect of 8-oxoG required
some latency time to develop, which is consistent with the
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necessity of BER incision to take place. Under the induced
conditions, transcriptional repression was not initiated by
altered recruitment of glucocorticoid receptor to DNA con-
taining 8-oxoG, since it did not matter, whether dexametha-
sone was added to the medium immediately or with a delay
of 8 h (Figure 5C). The results thus indicate that impaired
recruitment of activatory factors (glucocorticoid receptor
or CREB-family TF) to their target sequences is not a pri-
mary mechanism of transcriptional repression by 8-oxoG
located outside of the promoter region or by its ongoing
BER. Based on the capacity of 8-oxoG to induce silenc-
ing of structurally heterologous promoters, we further con-
clude that the underlying mechanism is likely not mediated
by binding of a sequence specific repressor in the proximity
to the transcription start site.

Effect of 8-oxoG on transcription driven by human promoters

Previous data show that promoters of varying structure
and strength are susceptible to silencing, induced by ex-
cision repair of 8-oxoG situated in the gene body. Since
8-oxoG is ubiquitously generated in chromosomal DNA
during life, there is a risk that transcription of human
genes could be affected in a similar way. We therefore ques-
tioned whether intracellular processing of 8-oxoG could in-
duce silencing of human promoters. We chose several hu-
man promoters which do not contain Bpu10I sites and
cloned them upstream of the reporter EGFP gene. These
included promoters of tumour suppressor genes often si-
lenced in cancers (APC, RASSF1, RB1) and of the house-
keeping gene ACTB. Of these promoters, only ACTB and
RASSF1 produced measurable EGFP expression levels
(data not shown). Synthetic oligonucleotides with and with-
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out 8-oxoG were efficiently incorporated into the respec-
tive vectors (Supplementary Figure S3). In both ACTB
and RASSF1 constructs transfected into HeLa cells, sin-
gle 8-oxoG caused a pronounced, progressive decline in the
EGFP expression (Figure 6A), indicating that both promot-
ers can be efficiently silenced, just alike the viral and artifi-

cial promoters examined previously. As judged from unal-
tered EGFP expression 8 h post-transfection, unprocessed
8-oxoG did not perturbe the vector delivery to cells or in-
terfere with transcription directly. As in the case of viral
CMV promoter, the negative effect of 8-oxoG on the gene
expression was attenuated by OGG1 knockdown (Figure
6B), thus indicating that BER is universally required for
the manifestation of the reporter gene silencing. Moreover,
substitution of the phosphate linkage 5′ to 8-oxoG with a
nuclease-resistant phosphorothioate prevented the 8-oxoG-
dependent decrease of transcription (Figure 6C), demon-
strating that ssb generation is critical for the onset of tran-
scriptional silencing in constructs controlled by human pro-
moters as well.

Release from the 8-oxoG-induced transcriptional repression
by trichostatin A

Previously, we have reported that the presence of pho-
tooxidative DNA lesions favours histone H4 deacetyla-
tion in promoters of expression vectors transfected to cells
and concomitantly induces transcriptional silencing, which
could be mitigated by the histone deacetylase inhibitor Tri-
chostatin A (28). Therefore, we wanted to know whether
transcriptional silencing of the EGFP gene induced by the
base excision intermediate of single 8-oxoG (described in
the present study) could be as well reversed by this inhibitor.
Strikingly, addition of Trichostatin A to cells at the time of
transfection dose dependently improved the EGFP expres-
sion, up to a complete relief from the negative impact of 8-
oxoG (Figure 7). Concentration-dependent attenuation of
the negative effect of 8-oxoG by TSA was reproducibly ob-
served in multiple experiments, with some quantitative vari-
ation of the magnitude, allegedly because different batches
of the inhibitor were used. Full abrogation of the nega-
tive effect of 8-oxoG on the gene expression was typically
reached in the concentration range between 220 and 440
nM. The results thus confirm that 8-oxoG (or its process-
ing) does not result in a permanent loss of function of the
EGFP gene (e.g. by degradation of vector DNA or gene re-
arrangement) and further support the involvement of a gene
silencing mechanism, which could be mediated by histone
deacetylases.

Impacts of AP sites on the gene transcription and the role of
APE1

Repeated under all conditions tested above, the observation
that 8-oxoG affects the gene expression only in the presence
of unprotected bond 5′ to the modified nucleotide supports
our previous conclusion that the negative impact on tran-
scription requires APE1 activity. Therefore, it was impor-
tant to directly verify this critical role of APE1. Because
APE1 is an essential enzyme in mammals (both at the or-
ganismal and cellular levels) and since the efficient knock-
down could not be achieved without inflicting cell toxicity
(unpublished results and (38)), we have generated new ex-
pression constructs dedicated to this purpose. We incorpo-
rated synthetic oligonucleotides containing a synthetic AP
site analogue tetrahydrofuran into either the transcribed or
the non-transcribed strand of the EGFP gene (Figure 8A).
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Figure 7. Reversal of the 8-oxoG-induced transcriptional repression by
Trichostatin A (TSA). Fluorescence distribution plots of HeLa cells incu-
bated 24 h in the presence of the specified concentrations of TSA. Amber
lines show EGFP expression in cells transfected with the specified pZAJ ex-
pression constructs containing 8-oxodG flanked by phosphorothioate link-
ages, as explained in Figure 1. Overlaid blue line shows the result of parallel
transfection with the control construct devoid of 8-oxoG. Bar graph below
shows quantification of the median EGFP fluorescence. For each TSA con-
centration, values are normalised relative to the reference construct with-
out 8-oxoG (‘G’). Representative result of at least three (constructs with
phosphorothioates) or more independent experiments.

Tetrahydrofuran is a very good substrate of APE1 (36) but,
differently from the natural abasic site, resistant to beta
elimination reactions (catalyzed by lyases) because of the
absence of the aldehydic C-1′ carbonyl group––properties
ideally suited for the investigation of the consequences of
cleavage by APE1. In vitro cleavage analyses of the gener-
ated constructs incubated with human APE1 confirmed a
very efficient incorporation of synthetic AP sites into vector
DNA as well as a strong inhibition of the APE1 endonucle-
ase activity by the 5′ phosphorothioate (Figure 8B). Expres-
sion analyses of constructs with one incorporated synthetic
AP site in either the transcribed or the non-transcribed
DNA strand in HeLa cells revealed a powerful negative ef-
fect of the modification on the EGFP expression (Figure
8C). Furthermore, in both strands this effect was almost en-
tirely obliterated when the AP site was protected from the
APE1 cleavage by a phosphorothioate linkage at the 5′ side.
Incoporation of the second phosphorothioate 3′ to the AP
site did not have any additional influence on the gene ex-
pression. In summary, the results indicate that uncleaved
AP sites in the non-coding region barely have any signifi-
cant impact on the gene expression and clearly attribute the
decline of transcription to the AP endonuclease activity at
the unprotected 5′ bond.

BER of several types of DNA lesions can be hindered
by the poly(ADP-ribose) polymerase (PARP) inhibitor
olabarib, which stabilises binding of PARP1 and PARP2 to
the ssb intermediate (39,40). To test whether such a mecha-
nism is of relevance for the strand-cleaved intermediate gen-

erated by the AP endonuclease, we also measured the ex-
pression of constructs containing synthetic AP sites in cells
treated with PARP inhibitors olaparib or ABT-888 (which
differ in their capacities to induce PARP trapping on DNA
(39)). We observed no modulation of the magnitude of the
negative effect of synthetic AP sites on the gene expression,
indicating that PARP catalytic activity is not required for ei-
ther sustainment or repression of transcription in the pres-
ence of the AP endonuclease-induced ssb (Figure 8C and
Supplementary Figure S5). Even though PARP activity was
not important for the processing of the synthetic AP sites,
its potential relevance for a naturally generated BER inter-
mediate has not yet been excluded, because PARP1 also can
form covalent complexes with DNA by the beta elimination
mechanism of the deoxyribose phosphate (41), which would
not work with the tetrahydrofurane AP site analogue. For
this reason, we have further tested both PARP inhibitors
on the expression constructs containing 8-oxoG. However,
as in the case of synthetic AP sites, the inhibitors did not at
all modulate the magnitude of the effect of 8-oxoG on the
gene expression (Supplementary Figure S6). Likewise, the
construct with phosphorothioate 3′ to 8-oxodG showed the
same degree of the inhibition of the EGFP expression as the
construct with unmodified backbone. The results thus indi-
cate that PARP activity is not relevant for the processing of
8-oxoG in transcribed DNA.

DISCUSSION

Sustainment of transcription is an essential function of
DNA in all cell types. There is massive experimental ev-
idence in vitro and in vivo that damage to DNA affects
this housekeeping function (19), however, transcriptional
responses of genes to physiologically low levels of DNA le-
sions in unstressed cells remain largely unexplored. Expres-
sion vectors carrying structurally defined nucleobase modi-
fications provide a valuable tool for closing this knowledge
gap (23,24,29,35,42). We previously demonstrated that,
in repair-proficient cells, OGG1-dependent suppression of
transcription of gene constructs containing synthetic 8-
oxoG strongly prevails over the potential phenotypic ef-
fects of erroneous transcriptional bypass of the lesion or
direct blockage of elongating RNA polymerase complexes
(29,30). The requirement of OGG1 suggested that the in-
hibition of transcription is initiated either by unproductive
binding of OGG1 to 8-oxoG in DNA or by one of the post-
excision products.

In order to identify the exact nature of the harmful BER
intermediate, we artificially intervened with the efficiencies
of individual endonucleolytic reactions, catalysed by differ-
ent enzymes of the BER pathway, by the means of sub-
stitution of phosphodiester linkages on either side of 8-
oxodG with nuclease-resistant phosphorothioates. This ap-
proach turned out to be very useful, since the results showed
that, on the one hand, the presence of phosphorothioates
was compatible with gene expression analyses in transfected
cells, without influencing the gene expression to any sig-
nificant extent (Figure 2A, early time point). On the other
hand, phosphorothioates in respective positions substan-
tially inhibited backbone incisions 3′ to 8-oxodG (by OGG1
in the beta-lyase mode) and 5′ to the lesion (by cell extracts



7278 Nucleic Acids Research, 2016, Vol. 44, No. 15

Figure 8. Inhibition of the EGFP gene expression by single apurinic site (AP). (A) Vectors used for site-specific insertion of synthetic oligonucleotides
containing a single AP lesion (tetrahydrofuran) on the place of dG in the transcribed (TS) or the non-transcribed (NTS) strand of the EGFP gene.
(B) Activity of APE1 toward plasmid substrates containing single synthetic AP lesion and the effects of the specified phosphorothioate linkages. (C)
Fluorescence distribution plots of HeLa cells 24 h post-transfection with the expression constructs containing the indicated modifications in the specified
DNA strand (TS or NTS), compared to the ‘G’ construct (overlaid blue line). Analogous plots for cells incubated in parallel with PARP inhibitors are
shown in Supplementary Figure S5. (D) Mean relative EGFP expression of the specified constructs in the absence (DMSO) and in the presence of the
indicated PARP inhibitors (n = 3, ±SD).

or by purified APE1 in combination with OGG1), as desired
(Figures 1 and 2, Supplementary Figure S2). Combined
with the effects of 8-oxodG in different backbone configura-
tions on the gene expression in cells, these results lead to the
conclusion that DNA strand cleavage in vivo has a strong
preference to the linkage 5′ to 8-oxodG and, consequently,
has to be done by APE1. Moreover, we deduce from the
gene expression data that strand cleavage never occurs 3′ to
the lesion, because this would lead to generation of malef-
icent strand break with blocked 3′ end in the case of the
substrate with 5′ phosphorothioate and 3′ phosphate link-
ages. Such futile repair intermediate would inevitably im-
pede transcription (43), which is clearly not the case (Figure
2A). Consequently, OGG1 does not manifest a beta-lyase
activity in vivo, in this resembling monofunctional DNA
glycosylases. For the same reason, any significant contri-
bution of the Nei-homologues NEIL1 and NEIL2 to cel-
lular repair of 8-oxoG should also be excluded (because
catalytic mechanism of these bifunctional DNA glycosy-
lases comprises the beta-lyase reaction). In summary, the re-
sults provide evidence for a concerted action of OGG1 with
APE1. Although the strand cleavage is catalysed by APE1,
the overall efficiency of incision is limited by the availability
of OGG1, as documented by the OGG1 knockdown.

In order to exert an inhibitory effect on the gene tran-
scription, the 5′ cleaved repair intermediate of 8-oxodG
does not have to be situated in the transcribed DNA strand

(where it would be encountered by transcribing RNA poly-
merase II) or in the gene promoter (where it could di-
rectly impede or promote binding of transcription factors or
co-activators/co-repressors). The observed mode of action
would require signal transduction from the damage/repair
site to the gene regulatory region, i.e. over the distance of at
least 650 nucleotides. The nature of this signal (e.g., topol-
ogy of DNA itself or molecular interactions of some ssb
recognition proteins) remains to be determined. What is
clear is that transcriptional repression following the strand
incision at 8-oxodG is not mediated by altered binding of a
sequence specific protein to DNA, because it affects various
promoters with most unrelated structures and regulation
principles. Previously, we have demonstrated that plasmid
vectors transfected to cells undergo packaging into chro-
matin (28). It is therefore plausible that transcriptional si-
lencing is mediated by histone modifiers or chromatin re-
modelling factors, especially considering the observation
that the negative effect of 8-oxoG on the gene expression
can be prevented by the histone deacetylase inhibitor (Fig-
ure 7). Notably, all promoters tested in this study were sus-
ceptible to transcriptional repression induced by the BER
intermediate of 8-oxoG, which suggests its potential rele-
vance for transcriptional regulation of human genes and
is in agreement with a chromatin-mediated silencing mech-
anism. However, further identification of molecular com-
ponents of the gene repression mechanism triggered by
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the specified BER intermediate would be required to judge
about the relevance of present findings to regulation of ex-
pression of chromosomal DNA. It is important to note that
monofunctional DNA glycosylases UNG1/2 and SMUG1
were also shown to elicit transcriptional inactivation of
genes containing their respective substrates (32). As in the
case of OGG1, BER initiated by these DNA glycosylases
requires the APE1 strand cleavage step; therefore, various
BER substrates might be capable to induce gene silencing in
analogous fashion. In summary, we suggest that induction
of transcriptional silencing is one of the most prominent
phenotypic consequences of 8-oxoG in DNA and, possibly,
of other endogenously generated DNA base modifications
processed by BER.

With respect to the role of oxidative DNA base modi-
fications in the regulation of gene transcription, it is im-
portant to mention that generation of 8-oxoG (44) and
5-hydroxymethyl uracil (45) in mammalian cells can be
coupled with enzymatically catalysed oxidative demethyla-
tion of histones (by the LSD1 histone demethylase) and 5-
methylated pyrimidines in DNA (by TET1/TET2 dioxyge-
nases). Moreover, it was shown in the estrogen receptor-
(ER-) and MYC-activated gene expression models that spe-
cific recruitment of LSD1 to the regulatory gene elements in
response to the physiological stimuli provides a mechanism
for targeted induction of 8-oxoG in the promoter regions
(44,46). Strikingly, subsequent recruitment of OGG1 to the
DNA damage sites was found essential for transcriptional
activation of the target genes in these studies. OGG1 has
been further implicated in the induction of proinflamma-
tory genes by at least two different mechanisms. In trans,
OGG1 in complex with 8oxoG was shown to stimulate
Ras family GTPases (47). In cis, similarly to the ER- and
MYC-driven transcription models described above, OGG1
recruitment to promoters enhanced the tumour necrosis
factor alpha-induced transcriptional activation (48); how-
ever, in the latter case the induction of 8-oxoG in promoter
DNA has been ascribed to the increased cellular ROS levels
rather than a targeted recruitment of oxidases. Taken to-
gether, these findings have marked a new turn in our un-
derstanding of the role of oxidatively generated DNA dam-
age and BER proteins in the mechanisms of transcriptional
control. We believe that deciphering of these mechanisms
and identification of molecular switches that determine the
decision between transcriptional activation and repression
in cells is an exciting and challenging task in the field.
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