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Abstract

Aims: The existence of modified ribonucleotide monophosphates embedded in genomic DNA, as a consequence
of oxidative stress conditions, including 8-oxo-guanosine and ribose monophosphate abasic site (rAP), has been
recently highlighted by several works and associated with oxidative stress conditions. Although human apurinic-
apyrimidinic endodeoxyribonuclease 1 (APE1), a key enzyme of the base-excision repair pathway, repairs rAP
sites and canonical deoxyribose monophosphate abasic sites with similar efficiency, its incision-repairing activity
on 8-oxo-guanosine is very weak. The aims of this work were to: (i) identify proteins able to specifically bind 8-
oxo-guanosine embedded in DNA and promote APE1 endoribonuclease activity on this lesion, and (ii) charac-
terize the molecular and biological relevance of this interaction using human cancer cell lines.
Results: By using an unbiased proteomic approach, we discovered that the AU-rich element RNA-binding
protein 1 (AUF1) actively recognizes 8-oxo-guanosine and stimulates the APE1 enzymatic activity on this DNA
lesion. By using orthogonal approaches, we found that: (i) the interaction between AUF1 and APE1 is mod-
ulated by H2O2-treatment; (ii) depletion of APE1 and AUF1 causes the accumulation of single- and double-
strand breaks; and (iii) both proteins are involved in modulating the formation of DNA:RNA hybrids.
Innovation: These results establish unexpected functions of AUF1 in modulating genome stability and improve
our knowledge of APE1 biology with respect to 8-oxo-guanosine embedded in DNA.
Conclusion: By showing a novel function of AUF1, our findings shed new light on the process of genome
stability in mammalian cells toward oxidative stress-related damages. Antioxid. Redox Signal. 39, 411–431.
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Introduction

Arecurrent DNA damage is represented by the presence
of ribonucleosides monophosphate (rNMPs) incorpo-

rated within DNA (Jinks-Robertson and Klein, 2015), a
frequent phenomenon that counts 1 rNMP every 700 deox-
yribonucleosides monophosphate (dNMPs) (Sparks et al.,
2012). One leading cause of this incorporation principally
involves the replication process, during which DNA poly-

merases can incorporate ribonucleosides triphosphate
(rNTPs) in place of deoxyribonucleosides triphosphate
(dNTPs) into the nascent strand, in a cellular context in which
the stoichiometry of the process is in favor of rNTPs (Brown
and Suo, 2011; McElhinny et al., 2010; Nick McElhinny
et al., 2010; Williams et al., 2012).

Another source of rNMPs incorporation is the partial re-
moval of RNA primers, needed for priming the replication
process of the lagging strand (Clausen et al., 2015). Finally,
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although not well characterized yet, a conversion from de-
oxyribose to ribose can occur in the cellular pool of nucleotides
or directly into the DNA, this being critical for the presence of
rNMPs embedded in DNA (Randerath et al., 1992).

Although the presence of rNMPs in the genome has been
proposed to facilitate the mismatch repair pathway and pro-
mote the mating-type switch in fission yeast (Potenski and
Klein, 2014), their occurrence is mainly considered harmful
for several cellular functions, with detrimental effects on cell
survival. rNMPs have been confirmed to have a destabilizing
conformational effect on their site of incorporation, due to the
additional presence of the 2¢-OH group on the ribose sugar
(Chiu et al., 2014; Koh et al., 2015b; Meroni et al., 2017).

The consequent alteration of the DNA backbone causes a
blockage of transcription and replication, as well as of nu-
cleosome assembly, which are all events necessary for cell
survival (Agarwal and Miller, 2016). Moreover, the accu-
mulation of rNMPs likely induces the triggering of the DNA
damage signaling, through spontaneous hydrolysis of the free
2¢-OH, which could lead to the formation of single-strand
breaks (Kellner and Luke, 2020).

For all these reasons, a specific repair pathway, called ri-
bonucleotide excision repair (RER), is responsible for the
recognition and repair of rNMPs (Kellner and Luke, 2020). On
RER-deficiency, topoisomerase 1 (Top1) has been demon-
strated to act as a backup in rNMP removal (Cerritelli et al.,
2020; Cho and Jinks-Robertson, 2018; Li et al., 2019; Williams
and Kunkel, 2018). In this context, several studies have dem-
onstrated that other repair pathways, including nucleotide ex-
cision repair, mismatch repair, and base excision repair (BER),
do not possess any functional role in the canonical rNMPs
recognition and excision (Cai et al., 2014; Cilli et al., 2015;
Malfatti et al., 2017; Vaisman et al., 2013).

Recently, increased attention has been paid to non-canonical
modified rNMPs embedded in DNA and, mostly, to their repair
mechanisms (Cilli et al., 2015; Ghodke et al., 2020; Malfatti
et al., 2017). Although not fully investigated, modified rNMPs,
including ribose monophosphate abasic sites (rAP, either
apurinic or apyrimidinic) and oxidized rNMPs (r-8oxo-G), can
be generated, as in the case of dNMPs. The genome of human
cells suffers about 1000–100,000 oxidative lesions per day, and
one of the most common defects in this category is represented
by 7,8-dihydro-8-oxoguanine ( Jackson and Bartek, 2009).

Moreover, deoxyribose monophosphate abasic sites are the
most frequent lesions in human cells, with estimates of

*10,000–20,000 per day (Nakamura et al., 1998). Recently,
Smith et al. (2020) have demonstrated that r-8oxo-GTP is
inserted at a rate similar to those of other common replication
errors (i.e., ribonucleotide and mismatch insertions), with
similar retention of conformation and base pairing of d-8oxo-
GTP, thus highlighting its potential mutagenicity. This oc-
curs even though polymerase b (Pol b) has a diminished
catalytic efficiency for r-8oxo-GTP, compared to canonical
dNTPs, due to an impaired Pol b closure (Batra et al., 2016).

The interest for these non-canonical rNMPs is largely
emerging, as recently demonstrated by a work investi-
gating the impact of a damaged analog of rATP, namely 1,
N6-ethenoadenosine (1, N6-erA), on translesion synthesis
(Ghodke et al., 2020). RNA abasic sites in yeast and hu-
man cells are not rare as previously assumed, counting
about 3 rAP sites per 1,000,000 ribonucleotides (Liu et al.,
2020).

Surprisingly, we found that RNase H2 is unable to repair
either rAP or 8-oxo-guanosine sites embedded in DNA
(Malfatti et al., 2019; Malfatti et al., 2017), whereas apurinic-
apyrimidinic endodeoxyribonuclease 1 (APE1), the main
AP-endonuclease enzyme belonging to the BER pathway,
efficiently processes rAP sites and, despite showing a weak
saline-dependent endo- and exo-nuclease activity, also 8-
oxo-guanosine sites through its nucleotide incision repair
(NIR) activity (Malfatti et al., 2017).

Recent publications have demonstrated a strong relevance
of non-canonical rNMPs in the DNA repair field, but a lack of
information exists regarding their mechanisms of recognition
and the corresponding enzymatic processing. In the case of 8-
oxo-guanosine, additional recognition and processing
mechanisms should be active and might cooperate with APE1
to guarantee an efficient repair process and to increase the
efficiency of its enzymatic activity.

Here, we have demonstrated that AU-rich element RNA-
binding protein 1 (AUF1) can efficiently bind 8-oxo-
guanosine, stabilizing the region containing it, and promoting
the APE1 enzymatic activity on it. Moreover, we have found
that AUF1 is an interactor of APE1, as demonstrated by
in vitro and in vivo analyses. Interestingly, this interaction is
modulated by H2O2 and KBrO3 treatments and plays a bio-
logical role during cell response to oxidative stress and in the
formation of DNA:RNA (D:R) hybrids. By showing a novel
function of AUF1, these findings shed new light on the pro-
cess of accumulation and repair of 8-oxo-guanosine embed-
ded in DNA in mammalian cells (Fig. 1).

Results

Proteomics reveal AUF1 as one of several proteins
recognizing 8-oxo-guanosine sites embedded in DNA

The first aim of this study was to provide details on the
molecular mechanism used for repairing 8-oxo-guanosine
site embedded in DNA, and to identify specific regulatory
proteins deputed to process this highly mutagenic lesion or to
promote the NIR activity of APE1 on this substrate.

First, we exploited a Southwestern blot (SWB) analysis to
compare the ability of nuclear proteins from HEK293T cells
to differentially recognize oligonucleotide substrates con-
taining 8-oxo-guanosine (ds_r8oxoG:dC oligonucleotide) in
comparison to rAP (ds_rF:dC) or guanosine (ds_rG:dC)
embedded in DNA. The proteins blotted on the membrane

Innovation

The data included in this work establish novel important
functions of AU-rich element RNA-binding protein 1
(AUF1) in modulating genome stability and improve
our knowledge of apurinic-apyrimidinic endodeoxyri-
bonuclease 1 (APE1) biology. Specifically, our data sug-
gest a role of AUF1 as a stabilizer of 8-oxo-guanosine
embedded in DNA, stimulating the endoribonuclease activity
by APE1 (Fig. 1). Interestingly, we discovered that: (i) AUF1
is a novel interactor of APE1; (ii) the AUF1–APE1 interac-
tion is modulated on and protects from oxidative stress in-
duced damage; and (iii) the depletion of AUF1 and APE1 is
associated with an accumulation of abasic sites, formation of
double-strand breaks, and generation of DNA:RNA hybrids.
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were renatured by serial dilutions of guanidine hydrochloride
(Gdn-HCl) up to reach their native condition, and then in-
cubated with the fluorescent oligonucleotides (Fig. 2A).
SWB data are shown in Supplementary Figure S1A.

Each band corresponded to the fluorescence of each oligo-
nucleotide used, bound to one or more proteins having the same
molecular mass. As expected, a high number of bands was

detectable in the three lanes, corresponding to several different
proteins able to bind DNA or the specific modification on
DNA. The high number of detected bands, reflecting the high
complexity of species bound to the 8-oxo-guanosine, prompted
us to adopt a different experimental approach based on protein
isolation through affinity chromatography and molecular
identification with mass spectrometry-based proteomics.

FIG. 1. APE1 and AUF1 coop-
erate for the repair of 8-oxo-
guanosine embedded in DNA and
for restoring genome stability. A
summary graphic model illustrates
an unrepaired 8-oxo-guanosine in-
corporated in DNA, possibly gen-
erated by exposure to oxidative
stressors, such as H2O2 and KBrO3,
which cause genome instability
with an accumulation of AP sites,
single- and double-strand breaks,
and DNA:RNA hybrids. On pro-
cessing by the APE1 and AUF1,
the DNA damage is restored. AP,
apurinic and apyrimidinic site;
APE1, apurinic-apyrimidinic en-
dodeoxyribonuclease 1; AUF1,
AU-rich element RNA-binding
protein 1. Created with BioR-
ender.com

‰

FIG. 2. AUF1 binds to 8-oxo-guanosine sites embedded in DNA and stimulates the binding of APE1 to the
ds_r8oxoG:dC substrate promoting its processing. (A) Representation of 25-mer ODNs in which a modified base is
embedded at the 13th position. Specifically, a ribo-G (ds_rG:dC), a ribo-monophosphate abasic site (ds_rF:dC), an 8-
oxoguanosine (ds_r8oxoG:dC), and a deoxy-G (ds_dG:dC). Ribonucleotides are represented in red, whereas deoxyribonu-
cleotides are depicted in blue. F corresponds to tetrahydrofuran mimicking the abasic site, whereas 8oxo to oxidized G. IRDye
corresponds to the phosporamidite-labelling moiety able to emit fluorescence at 700 or 800 nm. 5¢- and 3¢-ends are indicated.
The biotin molecule is indicated with a cartoon labeled as Biotin at the 5¢-side of the complementary strand. Below each ODN
scheme, the name is indicated. (B) Starting from HEK293T NCE, a biotin/streptavidin-based approach was used to capture
proteins binding to specific DNA modifications through a dedicated immunotrapping procedure with magnetic beads coupled
to nanoLC-ESI-Q-Orbitrap-MS/MS-based proteomic analysis. Created with BioRender.com (C) Immunoblotting analysis of
the protein fractions eluted 300 and 400 mM NaCl from the following probes: ds_rG:dC_Biot, ds_rF:dC_Biot and
ds_r8oxoG:dC_Biot with anti-AUF1 (IB: AUF1). NCE were used as AUF1 signal control. On the left side of the panel, the
molecular marker (M) is shown, whose mass value is expressed in kDa. Below the panel, each lane is sequentially numbered.
(D) Cross-linking analysis of different amounts of recombinant AUF1 protein on the ds_r8oxoG:dC and ds_dG:dC substrates
(25 nM). The band corresponding to the DNA-cross-linked proteins is indicated with an arrow. (E) EMSA of different
amounts of recombinant AUF1 protein on the ds_dG:dC and ds_r8oxoG:dC substrates (25 nM). The arrow indicates the shift
of the oligonucleotide in the presence of AUF1. (F) Left, EMSA of different amounts of the recombinant AUF1 and APE1
proteins on the ds_r8oxoG:dC substrate (25 nM). A single asterisk indicates the shift of the oligonucleotide when bound by
AUF1, whereas two and three asterisks indicate different shifts of oligonucleotides in the presence of APE1. Right, a
histogram reports the average of the differential signals of the APE1- and AUF1-binding on ds_r8oxoG:dC, expressed as
arbitrary units. (G) Endonuclease activity analysis of the recombinant APE1WT and its mutants (25 nM), including ND33 and
E96A, and the AUF1 (250 nM) with the ds_r8oxoG:dC substrate (25 nM). S and P indicate substrate and products, respec-
tively. The arrow points out to wells of gel in which a signal is detected. (H) Endonuclease activity analysis of the
recombinant APE1 protein (25 nM) and different amounts of the recombinant AUF1 protein on the ds_r8oxoG:dC substrate
(25 nM) as measured after digesting the reaction mixture with 1 lg of proteinase K. S and P indicate substrate and products.
The arrow points out to wells of gel in which a signal was detected in (G). EMSA, electrophoretic mobility shift analysis;
MS/MS, tandem mass spectrometry; NCE, nuclear cell extracts; ODN, oligonucleotide; WT, wild type.
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For this reason, we used a biotin-streptavidin affinity chro-
matography strategy schematically illustrated in Figure 2B.
Briefly, we used the same oligonucleotides (ds_r8oxoG:dC,
ds_rF:dC, and ds_rG:dC) as cited earlier but bearing a biotin
molecule at the 5¢-end of the non-modified complementary
oligonucleotide (Fig. 2A). Then, each double-stranded oligo-
nucleotide was incubated with nuclear cell extracts (NCE)
from HEK293T cells to allow the binding between the oligo-
nucleotide and the proteins. The resulting DNA-protein com-
plexes were subsequently isolated by incubation with specific
streptavidin-coated magnetic Dynabeads�. The elution was
achieved by increasing concentrations of NaCl, ranging from
75 mM to 1 M. The experiment was performed in parallel for
the three oligonucleotides described earlier.

Fractions from streptavidin-coated magnetic Dynabeads
loaded in parallel with ds_r8oxoG:dC_Biot, ds_rF:dC_Biot
and ds_rG:dC_Biot incubated with NCE from HEK293T cells,
and finally eluted with 300 and 400 mM NaCl were further
analyzed for protein content by nanoLC-ESI-Q-Orbitrap-MS/
MS. On the whole, the proteomic analysis identified a total of
1458 non-redundant proteins in eluted fractions from
ds_r8oxoG:dC_Biot (Supplementary Table S1).

We identified a total of 1202 non-redundant proteins in
eluted fractions from ds_rF:dC_Biot. Finally, proteomic
analysis assigned a total of 1474 non-redundant proteins in
eluted fractions from ds_rG:dC_Biot (Supplementary
Fig. S2A and dataset identifier PXD027252). About 1173
proteins were common to all samples, whereas 9, 256 and 11
components were shared between ds_r8oxoG:dC_Biot and
ds_rF:dC_Biot, ds_r8oxoG:dC_Biot and ds_rG:dC_Biot,
and ds_rF:dC_Biot and ds_rG:dC_Biot, respectively (Sup-
plementary Fig. S2A).

Further, we functionally characterized both the ds_r8ox-
oG:dC_Biot and ds_rF:dC_Biot interactomes querying several
functional and metabolic databases (Supplementary Fig. S2B–
D). Among the most enriched terms, for both protein groups,
we found mRNA metabolic process (35.17% and 57.95%, re-
spectively), followed by proteins involved in the metabolism of
RNA (17.93% and 29.55%, respectively). Although to a much
lesser extent, the common term translation was also present
(2.07% and 3.41%, respectively). Notably, several eluted pro-
teins, including AUF1, PCBP1, Top1, MPG, and others, are
mostly involved in DNA repair and RNA metabolism (Cerri-
telli et al., 2020; Jobert and Nilsen, 2014; Liu et al., 2020;
Mohanty et al., 2021; Promonet et al., 2020; Sidali et al., 2021).

To demonstrate the specificity of the used approach, we
tested the collected fractions for the presence of APE1, since
this protein was specifically identified only in the proteomic
list of the ds_rF:dC binding proteins (see dataset identifier
PXD027252). Through Western blot analysis, we confirmed
the presence of APE1 in the samples obtained on elution with
300 mM, 400 mM and, to a lesser extent, with 600 mM NaCl
(lanes 2-3-4) (Supplementary Fig. S1B). Moreover, since
APE1 is the only enzyme able to efficiently cleave the
ds_rF:dC, as we have previously demonstrated (Malfatti
et al., 2017), we analyzed the same samples through an en-
donuclease assay to evaluate the APE1 activity on ds_rF:dC.

We incubated all the eluted fractions with the ds_rF:dC
oligonucleotide and we performed the endonuclease assay
analysis, comparing the signal of the uncleaved substrate
versus the cleaved product. In Supplementary Figure S1C,
the obtained data clearly demonstrated that the major specific

APE1 endonuclease activity was detectable in samples eluted
at the concentration of 300 mM NaCl (lane 3) and, to a lesser
extent, of 400 mM NaCl (lane 4). These data confirmed the
specificity of the enrichment procedure we used to capture
proteins recognizing the different lesions.

AUF1 binds DNA-embedded 8-oxo-guanosine in vitro

In proteomic data, we found several putative 8-oxo-
guanosine-binding proteins known to be involved in DNA
repair and RNA metabolism, including AUF1, PCBP1, Top1,
and MPG (dataset identifier PXD027252, Supplementary
Figs. S1 and S2). Among them, we focused our attention on
AUF1. Indeed, this protein, also named hnRNP D, is a ri-
bonucleoprotein (Moore et al., 2014) that specifically rec-
ognizes oxidized mRNA (Hayakawa et al., 2010; Ishii and
Sekiguchi, 2019; Ishii et al., 2018; Ishii et al., 2015). Un-
fortunately, the authors did not prove any specific activity of
AUF1 on oxidized mRNA (Ishii and Sekiguchi, 2019).

Therefore, we investigated AUF1 ability to recognize the
ds_r8oxoG:dC oligonucleotide through Western blotting ex-
periments performed on protein fractions captured by affinity
chromatography. When we analyzed fractions captured with
the ds_r8oxoG:dC_Biot oligonucleotide (Fig. 2B), Western
blot analysis clearly confirmed the enriched presence of AUF1
in these samples, and particularly in that eluted with 300 mM
NaCl, compared with other DNA probes (Fig. 2C).

A band smearing phenomenon hampering accurate AUF1
mass measurement was also observed for NCE, which did not
occur for the earlier mentioned fractions. This was associated
with the different amount of AUF1 loaded into gel lanes in
the different cases and/or the possible, concomitant presence
of ribonucleoprotein isoforms (p45, p43, p42, and p40) in
NCE, which are generated after alternative splicing events. A
careful inspection of the gel image revealed that the AUF1
isoform enriched by affinity chromatography was the one
having the highest mass value, probably p45, which was also
the protein form we used in the subsequent in vitro assays.

To gather more insights into the possible role of AUF1 in
recognizing 8-oxo-guanosine, we used a purified, recombi-
nant AUF1 (rAUF1) obtained from Escherichia coli. Purified
rAUF1 was quantified by using a bovine serum albumin
(BSA) linear range titration curve, as shown in Supplemen-
tary Figure S2E. Then, we investigated the in vitro ability of
rAUF1 in binding to ds_r8oxoG:dC. On incubation of rAUF1
with the ds_r8oxoG:dC oligonucleotide, and after ultraviolet
(UV)-crosslinking, samples were separated onto a denaturing
gel and the signal of the protein-DNA complex was detected.

As shown in Figure 2D, rAUF1 was able to specifically bind
to the DNA oligonucleotide containing the 8-oxo-guanosine site
(lanes from 6 to 8). The specificity of the binding was confirmed
by comparing the signal obtained with the ds_r8oxoG:dC to that
of the ds_dG:dC oligonucleotide containing the unmodified
dGMP site as a control (Fig. 2A), on which rAUF1 showed an
evident, lower binding ability, as expected (lanes from 2 to 4)
(Fig. 2D). Then, we performed an electrophoretic mobility shift
analysis (EMSA) experiment to detect the ability of rAUF1 to
bind to the ds_r8oxoG:dC probe and to generate stable protein-
DNA complexes under native conditions (Fig. 2E).

Again, the experiment was performed using both the
ds_r8oxoG:dC oligonucleotide and the ds_dG:dC oligonu-
cleotide, as a negative control. The retarded bands, observed
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when rAUF1 was incubated with ds_r8oxoG:dC, confirmed
the generation of a stable protein-DNA complex formed in a
dose-response dependent manner (lanes 5 and 6). On the
contrary, no signals were detected when rAUF1 was incu-
bated with the ds_dG:dC oligonucleotide control (lanes 2 and
3). All these data confirmed the ability of AUF1 to specifi-
cally bind to the 8-oxo-guanosine site embedded in DNA.

AUF1 stimulates APE1-binding and endoribonuclease
activity on 8-oxo-guanosine in vitro

We then investigated the possible activity of AUF1 in con-
tributing to the processing of the 8-oxo-guanosine by APE1.
First, we performed EMSA to investigate whether the presence of
AUF1 could modulate APE1 ability to bind to the ds_r8oxoG:dC
probe. The experimental setting consisted of a pre-incubation of
the oligonucleotide with rAUF1 protein, followed by the addition
of rAPE1. As shown in Figure 2F, rAUF1 alone (lanes 2 and 3)
was able to bind the 8-oxo-guanosine site in a dose-dependent
manner (the complex is indicated by one asterisk), confirming
previous data. On the contrary, rAPE1 alone was able to bind the
oligonucleotides with a weak activity, visible as a faint band
(lanes 5 and 6, the complex is indicated by two or three asterisks).

Interestingly, when both proteins were co-incubated together
with the probe, we observed an increase in the oligonucleotide-
protein complex formation, marked by two and three asterisks
and corresponding to the APE1-DNA bound complexes (com-
pare lanes 4 with 7 and 8; lane 5 with 9 and 10; lane 6 with 11
and 12). Quantification of the intensity of each retarded com-
plex is reported as histograms on the right of Figure 2F. These
data suggest a role of AUF1 in stabilizing the APE1-DNA
complex formation on the ds_r8oxoG:dC oligonucleotide.

Endonuclease assays were then performed to evaluate a
possible stimulatory effect exerted by AUF1 on the APE1
enzymatic activity on ds_r8oxoG:dC (Fig. 2G). Experiments
were performed under the same experimental conditions re-
ported in Figure 2F. First, we observed that AUF1, despite its
ability to bind 8-oxo-guanosine, was unable to exert any
cleavage activity per se (lane 2). In parallel, APE1 alone, as
already published (Malfatti et al., 2017), was able to weakly
process the oligo with low efficiency, reaching a plateau at
about 13% of processed substrate (lane 3).

Remarkably, when APE1 was pre-incubated with AUF1, its
cleavage activity on ds_r8oxoG:dC increased up to 49% (lane
4). In this context, we also used two APE1 mutants previously
characterized in our laboratory, namely APE1ND33 that lacks
the first 33 amino acids at the protein N-terminus (Fantini et al.,
2010; Poletto et al., 2013), and the dead endonuclease mutant
APE1E96A (Barnes et al., 2009; He et al., 2014). Like the wild-
type counterpart, APE1ND33 preserved the same ability to
cleave 8-oxo-guanosine (lane 5), showing an increased endo-
nuclease activity in the presence of AUF1 (lane 6). Contrarily,
although as expected, APE1E96A was unable to cleave 8-oxo-
guanosine, also in the presence of AUF1, confirming that the
increased processing activity exerted after AUF1 co-incubation
only affects the APE1 endonuclease activity.

Interestingly, in correspondence to the bottom of the wells of
the denaturing gel where the AUF1-containing samples were
loaded, we observed the formation of intense signals presumably
due to a hefty DNA-protein covalent complex unable to properly
enter the gel matrix (Fig. 2G). For this reason, on protein incu-
bation with oligonucleotides as cited earlier, we completed the

reactions by treating the samples with proteinase K to allow
protein degradation; then, we performed gel separation. As
shown in Figure 2H, the band corresponding to the large DNA-
protein complex was not present anymore, whereas a clear in-
crease in the oligonucleotide product formation on reaction with
APE1 was detectable in an AUF1-dependent manner.

Earlier mentioned data demonstrated that AUF1 increases
the ability of APE1 to bind to the ds_r8oxoG:dC oligonu-
cleotide, and simultaneously is able to stimulate the proces-
sing activity of APE1, which is independent of the first
33 N-terminal residues. Moreover, experiments with pro-
teinase K clearly showed that the formation of an interme-
diate covalent AUF1-DNA complex occurs during the
enzymatic reaction, which will deserve further attention.

Characterization of the interaction between APE1
and AUF1

To further investigate the functional relationship existing
between APE1 and AUF1, we tested whether these two
proteins were able to physically interact using glutathione S-
transferase (GST)-pulldown and proximity ligation analysis
(PLA)-assays. First, we verified the APE1–AUF1 interaction
in vitro by using recombinant purified APE1 proteins (the
wild type and ND33 deletion mutant), tagged with GST
(rGST-APE1), and rAUF1 protein (His-tagged).

We performed a GST-pulldown assay (Fig. 3A) in which
rGST-APE1 was incubated with rAUF1. As a negative control
of the interaction, rAUF1 was also incubated with recombinant
GST alone. As shown in Figure 3A, the increased AUF1 sig-
nal, compared with GST alone, confirmed the occurrence of a
specific interaction between AUF1, APE1WT, and the
APE1ND33 deletion mutant (lanes 5 and 6, respectively). Then,
we checked the occurrence of the interaction in HeLa cells
through PLA, which allows the detection of the proximity of
two proteins within a 40 nm of distance (Alam, 2018).

Figure 3B shows a representative PLA image between
APE1 and AUF1 under basal conditions. The considerable
number of red dots indicated the occurrence of APE1–AUF1
physical proximity in HeLa cells. The number of dots was
quantified to estimate the amount of protein-protein interac-
tion per cell (Fig. 3B) in comparison to negative control, in
which the APE1 antibody was omitted in the PLA experi-
ment. The plot in Figure 3C shows the quantitative difference
in the number of dots after comparing results from both ex-
perimental conditions. Notably, the median of the negative
control was around 3 dots per cell, compared with the APE1–
AUF1 counterpart that was equal to 52.

To confirm these data, another PLA experiment was per-
formed in HeLa cells on silencing or overexpression of the
AUF1 protein, through specific siRNA and AUF-expressing
plasmid, respectively (Fig. 3D–I). First, cells were trans-
fected by using specific siRNA directed to the AUF1 mRNA.
The AUF1 protein silencing was evaluated by using Western
blot after 48 h of transfection. The silenced for AUF1
(siAUF1) condition was compared with both negative si-
lencing controls, namely Mock, corresponding to non-
transfected HeLa cells, and siSCR, corresponding to cells
transfected with the non-targeting siRNA (Fig. 3D).

As observed in the Western blot panels, the AUF1 protein
levels decrease of about 70% on siRNA transfection, com-
pared with siSCR. Corresponding PLA analyses were
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performed as described earlier. In Figure 3E, siSCR cells
showed a higher number of PLA dots, when compared with
siAUF1 cells, in which the amount of PLA dots was greatly
reduced. PLA dots were quantified, and their number was
compared between the two conditions.

The plot shown in Figure 3F clearly reveals that the APE1–
AUF1 interaction was significantly reduced after the silenc-
ing of AUF1, reaching almost a six-fold decrease. In parallel,
as a confirmatory experiment, HeLa cells were transfected
with a plasmid expressing the FLAG-tagged AUF1 to over-
express the AUF1 protein. On 48 h of transfection, AUF1
levels were analyzed through Western blotting to confirm the
AUF1 overexpression and its signal was compared with the
Empty condition, which was obtained by cell transfection
with the empty-vector plasmid (Fig. 3G).

Then, corresponding cells were analyzed through PLA as
described earlier. As shown in Figure 3H, the number of red
dots was significantly increased after overexpression of the
FLAG-tagged AUF1 protein. Data were also confirmed by
performing PLA analysis by using the APE1 and FLAG an-
tibodies (Supplementary Fig. S3). PLA dots were quantified,
and their number was compared with the Empty condition.

The plot, represented in Figure 3I, clearly shows that the
APE1–AUF1 interaction was significantly increased after the
overexpression of FLAG-tagged AUF1, reaching more than a
twofold increase in the FLAG-AUF1 cells, compared with
the Empty counterpart.

Taken together, these data confirmed that APE1 directly
interacts with AUF1 and that the interaction does not involve
the N-terminal 33 residues of APE1, supporting the previous
enzymatic data.

AUF1 interaction with APE1 is modulated
by H2O2- and KBrO3-treatments and protects
from oxidation-induced damage

As already mentioned, both APE1 and AUF1 are involved
in modulating cellular response to oxidative stress through

different mechanisms (Daviet et al., 2007; Ishchenko et al.,
2006; Ishii et al., 2015). This prompted us to explore the role of
the AUF1–APE1 interaction during early times of oxidative
stress conditions obtained by treatment with H2O2 or KBrO3.

We first defined proper treatments to have an acute oxi-
dative stress condition, avoiding secondary effects due to cell
death induced by H2O2 treatment. The optimal dosage of
H2O2-induced DNA damage was measured by evaluating the
extent of the cH2AX foci formation by immunofluorescence
analysis (Supplementary Fig. S4A, B), as well as by Western
blot (Supplementary Fig. S4C), and by measuring the Prxs-
oxidation status through Western blotting (Supplementary
Fig. S4D) (Sies, 2017), and its effect on cell viability by
metabolic analysis (Supplementary Fig. S4E).

Specifically, H2O2 treatment for 15 min with 500 lM in a
serum-free medium represented a good compromise between
the induction of a prooxidant status and a mild effect in terms
of DNA damage. In the case of KBrO3 treatment, according
to literature data (Amouroux et al., 2010) and viability assays
(data not shown), we chose a treatment with 40 mM KBrO3

for 35 min, in a serum-free medium, to induce a mild DNA
oxidative damage.

Then, we tested the effect of H2O2 and KBrO3 treatments
on the interaction between APE1 and AUF1 by performing a
PLA analysis on treated cells; for this purpose, the number of
red dots was counted and compared with that of untreated
cells. As shown in the representative PLA images (Fig. 4A),
the interaction between APE1 and AUF1 was significantly
decreased after oxidative stress. Specifically, the number of
red dots per cell underwent *74% reduction, when com-
pared with the PLA dots counted in untreated cells (Fig. 4B),
considering a median of 42 dots per cell in untreated cells
versus 11 dots per cell in H2O2-treated cells. Similar results
were obtained with KBrO3 treatment (Fig. 4C), in which the
interaction between APE1 and AUF1 was significantly de-
creased. Specifically, the number of red dots per cell under-
went approximately an 88% reduction, when compared with
PLA dots counted in untreated cells (Fig. 4D).

‰

FIG. 3. AUF1 interacts with APE1. (A) GST-pulldown of recombinant GST, GST-APE1WT and GST-APE1ND33 with
recombinant AUF1. Immunoblotting analysis of the input and eluted fractions shows the amount of AUF1 and GST (IB: AUF1
and IB: GST). Below the Western blot panel, the signal of AUF1, normalized to the corresponding GST protein signal, is
expressed as arbitrary units (n = 2). (B) HeLa cells were seeded on a glass coverslip, and PLA-Cy3 reaction was carried out using
anti-APE1 and anti-AUF1 antibodies (red spots). AUF1 expression was detected by using the AUF1-488 antibody (green). Nuclei
were visualized with DAPI (blue). Scale bars are indicated in the merge panel. (C) Dot plot accounting for the number of PLA dots
per cell of randomly selected cells. Data were collected from three independent biological replicas. (D) Representative immu-
noblotting analysis on WCE of HeLa cells shows the amount of AUF1 on different conditions including Mock, corresponding to
no transfected cells, siSCR, corresponding to cells transfected for 48 h with siRNA control, and siAUF1, corresponding to cells
transfected for 48 h with siRNA directed versus AUF1. On the left side of each panel, specific antibodies used in the immuno-
blotting are indicated. Tubulin was used to normalize AUF1 levels. (E) HeLa cells were seeded on a glass coverslip and treated
with siSCR and siAUF1 shRNAs for 48 h. The PLA-Cy3 reaction was carried out using anti-APE1 and anti-AUF1 antibodies (red
spots). AUF1 expression was detected by using the AUF1-488 antibody (green). Nuclei were visualized with DAPI (blue). Scale
bars are indicated in the merge panel. The yellow arrow points out to silenced cells for AUF1. (F) Dot plot accounting for the
number of PLA dots per cell. Data were collected from three independent biological replicas. (G) Representative immunoblotting
analysis on WCE of HeLa cells shows AUF1 levels in Empty, corresponding to cells transfected for 48 h with plasmid control, and
FLAG-AUF1, corresponding to cells transfected for 48 h with plasmids overexpressing FLAG-AUF1. On the left side of each
panel, the specific antibodies used in the immunoblotting are indicated. Tubulin was used to normalize AUF1 levels. (H) The
representative PLA image for HeLa cells treated with FLAG-AUF1 overexpressing plasmid for 48 h. The PLA-Cy3 reaction was
carried out using anti-APE1 and anti-AUF1 antibodies (red spots). AUF1 expression was detected by using the AUF1-488
antibody (green). Nuclei were visualized with DAPI (blue). Scale bars are indicated in the merge panel. (I) Dot plot accounting for
the number of PLA dots per cell. Data were collected from three independent biological replicas. GST, glutathione S-transferase;
PLA, proximity ligation analysis; siAUF1, silenced for AUF1; WCE, whole cell extracts.
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AUF1 and APE1 cooperate in protecting cells
from oxidation-induced DNA damage accumulation

We evaluated whether AUF1 and APE1 are in synthetic
lethality relationships with respect to H2O2 and KBrO3

treatments. Thus, we treated HeLa cells, previously depleted
of the APE1 and AUF1 proteins, with 500 lM of H2O2 for

15 min, or 40 mM of KBrO3 for 35 min, in a serum-free
medium. A Western blot analysis confirmed the decrease of
the protein levels on 48 h of transfection of both APE1 and
AUF1 after siRNA treatment and compared with the trans-
fected control siSCR cells (Fig. 5A), as well as the increase of
the PrxSO3 levels after H2O2 treatment (Supplementary
Fig. S5).

FIG. 4. The APE1–AUF1 interaction is modulated by oxidative stress. (A) PLA analysis on HeLa cells untreated and
treated with 500 lM H2O2 for 15 min. The PLA-Cy3 reaction was carried out using anti-APE1 and anti-AUF1 antibodies
(red spots). AUF1 expression was detected by using the AUF1-488 antibody (green). Nuclei were visualized with DAPI
(blue). Scale bars are indicated in the merge panel. (B) Data reported in the histogram account for the number of PLA dots
per cell. Data were collected from three independent biological replicas. (C) PLA analysis on HeLa cells untreated and
treated with 40 mM KBrO3 for 35 min. The PLA-Cy3 reaction was carried out using anti-APE1 and anti-AUF1 antibodies
(red spots). AUF1 expression was detected by using the AUF1-488 antibody (green). Nuclei were visualized with DAPI
(blue). Scale bars are indicated in the merge panel. (D) Data reported in the histogram account for the number of PLA dots
per cell. Data were collected from three independent biological replicas. ****p < 0.0001.

‰

FIG. 5. Genomic stability depends on the APE1–AUF1 interaction following oxidative stress. (A) Representative APE1
and AUF1 immunoblotting analysis on WCE of transfected HeLa cells. Revert700 staining was used as a protein normalizer.
Below, the histogram indicates the levels of APE1 and AUF1, normalized on Revert700, in silenced cells, normalized to
siSCR. (B) Violin plot showing the amount of AP sites measured on transfected HeLa cells. Data were collected from three
independent biological replicas. *p = 0.01; ***p = 0.0002. (C) Violin plot reports the amount of AP sites measured on
transfected HeLa cells upon H2O2 and KBrO3. Data were collected from three independent biological replicas. *p < 0.05;
****p < 0.0001. (D) Representative images for transfected HeLa cells on treatment with 500 lM H2O2 for 15 min for detection
of cH2AX foci. The amount of cH2AX foci in untreated cells was also analyzed for comparison. Nuclei were visualized with
DAPI (blue). Scale bars are indicated. (E) Data reported in the box plot account for the number of cH2AX foci intensity per
cell of randomly selected cells. Data were collected from three independent biological replicas. Individual values are shown
with mean – SD. ****p < 0.0001. (F) Representative images for transfected HeLa cells on treatment with 500 lM H2O2 for
15 min for analysis of DNA comet. Untreated cells were also analyzed for comparison. (G) Data reported in the box plot
account for the number of olive tail moments per cell of randomly selected cells. Data were collected from two independent
biological replicas. Individual values are shown with mean – SD. *p = 0.0112; ****p < 0.0001. SD, standard deviation.
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We then evaluated whether the AUF1/APE1 expression
plays a role in controlling genome stability. The product
generated during the DNA repair process of oxidized bases is
represented by the loss of the base, through hydrolysis of the
N-glycosidic bond, leading to the formation of an abasic site
(Krokan and Bjørås, 2013); this site is then processed by
APE1 into a single-strand break that will be completely re-
paired by additional BER enzymes. Therefore, we investi-
gated the impact of APE1- and/or AUF1-depletion on the AP-
generation under basal conditions (Fig. 5B) and on oxidative
stressors including H2O2 and KBrO3 (Fig. 5C) by measuring
the amount of abasic sites per 100,000 base pairs.

By using an ELISA assay based on the reaction between
the aldehyde-reactive probe substrate and the aldehyde group
present on the open ring form of the AP-sites, we quantified
the number of AP-sites on 100,000 bp of genomic DNA ex-
tracted from HeLa cells, which were previously silenced for
APE1 (siAPE1) and AUF1 proteins. Untreated cells, inde-
pendently siAPE1 or siAUF1, showed a slight, although
significant, increase of AP-sites, when compared with siSCR,
under basal conditions. Interestingly, a significant increase of
AP-sites was observed when we combined the depletion of
APE1 with AUF1 (Fig. 5B).

Remarkably, the increase of AP-sites was more relevant
when cells were exposed to H2O2 and, even though to a lesser
extent, when exposed to KBrO3, suggesting that the con-
comitant knock-down of both the APE1 and AUF1 proteins,
and the exposition to an oxidative stressor, led the cells to an
accumulation of DNA damage (Fig. 5C). We then evaluated
the effect of APE1/AUF1 depletion on DNA double-strand
breaks formation through the detection and quantification of
the phosphorylated Ser139 of the histone variant H2AX
(cH2AX) (Mah et al., 2010).

By monitoring the fluorescence of cH2AX in all silencing
conditions, under basal as well as on H2O2 treatment, we
observed an increase of the intensity of cH2AX foci per cell
area on oxidative conditions (Fig. 5D and Supplementary
Fig. S6). The quantification of the foci intensity per cell
confirmed this observation, defining a statistically significant
increase of cH2AX foci in the H2O2-treated cells on com-
bined depletion of both APE1 and AUF1 (siAPE1+siAUF1),
compared with H2O2-treated siSCR cells (Fig. 5E).

Further, DNA double- and single-strand breaks levels, as
well as that of alkali-sensitive label sites, such as abasic sites,
were detected by exploiting the alkaline comet analysis. As
shown in the representative single comet cell images
(Fig. 5F), the typical DNA comet was apparent on H2O2

treatment, as expected. By measuring the olive tail moment
of a cohort of cells in the eight conditions, a significantly
higher rate of DNA damage accumulation was observed in all
the H2O2-treated cells. Again, the combined depletion of both
APE1 and AUF1 exhibited a higher olive tail moment com-
pared with H2O2-treated siSCR alone (Fig. 5G).

To understand whether APE1 and AUF1 are in a synthetic
lethality relationship, we performed colony formation assays
to measure the effect of siRNA-mediated APE1/AUF1-
depletion on cell growth. Specifically, we counted the num-
ber of colonies grown over a period of 10 days. As shown in
Figure S7A, no significant difference in cell growth was
observed. Moreover, the effect of H2O2-treatment on cell
viability was evaluated with the [3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium, inner salt assay and compared with the
control. Data shown in Figure S7B demonstrated that not only
depletion of APE1 but also that of AUF1 slightly sensitized
cells to H2O2 treatment. The concomitant depletion of APE1
and AUF1 exerted a slight, although significant, effect on cell
sensitization to treatment with H2O2.

Altogether, these data confirmed the well-known rele-
vance of APE1 in the processing of damaged DNA, after cell
exposure to oxidative stress by hydrogen peroxide. Re-
markably, our data show that AUF1 significantly contributes
to the maintenance of genome stability against oxidative
stress (Ishii et al., 2015) in synergism with APE1.

AUF1 and APE1 are involved in DNA:RNA hybrids
resolution

Since 8-oxo-guanosine embedded in DNA represents a
type of D:R hybrid, we inspected the role of APE1 and AUF1,
as well as their interaction, in affecting generation and/or
processing of D:R hybrids. As previously stated, RNase H1 is
the main enzyme responsible for the resolution of D:R hy-
brids, such as R-loops, which are formed during several bi-
ological processes, including DNA replication. In particular,
overexpression of this protein should promote the resolution
of the R-loop in the cell (Lockhart et al., 2019).

Based on these premises, we first measured the effect of
overexpressing FLAG-RNase H1 in HeLa cells on the APE1–
AUF1 interaction through PLA analysis. PLA representative
images clearly showed the decrease of the APE1–AUF1 in-
teraction on transient overexpression of RNase H1 (Fig. 6A),
which was statistically significant when evaluating the number
of red dots and accounted for about 60% (Fig. 6B).

We further investigated the existence of a possible role of
both proteins in the resolution of D:R hybrids. By using the
previous experimental setup of HeLa cells silenced for the
APE1 and AUF1 proteins, separately or in combination, we
extracted and purified their genomic DNA and quantified the
D:R hybrids formation through dot blot assay and by using
the S9.6 antibody, a clone detecting D:R hybrids (Fig. 6C, D).
Immunoblot with the S9.6 antibody was used to quantify the
amount of R-loops relative to the signal obtained on incu-
bation with a specific antibody recognizing the ssDNA
amount, as a loading control (Fig. 6C) (Ramirez et al., 2021).

As shown in Figure 6D, the R-loops levels were remarkably
increased when APE1 was downregulated, both separately and
in combination with AUF1. Indeed, a 2-fold increase was
observed on depletion of APE1 and a 1.6-fold increase on
depletion of both APE1 and AUF1, in comparison to siSCR
cells. Although not statistically significant, the knock-down of
AUF1 alone increased, by about 36%, the amount of R-loop
formation within cells. We then tested the physical presence of
both proteins on R-loops by using a D:R immunoprecipitation
(DRIP) assay, as described in the experimental section.

The DRIP assay represents an unbiased approach that is
useful for the isolation of D:R hybrids, including R-loops,
and for the identification of their associated proteins (Cristini
et al., 2018). Specifically, we first isolated nuclei from cul-
tured cells and performed chromatin extraction and sonica-
tion; then, the S9.6 antibody was used for the recognition of
D:R structures and their immunoprecipitation. Finally, after
Western blot analysis, we detected and identified R-loop-
binding proteins; results are shown in Figure 6E.
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FIG. 6. Both APE1 and AUF1 proteins are involved in D:R hybrids resolution. (A) PLA analysis on HeLa cells
transfected with a plasmid overexpressing FLAG-RNase H1 or an empty plasmid (control) for 48 h. The PLA-Cy3 reaction
was carried out using anti-APE1 and anti-AUF1 antibodies (red spots). AUF1 expression was detected by using the AUF1-488
antibody (green). Nuclei were visualized with DAPI (blue). Scale bars are indicated in the merge panel. (B) Data reported in
the dot plot account for the number of PLA dots per cell. Data were collected from three independent biological replicas.
****p < 0.0001. (C) Dot blot analysis for S9.6 antibody on genomic DNA from transfected HeLa cells. ssDNA was used as a
normalizer. (D) Data reported in the histogram show the S9.6 level detected by dot blot analysis and normalized on ssDNA.
Data were collected from three independent biological replicas. Individual values are shown with mean – SD. **p < 0.005. (E)
DRIP analysis followed by Western blot analysis of the input and eluted fractions shows the amount of AUF1 and APE1 (IB:
AUF1 and IB: APE1). Histone H3 was used as a normalizer (IB: H3). Data were collected from two independent biological
replicas. (F) Data reported in the histogram account for the number of PLA dots per cell. Data were collected from three
independent biological replicas. **p = 0.0084; ****p < 0.0001. D:R, DNA:RNA; DRIP, D:R immunoprecipitation.
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It was evident that APE1 and AUF1 were immuno-
precipitated after the use of the S9.6 antibody (lanes 4–5),
while they were absent when the IgG2a control antibody was
used (lane 6), thus confirming the specificity of the interac-
tion. Treatment with RNase A did not interfere with the APE1
and AUF1 binding to the R-loop, as expected (lane 5). To
confirm the physical presence of APE1 and AUF1 on the
DNA:RNA hybrids, a PLA analysis was also performed
(Fig. 6F and Supplementary Fig. S8). The quantitative anal-
ysis of the number of dots per cell confirmed the occurrence
of a significant interaction between both APE1 and AUF1 and
the D:R hybrid structures.

Altogether, the earlier reported data demonstrated that the
APE1–AUF1 interaction is important for the formation of the
R-loops, suggesting that APE1 plays a main role in their
resolution.

Discussion

In this work, we used an unbiased trapping approach to
identify 8-oxo-guanosine-binding proteins; among them, we
selected AUF1 as a putative candidate assisting damage re-
moval. Further experiments allowed us to demonstrate that
AUF1 stably binds to 8-oxo-guanosine and promotes the
endoribonuclease activity of APE1 on it. AUF1, also named
hnRNP D, is a ribonucleoprotein playing multiple roles
(Moore et al., 2014), and it is especially involved in RNA
metabolism. AUF1 principal role is represented by its capa-
bility to bind to the ARE sequence present on the 3¢-
untranslated regions of several mRNAs, thus regulating the
stability of different target transcripts (Yoon et al., 2014).

Recent publications from Ishii et al. (2018) and Ishii et al.
(2015) demonstrated an intriguing role of AUF1 in recog-
nizing and binding oxidized mRNA (Hayakawa et al., 2010;
Ishii and Sekiguchi, 2019); however, the fate of the oxidized
mRNA bound by AUF1 still remains an open question (Ishii
and Sekiguchi, 2019). We previously observed that APE1
depletion promotes the accumulation of oxidized RNA in
human cells (Vascotto et al., 2009) and oxidized miRNAs in
cancer cells (Antoniali et al., 2017). Interestingly, we dem-
onstrated that APE1 can interact with the nuclear exosome
complex and is involved in CisPt-damaged RNA (Codrich
et al., 2022). Moreover, we found that APE1 is released
through exosome vesicles by cancer cells on genotoxic
treatment (Mangiapane et al., 2021) together with some of its
regulated miRNAs (Mangiapane et al., in preparation). Based
on what we have found in the present study on 8-oxo-
guanosine, it is possible that AUF1 may also promote the
APE1 endoribonuclease activity on oxidized RNA. Further
studies are necessary to address this issue.

Regarding the mechanism explaining the stimulatory role
played by AUF1 in the APE1 endoribonuclease activity, a
reasonable hypothesis is that AUF1 may act as a stabilizer of
the substrate lesion, allowing the NIR activity of APE1 to
efficiently proceed. The presence of denaturing agent-
resistant protein-DNA complexes in the endonuclease assays
was suggestive of the formation of covalently bound inter-
mediate complexes between AUF1 and 8-oxo-guanosine, in a
similar way to what happens in the case of topoisomerases
(Cho and Jinks-Robertson, 2018; Ide et al., 2018).

Interestingly, it has been demonstrated that APE1 is able to
remove 3¢-tyrosyl residues from 3¢-recessed and nicked

DNAs, suggesting a potential role in processing covalent
topoisomerase I-DNA intermediates formed during chro-
mosome relaxation (Wilson, 2003). Remarkably, Top1 was
also identified in our unbiased approach centered at identi-
fying 8-oxo-guanosine-binding proteins. Based on the data
reported in this study, it is tempting to speculate that, during
the reaction initiated by AUF1, a protein-DNA covalent ad-
duct may form, possibly leading to the generation of a proper
substrate for APE1 enzymatic activity.

The involvement of BER enzymes in coping with the
generation of protein cross-links under oxidative stress con-
ditions has already been suggested (Quiñones et al., 2020).
The biological relevance of the AUF1–APE1 interaction was
further proved by demonstrating that it is modulated by ox-
idative stress conditions, and by analyzing the effect of AUF1
depletion in terms of accumulation of abasic sites, formation
of double-strand breaks, and generation of D:R hybrids.

Our data show that oxidative stress promotes a reduction of
the APE1–AUF1 interaction, which is suggestive for the
existence of a dynamic cycle in the stoichiometry of complex
formation between these two proteins; this seems coherent
with protein enzymatic functions we observed in this work.
Moreover, we observed that the depletion of AUF1 caused:
(i) increased formation of AP-sites; (ii) the generation of
cH2AX-positive foci in parallel with comet-positive cells;
and (iii) an increase of R-loop structures, which agrees with a
previous publication demonstrating its involvement in the
processing of D:R hybrids (Alfano et al., 2019).

These results allow us to bona fide include AUF1 in the
group of regulatory proteins involved in DNA repair mech-
anisms. Further studies are necessary to better investigate this
hypothesis and to understand to which extent AUF1 is es-
sential to cope with different non-canonical DNA lesions.
Additional investigations are also needed to ascertain whe-
ther backup mechanisms evolved to compensate for any
functional impairment due to APE1 loss of function and/or
expression.

A limitation of this study is linked to the impossibility to
map the expected accumulation of 8-oxo-guanosine embed-
ded in DNA as a consequence of AUF1 depletion; this is
because the rNMP-mapping protocols available so far have
been designed to map natural rNMPs embedded in DNA and
cannot distinguish a normal rNMP from a modified one
(Balachander et al., 2020; Koh et al., 2015a) and references
therein. Moreover, it is presently impossible for us to dem-
onstrate whether AUF1 localizes alone and/or in combination
with APE1 onto 8-oxo-guanosine embedded in DNA.

Indeed, there are actually no validated experimental
strategies available that are able to directly and specifically
detect oxidized rNMP (i.e., 8-oxo-guanosine) embedded in
cellular DNA as well as discriminating 8-oxo-guanosine
from 8-oxo-deoxyguanosine. Some techniques that rely on
the use of specific antibodies directed versus oxidized
guanine are not suitable for their incapacity to specifically
discriminate 8-oxo-guanosine from 8-oxo-deoxyguanosine.
Future studies are, therefore, needed to fill in all these
missteps.

As anticipated earlier, other proteins were eluted by our
fishing out approach with an intriguing interest, including
PCBP1 and MPG that have drawn our attention. Both pro-
teins are mostly involved in DNA repair and RNA metabo-
lism (Jobert and Nilsen, 2014; Liu et al., 2020; Mohanty
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et al., 2021). Indeed, recently it was demonstrated that
PCBP1, also called hnRNP E1, is able to bind poly-C rich
DNA tracts that are present in several oncogene promoters, as
well as telomeres, thus monitoring the genome integrity
(Mohanty et al., 2021). Moreover, PCBP1 knock-down cells
show an increase in DNA damage and mutations (Mohanty
et al., 2021).

In a study by Liu et al. (2020), MS analysis confirmed the
presence of abasic sites in RNA molecules, often coupled
with R-loops. To discover the proteins able to process the
RNA abasic sites, the authors identified MPG as a putative
candidate to collaborate with APE1 in the recognition and
cleavage of RNA abasic sites in D:R hybrids. Another im-
portant player that came out from our analysis and deserved
further study is Top1. Interestingly, its possible role in re-
pairing ribonucleotides embedded in DNA was already sug-
gested in a recent work (Promonet et al., 2020).

Considering our data and the earlier mentioned publica-
tions, we suggest that AUF1 may represent an actor in the
processing of damaged rNMPs embedded in DNA and, besides
PCBP1, MPG and Top1, a putative candidate in the processing
of damaged RNA. Given the importance of the earlier mentioned
proteins in the DNA and RNA repair field, we are planning to
deeply explore their role in processing 8-oxo-guanosine in DNA
as well as in repairing damaged RNA shortly.

To investigate the APE1 and AUF1 overall influence and
association with tumorigenesis, we made additional analyses
by following a global approach querying the cancer datasets
from The Cancer Genome Atlas (TCGA). Specifically, we
analyzed all the TCGA datasets associated with RNA-seq
data (n = 44) and measured, on a per sample basis, the cor-
relation existing between APE1 and AUF1 gene expression,
represented by the mRNA median z-scores of every patient
(Supplementary Fig. S9A).

Out of 33 datasets, where a significant correlation was
obtained, glioblastoma (GBM) and brain lower grade glioma
(LGG) were the second and the ninth dataset showing the
highest positive correlations (q = 0.46 and q = 0.37, respec-
tively). We were particularly interested in these two datasets
for several reasons. The involvement of APE1 in neurologi-
cal diseases and neurodegeneration has already been recog-
nized, principally for its role in processing oxidative damage,
which is a distinctive type of damage in neurons (Ströbel
et al., 2017; Yang et al., 2020).

Regarding AUF1, its involvement is partially explored so
far (Moore et al., 2014). Recent studies have demonstrated its
indirect role as a regulator of protein (Abdelmohsen et al.,
2012; Liu et al., 2022; Oe et al., 2022; Oe et al., 2021), mRNA
(Ishii et al., 2015; White et al., 2017), or miRNA (Min et al.,
2017) function and stability, having an important role in
neurons. We wondered whether APE1 and AUF1 were also
differentially expressed in tumor samples. Thus, we queried
the TCGA-GBM (n = 163) and TCGA-LGG (n = 518) data-
sets through the GEPIA2 portal, using their matched normal
samples as a reference, finding that both genes were signifi-
cantly up-regulated in tumors (Supplementary Fig. S9B, C;
jLog2FCj cutoff: 1; p-value cutoff: 0.01).

Finally, given the accumulation of D:R hybrids in neuro-
logical disorders (e.g., the Aicardi Goutières syndrome), we
believe that APE1 and AUF1, as well their interaction, may be
involved in the processing of this damage, especially in neu-
rons. Further studies are needed to explore this hypothesis.

Materials and Methods

Oligonucleotides

All the oligonucleotides were purchased, re-suspended,
and annealed as described by Malfatti et al. (2017). The
biotinylated complementary strand (5¢-Biotin TEG—
GTTCAGGCCTAACACTACCGGATCC-3¢) was pur-
chased from Metabion (Planegg, Germany), purified with
HPLC, and re-suspended with RNase- and DNase-free water
at a final concentration of 100 lM. Hundred picomole of the
biotinylated oligonucleotide was annealed with an excess
(150 pmol) of labeled modified DNA strand in 10 mM Tris–
HCl pH 7.4 and 10 mM MgCl2, heated at 95�C, and cooled
down overnight in the dark (Fig. 2A).

Cell culture and transfection, and protein lysates
preparation

HEK293T and HeLa cells (ATCC�) were grown in Dul-
becco’s modified Eagle’s medium (EuroClone, Milan, Italy)
complemented with 10% fetal bovine serum (FBS), 2 mM
l-glutamine, 100 U/mL penicillin, and 100 mg/mL strepto-
mycin (EuroClone). After each treatment, cells were col-
lected by trypsinization and centrifuged at 250 g for 5 min,
and the supernatant was removed. The pellet was washed
once with phosphate-buffered saline (PBS) 1 · (Euroclone)
and then centrifuged again (250 g for 5 min).

For the preparation of NCE, the pellet was re-suspended in a
cold hypotonic solution containing 10 mM HEPES pH 7.9,
10 mM KCl, 0.1 mM MgCl2, 0.1 mM ethylenediaminete-
traacetic acid (EDTA) pH 8.0, which was complemented with
0.1 mM DTT, 0.5 mM phenylmethylsulfonyl fluoride (PMSF),
1 mM protease inhibitor (PI) cocktail (Merck Millipore, Bur-
lington, MA), 1 mM NaF, and 1 mM Na3VO4. After centrifu-
gation at 800 g for 10 min, at 4�C, the cytosolic proteins were
collected whereas intact nuclei were pelleted. The pellet was
washed to discard any contamination from the cytosol; then, it
was re-suspended with a cold hypertonic solution 20 mM
HEPES pH 7.9, 420 mM NaCl, 1.5 mM MgCl2, 0.1 mM EDTA
pH 8.0, 5% (w/v) glycerol complemented with 0.1 mM DTT,
0.5 mM PMSF, 1 mM PI, 1 mM NaF, and 1 mM Na3VO4, and
finally incubated on ice for 30 min.

At the end of the treatment, the sample was centrifuged at
15,000 g for 20 min, at 4�C, and the supernatant containing
nuclear proteins (NCE) was collected. For the preparation of
whole cell extracts, the cell pellet was resuspended in the lysis
buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl,
1 mM EDTA, 1% w/v Triton X-100 supplemented with 1 mM
PI, 1 mM DTT, 0.5 mM PMSF, 1 mM NaF, and 1 mM Na3VO4,
for 30 min, at 4�C. After centrifugation at 15,000 g for 20 min,
at 4�C, the supernatant was collected as a whole cell lysate.

The concentration of each protein sample was determined
with the colorimetric Bradford assay (Bio-Rad, Hercules,
CA). Twenty-four hours before transient transfection, HeLa
cells were seeded on 6-wells (300,000 cells) or on 24-wells
(80,000 cells) multiwells. For protein silencing, 100 pmol of
siRNA APE1 5¢-UACUCCAGUCGUACCAGACCU-3¢
(Dharmacon, Lafayette, CO), ON-TARGETplus SMART
pool Human HNRNPD (L-004079-00-0020; Dharmacon), or
the Scramble control siGENOME non-Targeting siRNA Pool
#2 (FE5D0012061420; Dharmacon) were transfected by us-
ing the DharmaFECT reagent (Dharmacon).
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After 48 h from transfection, cells were collected. For pro-
tein overexpression, 2 lg of pFLAG-CMV5.1/Empty,
pFLAG-CMV2/AUF1 (kindly provided from Prof. Je-Hyun
Yoon), pFRT_TO_DESTFLAGHA [Addgene, Watertown,
MA, plasmid # 26361; http://n2t.net/addgene:26361; RRI-
D:Addgene_26361 (Spitzer et al., 2011), kindly provided from
Dr. Thomas Tuschl] and pFRT-DestFLAGHA_RNAseH1
[Addgene plasmid # 65783; http://n2t.net/addgene:65783;
RRID:Addgene_65783 (Spitzer et al., 2011), kindly pro-
vided from Dr. Thomas Tuschl] were transfected by using
Lipofectamine 2000 (Invitrogen, Waltham, MA).

Southwestern blot

Briefly, 100 lg of NCE from HEK293T were loaded in a
12% T sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS-PAGE) and blotted onto nitrocellulose. The
membrane was first incubated with 6 M Gdn-HCl freshly
dissolved in RNase-free SWB buffer containing 10 mM
HEPES pH 7.9, 50 mM NaCl, 10 mM MgCl2, 0.1 lM EDTA,
1 mM DTT, 50 lM ZnSO4, and 0.1% (w/v) Tween-20 for
10 min, and then incubated six times with 1:1 Gdn-HCl serial
dilutions, for 10 min each, at 4�C, for protein renaturation.

After washing two times with the SWB buffer, the filter
was blocked in 5% non-fat dry milk in the SWB buffer for 1 h,
at room temperature, and then with the label oligonucleotides
(50 pmol) in the presence of 0.25% (w/v) BSA and 10 lg/mL
polydIdC, overnight, at 4�C. The day after, the filter was
washed with the SWB buffer and acquired with an Odyssey
CLx Infrared Imaging system (LI-COR Biosciences GmbH).

Biotin/streptavidin-based capturing approach

Streptavidin-covered Dynabeads (Life Technologies)
were placed on a magnet and the supernatant was discarded.
First, Dynabeads were washed twice in Solution A (DEPC-
treated 0.1 M NaOH and 0.05 M NaCl) for 2 min, and then
twice in Solution B (DEPC-treated 0.1 M NaCl). Before the
incubation with the sample, Dynabeads were washed once in
the EMSA binding buffer containing 8 mM HEPES, 10 mM
KCl, 0.4 mM EDTA and 2% (w/v) glycerol.

The incubation among NCE and Biot-oligonucleotides
was carried on ice for 1.5 h, and it was preceded by NCE
preclearing on RNase-free Dynabeads for 10 min. Then, re-
covered DNA-protein complexes were incubated with the
Dynabeads for 10 min, at room temperature. The Dynabeads
were washed four times with the EMSA binding buffer.
Elution was carried by different NaCl concentrations for
10 min, on a rocker. Lastly, the Dynabeads were also re-
suspended with Laemmli buffer 1 · .

All the NaCl-eluted samples were precipitated by adding 5
vol of cold acetone, mixed for inversion, and incubated
overnight, at -20�C. The day after, samples were centrifuged
at 15,000 g for 15 min, at 4�C, the acetone was discarded, and
the pellet was washed with cold 20% (v/v) methanol. After
the centrifugation, the pellet was dried on air, and it was
resuspended in Laemmli buffer 1 · for further protein gel
electrophoretic analysis.

Proteomic experiments

The pellets from each sample were also dissolved in
100 lL of 100 mM triethylammonium bicarbonate (TEAB),

reduced with 5 lL of 200 mM tris(2-carboxyethylphosphine)
and incubated for 60 min, at 55�C, and finally alkylated by
adding 5 lL of 375 mM iodoacetamide, followed by incu-
bation for 30 min in the dark, at room temperature. Reduced
and alkylated proteins were then precipitated overnight by
addition of 6 vol of cold acetone. After precipitation, pro-
teins were pelleted by centrifugation at 8000 g for 10 min, at
4�C, and finally air dried. Each pellet was digested with
freshly prepared trypsin (2.5 lg) in 100 mM TEAB, at 37�C,
overnight.

The resulting peptide samples were subjected to a desalting/
concentration step on lZipTipC18 (Millipore Corp., Bed-
ford, MA), vacuum-dried, and finally reconstituted in 0.1%
formic acid for subsequent mass spectrometry analysis.
Samples were analyzed on a nanoLC-ESI-Q-Orbitrap-MS/
MS platform consisting of an UltiMate 3000 HPLC RSLC
nano system-Dionex coupled with a Q-ExactivePlus mass
spectrometer through a Nanoflex ion source (Thermo Fisher
Scientific, Waltham, MA). Peptides were loaded on an Ac-
claim PepMap� RSLC C18 column (150 mm · 75 lm ID,
2 lm particles, 100 Å pore size; Thermo Fisher Scientific),
and they were eluted with a gradient of solvent B (19.92/80/
0.08 v/v/v water/acetonitrile/formic acid) in solvent A (99.9/
0.1 v/v water/formic acid), at a flow rate of 300 nL/min.

The gradient of solvent B started at 3%, increased to 60%
over 125 min, raised to 95% over 1 min, remained at 95% for
8 min, and finally returned to 3% in 1 min, with a column
equilibrating step of 20 min before the subsequent chro-
matographic run. The mass spectrometer operated in data-
dependent mode, using a full scan (m/z range 375–1500),
nominal resolution of 70,000 automatic gain control target of
3,000,000, a maximum ion target of 50 ms, followed by MS/
MS scans of the 15 most abundant ions.

The MS/MS spectra were acquired using a normalized
collision energy of 32%, an automatic gain control target of
100,000, a maximum ion target of 120 ms, and a resolution of
17,500. A dynamic exclusion value of 30 s was also used.
Two technical replicates were analyzed for each sample.

Raw mass data files per sample were merged for protein
identification into the Proteome Discoverer v2.2 software
(Thermo Scientific), enabling the database search by the
Mascot algorithm v2.4.2 (Matrix Science, United Kingdom)
using the following criteria: UniProtKB protein database
(Homo sapiens as taxonomy October 2018) including the
most common protein contaminants, carbamidomethylation
of Cys as fixed modification, oxidation of Met, deamidation
of Asn and Gln, pyroglutamate formation of Gln as variable
modifications. The peptide mass tolerance was set to
–10 ppm and fragment mass tolerance to –0.05 Da. The
proteolytic enzyme and maximum number of missed
cleavages were set to trypsin and 2, respectively. Protein
candidates with a Mascot score ‡25 were considered con-
fidently identified. The results were filtered to 1% false
discovery rate.

Proteomic data have been deposited to the Proteo-
meXchange Consortium via the PRIDE (Perez-Riverol et al.,
2019) partner repository with dataset identifier PXD027252.

The interactomes of the three oligonucleotides
ds_rG:dC_Biot (n = 1474), ds_rF:dC_Biot (n = 1202) and
ds_r8oxoG:dC_Biot (n = 1458), defined merging the pro-
teins identified at two different NaCl concentrations (300
and 400 mM), were compared to each other. Functional
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enrichment analysis was performed on the ds_rF:dC_Biot and
ds_r8oxoG:dC_Biot interactomes using the Cytoscape plugin
ClueGO to identify enriched terms (Bindea et al., 2009;
Shannon et al., 2003). The following functional databases were
queried: CLINVAR_Human-diseases (December 14, 2018),
WikiPathways (December 14, 2018), KEGG (December 14,
2018), KEGG-HUMAN-DISEASE (December 14, 2018),
REACTOME_Reactions (December 12, 2018), REACTOME_
Pathways (December 14, 2018), GO_ImmuneSystemProcess
(December 14, 2018), GO_BiologicalProcess (December 14,
2018), and CORUM_CORUM-FunCat-MIPS (December 14,
2018).

A right-sided hypergeometric test (corrected using the
Benjamini-Hochberg method to control the false discovery
rate, adjusted p £ 0.05) was used to determine the probability
that each functional term was assigned to the gene sets due to
chance alone. Default parameters were used except for:
Min#Genes = 80, Min Percentage = 10.0%, Cluster to be
Significant = 80.0%, Min GO Level = 7, Max GO Level = 15.

We extracted the ‘‘rna_seq_v2_mrna’’ gene expression
levels of APE1 and AUF1 in 44 TCGA datasets and calculated
the pairwise correlations using the R/Bioconductor cgdsr
package for querying the Cancer Genomics Data Server
(CGDS), hosted by the Computational Biology Center at
Memorial-Sloan-Kettering Cancer Center (MSKCC) (Ja-
cobsen and Augustin, 2019). The statistically significant cor-
relations were summarized as bar plots.

We evaluated the APE1 and AUF1 gene expression levels
in the TCGA-GBM (n = 163) and TCGA-LGG (n = 518)
cancer datasets and compared them with the TCGA-GTEx
matched normal samples (n = 207). Data were obtained from
the GEPIA2 web server (http://gepia2.cancer-pku.cn/
#analysis, last accessed October 2021) and summarized as
boxplots; jLog2FCj Cutoff: 1; p-value cutoff: 0.01.

Immunoblotting analysis

For immunoblotting analyses, 30 lg of nuclear or whole
cell lysates were resolved on 12% T SDS–PAGE and trans-
ferred onto nitrocellulose membranes (Schleicher & Schuell
Bioscience, Dassel, Germany). The following antibodies
were used in this study: AUF1 (1:1000, sc-166577; Santa
Cruz Biotechnology, Dallas, TX), APE1 (1:2000, NB 100-
116; Novus Biological, Minneapolis, MN), GST (1:2000,
ab19256; Abcam, Cambridge, United Kingdom), PrxSO3
(1:2000, ab16830; Abcam), H3 (1:1000, A300-823A-M;
Bethyl Laboratories, Waltham, MA), actin (1:3000, A 2066;
Merck Millipore), and tubulin (1:3000, T 0198; Merck
Millipore).

The antibodies were diluted in TBS with 0.1% (v/v)
Tween-20 and incubated overnight, at 4�C, or for 2 h, at room
temperature. Revert� 700 Total Protein Stain was used for
Western Blot Normalization (926-11011; LI-COR Bios-
ciences GmbH). Original uncropped images of Western blots
used in this study can be found in Supplementary
Figures S10–S13.

EMSA and enzymatic assays

The EMSA and enzymatic assays were performed as de-
scribed by Malfatti et al. (2017). For EMSA, the reactions
were prepared by incubating rAUF1, as indicated, with 250
fmol of the substrate (0.025 lM) in EMSA binding buffer, for

2 h, at 4�C. When co-incubated with rAPE1, the reactions
were marginally modified incubating rAUF1 for 1.5 h, at 4�C,
and then adding rAPE1, as indicated, for 30 min, at 4�C. The
mixtures were loaded on a native gel 8% T polyacrylamide,
and then run at 4�C at 150 V, for 1 h, and then increasing at
250 V, for 3 h, in 0.5 · TAE buffer. The gels were scanned,
and band intensities were quantified using the Image Studio
software (Odyssey CLx; LI-COR Biosciences GmbH).

To measure the enzymatic activity of recombinant pro-
teins, the oligonucleotide substrates (25 nM) were incubated
with different amounts of proteins for different timing points,
as indicated in each figure. Reactions were carried on in a
buffer containing 10 mM TrisHCl pH 7.4, 1 mM MgCl2,
25 mM KCl. When the proteinase K treatment was per-
formed, 1 lg of the protease was added at the end of the
reaction, and the mixture was incubated for 30 min, at 50�C.
At the end of all reactions, samples were blocked with a stop
solution, containing 99.5% (v/v) formamide (Merck Milli-
pore) supplemented with 10 · Orange Loading Dye (LI-COR
Biosciences GmbH) and heated at 95�C, for 5 min.

All samples were then loaded onto a 7 M urea denaturing
20% T polyacrylamide gel in TBE buffer pH 8.0, and then run
at 4�C, at 300 V, for 1 h. Afterward, the gel was visualized
with an Odyssey CLx Infrared Imaging system (LI-COR
Biosciences GmbH). The signals of the non-incised substrate
(S) and the incision product (P) bands were quantified using
Image Studio software (LI-COR Biosciences GmbH). Sta-
tistical analyses were performed by using the Student’s t-test,
Mann–Whitney, or one-ANOVA, as needed. p = 0.05 or
lesser was considered as statistically significant.

UV-crosslinking analysis

UV-crosslinking analyses were performed as described by
Burra et al. (2019). rAUF1, which was present at different
concentrations (as indicated), was incubated with 250 fmol of
oligonucleotides in EMSA binding buffer, for 1.5 h, at 4�C.
Then, the mixtures were UV-crosslinked using a Vilber
Lourmat UV-crosslinker BLX-254 at 0.2 J/cm2, denaturized
in Laemmli buffer 4 · , boiled at 95�C, for 5 min, and run onto
8% T SDS-PAGE gel.

Proximity ligation assay (PLA) and gH2AX foci levels
quantification

PLA and cH2AX immunofluorescence analysis was per-
formed as described by Codrich et al. (2019). For cH2AX
immunofluorescence analysis, 80,000 cells were seeded on
glass slides. Forty-eight hours after the indicated transfection,
the cells were fixed with 4% (w/v) paraformaldehyde for
20 min, at room temperature, permeabilized with 0.25%
Triton X-100 in PBS 1 · , for 5 min, at room temperature,
and then incubated with 10% FBS, at room temperature,
overnight.

The day after, the cells were incubated with 1:500 anti-
phospho-Histone H2AX (Ser139), clone JBW301 antibody
(05-636; Merck Millipore) for 2 h, at 37�C, and then with
1:100 anti-mouse Alexa Fluor� 488 secondary antibody
( Jackson ImmunoResearch, West Grove, PA) for 1.5 h, at
room temperature. DNA was stained with 14.3 mM DAPI
(Thermo Fisher Scientific) for 5 min, at room temperature.
Glass slides were mounted with DABCO mounting and
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visualized using a laser scanning confocal microscope
(LEICA TCS SP8; Leica Microsystems, Wetzlar, Germany).

For PLA assay, 80,000 cells were seeded on glass slides.
Forty-eight hours after the indicated transfection, cells were
fixed with 4% (w/v) paraformaldehyde for 20 min, at room
temperature, and then permeabilized with 0.25% (w/v) Triton
X-100 in PBS 1 · , for 5 min, at room temperature. After
blocking with 10% FBS for 30 min, at room temperature, the
cells were incubated with the following primary antibodies:
1:500 anti-AUF1 (sc-166577; Santa Cruz) or 1:400 anti-
FLAG (A8592; Merck) for 2 h, at 37�C, and 1:100 anti-APE1
(NB 100-101; Novus Biological), at room temperature,
overnight.

When 1:500 anti-DNA:RNA hybrid [S9.6], clone D5H6
antibody (mab0105-P; Covalab, Bron, France) was used, the
cells were fixed with 10% v/v methanol, for 10 min, at -20�C,
permeabilized with 0.1% (w/v) Triton X-100 in PBS 1 · , for
5 min, at room temperature, and finally blocked with 5% (w/v)
BSA for 30 min, at room temperature.

The Proximity ligation assay (PLA) was conducted ac-
cording to the manufacturer’s instructions, first incubating
with the PLA probes for 1 h, at 37�C, then with the ligase for
30 min, at 37�C, and finally with the polymerase for 100 min,
at 37�C. DNA was stained with 14.3 mM DAPI (Thermo
Fisher Scientific) for 5 min, at room temperature. The glass
slides were mounted with DABCO mounting and visualized
using a laser scanning confocal microscope (LEICA TCS
SP8; Leica Microsystems).

GST-pulldown analysis

Hundred picomole of rGST, rGST-APE1WT and rGST-
APE1ND33 proteins were incubated with 100 pmol of rAUF1
in the EMSA binding buffer complemented with freshly
1 mM DTT and 0.5 mM PMSF, for 50 min, at 37�C, in a final
volume of 100 lL. After carefully washing three times with
the EMSA binding buffer complemented with freshly 1 mM
DTT and 0.5 mM PMSF, and centrifuging at 8000 g, for 1 min
at 4�C, 10 lL of Glutathione Sepharose� 4B (GE Healthcare,
Chicago, IL) were incubated with the protein mixture, for
30 min, at 4�C, on a rocker.

Before elution, 30 lL of the resin-protein complexes were
conserved. After centrifugation, the supernatant was con-
served as ‘‘Flow through sample,’’ whereas the pelleted
resin-protein complexes were washed for 10 times with the
EMSA binding buffer complemented with freshly 1 mM
DTT, 0.5 mM PMSF, and 0.1% (w/v) NP40. The elution was
performed by adding 10 mM GSH to the EMSA binding
buffer complemented with freshly 1 mM DTT and 0.5 mM
PMSF, for 30 min, at 4�C, on a rocker.

Metabolic activity and colony formation assay

Metabolic activity of cells was measured through the
RealTime-Glo� MT Cell Viability Assay (Promega, Madi-
son, WI), as already reported by Codrich et al. (2019). For
colony formation assays, 1.50 · 102 HeLa cells were seeded
onto six-well plates and were silenced the day after. Twenty-
four hours later, the medium was replaced, and the cells were
allowed to form visible colonies in fresh medium. After
10 days, cell colonies were washed with PBS 1 · , stained
with 10% (w/v) of crystal violet diluted in 70% (v/v) ethanol,
and washed again with distilled H2O. Six-wells plates were

scanned by using the Image Studio software (Odyssey CLx;
LI-COR Biosciences GmbH), and the number of colonies for
each condition was determined.

Comet assay and AP sites measurements

Forty thousand cells were plated on 24-well plates and the
day after cells were silenced. After 48 h, cells were collected
and mixed with low melting point agarose, at 37�C, and the
mixture was applied to an agarose pre-coated glass coverslip
to form a thin layer. Cold lysis buffer was added to lyse cells
at 4�C. After 1 h, the glass coverslip was moved into the
alkaline electrophoresis buffer, for 30 min, to unwind DNA.

Electrophoresis was carried out at 25 V and 300 mA, for
30 min. The glass coverslip was washed with the neutralizing
buffer for three times and stained by SYBER Gold
1 · (Thermo Fisher Scientific) for 30 min, in the dark. Comets
were recorded by the laser scanning confocal microscope
(LEICA TCS SP2; Leica Microsystems). The tail moment was
analyzed for 100 cells at random by the OpenComet software.

For the AP sites measurements, the genomic DNA was
extracted from 48 h-silenced HeLa cells using QIAamp DNA
Mini Kit (Qiagen, Hilden, Germany), and the corresponding
concentration and purity were determined by using the Qubit
4 Fluorometer (Thermo Fisher Scientific). AP site measure-
ments were measured through the DNA Damage Quantifi-
cation Kit -AP Site Counting- (Dojindo Molecular
Technologies, Kumamoto, Japan) according to the manu-
facturer’s instructions.

Northwestern and DRIP analysis

For northwestern analysis, the genomic DNA was purified
by using the QIAamp DNA Mini Kit (Qiagen); 0.5 lg of
purified genomic DNA was blotted onto a nitrocellulose
membrane by using a vacuum slot-blot apparatus (GE
Healthcare) following the manufacturer’s instructions. Then,
the membrane (GE Healthcare) was UV-crosslinked by using
a Vilber Lourmat UV-crosslinker BLX-254 at 0.12 J/cm2.
After blocking reaction with 5% (w/v) BSA in TBS con-
taining 0.1% (w/v) Tween 20, for 1 h, the membrane was
incubated with 1:1000 D:R hybrids antibody (clone S9.6,
mab0105-P; Covalab) and 1:1000 ssDNA (MAB3034; Mil-
lipore) at 4�C, overnight.

The membrane was scanned, and band intensities were
quantified using the Image Studio software (Odyssey CLx;
LI-COR Biosciences GmbH). DRIP was performed as de-
scribed in Cristini et al. (2018). The cells were lysed in the
lysis buffer containing 85 mM KCl, 5 mM PIPES (pH 8.0),
and 0.5% (w/v) NP-40. The pelleted nuclei were resuspended
in RSB buffer containing 10 mM Tris-HCl pH 7.5, 200 mM
NaCl, 2.5 mM MgCl2 complemented with 0.2% (w/v) sodium
deoxycholate, 0.1% (w/v) SDS, 0.05% (w/v) sodium lauroyl
sarcosinate (Na sarcosyl), and 0.5% (w/v) Triton X-100.

By using a Diagenode Bioruptor, we sonicated the samples
until the DNA fragments size from DNA:RNA hybrid IP
samples was around 500 bp. Control and RNase A (R5125;
Merck Millipore)-treated samples were subjected to immu-
noprecipitation by using S9.6 conjugated magnetic protein A
Dynabeads�. The elution was performed by Laemmli buffer
1 · , and samples were boiled at 95�C. The input and eluted
samples were separated on a 12%–10% T bi-phasic SDS-
PAGE gel and blotted on a nitrocellulose membrane.
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Raw data storage

Electronic laboratory notebook was not used but all raw data
are stored in Synology NAS http://labgt.synology.me:5000/
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AUF1¼AU-rich element RNA-binding protein 1

BER¼ base excision repair
BSA¼ bovine serum albumin
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Abbreviations Used (Cont.)

CGDS¼Cancer Genomics Data Server
D:R¼DNA:RNA

dNMP¼ deoxyribonucleosides monophosphate
dNTPs¼ deoxyribonucleosides triphosphate

DRIP¼D:R immunoprecipitation
EDTA¼ ethylenediaminetetraacetic acid
EMSA¼ electrophoretic mobility shift analysis

FBS¼ fetal bovine serum
GBM¼ glioblastoma

Gdn-HCl¼ guanidine hydrochloride
GST¼ glutathione S-transferase
LGG¼ lower grade glioma

MS/MS¼ tandem mass spectrometry
MSKCC¼Memorial-Sloan-Kettering Cancer

Center
NCE¼ nuclear cell extracts
NIR¼ nucleotide incision repair

ODN¼ oligonucleotide
PBS¼ phosphate-buffered saline

PI¼ protease inhibitor
PLA¼ proximity ligation analysis

PMSF¼ phenylmethylsulfonyl fluoride
Pol b¼ polymerase b

rAP¼ ribose monophosphate abasic
(both apurinic and apyrimidinic) sites

RER¼ ribonucleotide excision repair
rNMPs¼ ribonucleosides monophosphate
rNTPs¼ ribonucleosides triphosphate

SD¼ standard deviation
SDS-PAGE¼ sodium dodecyl sulfate–polyacrylamide

gel electrophoresis
siAPE1¼ silenced for APE1
siAUF1¼ silenced for AUF1

SWB¼ Southwestern blot
TCGA¼The Cancer Genome Atlas
TEAB¼ triethylammonium bicarbonate

Top1¼ topoisomerase 1
UV¼ ultraviolet

WCE¼whole cell extracts
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