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ABSTRACT

The base excision repair (BER) glycosylase hOGG1
(human oxoguanine glycosylase 1) is responsible for
repairing oxidative lesions in the genome, in par-
ticular oxidised guanine bases (oxoG). In addition,
a role of hOGG1 in transcription regulation by re-
cruitment of various transcription factors has been
reported. Here, we demonstrate direct interactions
between hOGG1 and the medically important onco-
gene transcription factor Myc that is involved in tran-
scription initiation of a large number of genes in-
cluding inflammatory genes. Using single molecule
atomic force microscopy (AFM), we reveal recruit-
ment of Myc to its E-box promoter recognition se-
quence by hOGG1 specifically under oxidative stress
conditions, and conformational changes in hOGG1-
Myc complexes at oxoG lesions that suggest loading
of Myc at oxoG lesions by hOGG1. Importantly, our
data show suppression of hOGG1 catalytic activity in
oxoG repair by Myc. Furthermore, mutational analy-
ses implicate the C28 residue in hOGG1 in oxidation
induced protein dimerisation and suggest a role of
hOGG1 dimerisation under oxidising conditions in
hOGG1-Myc interactions. From our data we develop
a mechanistic model for Myc recruitment by hOGG1
under oxidising, inflammatory conditions, which may
be responsible for the observed enhanced gene ex-
pression of Myc target genes.
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INTRODUCTION

Glycosylases are responsible for lesion search and recogni-
tion as well as excision of faulty bases via nucleophilic at-
tack of the glycosidic bond (1) initiating base excision repair
(BER). The abasic site product is then further processed
by apurinic/apyrimidinic endonuclease (APE1 in human)
as well as other BER proteins including DNA polymerase
B. A number of glycosylases exist (at least 11 in humans)
that are each specific for only a particular type or a few
types of DNA modification. To rapidly detect their specific
target lesions among a vast excess of non-damaged DNA
bases, glycosylases bind non-specifically to non-damaged
DNA and employ a combination of one-dimensional slid-
ing along the DNA and three-dimensional hopping among
DNA segments in their target site search (2-4). Finally, the
enzymes employ a base flipping mechanism to specifically
identify and excise their target (damaged DNA base) inside
a catalytic pocket.

In addition, DNA repair unrelated functions of DNA
glycosylases have been reported. Due to their low redox
potential, guanine bases are most easily modified by reac-
tive oxygen species (ROS) that arise, for example, during
inflammatory stress conditions. Guanines have even been
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proposed to function as sinks for oxidation to protect down-
stream gene sequences from damage (5). Oxidation of gua-
nines results in 7,8-dihydroguanine (0xoG) lesions that re-
cruit the BER glycosylase hOGGI1 (human oxo-guanine
glycosylase 1). hOGG1 has been shown to modulate the
expression of genes (6,7), in particular genes involved in
the inflammatory response (8-10). Previous cellular studies
have provided invaluable evidence for a role of 0xoG lesions
and hOGGT1 in enhancing or reducing transcription of sev-
eral different target genes of a range of transcription factors
(5,10-22). These effects were correlated with transcription
factor / hOGGI1 co-localisation at promoters under oxida-
tive stress conditions. Interestingly, this function appears to
be specific for hOGGI1 since other DNA glycosylases that
also repair oxidative lesions in DNA did not induce tran-
scription factor recruitment (18). In fact, the glycosylase
NEIL?2 even repressed NFkB binding to promoters (23).

Several models of hOGG! interactions in transcription
initiation have been proposed (6,8,12,13,16,18-20,24,25).
These include both DNA repair dependent and indepen-
dent mechanisms, DNA conformational modulation, and
direct protein recruitment by hOGGI1. A pivotal study
also showed a function of the histone modifier lysine spe-
cific demethylase 1 (LSD1) in enhancement of gene tran-
scription by the estrogen receptor transcription factor (11).
LSDI1 is a flavine adenine dinucleotide (FAD) dependent
amine oxidase that demethylates histone H3 at positions K4
and K9, resulting in chromatin opening and a local burst of
ROS (11,12). The authors proposed an intriguing model,
in which ROS released during LSD1 histone demethyla-
tion activity locally oxidise the DNA leading to recruitment
of hOGGT to repair the induced oxoG lesions (11). APE1
displaces hOGG1 from the DNA after successful oxoG
base removal by hOGG1 and induces a single strand cut,
at which topoisomerase may load, which then eases DNA
looping by locally relaxing the DNA. In their model, DNA
looping enables interactions between transcription factors
and RNA polymerase bound hundreds of base pairs (bp)
apart on the DNA, to assemble the transcription machinery.
Quantitative chromatin immunoprecipitation (qChip) stud-
ies were able to demonstrate LSD1 induced co-localisation
of hOGGI and the oncogene transcription factor c-Myc
(referred to in the following simply as Myc) at transcription
start sites and on E-box binding sequences within promot-
ers of Myc activated genes (12). Importantly, subsequent
enhancement of Myc-target gene expression by hOGG1 has
been demonstrated (11,12). Myc plays an important role
in tumour development and the activation of inflammatory
processes (26). These studies also showed co-localisation of
Myc and hOGG1 with the BER endonuclease APE1 and
demonstrated that LSD1 and hOGG1 as well as APEI were
required for Myc transcription activation in their system
(estrogen receptor transcription factor/Myc).

APE]I has also been shown to interact with transcription
co-activators (27,28) and may thus itself serve to recruit the
transcription machinery. These APE1 mediated protein in-
teractions are central to another, highly interesting model
of redox regulated gene transcription that is based on the
induction of G quadruplex (G4) formation by hOGGI1 re-
pair activity (5,13,14,29,30). Stretches of guanines are often
found in or near gene promoters and are particularly promi-

nent targets for oxoG lesion formation. It has been shown
that hOGGI1 repair of ROS induced 0xoG lesions in these
G-tracks triggers G4 formation due to destabilisation of
the DNA double helix structure by the resulting abasic site
product (5,31). In this G4 model, APE1, whose catalytic ac-
tivity is suppressed when bound to the abasic site (hOGGl1
repair product) in the context of the G4 (13), recruits the
transcription machinery by direct protein—protein interac-
tions. Interestingly, these studies found that under oxidative
stress, G4 formation in particular in the promoters of DNA
repair genes may upregulate the levels of DNA repair pro-
teins (such as NEIL1 or the BER polymerase 8) to counter-
act the increasing amounts of induced DNA damages under
these conditions (32).

Finally, an additional role of hOGGI in inflammation
has been reported, in which oxoG that is released from the
DNA by hOGGT1 repair activity activate RAS GTPase that
then mediates increasing ROS levels in cells to further stim-
ulate the immune response by activating inflammatory gene
transcription (15,33,34). Again, this function seems to be
specific for hOGG1, because other oxidative lesion glyco-
sylases (e.g. NEIL1) did not induce this response (15).

All these studies established oxidation of guanines in
DNA as an epigenetic mark (13,21). However, the mech-
anism of transcription regulation by oxoG lesions and
hOGGT/ is still unclear. Different mechanisms may exist de-
pending on the sequence context of the gene promoter. In
this context, up- as well as down-regulation of gene tran-
scription by hOGGH repair of 0xoG lesions that led to G4
formation has been observed, and has been shown to de-
pend on oxoG position (distance from promoter as well as
DNA strand) (30). Furthermore, while the models involv-
ing LSDI activity or G4 formation implied the necessity
for oxoG repair by hOGGI for transcription activation,
hOGGT1 catalytic activity was not required for enhancing
pro-inflammatory gene expression (e.g. by NFkB) in other
studies (10,16,18).

Here, we used atomic force microscopy (AFM) imaging
to resolve the mechanistic details of hOGG] interactions
in transcription factor recruitment to their promoters at
the molecular level (on the example system of Myc) under
controlled, oxidising or reducing conditions. Oxidation of
hOGGT] itself has been proposed to inactivate the enzyme
while not affecting its DNA binding (35), to allow inac-
tive, oxidised hOGGH to recruit transcription factors such
as Myc in the absence of 0xoG repair functions by hOGGI.
We demonstrate here that oxidation of hOGG1 leads to its
dimerisation, but not inactivation. We further show that ox-
idation of hOGG1 modulates direct interactions with Myc
(as well as LSD1). Importantly, we demonstrate recruit-
ment of Myc to its E-box binding site in gene promoters
by hOGGI independent of hOGGI catalytic activity and
specifically under oxidising conditions. Furthermore, AFM
structural comparison of hOGG1-DNA complex confor-
mations in the absence and presence of Myc shows deple-
tion of the lesion excision competent hOGG1 conformation
at oxoQ sites by Myc, as also supported by functional as-
says that demonstrate complete suppression of hOGG1 re-
pair activity by Myc.

Such interplay between DNA repair and transcription
provides an attractive model for the cellular response to



DNA damage by upregulating the expression of proteins in-
volved in the necessary steps for cell survival. On the other
hand, Myc induced enhancement of inflammatory gene ex-
pression that further augments oxidative stress inside the
cell likely represents a pathological process that occurs in
particular in tumour cells with high levels of Myc as well as
oxidative stress. Our data suggest the hOGGI1-Myc interac-
tion as a potential target for inhibitor development against
Myc induced tumour progression.

MATERIALS AND METHODS
Proteins

hOGG1 was amplified from cDNA (Dharmacon) for SLIC
cloning into pETM14 vector. Single amino acid mutants
hOGG1 K249Q, C28A, C241A and C253A were generated
from the wildtype hOGGT1 gene by PCR and confirmed by
sequencing. All primers are given in Supplementary Table
S1. hOGG1 wildtype and mutants (in pETM 14 vector) and
Max (in pGEX4T1 vector) were expressed in Escherichia
coli BL21(DE3) cells. LSD1 (in pCDF-Duetl vector) was
expressed in E. coli Rosetta (DE3) cells. hOGG1 and LSD1
were purified by Ni**-NTA affinity chromatography fol-
lowed by anion exchange chromatography (MonoQ 10/100
GL) and size exclusion chromatography (Superdex 200
16/600 GL). hOGGT1 wildtype and mutants were eluted and
stored in 20 mM Tris—HCI, pH 7.5, 200 mM NacCl, 5% glyc-
erol, 0.5 mM DTT; LSDI in 50 mM HEPES, pH 8.0, 150
mM NaCl, 5% glycerol, 0.5 mM DTT. Max was purified in
a single step by glutathione sepharose bead affinity chro-
matography and eluted and stored in 20 mM HEPES, pH
7.9, 250 mM NaCl, 5% glycerol, as previously described
(36). All proteins were purified to > 95% homogeneity
as judged from Coomassie stained SDS-PAGE (polyacry-
lamide gel electrophoresis, Supplementary Figure S1A) and
stored at -80°C until use. Concentrations of purified pro-
teins were determined spectrophotometrically using extinc-
tion coefficients of 68 400 M~'cm~' for hisg-hOGG1, 80
800 M~! cm™! for hisg-LSDI, and 26 400 M~ cm™! for
GST-Max. All proteins were N-terminally tagged and tags
were removed via protease digestion where required (see
fluorescence polarisation assays). Purified GST tagged full
length c-Myc was purchased from Antibodies.com.

DNA

EMSA, fluorescence polarisation and hOGGI activity as-
says. 48 base pair (bp) double stranded DNA sub-
strates were prepared by annealing respective top (0xoG-
containing or undamaged) and bottom strands at 1:1 mo-
lar ratio. The bottom strand further contained a 5° Cy3 or
AlexaFluor 647 (AF647) label for fluorescence detection. A
list of all oligonucleotides (Sigma Aldrich) is shown in Sup-
plementary Table S2.

AFM studies. DNA substrates for AFM were prepared
from circular pUCI9N plasmid (37) with a length of 2,729
bp as previously described (38,39) (for details see Supple-
mentary Figure S2). To prepare the DNA substrate con-
taining an E-box motif (CACGTG) or an oxoG lesion as
well as E-box motif placed 8 nt apart, the E-box sequence
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was cloned into pUCI19N plasmid (for primers see Supple-
mentary Table S3) and successful insertion of the E-box was
confirmed by sequencing. The final DNA substrates had a
length of 505 bp and contained in their center the feature
of interest, either 0xoG (at 49.8% of DNA length), or oxoG
and an E-box (at 49.8% and 51.8% DNA length, respec-
tively), or only the E-box sequence (at 51.8% DNA length).

Oxidising and reducing conditions

Samples for AFM experiments were incubated in AFM
buffer (25 mM HEPES pH 7.5, 25 mM NacCl, 10 mM
Mg, Cly). For all other assays, samples were incubated in in-
teraction buffer (20 mM Tris—HCI pH 7.6, 200 mM NaCl),
which for SDS-PAGE (hOGGI1 dimerisation assay and
Western blots) further contained 5% glycerol. Experiments
on protein interactions in the absence of DNA were per-
formed in interaction buffer containing either 5 pM H,O,
or 5mM DTT for oxidising or reducing conditions, respec-
tively. For incubations under oxidative conditions involv-
ing DNA (EMSAs, activity assays, and AFM studies) and
for Western blots, hOGG1 was pre-oxidised (after purifica-
tion, prior to experiments), to avoid oxidative damage in-
duction in the DNA by H,O; in the reaction buffer. hOGG1
(5 pM) was pre-oxidised in incubation buffer containing
5 puM H,0; for 3 h at 4°C, dialysed overnight against
H,0,-free buffer at 4°C, concentrated, and flash frozen and
stored in incubation buffer at —80°C until use. Incubations
of protein-DNA samples were then carried out in H,O,-free
and DTT-free buffer for oxidising conditions. For experi-
ments with DNA under reducing conditions, native (non-
oxidised) hOGGI1 was used and incubations were carried
out in buffer containing 5 mM DTT. All experiments were
carried out at least in triplicate.

Fluorescence polarisation

For assessing hOGG1-DNA binding affinities, 5 nM AF647
labelled oxoG-containing or undamaged 48 bp DNA sub-
strates were incubated with increasing concentrations of
hOGGT.

To quantify protein interactions by hOGG1, hisg tagged
hOGG1 was labelled with Ni-NTA AlexaFluor 488
(AF488) dye by incubation at 1:3 hOGG1:dye ratio in in-
teraction buffer for 30 min in the dark at ambient tempera-
ture. Excess dye was removed by repeated spin filtering us-
ing a 10 kDa MWCO filter for 10 min at 10 000 x g and
4°C. Using photospectrometry to determine the concentra-
tions of AF488 and hOGGI (with extinction coefficients
€280nm = 68 400 M~'ecm~! for hOGG1 and e4gg,m = 73 000
M~'cm~! for AF488), a ratio of dye:protein of ~1 was ob-
tained. To measure hOGG]1 dimerisation, 5 nM AF488 la-
belled hOGG1 was then incubated with increasing concen-
trations of unlabelled hOGGI1 (0.24 nM-8 uM). To investi-
gate hOGGI1 interactions with Myc or LSD1, 5 nM AF488
labelled hOGG1 was incubated with increasing concentra-
tions of the unlabelled proteins (1.22 nM-2 pM for Myc
and 1.38 nM-60 uM for LSD1) in interaction buffer.

All measurements were performed at 25°C under reduc-
ing as well as under oxidising conditions. Polarisation val-
ues were recorded using a CLARIOstar®R microplate reader



10388 Nucleic Acids Research, 2022, Vol. 50, No. 18

(BMG Labtech) and polarisation curves were fit by single
Hill equations with R*> > 0.95 using Origin Pro software.
Average binding affinities were calculated based on tripli-
cate measurements.

SDS-PAGE studies of hOGG1 dimerisation

hOGG1 was diluted to 5 wM in interaction buffer contain-
ing 5% glycerol and either oxidised by addition of 5 uM
H,0; or reduced by addition of 5 mM DTT to the buffer.
In addition, oxidized hOGG1 was subsequently incubated
with 5 mM DTT to test reversibility of hOGG1 oxidation.
Samples were then denatured at 95°C in non-reducing SDS
buffer and run on a 15% SDS polyacrylamide gel. Gels were
visualised using a camera based imaging system (Fusion
FXae, Vilber).

Western blots of hOGG1 wildtype and mutants

Samples of 8 wM purified wildtype hOGG1, hOGG1 g4,
hOGGI1 414 and hOGG1 s34 were either oxidised or re-
duced (see above, Oxidising and reducing conditions) and
run on a non-reducing 15% SDS-PAGE gel. Gels were
transferred to a nitrocellulose membrane in transfer buffer
(25 mM Tris/HCI pH 8.3 190 mM glycine, 20% ethanol)
using a Mini-transblot cell (Biorad) at 300 mA and 4°C
for 1 h. Membrane blocking was performed using TBS (50
mM Tris/HCI pH 7.5 150 mM NaCl)-Albumin Fraction
V 2.5% (w/v) followed by washing with TBS-T (50 mM
Tris/HCI pH 7.5, 150 mM NacCl, 0.05% (w/v) Tween-20).
The membrane was incubated overnight with the primary,
mouse anti-His antibody (Sigma-Aldrich) at 4°C (diluted
1000x following manufacturer’s instructions), followed by
incubation with the secondary goat anti-mouse IgG anti-
body (diluted 10 000x in TBS). Blots were developed us-
ing Pierce™ ECL Western blotting substrate (ThermoFisher
Scientific) and protein bands were visualised by chemilumi-
nescence detection in the Vilber imaging system (see above).

Electrophoretic mobility shift assays

Incubations of hOGG1 (300 nM), or hOGG1 and Myc (300
nM each) with DNA were carried out under oxidising or
reducing conditions at room temperature for 30 min. 10 .l
samples were loaded onto 15% native PAGE gels (with 29:1
acrylamide: bisacrylamide). Gels were run in 0.5x Tris—
borate—-EDTA (TBE) at 4°C and visualised using a camera
based imaging system (Vilber, see above).

hOGGT1 activity assay

Pre-oxidised or reduced hOGG1 (150 nM-2 wM) was incu-
bated with 0xoG lesion DNA substrate (20 nM) for 30 min
at 37°C (see Oxidising and reducing conditions above for
buffer). For experiments on suppression of hOGGI repair
activity by Myc, hOGG1-oxoG DNA (300 nM hOGGl,
20 nM oxoG DNA) samples containing increasing concen-
trations of Myc (50-300 nM) were incubated for 30 min
at 37°C. The abasic site generated by hOGG1 oxoG re-
pair activity was then cleaved by incubation with 0.5 N
NaOH for 10 min at ambient temperature and the reac-
tion was stopped by heating to 95°C for 10 min, mixed with

urea containing loading buffer (8 M urea) and loaded onto
15% polyacrylamide (37.5:1 acrylamide: bisacrylamide) 7
M urea gels. Gels were run in 0.5x TBE at 4°C and 100
V and visualised in the Fusion FX6 Vilber imaging system.
Background corrected intensities of cleaved products and
uncut bands were quantified in Imagel.

AFM imaging

For AFM experiments on hOGG1 4+ Myc and oxoG con-
taining DNA, hOGG1 wildtype or hOGGlka499 (150 nM)
were incubated with oxoG lesion DNA (3 nM) in the ab-
sence or presence of Myc (30 nM) for 15 min at ambient
temperature in AFM buffer (see above, Oxidising and re-
ducing conditions). For experiments at reducing conditions,
incubations were carried out in AFM buffer containing re-
ducing agent (5 mM DTT). For experiments at oxidising
conditions, pre-oxidised hOGGT1 (wildtype or mutant) was
used.

For experiments on Myc recruitment by hOGG1 to its
E-box binding site in the presence of an upstream oxoG
lesion, quantum dot (QD) conjugation of Myc was car-
ried out as previously described for other proteins (39,40).
Briefly, GST tagged Myc was incubated with mouse anti-
GST monoclonal antibody (Thermo Fisher Scientific) in a
1:1 molar ratio at room temperature for 30 min (1 wM con-
centration). This mixture was then incubated with QD705
carrying F(ab’) goat anti-mouse IgG secondary antibody
(Thermo Fisher Scientific) for 30 min at 1:1 ratio (500 nM).
Next, QD-labeled Myc was incubated with Max at 1:1 mo-
lar ratio and a concentration of 20 nM for 10 min to form a
stable complex. For experiments, 2 nM QD-Myc/Max was
incubated with 3 nM 0xoG E-box DNA substrate in the ab-
sence or presence of 150 nM hOGGl1 as described above. As
controls, QD-Myc was incubated with 0xoG E-box DNA in
the absence of Max or hOGG1, and QD-Myc/Max with or
without hOGGI1 was incubated with DNA containing an
E-box sequence but no oxoG lesion or an 0xoG lesion but
no E-box.

Samples were deposited onto freshly stripped mica,
rinsed with filtered, deionised water, and dried in a stream
of nitrogen for AFM imaging. Imaging was performed
in air at a scan speed of 2.5 wm/s using a Molecular
Force Probe (MFP) 3D (Asylum Research, Oxford Instru-
ments) and AC240 imaging probes (Olympus) with nomi-
nal resonance frequency of ~70 kHz and spring constant of
~2 N/m.

AFM data analysis

For experiments on hOGG1 and Myc on oxoG DNA (with
oxoG at ~50% (49.8%) of DNA substrate length), protein
complex positions and respective DNA bend angles were
determined using the extended automated MatLab DNA
bend angle analysis tool (available at Open Science Frame-
work https://osf.i0/76e9s/) as previously described (41,42).
Since the two DNA ends cannot be distinguished in our
samples, position distributions are plotted to 50% DNA
length. Protein complex volumes were measured using Im-
age SXM (S. Barrett, University of Liverpool) as previously
described (38,42), Data were plotted as histograms and fit
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Figure 1. hOGG1 interacts directly with Myc and undergoes dimerisation upon oxidation. (A) Fluorescence polarisation measurements under reducing (grey)
and oxidising (black) conditions show Kp values of 1055 + 89 nM and 662 + 65 nM for hOGG1-Myc interactions and 754 + 47 nM and 867 + 34 nM
for hOGGI1-LSDI interactions, respectively. For details on significances see Supplementary Table S4. Data curves are shown in Supplementary Figure S5.
Identical results for hOGG] interactions with full length Myc and with the isolated N-terminal domain of Myc (Supplementary Figure S5A) implicate
exclusively the N-terminal part of Myc in the interaction. (B) Oxidation of hOGGH is reversible. Non-reducing SDS-PAGE reveals monomeric hOGGl1
under reducing conditions (Red) and dimeric hOGG1 under oxidising conditions (Ox). Oxidised hOGG1 reverts to the monomeric state upon treatment
of the oxidised protein with reducing conditions (Ox-Red). (C) Fluorescence polarisation measurements show strong hOGG1 dimerisation under oxidising
conditions in the high nanomolar range, and absence of dimer formation under reducing conditions (see also SDS-PAGE in Supplementary Figure S6). (D)
Western blots of hOGG1 variants, in which the three accessible cysteines (Supplementary Figure S1) have been mutated to alanines, implicate in particular
hOGG1 C28 in disulfide bond formation for hOGG1 dimerisation under oxidising conditions. C241 and C253 partially contribute to hOGG1 dimerisation.
Arrows indicate the dimer (black) and monomer (grey, M; ~40 kDa) form of hOGGI.

by single or multiple Gaussians using Origin Pro software
to obtain binding specificities to the oxoG lesion, DNA
bend angle states and volumes of complexes from the cen-
tres of the Gaussian fits. Specificities S for oxoG binding
were obtained as described (43) from the ratio of occupancy
at the specific site (0xoG) defined by the area under the
Gaussian Ay, at 50% DNA length and that of nonspecific
DNA sites (Aysp, area of background from 0 to 50% of total

DNA length) using S = N(A”:jz,) + 1, where N is the num-
ber of total available binding sites (number of base pairs,
N = 505 bp). Binding frequencies at the oxoG lesion were
determined from the number of binding events at the 50%
position (bin 45-50% DNA length) per DNA in the images
and are reported as averages (£ standard deviations, SD)
from triplicate experiments.

Positions of QD-labeled Myc were manually measured
using the free hand line tool in ImageJ to determine the
distance of QD centers from the closer DNA end as well
as complete DNA substrate lengths. QDs were identified
in the images based on heights, using a selection criterion
of >3 nm (Supplementary Figure S3A) given by the av-
erage heights of ~1.5 nm for protein complexes that did
not contain QDs (hOGGI1, Max) and ~4.5 nm for QD-
containing complexes (QD-Myc, QD-Myc/Max, or QD-
Myc/Max + hOGGI). QD-Myc positions were plotted as
histograms to obtain the frequency of Myc binding at the
central oxoG-E-box position (45-50% DNA length, aver-
ages + SD from triplicate experiments). In our DNA sub-
strates, the oxoG lesion is located at 49.8%, the E-box at
51.8% (corresponding to 48.2% DNA length in our plots to
50% DNA length). As controls, we also performed experi-
ments using DNA substrates that contained either only the
0xoG@ lesion or only the E-box.

Statistical analyses

Significances were calculated using a two-tailed student ¢
test with * P < 0.05, ** P < 0.01, *** P < 0.005. ¢ val-

ues are listed in Supplementary Table S4 for four degrees
of freedom in all experiments (comparison of sets of tripli-
cates).

RESULTS AND DISCUSSION
hOGG] interacts directly with Myc and LSD1

Using an in vitro pulldown assay, we found direct in-
teractions between recombinantly expressed and purified
hOGG1 and Myc under reducing as well as oxidising condi-
tions (Supplementary Figure S4). The assay also showed di-
rect interactions between LSD1 and Myc, as previously re-
ported (12). Interestingly, fluorescence polarisation studies
showed that oxidation of hOGG] resulted in significantly
enhanced affinities between hOGG1 and Myc (Figure 1A,
Kp of ~660 nM versus ~1.1 uM for hOGG1/Myc under
reducing conditions, see also Supplementary Figure S5). In
contrast, the interaction between hOGG1 and LSD1 was
slightly, but significantly decreased under oxidising condi-
tions (Figure 1A, Kp of ~870 nM versus ~750 nM un-
der reducing conditions). Oxidative stress characterises in-
flammatory conditions, for example in tumours, in which
Myc expression is enhanced to concentrations in the low
micromolar range (44) that thus support interactions with
hOGGT, in particular under oxidising conditions.

hOGGI1 dimerises under oxidative conditions

To understand the above differences in hOGGI interac-
tions, we characterised the effects of oxidation on hOGGI.
Non-reducing SDS gel and fluorescence polarisation anal-
yses distinctly showed hOGG1 dimerisation in the high
nanomolar range under oxidative conditions (Figure 1B,C
and Supplementary Figure S6). In contrast, no dimer for-
mation was observed under reducing conditions. Nuclear
concentrations of hOGG1 have been reported to be ~300
nM (45), sufficient to support hOGGI1 dimerisation un-
der oxidising conditions in vivo. Moreover, hOGG1 pro-
tein expression has been shown to be upregulated by factors
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fluorescence polarisation and EMSA experiments contained an oxoG lesion at the 10! position in the top strand and a fluorophore attached to the 5° end
of the bottom strand. The DNA substrate for the activity assay contains the oxoG lesion at the 26 position and the fluorophore was attached at the 5’end
of the top, 0xoG containing strand. (B) Fluorescence polarisation measurements under reducing (grey) and oxidising (black) conditions for hOGG1-0xoG
interactions provided Kp values of 66 + 5 nM and 140 + 9 nM, respectively. Kp’s of hOGGI interactions with undamaged (non-specific, nsp) DNA were
comparable for reducing and oxidising conditions (252 £+ 43 nM and 250 £ 18 nM, respectively; ns = not significant). For details on significances see
Supplementary Table S4. Binding curves are shown in Supplementary Figure S8. (C) EMSA analyses with titrations of hOGG1 (0, 150, 300 and 1000 nM)
to oxoG-containing or non-specific DNA showed monomeric hOGG1 complexes exclusively for oxoG lesion DNA and under reducing conditions (grey
arrow). At higher concentrations (300-1000 nM), hOGG1 formed higher order oligomers (presumably dimers) on the DNA (black arrow). Under oxidising
conditions (right), stable binding to the 0xoG substrate also required higher hOGG1 concentrations (300 nM versus 150 nM for reducing condition, left).
Binding to the non-specific DNA substrate was independent of redox conditions and occurred exclusively as dimers and at higher concentrations than with
0xoG-DNA, consistent with lesion recognition by hOGGl1. (D) In hOGGL activity assays, hOGG1 (0-1000 nM) demonstrated comparable oxoG repair
under oxidising and reducing conditions (cleaved product is indicated by the arrow).

Table 1. Binding to oxoG lesions in DNA

Binding at oxoG *

Redox condition [counts/DNA] SD Kp** (nM) SD (nM)
hOGG1 Oxidising 0.10 0.004 140 9
Reducing 0.18 0.06 66 5
hOGG1-Myc Oxidising 0.17 0.0001 nd nd
Reducing 0.17 0.01 nd nd
hOGG1k249q Oxidising 0.09 0.002 95 5
Reducing 0.18 0.03 42 3
hOGG128a Oxidising 0.14 0.01 61 11
Reducing nd nd 65 8
hOGGIk249q-Myc Oxidising 0.10 0.01 nd nd
Reducing 0.15 0.004 nd nd
hOGG1-Myc/Max Oxidising 0.19 0.004 nd nd
Reducing 0.12 0.01 nd nd
hOGG1234-Myc Oxidising 0.14 0.01 nd nd

[hOGGL1] 150 nM, [Myc] 30 nM, [Max] 30 nM (where present).

nd: not determined; *from AFM positional analyses; **from fluorescence polarisation.

SD standard deviation from triplicate experiments (duplicates for hOGG1ka49g + Myc under oxidising/reducing conditions and hOGG1cpga without
Myc).



between ~2 and 7 in cancer tissues (46,47). Importantly,
hOGG]1 dimerisation was reversible in our assays when the
oxidised protein was subsequently re-introduced into reduc-
ing environment (buffer containing 5mM DTT, Figure 1B).
However, dimers of oxidised hOGG1 were not disrupted by
glutathione concentrations of up to ~3 mM (Supplemen-
tary Figure S7), indicating high stability and physiological
relevance of the dimer in particular under oxidative stress
condition with glutathione depletion to <1 mM in the nu-
cleus (48,49).

Mutations of the individual accessible cysteines in the
protein (C28A, C241A, and C253A) implicate in particular
the C28 residue in hOGGT1 in dimerisation (Figure 1D and
Supplementary Figure S1). Our data suggest that dimerisa-
tion may be at least partially mediated by disulfide bond for-
mation between the C28 residues of hOGG1, for which no
function could previously be assigned (50). Mutation of the
C28 residue in hOGGT1 to alanine also abrogated enhance-
ment of Myc-hOGGT1 affinities under oxidising conditions
(Supplementary Figure S1D), further supporting a role of
the hOGGI dimer in interactions with Myc.

Consistent with hOGGH repair activity in natively reduc-
ing environment inside the cell nucleus, binding of hOGG1
to its oxoG target lesions was significantly stronger un-
der reducing compared to oxidising conditions (Kp’s of
~66 nM for hOGGT1 in the presence of reducing agent ver-
sus ~140 nM using non-reducing reaction conditions and
pre-oxidised hOGG1, compared to ~250 nM for undam-
aged DNA under both reducing and oxidising conditions,
see Figure 2A,B, Table 1, and Supplementary Figure S8).
Electrophoretic mobility shift assays (EMSAs) confirmed
that oxidised hOGG1 binds to 0xoG lesions as well as to
undamaged DNA as a dimer (or higher order oligomer)
while under reducing conditions a monomeric hOGG1
complex is formed at the oxoG lesion (Figure 2C). Inter-
estingly, however, in contrast to previous speculations (6),
oxidation/dimerisation did not affect oxoG repair activity
by hOGGI (Figure 2A, D).

Interestingly, previous studies had also reported dimer
formation by the cancer mutant hOGG1 S326C, which
led to reduced binding affinity and specificity for its oxoG
target lesions in DNA (51,52), as seen here for the wild-
type dimer. However, dimeric S236C hOGG1 showed
suppressed oxoG repair activity in these studies, while
oxidation-induced dimerisation of wildtype hOGG1 did
not inhibit hOGGH catalytic activity (Figure 2D). These dif-
ferences can be explained by the very different dimerisation
interfaces for the wildtype protein and the S326C cancer
variant. Dimerisation of hOGG]1 via cysteines at position
326 interferes with oxoG processing by the enzyme. In con-
trast, the C28 dimerisation site is located in the N-terminus,
far removed from the catalytic centre of hOGG1. Consis-
tently, previous studies had shown no effect on hOGG1 re-
pair activity by mutation of C28 to serine (50). Surprisingly,
wildtype-like repair activity for C28S hOGGI contrasted
with strongly decreased oxoG binding affinity in these stud-
ies. This observation has been explained by indirect, long-
range DNA interactions by the (dynamic) N-terminal do-
main of hOGG1 (50). Although mutation of C28 to ala-
nine did not affect oxoG binding in our studies (Supplemen-
tary Figure S1B and E and Table 1, in contrast to mutation
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to serine (50)), dimerisation of wildtype hOGGI at the N-
terminal domain (via C28 residues) shows the same effect
of reduced oxoG binding but unaffected catalytic activity
(compared to monomers under reducing conditions).

Myc induces conformational changes in hOGG1-0x0G com-
plexes and suppresses hOGG1 catalytic activity

Next, we investigated hOGG1 interactions with Myc at
0x0G lesions in DNA as well as on undamaged DNA un-
der oxidising and reducing conditions using single molecule
AFM imaging. For this, we incubated hOGG1 (150 nM)
with or without Myc (30 nM) and DNA containing an
oxo@ lesion at 50% of its length (Figure 3). Positional anal-
yses (Figure 3A left columns) showed higher specificity of
hOGGT for its target lesion under reducing compared to ox-
idising conditions (specificities of ~540 versus 370, see Fig-
ure 3), consistent with binding affinities from fluorescence
polarisation data (Figure 2B).

AFM volume analyses supported monomeric hOGG1
under reducing conditions and dimeric hOGG1 under ox-
idising conditions (~100 and 160 nm?, respectively), on
undamaged DNA as well as at the oxoG lesion (Figure
3A middle columns), consistent with EMSAs (Figure 2C).
Consistent with a role of C28 in oxidation-induced hOGG1
dimerisation, the C28 A mutant of hOGG1 showed exclu-
sively monomeric complexes on undamaged DNA as well
as at the oxoG lesion under oxidising conditions in AFM
volume analyses (Supplementary Figure S1E). In addition,
these oxidised hOGG1 C28A monomers displayed oxoG
binding frequencies that were comparable to hOGG1 wild-
type monomers under reducing conditions (Supplementary
Figure S1E and Table 1), consistent with binding affinities
for oxoG containing DNA substrate from fluorescence po-
larisation (Supplementary Figure S1B).

In the presence of Myc, complex volumes were increased
(~240 nm?, Figure 3B middle columns, compare to vol-
umes in Figure 3A), indicating hOGG1-Myc complex for-
mation on DNA. Interestingly, although hOGG1 (wildtype
or the catalytically inactive K249Q mutant) alone formed
monomeric complexes on DNA under reducing but dimeric
complexes under oxidising conditions, for hOGG1/Myc
complexes we measured comparable volumes under oxi-
dising and reducing conditions (Figure 3 and Supplemen-
tary Figure S9 middle columns). This finding was also sup-
ported by identical DNA shifts for hOGG1/Myc com-
plexes under oxidising and reducing conditions in EM-
SAs (Figure 4A and Supplementary Figure S10). The EM-
SAs further showed concentration dependent, lower sta-
bility of hOGG1/Myc complexes on DNA (both at an
0xoG lesion and on undamaged DNA) under reducing
conditions (Supplementary Figure S10). In addition, we
carried out AFM control experiments with oxoG DNA,
hOGGT1 and Myc, including Max to allow for DNA inter-
actions by Myc/Max. These data showed comparable oxoG
binding frequencies and specificities for hOGG1/Myc/Max
complexes as for the hOGG1/Myc complexes above, al-
beit slightly lower under reducing conditions (Table 1
and Supplementary Figure S11). AFM volumes of DNA
bound complexes (both at the oxoG lesion and on undam-
aged DNA) were increased by the size of Max relative to
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Figure 3. Myc forms complexes with hOGG1 on DNA and induces conformational changes in hOGG1-0x0G complexes. Left: Protein binding positions on
0xoG DNA (with the oxoG lesion at 50% of the DNA length) from AFM images; middle: AFM volumes of protein complexes on DNA (at the lesion, i.e.
at 50% DNA length, and on non-specific DNA); right: DNA bend angles introduced by protein complexes at the 0xoG lesion and on non-specific DNA
for (A) hOGG1 and (B) hOGG1 and Myc. Data are pooled from triplicate experiments using 150 nM hOGG1 + 30 nM Myc. From binding positions
(left column), specificities of hOGG1 binding to 0xoG (over non-specific DNA) were calculated to be 368 4+ 74 under oxidising and 543 + 37 under
reducing conditions (standard deviations from triplicate experiments). These numbers correlate with 0xoG occupancies per DNA of 0.10 and 0.18 hOGG1
for oxidising and reducing conditions, respectively (Table 1). Volume analyses (central columns) were consistent with a dimer for pre-oxidised hOGG1
(~160 nm?) and a monomer under reducing conditions (~100 nm?). Volumes of DNA bound complexes in hOGGI + Myc samples were ~240 nm?>
under oxidising as well as reducing conditions. Volume increases correlated with protein sizes (39 kDa for hOGGI and 76 kDa for GST-tagged Myc).
Volumes did not depend on binding to 0xoG lesions or non-specific DNA and were identical for wild type and catalytically inactive mutant hOGG1
(Supplementary Figure S9). Consistent with the fact that hOGG1/Myc complexes, once formed, were identical under oxidising and reducing conditions,
the AFM position distributions provided identical occupancies of 0xoG lesions (0.17/DNA) and similar specificities for oxoG binding, 423 + 155 for
oxidising and 517 £ 161 for reducing conditions. DNA bend angle measurements (right columns) showed DNA bending of ~0°, ~35° and ~70° by both
hOGG1 monomer and dimer (under reducing and oxidising conditions, respectively) as well as by hOGG1/Myc complexes at non-specific DNA positions.
At 0x0G lesions, hOGGl1 in the absence of Myc showed comparable DNA bending as for non-specific DNA sites, however, hOGG1/Myc complexes bound
at oxoG displayed almost exclusively a single conformational state with DNA bend angle of ~20°. DNA bend angles did not depend on hOGG1 catalytic
activity (Supplementary Figure S9) or the absence or presence of Max (Supplementary Figure S11).

hOGG1/Myc complexes (Supplementary Figure S11), con-
sistent with complexes of dimeric hOGG1, Myc and Max.
Together with the observation that eliminating hOGGl1
dimerisation (using the hOGG1 C28A mutant) decreased
hOGG1-Myc interactions under oxidative conditions (Sup-
plementary Figures S1D and S7C), these data support the
presence of two monomers of hOGGI in the heteromeric
hOGG1/Myc(/Max) complexes, which may serve to sta-
bilise the hOGG1-Myc binding interface.

To characterise conformational properties of hOGGI1
and hOGG1/Myc complexes on 0xoG lesions and on un-
damaged DNA, we measured bending introduced into the
DNA by the proteins. We and others have previously shown

a dynamic equilibrium between three different DNA bend
angle states (~0°, ~35° and ~70°) in hOGG1 complexes
on undamaged DNA during lesion search (41,53,54). The
~0° DNA bend angle state (straight DNA) has been inter-
preted as the hOGGI1 lesion search complex conformation
(41,53,54). The strongly kinked, ~70° bend angle state is
consistent with the interrogation or excision complex con-
formation seen in crystal structures of hOGG1 crosslinked
to undamaged DNA with the target base flipped into an
exo site pocket in hOGGI, or bound to an oxoG lesion
with the target base flipped into the catalytic site pocket of
hOGGI1 (55,56). We interpret the ~35° DNA bend angle
state as an intermediate on the path to formation of the exci-
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Figure 4. hOGGI catalytic activity is suppressed by hOGG1-Myc complex formation on DNA. (A) EMSA indicates comparable sizes of hOGG1/Myc com-
plexes (black arrow) on 0xoG containing DNA under oxidising and reducing conditions (see also Supplementary Figure S10). Under oxidising condition
(using pre-oxidised hOGG1), hOGGI1 forms almost excusively dimers on the DNA (grey arrow) versus predominantly monomeric hOGGT1 under reduc-
ing conditions (+5 mM DTT, white arrow). Protein concentrations: 300 nM hOGG1, 300 nM Myc. (B) Titrations of Myc (50-300 nM) to hOGG1 (300
nM) and oxoG DNA (20 nM) samples lead to complete blocking of hOGG1 0x0G repair activity at ~200 nM Myc. As a control, the catalytically dead
hOGGlk249q variant (300 nM, without Myc, under ambient conditions) is also included (in the gel center). The arrow indicates the repair product.

sion competent complex conformation. Extension of AFM
analyses to specifically bound hOGGI1 at oxoG lesions in
our present studies shows the same bend angle states as for
undamaged DNA (Figure 3A right columns). These find-
ings are consistent with previous reports for another glyco-
sylase, TDG, which also showed comparable equilibria be-
tween bend angle states for undamaged DNA and at the tar-
get lesion, and suggest continuous probing for DNA dam-
age by glycosylases during lesion search (54). However, for
hOGG1, our AFM analyses demonstrate the stabilisation
of the conformation with intermediate (~35°) DNA bend-
ing specifically at oxoG lesions. This result is consistent with
a recent crystal structure of hOGG1 bound at an 0xoG le-
sion in DNA (57), in which the DNA is bent but the lesion
is in an intrahelical conformation prior to base flipping by
hOGGTI. Interestingly, Myc binding does not majorly affect
DNA bending by hOGGI at undamaged DNA sites, but
strongly affects bending in complexes bound at an oxoG
lesion (Figure 3B, right columns). In hOGG1/Myc com-
plexes at the oxoG lesion, the striking, almost complete de-
pletion of the strongly kinked, 70° DNA bend angle state
suggests suppression of hOGGI extrahelical base interro-
gation and excision (compare DNA bend angles at oxoG
in Figure 3A and B). These results suggest that the Myc
induced conformational changes in hOGG1 complexes at
0xoG lesions may lead to suppression of hOGG1 activity
in 0x0G lesion repair. Indeed, 0xoG repair by hOGG1 was
completely inhibited by Myc (as well as by Myc/Max) in ac-
tivity assays (Figure 4B and Supplementary Figure SI2A—
C). This suppression of hOGG1 catalytic activity by Myc
also persisted in the presence of APE1 (Supplementary Fig-
ure S12D), which in BER replaces hOGGI1 from its abasic
site products after oxoG repair and further processes these
abasic sites involving DNA backbone incisions. Complexes
of hOGG1/Myc at 0xoG lesions adopted a new conforma-

tional state, which was characterised by a DNA bend angle
of ~20°, indicating Myc induced conformational changes in
the complexes specifically at the target lesion (Figure 3B).
Interestingly, the conformational change in hOGG1/Myc
complexes did not depend on oxidative or reducing condi-
tions (Figure 3B) or on hOGG1 catalytic activity (Supple-
mentary Figure S9B). We also did not observe any effects
of Max on the properties of the complexes (Supplementary
Figure S11). However, only the heterodimer of Myc/Max
is then able to stably engage with its E-box binding site to
initiate transcription (58).

0x0G-bound hOGG1 enhances Myc-Max recruitment to a
downstream E-box motif

To investigate Myc recruitment to its E-box binding mo-
tif by hOGG1 we employed quantum dot (QD) labeling of
Myc in mixed samples containing Myc as well as its bind-
ing partner Max in the absence or presence of hOGGI.
We used a DNA substrate that contained an 0oxoG lesion
8 bp upstream of an E-box motif. The distance between the
0xoG lesion and the E-box motif was designed based on
previous findings of enhanced binding of transcription fac-
tor NFkB to its binding site in DNA in the presence of an
oxoG lesion and hOGGI1 (18). The QD label on Myc al-
lowed us to unambiguously mark Myc on the DNA sub-
strates by its distinct, high topographical signal using a
height cutoff of 3 nm as selection criterion to distinguish
QD-Myc(/Max) containing complexes from those contain-
ing only hOGG1 in heterogeneous samples (Supplementary
Figure S3A). Consistent with previous reports (58), Myc in
the absence of Max was not able to stably bind to its E-
box binding motif (Supplementary Figure S3B). Max was
therefore included in these experiments. Positional analy-
ses revealed significant enhancement of QD-Myc/Max at
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the 0xoG-E-box compared to the E-box without an up-
stream 0xoG lesion by hOGGI specifically under oxidis-
ing conditions (using pre-oxidised hOGG1, Figure 5, Ta-
ble 2 and Suppl. Table S4). Myc/Max enhancement at the
E-box strictly depended on the presence of the oxoG le-
sion in the DNA substrate (Figure 5, compare C and D)
as well as oxidised hOGG]1 (Figure 5, compare C and B).
In the absence of the E-box motif, Myc/Max was still re-
cruited to the oxoG lesion by hOGG1; however, the amount
of Myc/Max recruited to the oxoG-bound hOGGI1 was
not sufficient to explain the enhancement of oxoG-E-box
binding by Myc/Max (Supplementary Figure S3D). Impor-
tantly, QD-Myc/Max enhancement at the E-box was not
affected by hOGGH catalytic activity (Supplementary Fig-
ure S3E). Furthermore, the C28 A mutant of hOGG]1 that
does not support hOGG1 dimerisation (Figure 1D) did not
induce increased Myc binding to the E-box under oxidising
conditions (Supplementary Figure S3C and Table 2), again
supporting a role of hOGGI dimerisation in the enhance-
ment of Myc recruitment.

The hOGGI1-Myc interaction may be responsible for tu-
mourigenic processes

We summarise our findings in a mechanistic model of Myc
recruitment to its E-box binding motif in gene promoters
by hOGGI1 under oxidative conditions (Figure 6). Oxida-
tive stress introduces oxoG lesions in DNA and leads to the
dimerisation of hOGG1, which stabilises interactions with
Myec. At an 0xoG lesion, hOGG1 inactivation by Myc then
leads to persistent binding and conformational changes that
mediate Myc(/Max) loading on the DNA, for instance at its
E-box recognition sequence in promoters in close vicinity
downstream of the lesion.

Previous studies have shown that histone demethylation
by LSDI1, which opens the chromatin at gene promot-
ers, results in the production of ROS that can locally ox-
idise the DNA (11). The local oxidative environment fur-
ther leads to the oxidation and dimerisation of hOGGlI
(Figure 1). Decreased affinities between oxidised (dimeric)
hOGGT1 and LSD1 (Figure 1A) may then support dissoci-
ation of hOGGI (or a preformed hOGG1/Myc complex)
from LSD1/hOGGI1(/Myc) complexes to release the en-
zyme(s) for binding to the induced oxoG lesions. Consis-
tent with only weak affinity between hOGG1 and LSDI1
once hOGGI is bound to the DNA, AFM experiments
required crosslinking of LSD1 and hOGGI to maintain
LSD1/hOGG1 complexes on DNA (Supplementary Figure
S13). Myc/Max loaded by hOGGI at gene promoters can
then activate the transcription machinery (59). Consistent
with this model, cellular studies have shown co-localisation
of hOGGI1, Myc, and LSDI on gene promoters and en-
hanced gene transcription under oxidative stress that de-
pended on hOGG1 and Myc (6,11,12,16).

In addition to its function as a sequence specific tran-
scription factor (by binding to E-box motifs) for the control
of Myc target gene expression, Myc has also been shown
to be a global amplifier of transcription from active pro-
moters by amplifying transactivating transcription factors
such as estrogen receptors (11,60,61), which stimulate, for
instance, the expression of genes involved in the inhibition

of cell apoptosis (62). Myc has been shown to recruit LSD1
to chromatin regions with high methylation and acetylation
levels of histone 3 (H3) (63). LSD1 then demethylates H3K4
and K9 (11) to initiate the cascade of local, oxoG-induced
hOGG1/Myc driven assembly of the transcription machin-
ery and enhancement of Myc target gene expression (12)
or, for instance, hormone receptor activated gene expression
(11). LSD1 would thus provide spatial control over 0xoG in-
duction in DNA directed by Myc to gene promoters. In this
context, LSD1 overexpression has been observed in cancer
cells and has been linked to enhanced cancer malignancy
(64,65). Our model does, however, not strictly depend on
LSDI activity. Under inflammatory conditions, oxidative
stress prevails throughout the cell nucleus. Spatial control
over 0xoG induction in this context is provided by GC rich
and G quadruplex forming sequences that are frequently
found in the vicinity of gene promoters, since these are par-
ticularly prone to oxidation.

Our mechanistic model may also possess general appli-
cability to transcription factor recruitment to their binding
sites in gene promoters by hOGG!1 under oxidative con-
ditions. For instance, NFkB and SP1 transcription factors
have also been shown to directly interact with hOGG1 (10).
Intriguingly, these interactions were also enhanced under
oxidative conditions, as seen here for hOGG1 and Myc, and
it will be interesting to investigate in future studies whether
these interactions also directly inactivate hOGGI catalytic
activity similar as reported here for Myc.

In contrast to enhancement of gene expression by Myc-
induced inactivation of hOGGl1 at 0xoG lesions, in the G4
model (see Introduction), oxoG repair activity by hOGG1
is required for G4 formation. Binding of APELI to the re-
sulting abasic site in the G4 has been shown to result in
non-productive APE1 that can recruit transcription fac-
tors and RNA polymerase to the G4 (13,30,31). However,
G4s have been implicated in the up- or down-regulation of
gene transcription, strongly depending on their sequence
and their position with respect to the transcription start
site and DNA strand (5,13,30,66). Myc-induced inactiva-
tion of hOGGI repair function and subsequent suppres-
sion of G4 formation would thus either inhibit or acti-
vate gene transcription depending on the position of the
0x0G lesion (and thus the potential G4). Moreover, tran-
scription factor recruitment to more distant enhancer se-
quences has previously been suggested to require oxoG re-
pair by hOGGH to provide access sites for topoisomerases
(11). Topoisomerases function to relax the DNA facilitat-
ing DNA looping to support interactions between enhanc-
ing factors and RNA polymerase bound at distant regions
on the DNA to activate transcription. Intriguingly, how-
ever, Myc itself has recently been shown to directly re-
cruit topoisomerases to promoters and to stimulate topoi-
somerase activity (67), potentially abrogating a need for
hOGGT repair activity in this context. In general, hOGG1-
Myc interactions may thus steer gene expression dependent
on specific regulatory elements in the DNA (upstream or
downstream of gene promoters) or the presence and loca-
tion of sequences within promoters that are susceptible to
oxidation.

Although this has to be confirmed by in vivo studies, the
hOGG]1 induced enhancement of Myc recruitment to its
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Figure 5. Myc/Max recruitment to E-box motif is enhanced in the presence of hOGG1 and an upstream oxoG lesion. (A) Experimental setup. Top schematic:
Myc is conjugated to a quantum dot (QD) and incubated with Max, hOGG!1 and oxoG—E-box (0xoG and E-box spaced by 8 bp) containing DNA
substrates. Bottom: An exemplary AFM image depicting QD labeled Myc in complex with DNA (white arrows). The distinct topographical signals of the
QDs allow for easy identification of Myc in heterogeneous samples of Myc, Max, and hOGG!1 (Supplementary Figure S3A). (B-D) Position distributions
of QD-Myc on DNA serve to quantify Myc/Max binding at the E-box with an upstream 0xoG lesion in the absence (B) or in the presence of hOGG1 (C),
and in the presence of hOGG1 but at an E-box without 0xoG lesion (D). Data are normalised to the number of DNA molecules analysed (QD/DNA)
to directly quantify binding, showing increased Myc/Max loading at E-boxes in the presence of an 0xoG lesion and hOGG1 exclusively under oxidative
conditions. Both the 0xoG and the Ebox are located at ~50% of the DNA length (see Materials and Methods) and cannot be distinguished in these
experiments. However, Myc/Max recruitment frequency to the oxoG-Ebox motif is slightly but significantly higher than the sum of binding to either oxoG
(Supplementary Figure S3) or E-box alone (see Table 2 and Supplementary Table S4). Further controls with catalytically inactive hOGG1 K249Q and
dimerisation incompetent hOGG1 C28A variants, as well as QD-Myc/Max and hOGG1 with DNA substrate containing exclusively an 0xoG lesion (no
E-box) and QD/Myc in the absence of Max or hOGGI are shown in Supplementary Figure S3. Different frequencies for oxoG-E-box, E-box and oxoG
binding by Myc/Max (in the absence or presence of hOGG1 wildtype or mutants and under oxidising and reducing conditions) are summarised in Table 2.

Table 2. E-box binding from AFM positional analyses with QD labeled Myc

Myc/DNA at
Redox condition (0x0G-) E-box SD Significance
Myc/Max, oxoG-E-box Oxidising 0.14 0.002 N/A
Reducing 0.12 0.01 n.s. (down)
hOGG1-Myc/Max, oxoG-E-box Oxidising 0.29 0.002 HoHE
Reducing 0.17 0.008 oK
hOGG1-Myc/Max, E-box Oxidising 0.11 0.01 *** (down)
Reducing 0.11 0.01 *** (down)
hOGGI1-Myc/Max, oxoG Oxidising 0.15 0.002 *
Reducing 0.06 0.01 *** (down)
hOGG1-Myc, oxoG-E-box Oxidising 0.12 0.0002 *** (down)
Reducing 0.08 0.002 *** (down)
hOGGlk249q-Myc/Max, oxoG-E-box Oxidising 0.29 0.003 Hkok
Reducing 0.17 0.01 HHE
hOGG]184-Myc/Max, oxoG-E-box Oxidising 0.16 0.001 HAk

[QD-Myc] 2 nM, [Max] 2 nM, [hOGG1] 150 nM (where present).

SD standard deviation from triplicate experiments, N/A not applicable.

Significance levels shown relative to Myc/Max and oxoG-E-box substrate at oxidising conditions, n.s. not significant, see Supplementary Table S4 for
details.

recognition sequences in promoters in the presence of oxoG portant new information for a better, molecular level un-
lesions observed in our studies likely represents carcino- derstanding of transcription modulation by hOGGI1 un-
genic events under the enhanced Myc concentrations found der oxidative stress conditions that can now be tested in

in tumour cells. The inflammatory, oxidative conditions in cellular assays. Specifically, our findings predict that indi-
tumour cells that lead to the upregulation of Myc expres- viduals harbouring mutations in C28 of hOGG1 may be
sion may thus promote tumour growth by further stimu- partially protected against Myc-induced tumourigenic pro-
lating inflammatory cytokine expression in an oxoG and cesses. Importantly, our data also suggest the hOGGI1-
hOGGT1 dependent mechanism (68). Our data provide im- Myec interface as a potential target of inhibitor develop-
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Figure 6. Model of Myc recruitment by hOGG1. Oxidative environment introduces 0xoG lesions in DNA (red splashes on the DNA) and leads to the
dimerisation of hOGG1. Dimers of hOGG1 stabilise interactions with Myc and conformational changes in the complex induced by Myc suppress catalytic
oxoG repair activity by hOGGI (red filled splashes represent unrepaired oxoG). The conformational changes also mediate loading of Myc/Max on the
DNA at an oxoG lesion to facilitate Myc/Max binding to its cognate E-box motif present in close vicinity of the lesion. Red and green models indicate
oxidised and reduced hOGG1, respectively. The hOGG1 monomer and dimer models are based on the monomer crystal structure (PDB id: 1ko9). The
dimer was assembled in pymol (DeLano Scientific; dimerisation at the C28 residue). The Myc-Max complex model (Myc in pink, Max in yellow) in the top
(non-oxidising condition) scenario was assembled from the predicted structure of Myc (AlphaFold database) and the crystal structure of the DNA bound
complex of the C-terminal DNA binding domain of Myc and N-terminal DNA binding domain of Max (PDB id: Inkp). The schematically indicated
interaction interface between hOGG1 and Myc is based on molecular docking of monomeric hOGG!1 and Myc using the Haddock 2.2 webserver (Bonvin
Lab) and on the stabilisation of the hOGGT1 dimer by the N-terminal part of Myc (Supplementary Figure S5A).

ment for tumour therapy. Inhibitors of hOGG1 catalytic ac-
tivity that, importantly, interfere with oxoG binding, have
recently been reported to prevent the upregulation of in-
flammatory gene expression in tumours (69,70). However,
targeting the hOGG1-Myc interface instead of suppressing
hOGGT1 0xo0G binding and repair activity would possess the
advantage of not sacrificing repair of mutagenic oxoG le-
sions elsewhere in the DNA (by hOGG1 not in complex
with transcription factor), which becomes especially impor-
tant in the context of the enhanced oxidative stress in tu-
mour cells.

DATA AVAILABILITY

AFM data and original gels are available at OSF https://osf.
i0/p46n7/.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

The authors thank Elmar Wolf (University of Wiirzburg)
for providing the Max plasmid and for helpful discussions.
We also acknowledge Matthias Geyer (ISB Bonn) for pro-
viding purified full length Myc protein for initial stud-
ies, and Radhika Nair and Caroline Kisker for providing
the LSDI1 plasmid and 3C protease. Publication charges
were covered by the Rudolf Virchow Center (University of
Wiirzburg).

FUNDING

Deutsche Forschungsgemeinschaft (DFG) [TE671/4-2 to
I.T.]. Funding for open access charge: Rudolf Virchow Cen-
ter, University of Wiirzburg.

Conflict of interest statement. None declared.

REFERENCES

1. Stivers,J.T. and Jiang,Y.L. (2003) A mechanistic perspective on the
chemistry of DNA repair glycosylases. Chem. Rev., 103, 2729-2759.


https://osf.io/p46n7/
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkac796#supplementary-data

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Zharkov,D.O., Mechetin,G.V. and Nevinsky,G.A. (2010)

Uracil-DNA glycosylase: structural, thermodynamic and kinetic
aspects of lesion search and recognition. Mutat. Res., 685, 11-20.

. Blainey,P.C., van Oijen,A.M., Banerjee,A., Verdine,G.L. and

Xie,X.S. (2006) A base-excision DNA-repair protein finds intrahelical
lesion bases by fast sliding in contact with DNA. Proc. Natl. Acad.
Sci. U S. A.,103, 5752-5757.

. Rowland,M.M., Schonhoft,].D., McKibbin,P.L., David,S.S. and

Stivers,J. T. (2014) Microscopic mechanism of DNA damage
searching by hOGG1. Nucleic Acids Res., 42, 9295-9303.

. Fleming,A.M. and Burrows,C.J. (2020) Interplay of guanine

oxidation and G-Quadruplex folding in gene promoters. J. Am.
Chem. Soc., 142, 1115-1136.

. Ba,X. and Boldogh,I. (2018) 8-Oxoguanine DNA glycosylase 1:

beyond repair of the oxidatively modified base lesions. Redox. Biol.,
14, 669-678.

. Scheffler,K., Rachek.L., You,P., Rowe,A.D., Wang,W.,

Kusnierczyk,A., Kittelsen,L., Bjoras,M. and Eide,L. (2018)
8-oxoguanine DNA glycosylase (Oggl) controls hepatic
gluconeogenesis. DNA Repair ( Amst. ), 61, 56-62.

. Pan,L., Hao,W., Zheng,X., Zeng,X., Ahmed Abbasi,A., Boldogh,I.

and Ba,X. (2017) OGG1-DNA interactions facilitate NF-kappaB
binding to DNA targets. Sci. Rep., 7, 43297.

. Ba,X., Aguilera-Aguirre,L., Rashid,Q.T., Bacsi,A., Radak,Z., Sur,S.,

Hosoki,K., Hegde,M.L. and Boldogh.I. (2014) The role of
8-oxoguanine DNA glycosylase-1 in inflammation. Int. J. Mol. Sci.,
15, 16975-16997.

Ba,X., Bacsi,A., Luo,J., Aguilera-Aguirre,L., Zeng,X., Radak,Z.,
Brasier,A.R. and Boldogh,I. (2014) 8-oxoguanine DNA glycosylase-1
augments proinflammatory gene expression by facilitating the
recruitment of site-specific transcription factors. J. Immunol., 192,
2384-2394.

Perillo,B., Ombra,M.N., Bertoni,A., Cuozzo,C., Sacchetti,S.,
Sasso,A., Chiariotti,L., Malorni,A., Abbondanza,C. and
Avvedimento,E.V. (2008) DNA oxidation as triggered by H3K9me2
demethylation drives estrogen-induced gene expression. Science, 319,
202-206.

Amente,S., Bertoni,A., Morano,A., Lania,L., Avvedimento,E.V. and
Majello,B. (2010) LSD1-mediated demethylation of histone H3 lysine
4 triggers Myc-induced transcription. Oncogene, 29, 3691-3702.
Fleming,A.M., Ding,Y. and Burrows,C.J. (2017) Oxidative DNA
damage is epigenetic by regulating gene transcription via base
excision repair. Proc. Natl. Acad. Sci. U.S. A., 114, 2604-2609.
Fleming,A.M., Zhu,J., Howpay Manage,S.A. and Burrows,C.J.
(2019) Human NEIL3 gene expression regulated by epigenetic-like
oxidative DNA modification. J. Am. Chem. Soc., 141, 11036-11049.
Aguilera-Aguirre,L., Bacsi,A., Radak,Z., Hazra, T.K., Mitra,S.,
Sur,S., Brasier,A.R., Ba,X. and Boldogh.I. (2014) Innate
inflammation induced by the 8-oxoguanine DNA
glycosylase-1-KRAS-NF-kappaB pathway. J. Immunol., 193,
4643-4653.

Hao,W., Wang,J., Zhang,Y., Wang,C., Xia,L., Zhang,W., Zafar,M.,
Kang,J.Y., Wang,R., Ali Bohio,A. et al. (2020) Enzymatically inactive
OGGTH binds to DNA and steers base excision repair toward gene
transcription. FASEB J., 34, 7427-7441.

Cogoi,S., Ferino,A., Miglietta,G., Pedersen,E.B. and Xodo,L.E.
(2018) The regulatory G4 motif of the Kirsten ras (KRAS) gene is
sensitive to guanine oxidation: implications on transcription. Nucleic
Acids Res., 46, 661-676.

Pan,L., Zhu,B., Hao,W., Zeng,X., Vlahopoulos,S.A., Hazra, T.K.,
Hegde,M.L., Radak,Z., Bacsi,A., Brasier,A.R. et al. (2016) Oxidized
guanine base lesions function in 8-Oxoguanine DNA
Glycosylase-1-mediated epigenetic regulation of Nuclear Factor
kappaB-driven gene expression. J. Biol. Chem., 291, 25553-25566.
Moore,S.P., Toomire,K.J. and Strauss,P.R. (2013) DNA
modifications repaired by base excision repair are epigenetic. DNA
Repair (Amst. ), 12, 1152-1158.

Hao,W., Qi,T., Pan,L., Wang,R., Zhu,B., Aguilera-Aguirre,L.,
Radak,Z., Hazra, T.K., Vlahopoulos,S.A., Bacsi,A. et al. (2018)
Effects of the stimuli-dependent enrichment of 8-oxoguanine DNA
glycosylasel on chromatinized DNA. Redox. Biol., 18, 43-53.
Seifermann,M. and Epe,B. (2017) Oxidatively generated base
modifications in DNA: not only carcinogenic risk factor but also
regulatory mark?Free Radic Biol Med, 107, 258-265.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Nucleic Acids Research, 2022, Vol. 50, No. 18 10397

Pastukh,V., Roberts,).T., Clark,D.W., Bardwell,G.C., Patel, M.,
Al-Mehdi,A.B., Borchert,G.M. and Gillespie,M.N. (2015) An
oxidative DNA “damage” and repair mechanism localized in the
VEGF promoter is important for hypoxia-induced VEGF mRNA
expression. Am. J. Physiol. Lung Cell. Mol. Physiol., 309,
L1367-L1375.

Tapryal,N., Shahabi,S., Chakraborty,A., Hosoki,K., Wakamiya,M.,
Sarkar,G., Sharma,G., Cardenas,V.J., Boldogh,I., Sur,S. et al. (2021)
Intrapulmonary administration of purified NEIL2 abrogates
NF-kappaB-mediated inflammation. J. Biol. Chem., 296, 100723.
Moore,S.P.G., Kruchten,J., Toomire,K.J. and Strauss,P.R. (2016)
Transcription factors and DNA repair enzymes compete for damaged
promoter sites. J. Biol. Chem., 291, 5452-5460.

Kitsera,N., Stathis,D., Luhnsdorf,B., Muller,H., Carell,T., Epe,B.
and Khobta,A. (2011) 8-Oxo-7,8-dihydroguanine in DNA does not
constitute a barrier to transcription, but is converted into
transcription-blocking damage by OGG1. Nucleic Acids Res., 39,
5926-5934.

Casey,S.C., Baylot,V. and Felsher,D.W. (2018) The MYC oncogene is
a global regulator of the immune response. Blood, 131, 2007-2015.
Ray,S., Lee,C., Hou,T., Bhakat,K.K. and Brasier,A.R. (2010)
Regulation of signal transducer and activator of transcription 3
enhanceosome formation by apurinic/apyrimidinic endonuclease 1 in
hepatic acute phase response. Mol. Endocrinol., 24, 391-401.
Bhakat,K.K., Mantha,A.K. and Mitra,S. (2009) Transcriptional
regulatory functions of mammalian AP-endonuclease (APE1/Ref-1),
an essential multifunctional protein. Antioxid. Redox. Signal., 11,
621-638.

Zhu,J., Fleming,A.M. and Burrows,C.J. (2018) The RAD17 promoter
sequence contains a potential tail-dependent G-Quadruplex that
downregulates gene expression upon oxidative modification. ACS
Chem. Biol., 13, 2577-2584.

Fleming,A.M., Zhu,J., Ding,Y. and Burrows,C.J. (2019) Location
dependence of the transcriptional response of a potential
G-quadruplex in gene promoters under oxidative stress. Nucleic Acids
Res., 47, 5049-5060.

Fleming,A.M., Zhou,J., Wallace,S.S. and Burrows,C.J. (2015) A role
for the fifth G-Track in G-Quadruplex forming oncogene promoter
sequences during oxidative stress: do these “Spare tires” have an
evolved function?ACS Cent. Sci., 1, 226-233.

Fleming,A.M., Zhu,J., Ding,Y., Visser,J.A., Zhu,J. and Burrows,C.J.
(2018) Human DNA repair genes possess potential G-Quadruplex
sequences in their promoters and 5’-Untranslated regions.
Biochemistry, 57, 991-1002.

Boldogh,I., Hajas,G., Aguilera-Aguirre,L., Hegde,M.L., Radak,Z.,
Bacsi,A., Sur,S., Hazra, T.K. and Mitra,S. (2012) Activation of ras
signaling pathway by 8-oxoguanine DNA glycosylase bound to its
excision product, 8-oxoguanine. J. Biol. Chem., 287, 20769-20773.
Hajas,G., Bacsi,A., Aguilera-Aguirre,L., Hegde,M.L., Tapas,K.H.,
Sur,S., Radak,Z., Ba,X. and Boldogh,I. (2013) 8-Oxoguanine DNA
glycosylase-1 links DNA repair to cellular signaling via the activation
of the small GTPase Racl. Free Radic. Biol. Med., 61, 384-394.
Bravard,A., Vacher,M., Gouget,B., Coutant,A., de Boisferon,F.H.,
Marsin,S., Chevillard,S. and Radicella,J.P. (2006) Redox regulation of
human OGGH activity in response to cellular oxidative stress. Mol.
Cell. Biol., 26, 7430-7436.

Farina,A., Faiola,F. and Martinez,E. (2004) Reconstitution of an E
box-binding Myc:Max complex with recombinant full-length proteins
expressed in Escherichia coli. Protein Expr Purif, 34, 215-222.
Hou,E.W,, Prasad,R., Asagoshi,K., Masaoka,A. and Wilson,S.H.
(2007) Comparative assessment of plasmid and oligonucleotide DNA
substrates in measurement of in vitro base excision repair activity.
Nucleic Acids Res., 35, el12.

Buechner,C.N. and Tessmer,I. (2013) DNA substrate preparation for
atomic force microscopy studies of protein-DNA interactions. J. Mol.
Recognit., 26, 605-617.

Rill,N., Mukhortava,A., Lorenz,S. and Tessmer,I. (2020)
Alkyltransferase-like protein clusters scan DNA rapidly over long
distances and recruit NER to alkyl-DNA lesions. Proc. Natl. Acad.
Sci. U.S.A.,117,9318-9328.

Wang,H., Tessmer,I., Croteau,D.L., Erie,D.A. and Van Houten,B.
(2008) Functional characterization and atomic force microscopy of a
DNA repair protein conjugated to a quantum dot. Nano Lett., 8,
1631-1637.



10398 Nucleic Acids Research, 2022, Vol. 50, No. 18

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

Bangalore,D.M., Heil,H.S., Mehringer,C.F., Hirsch,L., Hemmen,K.,
Heinze,K.G. and Tessmer,I. (2020) Automated AFM analysis of
DNA bending reveals initial lesion sensing strategies of DNA
glycosylases. Sci. Rep., 10, 15484.

Emperle,M., Bangalore,D.M., Adam,S., Kunert,S., Heil, H.S.,
Heinze,K.G., Bashtrykov,P., Tessmer,I. and Jeltsch,A. (2021)
Structural and biochemical insight into the mechanism of dual CpG
site binding and methylation by the DNMT3A DNA
methyltransferase. Nucleic Acids Res., 49, 8294-8308.

Yang,Y., Sass,L.E., Du,C., Hsich,P. and Erie,D.A. (2005)
Determination of protein-DNA binding constants and specificities

from statistical analyses of single molecules: MutS-DNA interactions.

Nucleic Acids Res., 33, 4322-4334.

Lorenzin,F., Benary,U., Baluapuri,A., Walz,S., Jung,L.A., von
Eyss,B., Kisker,C., Wolf,J., Eilers,M. and Wolf,E. (2016) Different
promoter affinities account for specificity in MYC-dependent gene
regulation. Elife, 5, e15161.

Cappelli,E., Hazra,T., Hill,J.W., Slupphaug,G., Bogliolo,M. and
Frosina,G. (2001) Rates of base excision repair are not solely
dependent on levels of initiating enzymes. Carcinogenesis, 22,
387-393.

Kondo,S., Toyokuni,S., Tanaka,T., Hiai,H., Onodera,H., Kasai,H.
and Imamura,M. (2000) Overexpression of the hOGG1 gene and
high 8-hydroxy-2’-deoxyguanosine (8-OHdG) lyase activity in human
colorectal carcinoma: regulation mechanism of the 8-OHdG level in
DNA. Clin. Cancer Res., 6, 1394-1400.

Somuncu,B., Keskin,S., Antmen,F.M., Saglican,Y., Ekmekcioglu,A.,
Ertuzun,T., Tuna,M.B., Obek,C., Wilson,D.M., Ince,U. et al. (2020)
Non-muscle invasive bladder cancer tissues have increased base
excision repair capacity. Sci. Rep., 10, 16371.

Forman,H.J., Zhang,H. and Rinna,A. (2009) Glutathione: overview
of its protective roles, measurement, and biosynthesis. Mol. Aspects
Med., 30, 1-12.

Diaz Vivancos,P., Wolff, T., Markovic,J., Pallardo,F.V. and Foyer,C.H.

(2010) A nuclear glutathione cycle within the cell cycle. Biochem. J.,
431, 169-178.

Wang,K., Maayah,M., Sweasy,J.B. and Alnajjar,K.S. (2021) The role
of cysteines in the structure and function of OGG1. J. Biol. Chem.,
296, 100093.

Hill,J.W. and Evans,M.K. (2006) Dimerization and opposite
base-dependent catalytic impairment of polymorphic S326C OGGl
glycosylase. Nucleic Acids Res., 34, 1620-1632.

Bravard,A., Vacher,M., Moritz,E., Vaslin,L., Hall.J., Epe,B. and
Radicella,J.P. (2009) Oxidation status of human OGG1-S326C
polymorphic variant determines cellular DNA repair capacity.
Cancer Res., 69, 3642-3649.

Chen,L., Haushalter,K.A., Lieber,C.M. and Verdine,G.L. (2002)
Direct visualization of a DNA glycosylase searching for damage.
Chem. Biol., 9, 345-350.

Buechner,C.N., Maiti,A., Drohat,A.C. and Tessmer,I. (2015) Lesion
search and recognition by thymine DNA glycosylase revealed by
single molecule imaging. Nucleic Acids Res., 43, 2716-2729.
Bruner,S.D., Norman,D.P. and Verdine,G.L. (2000) Structural basis
for recognition and repair of the endogenous mutagen 8-oxoguanine
in DNA. Nature, 403, 859-866.

56.

57.

58.

59.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Banerjee,A., Yang,W., Karplus,M. and Verdine,G.L. (2005) Structure
of a repair enzyme interrogating undamaged DNA elucidates
recognition of damaged DNA. Nature, 434, 612-618.

Shigdel,U.K., Ovchinnikov,V., Lee,S.J., Shih,J.A., Karplus,M.,
Nam,K. and Verdine,G.L. (2020) The trajectory of intrahelical lesion
recognition and extrusion by the human 8-oxoguanine DNA
glycosylase. Nat. Commun., 11, 4437.

Blackwood,E.M., Kretzner,L. and Eisenman,R.N. (1992) Myc and
Max function as a nucleoprotein complex. Curr. Opin. Genet. Dev., 2,
227-235.

Baluapuri,A., Hofstetter,J., Dudvarski Stankovic,N., Endres,T.,
Bhandare,P., Vos,S.M., Adhikari,B., Schwarz,J.D., Narain,A.,
Vogt,M. et al. (2019) MYC recruits SPT5 to RNA polymerase 11 to
promote processive transcription elongation. Mol. Cell, 74, 674-6877.
Nie,Z., Guo,C., Das,S.K., Chow,C.C., Batchelor,E., Simons,S.S.J.
and Levens,D. (2020) Dissecting transcriptional amplification by
MYC. Elife, 9, e52483.

Nie,Z., Hu,G., Wei,G., Cui,K., Yamane,A., Resch,W., Wang,R.,
Green,D.R., Tessarollo,L., Casellas,R. et al. (2012) c-Myc is a
universal amplifier of expressed genes in lymphocytes and embryonic
stem cells. Cell, 151, 68-79.

Perillo,B., Sasso,A., Abbondanza,C. and Palumbo,G. (2000)
17beta-estradiol inhibits apoptosis in MCF-7 cells, inducing bcl-2
expression via two estrogen-responsive elements present in the coding
sequence. Mol. Cell. Biol., 20, 2890-2901.

Guccione,E., Martinato,F., Finocchiaro,G., Luzi,L., Tizzoni,L., Dall’
Olio,V., Zardo,G., Nervi,C., Bernard,L. and Amati,B. (2006)
Myc-binding-site recognition in the human genome is determined by
chromatin context. Nat. Cell Biol., 8, 764-770.

Karakaidos,P., Verigos,J. and Magklara,A. (2019) LSD1/KDMIA, a
gate-keeper of cancer stemness and a promising therapeutic target.
Cancers (Basel), 11, 1821.

Kim,D., Kim,K.I. and Baek,S.H. (2021) Roles of lysine-specific
demethylase 1 (LSD1) in homeostasis and diseases. J. Biomed. Sci.,
28, 41.

Zhou,J., Fleming,A.M., Averill,A.M., Burrows,C.J. and Wallace,S.S.
(2015) The NEIL glycosylases remove oxidized guanine lesions from
telomeric and promoter quadruplex DNA structures. Nucleic Acids
Res., 43, 7171.

Das,S.K., Kuzin,V., Cameron,D.P.,, Sanford,S., Jha,R.K., Nie,Z.,
Rosello,M.T., Holewinski,R., Andresson,T., Wisniewski,J. ez al.
(2022) MYC assembles and stimulates topoisomerases 1 and 2 in a
“topoisome”. Mol. Cell, 82, 140-158.

Liu,T., Zhou,Y., Ko,K.S. and Yang,H. (2015) Interactions between
Myc and mediators of inflammation in chronic liver diseases.
Mediators Inflamm., 2015, 276850.

Visnes,T., Cazares-Korner,A., Hao,W., Wallner,O., Masuyer,G.,
Loseva,O., Mortusewicz,O., Wiita,E., Sarno,A., Manoilov,A. et al.
(2018) Small-molecule inhibitor of OGGI suppresses
proinflammatory gene expression and inflammation. Science, 362,
834-839.

Tahara,Y.K., Auld,D., Ji,D., Beharry,A.A., Kietrys,A.M.,
Wilson,D.L., Jimenez,M., King,D., Nguyen,Z. and Kool,E.T. (2018)
Potent and selective inhibitors of 8-Oxoguanine DNA glycosylase. J.
Am. Chem. Soc., 140, 2105-2114.



