DNA Repair Protein APE1 Degrades
Dysfunctional Abasic mMRNA in
Mitochondria Affecting Oxidative
Phosphorylation

Arianna Barchiesi ', Veronica Bazzani ', Agata Jabczynska ?, Lukasz S. Borowski %>,
Silke Oeljeklaus *, Bettina Warscheid *°, Agnieszka Chacinska °®’,
Roman J. Szczesny? and Carlo Vascotto -°*

1 - Department of Medicine, University of Udine, 33100 Udine, Italy

2 - Institute of Biochemistry and Biophysics, Polish Academy of Sciences, Pawinskiego 5A, 02-106 Warsaw, Poland

3 - Faculty of Biology, Institute of Genetics and Biotechnology, University of Warsaw, Pawinskiego 5A, 02-106 Warsaw, Poland
4 - Biochemistry and Functional Proteomics, Institute of Biology I, Faculty of Biology, University of Freiburg, 79104

Freiburg, Germany

5 - Signalling Research Centres BIOSS and CIBSS, University of Freiburg, Germany

6 - Laboratory of Mitochondrial Biogenesis, Centre of New Technologies, University of Warsaw, 02-097 Warsaw, Poland

7 - ReMedy International Research Agenda Unit, Centre of New Technologies, University of Warsaw, 02-097 Warsaw, Poland

Correspondence to Carlo Vascotto:*University of Udine, DAME, P.le Kolbe 4, 33100 Udine, Italy.
vascotto @uniud.it (C. Vascotto)

https://doi.org/10.1016/j.jmb.2021.167125

Edited by Philip C. Bevilacqua

carlo.

Abstract

APE1 is a multifunctional protein which plays a central role in the maintenance of nuclear and
mitochondrial genomes repairing DNA lesions caused by oxidative and alkylating agents. In addition, it
works as a redox signaling protein regulating gene expression by interacting with many transcriptional fac-
tors. Apart from these canonical activities, recent studies have shown that APE1 is also enzymatically
active on RNA molecules. The present study unveils for the first time a new role of the mitochondrial form
of APE1 protein in the metabolism of RNA in mitochondria. Our data demonstrate that APE1 is associated
with mitochondrial messenger RNA and exerts endoribonuclease activity on abasic sites. Loss of APE1
results in the accumulation of damaged mitochondrial MRNA species, determining impairment in protein
translation and reduced expression of mitochondrial-encoded proteins, finally leading to less efficient
mitochondrial respiration. Altogether, our data demonstrate that APE1 plays an active role in the
degradation of the mitochondrial MRNA and has a profound impact on mitochondrial well-being.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/).

transcriptional factors, including NF-kB,® the
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tumor-suppressor protein p53,” HIF-1a,> STATS,

Human apurinic/apyrimidinic endonuclease 1
(APE1) is a protein with multifunctional roles that
was first described almost thirty years ago for its
endonuclease activity on apurinic DNA' and as a
redox activator of the transcription factor AP-1.?
Further studies have demonstrated how, through
a redox mechanism, APE1 activates several other

Egr-1,” Pax8,® and a few others. Concerning its
enzymatic activity on DNA, APE1 exhibits not only
class Il apurinic/apyrimidinic (AP) site incision activ-
ity, which makes it a key component of the DNA
base excision repair (BER) pathway,’ but it also
possesses the ability to excise 3'-damages.'® In
addition, APE1 has been shown to exhibit 3’ to &'
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exonuclease activity, which is, however, poorly pro-
cessive and > 100-fold less efficient compared to its
AP endonuclease activity."’

DNA and RNA molecules differ in their chemistry
and structure, and specific and distinct enzymes are
involved in DNA repair and RNA metabolism.
However, evidence emerging over the last few
years has indicated that certain DNA repair
proteins are also involved in the RNA quality
control processes, identifying damaged,
chemically modified or oxidized RNA, which may
lead to ribosomal malfunctioning, error-prone
protein translation, and—as a final consequence—
failed protein synthesis.'? In this regard, the first evi-
dence for APE1 enzymatic action on RNA in vitro
was the identification of its RNase H-like activity
on a DNA/RNA duplex'® and the capacity to cleave
an AP site-containing ssRNA."* Next, Lee and col-
leagues identified APE1 as the endoribonuclease
responsible for cleaving a specific coding region of
the c-myc mRNA, demonstrating for the first time
the ability of APE1 to affect mRNA half-life and
therefore supporting its role in RNA metabolism.'®
In the last decade, Tell and colleagues thoroughly
investigated the uncanonical role of APE1 in RNA
biology. In 2009, an interactomic study led to the
identification and characterization of several novel
APE1 partners which, unexpectedly, included a
number of proteins involved in ribosome biogenesis
and RNA processing.'® More recently, our knowl-
edge about the enzymatic activity of APE1 toward
RNA was extended as a result of its demonstrated
ability to recognize and efficiently process an abasic
or oxidized ribonucleoside 5'-monophosphate
(rNMP) erroneously incorporated, and then dam-
aged, into a DNA strand.’ Finally, in 2017 the Tell
group unveiled the association of APE1 with the
miRNA processing complex DROSHA and its active
role in the processing of miR-221/222."® All these
independent studies clearly showed that, apart from
being an essential DNA repair protein, the nuclear
form of APE1 is also enzymatically active on RNA
molecules.

APE1 is not present only within the nuclear
compartment. Its minor fraction is translocated
through the TOM pore into the mitochondrial inner
membrane space (IMS),'® where it becomes the
substrate of the mitochondrial intermembrane
space assembly (MIA) pathway,”® to be finally
translocated through the TIM23/PAM complex into
the mitochondrial matrix.?" Importantly, it has been
demonstrated that APE1 translocates into mito-
chondria in response to oxidative stress, increasing
the mitochondrial DNA (mtDNAg repair rate and
therefore promoting cell survival.?"** Mitochondria
are an important endogenous source of reactive
oxygen species (ROS) production, which are gener-
ated as by-products of the normal metabolism.**
The mtDNA has been shown to accumulate high
levels of 8-hydroxy-2’-deoxyguanosine, being the
product of guanine hydroxylation at carbon 8, which

is a mutagenic lesion.”* ROS-induced oxidative
lesions and alkylated bases in DNA are repaired
via BER, the major DNA repair mechanism acting
in mitochondria, and APE1, which acts as a key
component of the pathway.”> However, RNA
is also subjected to oxidative damage, and
8-hydroxyguanosine is the only oxidized base char-
acterized so far in RNA,*® which indicates that this
common oxidative modification to DNA occurs in
RNA as well. Oxidative damage can alter RNA
structure and function and interfere with the interac-
tion between RNA and other cellular molecules.?’
Moreover, oxidation of mRNA leads to reduced
translation efficiency and abnormal protein produc-
tion®® and causes ribosome dysfunction.?® Despite
many efforts, information about the processes
involved in degradation of RNA in human mitochon-
dria is still scanty. While RNA helicase SUV3 and
ribonuclease PNPase were shown to be essential
for mitochondrial RNA (mtRNA) degradation, the
role of other proteins in mtRNA decay remains to
be established.* > In particular, to our knowledge,
nothing is known about the mechanism responsible
for degradation of damaged mitochondrial messen-
ger RNAs (mt-mRNAs).

Data presented in this manuscript unveil a new
function of the mitochondrial form of the DNA
repair protein APE1, proving for the first time its
active role in the degradation of damaged mt-
mRNAs and its strong impact on mitochondrial
well-being.

Results

APE1 binds mitochondrial mRNA

In this study we used a Hela-based cell model
developed in our laboratory®® where APE1 expres-
sion could be downregulated by inducible expres-
sion of APE1-specific siRNA (shRNA) or a control
scramble sequence (Scr) and at the same time a
siRNA-resistant ectopic FLAG-tagged APE1 form
could be expressed (APE1VT). Western blot analy-
sis confirmed that mitochondrial APE1 expression
is efficiently reduced and that ectopic FLAG-
tagged APE1YT localizes into the mitochondrial
compartment (Figure 1(A)). Loss of APE1 expres-
sion determines a plethora of effects, among which
are mitochondrial membrane depolarization and
induction of mitochondrial-mediated apoptosis.®*
One of the results of mitochondrial stress is the
increase of mMDNA content to limit the possible
detrimental effects of ROS on DNA and, as a conse-
quence, on the mitochondrial protein synthesis.*®
To prove that silencing of APE1 is a stress-
causing condition for mitochondria in our cell model,
we measured the mtDNA content before and after
APE1 knockdown in Hela cells. As shown in
Figure 1(B), APE1 depletion leads to an increase
of the amount of mtDNA copy number in compar-
ison to the control APE1WT clone. Next, we evalu-
ated the mitochondrial transcription by measuring
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the levels of precursor polycistronic RNA (5'-COX2,
ATP8/6-COX3, COX1-COX2, COX2-ATP8/6). As
for the mtDNA levels, all unprocessed transcripts
were also upregulated |n APE1 shRNA cells and
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biological relevance of mitochondrial APE1 and
the reliability of our study model (Figure 1(C)). |

the case of COX1-COX2, expression levels were
even lower in the APE1"WT clone than in the control,
but we have no explanation for this. As first step to
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evaluate the ability of APE1 to bind mitochondrial
mRNA, we performed electrophoretic mobility shift
assay (EMSA) analysis using recombinant APE1
(rAPE1) (Supplementary Figure S1) and a 29-mer
ribonucleotide with the sequence of mitochondrial
COX2 mRNA as probe. After increasing the con-
centration of rAPE1, a retarded band constituted
by the rAPE1/RNA complex was visible (Figure 1
(D).
Like DNA, RNA can also undergo oxidative
damage; the prevalent oxidized base in RNA is 8-
hydroxyguanosine (8-OHGg, which could be
released, leaving AP-sites® that are targets of
APE1. We treated Hela cells with Antimycin A
(AMA), an inhibitor of the mitochondrial electron
transport chain complex Ill, which inhibition specifi-
cally induces mitochondrial oxidative stress.?’>’
Isolated RNA was derivatized by treatment with an
aldehyde-reactive probe (ARP), followed by purifi-
cation with magnetic beads. Precipitated AP-RNA
and total RNA were subjected to gRT-PCR for
ND1, CytB, COX2, and ATP8/6. All mt-mRNAs
showed more damage after AMA treatment
(Figure 1(E)).

To ascertain if APE1 also binds RNA molecules
in vivo, and to evaluate if the binding is increased
when RNA is damaged, we performed a proximity
ligation assay (PLA) analysis. Newly synthetized
RNA was labeled with bromouridine (BrU) by 30-
minute incubation of HelLa cells with 2.5 mM of
BrU®® (Supplementary Figure S2); unlabeled cells
(Bru-) were used as PLA control and AMA-treated
cells were also included in the analysis. This assay
allowed us to monitor interactions of endogenous
proteins directly or with a nucleic acid, as well as
protein post-translational modification with high
specificity and sensitivity.>* The presence of dots
in the metabolically labeled cells (BrU + ) confirmed

<

the interaction between APE1 and RNA (Figure 1
(F)). Moreover, to evaluate whether the binding of
APE1 increased upon oxidative stress, cells labeled
with BrU were treated with AMA for 30 minutes at
the final concentration of 25 uM.?" The analysis
has established that APE1 constitutively binds to
RNA (70 + 21 PLA dots/cell) and that this binding
is significantly enhanced by the induction of mito-
chondrial oxidative stress (179 + 24 PLA dots/cell).
Interestingly, the large majority of PLA signals are
extra-nuclear, raising the possibility that APE1
could bind and exert endoribonuclease activity on
abasic RNA (AP-RNA) in mitochondria. Because
co-localization experiments with MitoTracker were
not conclusive and considering that PLA analysis
provided evidence only of the proximity between
APE1 and extranuclear RNA without proving their
direct binding, we decided to use an alternative
approach to demonstrate that APE1 binds mito-
chondrial mMRNA. Total cell lysates from scramble
and APE1YT Hela clones described in Figure 1
(A) were incubated with anti-FLAG magnetic beads
to immunoprecipitate APE1 and then eluates were
analyzed for the presence of mtDNA (ND1, ND5,
COX2, CytB and ATP8/6) and nDNA (NDUFAT,
UQCRC2, COXB2, ATPVA) encoded mRNAs.
The relative IP amount with respect to the input (to-
tal RNA) has been calculated and data have been
reported with respect to the wild-type clone, whose
value was settled to 1. As visible in Figure 1(G),
APE1 binds mitochondrial mRNAs, and in accor-
dance with the PLA analysis, treatment with AMA
significantly increases the amount of mRNAs co-
immunoprecipitated with APE1. With respect to
nuclear-encoded mRNAs, our analysis showed
complete absence of amplification for all analyzed
mRNA species both under basal conditions and
after treatment with AMA, indicating that these

Figure 1. APE1 binds mitochondrial messenger RNA. (A) Western blot analysis of total cell extract (TCE) and
mitochondrial extract (MCE) of cell clones used in this study. Control (Scr), APE1 shRNA (shRNA), and APE1 knock-
in (APE1T) clones were treated with doxycycline for 9 days to silence endogenous APE1 protein and to express an
ectopic FLAG-tagged recombinant shRNA resistant form (APE1"T). Anti-APE1 antibody was used to detect both
endogenous and ectopic APE1, while the anti-FLAG was used to confirm the presence of ectopic APE1 in the
mitochondrial compartment. LSD1 and ATPVA were used as nuclear and mitochondrial markers, respectively. (B)
gRT-PCR analysis of mtDNA content performed on HelLa cell clones. (**: p < 0.01). (C) gRT-PCR analysis of
mitochondrial polycistronic transcript on HelLa cell clones. (*: p < 0.05; **: p < 0.01). (D) EMSA performed using
increasing concentration of recombinant wild type APE1 protein (rAPE1) and a 29-mer ssRNA with the sequence of
mitochondrial COX2 mRNA. (E) Quantification of AP-sites in mt-mRNA of ND1, CytB, COX2, and ATP8/6 after AMA
treatment. Precipitated AP-RNA and total RNA were subjected to gRT-PCR, and levels of mt-mRNA damage were
determined based on the difference in Ct value between oxidized and total RNA. Data are reported as relative to
untreated cells (Ctrl) that were arbitrarily set to 1. (*: p < 0.05; **: p < 0.01). (F) Representative images of the PLA
analysis (top) performed to evaluate the interaction between APE1 and RNA under basal condition and upon
induction of mitochondrial oxidative stress. PLA was performed using anti-APE1 and anti-BrdU antibodies. Box plot
(bottom) shows the number of PLA dots counted in an average of 35 cells for each condition of two biological
replicates; the differences were significant at a p-value of 0.01 x 107'5. White bars indicate a measure of 10 um. (G)
FLAG-tagged APE1 was immunoprecipitated from recombinant stable clone (APE1"T) treated or not with AMA and
eluates were analyzed via qRT-PCR for the presence of mt-mRNAs. Scramble clone was used as mock control and
data are reported as relative to untreated cells (APE1VT) that were arbitrarily set to 1. (*: p < 0.05; **:p < 0.01).

4
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mRNAs are not bound by APE1. Altogether, our
analyses confirm that APE1 is able to bind mt-
mRNAs and that the binding is increased when
mt-mRNAs are damaged as a consequence of
mitochondrial oxidative stress.

Mitochondrial APE1 fraction exerts enzymatic
activity on mt-mRNA species

The majority of APE1 is localized within the
nucleus, where the protein exerts endonuclease
activity on abasic DNA but also regulates, in a
redox-dependent manner, the activity of several
transcriptional factors. Having demonstrated the
ability of APE1 to bind mt-mRNA, we decided to
verify if mtAPE1 is able to exert endoribonuclease
activity on these RNA species, and how this may
affect mitochondrial mRNA expression. To confirm
that all effects so far described could be ascribed
to the mitochondrial APE1 rather than to its
nuclear counterpart, we transiently re-expressed
on the background of the APE1 shRNA clone an
ectopic shRNA-resistant APE1 form where the
NLS at N-terminus was replaced by the MTS of
MnSOD2.*%“*" In this way, all APE1 present within
the cell does localize into the mitochondrial matrix.
The Western blot analysis confirmed the expression
of the two chimeric_proteins: the enzymatically
active MTS-APE1"WT and the mutant MTS-
APE1E%" with a reduced nuclease activity'® (Fig-
ure 2(A)). Through immune fluorescence analysis,
we proved that substitution of NLS with MTS led
to the exclusion of the recombinant proteins from
the nuclear compartment and their accumulation
within the mitochondria (Figure 2(B)). Finally, we
performed an endoribonuclease assay using
recombinant APE1 wild-type (rAPE1"T) and E96A
(rAPE1E%4) recombinant proteins (Supplementary
Figure S1) and, as a probe, the same RNA
sequence of mitochondrial COX2 used in the EMSA
analysis (Figure 1(C)), where the only guanosine
present within the sequence was substituted by an
AP-site. The assay confirmed that APE1 does exert
endonuclease activity on an RNA substrate and that
the E96A mutant had a significantly lower enzy-
matic activity (Figure 2(C)).

To assess if the reduction of APE1 nuclease
activity could affect mRNA stability, Northern blot
analyses were performed using strand-specific
riboprobes for ND1 and COX2 mt-mRNAs. In both
cases, mRNA levels were higher in APE1-
deficient cells and the phenotype was restored at
basal levels by sole re-expression of APE1WT
within the mitochondrial compartment (MTS-
APE1WYT). In the endonuclease defective form
MTS-APE15%4 the levels of both mRNAs were
comparable to that of the shRNA clone (Figure 2
(D)).

In conclusion, data obtained in a cellular system
where APE1 was expressed only within the
mitochondrial compartment, without the
contribution of the nuclear form, indicate that the

levels of mt-mRNAs correlate to the expression
and endoribonuclease activity of APE1 on
mitochondria, suggesting a possible role of APE1
in degradation processes of damaged mt-mRNAs.

Loss of APE1 expression determines
increased levels of mt-mRNAs but with higher
degree of damage.

To investigate the hypothesis of a direct
involvement of APE1 in the metabolism of mt-
mRNA, we measured the levels of mitochondrial-
(ND1, ND5, CytB, COX2, ATP8/6) and nuclear-
(NDUFA1, UQCRC2, CYC1, COX6B, ATPVA)
encoded mRNAs codifying for proteins of the
complexes |, Ill, IV, and V, respectively. While the
expression of APE1 did not affect the levels of the
nuclear-encoded mRNAs, all mitochondrial-
encoded transcripts were significantly upregulated
in the APE1 shRNA clone. Importantly, re-
expression of APE1WT restored the levels of all
five mt-mRNAs (Figure 3(A)). To exclude the
possibility that the observed effect was due to the
use of stable cell clones, HelLa cells were
transiently transfected with a different APE1-
specific siRNA (Figure 3(B), top). Also in this
case, APE1 depletion was followed by a
significantly increased expression of
mitochondrial-encoded mRNAs (Figure 3(B), top).
Any significant variation was observed for the
nuclear-encoded genes (full panel in
Supplementary Figure S3). Moreover, to prove
that this was a general phenomenon not cell-line
dependent, APE1 was transiently silenced in the
neuroglioblastoma cell line SF767 (Figure 3(B),
bottom). In accordance with the previous data, mt-
mRNAs levels were significantly increased in
APE1 knockdown cells (Figuer 3(B), bottom) while
nuclear-encoded genes remained unchanged (full
panel in Supplementary Figure S3).

Considering that reduced levels of APE1
expression determine a stress condition for the
mitochondrion, we evaluated the quality of the
same mitochondrial- and nuclear-encoded mRNAs
in terms of AP-sites content. Although the levels
of all mtDNA-encoded mRNAs analyzed were
higher in APE1 shRNA cells (Figure 3(A)), the
same mRNAs were more damaged, with a
significantly higher number of AP-sites. Also in
this case, the phenotype was completely reverted
by the re-expression of APE1. No significant
variations were observed for the nDNA-encoded
mRNAs (Figure 3(C)). To further support the
evidence linking the enzymatic activity of mtAPE1
with the amount of mt-mRNAs and the amount of
AP-sites, SF767 cells were treated for 3 h and
12 h with APE1s endonuclease inhibitor
Compound #3, which acts as a competitive
inhibitor by binding the catalytically active site of
APE1.*? In accordance with the previous results,
the levels of all mitochondrial DNA-encoded
mRNAs increased as a consequence of APE1
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establish whether the observed rise in mt-mRNA
levels was the consequence of an enhanced
transcription or of an impairment in the RNA
degradation processes, we measured the stability
of mt-mRNAs. To do so, ND1, CytB, COX2, and
the bicistronic ATP8/6 transcripts of control (Scr),
APE1 shRNA, and knock-in (APE1YT) clones
were measured by metabolic labeling with 4-
thiouridine (4sU), as previously described.*® Loss
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of APE1 expression significantly increased the half-
lives of examined mt-mRNAs and the effect was
rescued by the re-expression of the protein (Figure 3
(E)). Altogether, these data support the hypothesis
of a possible role of the mitochondrial form of the
APE1 protein in the metabolism of damaged mt-
mRNA.

Loss of mitochondrial APE1 negatively affects
mitochondrial translation

To thoroughly investigate the effects of APE1
silencing on mitochondrial behavior, we evaluated
the downstream effects of the increased mtDNA
and mtBRNA contents. To assess the
consequences of higher levels of mtRNAs but
carrying a higher number of AP-sites, we analyzed
the mitochondrial translation products. Hela
clones were treated with emetine to selectively
block cytoglasmic translation, and then incubated
with Met®®*S for one hour to label newly
synthetized mitochondrial polypeptides. Samples
were separated on SDS-PAGE and protein
expression profile was visualized by
autoradiography (Figure 4(A) and (B), left).
Densitometry analysis was performed to measure
the levels of ND1, ATP6, and ND6 proteins, and
confirmed significantly impaired expression in
APE1 shRNA that was rescued in the APE1WT
clone (Figure 4(A), right).

Then, we evaluated the protein products of mt-
mRNAs by western blot analyses. Experiments
were performed on control (Scr), APE1-defective
(shRNA), and knock-in (APE1YT) clones using
specific antibodies for nuclear and mitochondrial
DNA-encoded proteins belonging to Complex |
(NDUFA1, NDUFS1, ND5), Complex Il (SDHB),
Complex Il (UQCRC2, CytB), Complex IV
(COX6B, COX2), and Complex V (ATPVA, ATP®6).

<

As a positive control, cells were also treated with
chloramphenicol (CHF) for 24 hours to selectively
inhibit mitochondrial protein translation.** Although
after APE1 silencing the levels of mtDNA and mt-
mRNAs were higher in shRNA cells (Figures 1(B)
and 3(A)), we observed a significant reduction of
all investigated mtDNA-encoded proteins (ND5,
CytB, COX2, ATP®6) (Figure 4(B), left). Concerning
the nDNA-encoded polypeptides belonging to the
respiratory complexes, with the exception of Com-
plex V, their expression was affected by APE1
levels as well. This result could be explained consid-
ering that the assembly of the oxidative phosphory-
lation (OXPHQOS) system is an intricate process that
requires the insertion of mtDNA-encoded subunits
into the inner membrane of mitochondria, in concert
with tens of subunits encoded by nuclear genes.*®
Reduced expression of mtDNA-encoded genes
could alter the stability of all OXPHOS subunits,
as in the case of complexes Ill and IV that serve
as an anchor at the membrane to recruit Complex
| into the respiratory chain.*®*’ Indeed, the positive
control treatment with CHF also elicited a reduction
of mitochondrial- and nuclear-encoded proteins
(Figure 4(B), right). This surprising result led us to
hypothesize that dysfunction of APE1 increases
the levels of damaged mt-mRNAs, which are no
longer available for the protein synthesis.

APE1 controls OXPHOS complex stability and
mitochondrial respiration

Considering that all 13 mitochondrial-encoded
polypeptides are components of the respiratory
complexes I, 1, IV and V, we evaluated the effect

of APE1 loss of expression on mitochondrial
respiration by examining the formation and
stability of OXPHOS complexes and the

respiratory parameters. BN-PAGE analyses

Figure 2. Mitochondrial APE1 exerts endoribonuclease activity on mRNA. (A) Western blot analysis of control (Scr)
and APE1 shRNA clones treated with doxycycline and transiently transfected with empty vector (p5.1-Empty) or
FLAG-tagged expression plasmids codifying for shRNA-resistant APE1 forms MTS-APE1WT and MTS-APE15%64,
Anti-APE1 and anti-FLAG antibodies were used to detect endogenous and ectopic APE1 expression, respectively.
Anti-Actin was used as a loading control. (B) Representative images of immunofluorescence analysis of APE1 shRNA
clone transiently transfected with FLAG-tagged expression plasmids codifying for shRNA-resistant APE1VT and
mitochondrial targeted mutants MTS-APE1YT and MTS-APE15%A, Nuclei were stained with DAPI, APE1 with anti-
FLAG conjugated with 488 dye, and mitochondria with MitoTracker Deep Red. White bars indicate a measure of
10 um. A 10-um-square area has been highlighted on merged images of MTS cells and electronically enlarged 3.5
times to show the co-localization between APE1 and MitoTracker. (C) Representative gel images of endonuclease
activity on AP-RNA of APE1"WT and APE1E%A mutant (top) and diagram showing the difference in the kinetics of the
two proteins (bottom). 2.5 pmol of AP-RNA were incubated with 150 ng of recombinant APE1 proteins for the reported
amount of time. (**: p < 0.01). (D) Northern blot analysis of RNA isolated from control (Scr) and APE1 shRNA clones
treated with doxycycline and transiently transfected with empty vector (p5.1-Empty) or FLAG-tagged expression
plasmids codifying for MTS-APE1"T and MTS-APE1E%”, Mitochondrial-encoded ND1 (feft) and COX2 (right) mRNAs
were detected with the help of strand-specific radiolabeled riboprobes. Nuclear-encoded 7SL RNA was used as a
loading control. Representative autoradiograms are shown (fop). Box plots (bottom) show quantitation and
mean + SD of four biological replicates. Statistical significance was calculated with respect to the control sample (Scr-
Empty). (n.s.: not significant; *: p < 0.05; **: p < 0.01).
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modest reductions in the expression levels of its

respiratory complexes | and lll, while we did not
observe any significant difference in Complex V
(Figure 5(A)). Complex | is composed of seven
mitochondrial-encoded subunits (ND1, ND2, ND3,
ND4, ND4L, ND5, ND6) that constitute its
transmembrane domain. This explains how even

subunits can affect its assembly and stability.
Complex 1l is a small complex composed of ten
nuclear and only one mitochondrial-encoded
protein (CytB) but which is in the core of the
complex and represents the complex’s central
catalytic subunit. Therefore, it is not surprising that
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the biogenesis of this complex is impaired when the
level of CyiB is reduced. On the other hand,
Complex V is a large complex composed of 29
proteins, two of which (ATP6 and ATP8) are
mitochondrial encoded. However, it has been
demonstrated that although the ATP6 mutation
inhibits and destabilizes Complex V, it does not
prevent the assembly and oligomerization of the
complex.”® In line with that, we did not observe
the affected assembly of Complex V.

To provide the last proof for the important role of
APE1 in mt-mRNA metabolism and its contribution
to the respiratory function of mitochondria, we
conducted Seahorse analyses to measure the
respiratory parameters. Data confirmed
significantly reduced basal respiration (60 = 10%),
maximum respiration (62 =+ 22%), and ATP
production (53 + 4%) in the APE1 shRNA clone as
well as demonstrated that all parameters were
efficiently rescued by the re-expression of
APE1WT (Figure 5(C)). Moreover, correlating the
oxygen consumption rate with the media
acidification rate of the clones, we also obtained
the energy state description of the cells.***° After
APE1 silencing there is a significant shift of the
energetic state towards the glycolytic phenotype
(less ATP production and more proton release),
while APE1WT completely reverts the phenotype,
bringing the cells again to a more energetic state
(Figure 5(D)).

Discussion

Since its discovery in the early 90 s, APE1 has
been widely studied for its essential role as a DNA
repair protein and as a redox activator of
transcriptional factors controlling cell growth and
apoptotic pathways. Over the years, research on
APE1 has been mainly associated with its role in
tumorigenic processes and tumor resistance,

<

making it a target for combinatory anticancer
therapies.®’ More recent is the discovery of this pro-
tein’s presence within the mitochondrial matrix®"*°
and its participation in the BER pathway.** Never-
theless, for many years the scientific community’s
interest in this pleiotropic protein has been mainly
focused on the nuclear form, with less attention paid
to endonuclease activity of APE1 in the mitochon-
drial DNA. In the last decade, however, more
research groups have directed their studies toward
the biological relevance of APE1 extra-nuclear
localization in association with the Ehenomena of
tumor resistance in lung carcinoma, 3 hepatocellu-
lar carcinoma,*’** rectal cancer,>® and more, as
well as the characterization of uncanonical func-
tions of this DNA repair enzyme, such as its endori-
bonuclease activity. ' 1>18:2°

Loss of APE1 expression determines cellular
stress and in particular, mitochondria seem to be
very sensitive to the absence of this protein. It
was demonstrated in different diseases and
cellular models that APE1 silencing leads to
increased mtDNA damage, drop of mitochondrial
potential, increased cytochrome c release in the
cytoplasm, higher caspase 3/7 activity, and
excessive production of ROS.**3>°"">9 Moreover,
when cells are challenged with oxidative or alkylat-
ing agents (e.g.: HyO,, rotenone), silencing of
APE1 emphasizes these effects, impairing the
response to oxidative stress and inducing apopto-
sis.””°® Interestingly all these effects were for the
major part ascribed to the mitochondrial fraction of
APE1. In fact, we already showed that cells
expressing the C65S mutant form of the protein,
whose mitochondrial import is impaired, are not
able to rescue the membrane potential drop of mito-
chondria after endogenous APE1 silencing.®® Joo
and colleagues also demonstrated that in endothe-
lial cells APE1 knockdown increased the sensitivity
to PKC-induced mitochondrial dysfunction,
increasing the mitochondrial hyperpolarization and

Figure 3. Mitochondrial mRNA half-life is dependent on APE1 expression levels. (A) qRT-PCR analysis of
mitochondrial DNA (ND1, ND5, CytB, COX2, ATP8/6) and nuclear DNA (NDUFA1, UQCRC2, COX6B, ATPVA)
encoded mRNAs on control (Scr), APE1 shRNA, and APE1 knock-in (APE1"T) clones. Results shown in the graph
are the mean = SD of four biological replicates. Statistical significance was calculated with respect to the control
sample (Scr). (*: p < 0.05; **: p < 0.01). (B) Representative Western blot analysis of total cellular extract of HeLa cells
(top) and SF767 cells (bottom) transiently transfected with control (Scr) and specific siRNA for APE1. Protein
expression was evaluated using anti-APE1 antibody, while anti-Actin was used as a loading control. gqRT-PCR
analysis of mitochondrial DNA encoded mRNAs expression of Hela (top) and SF767 (bottom) cells where APE1
protein was transiently silenced by siRNA transfection. (*: p < 0.05; **: p < 0.01). (C) Quantification of AP-sites in
mitochondrial- and nuclear-DNA encoded mRNAs on control (Scr), APE1 shRNA, and APE1 knock-in (APE1WT).
Precipitated AP-RNA and total RNA were subjected to qRT-PCR, and levels of mt-mRNA damage were determined
based on the difference in Ct value between oxidized and total RNA. Data are reported as relative to scramble clone
that was arbitrarily set to 1. Data reported are the mean + SD of four independent biological replicates. (*: p < 0.05; **:
p < 0.01). (D) gRT-PCR analysis of mitochondrial- and nuclear-DNA encoded mRNAs in SF767 cells treated for 3 and
12 hours with APE1’s endonuclease inhibitor Compound #3. (*: p < 0.05; **: p < 0.01). (E) Graph showing the
mitochondrial-encoded ND1, CytB, COX2, and ATP8/6 mRNAs half-life calculated by metabolic labeling with 4-
thiouridine (4sU). Data reported are the mean + SD of four independent biological replicates. (*: p < 0.05; **: p < 0.01).

9
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mitochondrial ROS production. This phenotype was
rescued by the expression of an ectopic form of
APE1 carrying an MTS sequence and driving the
protein directly to the mitochondrial matrix.® Inter-

estingly, expression of MTS-APE1 was able to bet-
ter counteract the detrimental effects of
endogenous APE1 silencing than the wild-type form
of the protein.
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Our research offers a completely new point of
view in the study of APE1 and provides, for the
first time, direct proof of the essential role of this
protein in mitochondrial RNA biology. The present
work unveils that, in mitochondria, APE1 s
associated to mRNAs and that oxidative stress
conditions enhance this binding. The oxidative
modification of bases has been reported to be a
major oxidative modification of DNA.®® AP-sites
represent the substrates of APE1 and can be chem-
ically generated by damaging or oxidizing agents
such as alkylating agents or ionizing radiation. In
addition, AP-sites are intermediates in the repair
pathway initiated to eliminate oxidized bases by
DNA glycosylases.®' As for the DNA, RNA can also
undergo oxidative damage, forming 8-OHG. Unfor-
tunately, there have been few studies regarding bio-
chemical analysis of base oxidation, and overall, the
general source of AP-sites in RNA is poorly under-
stood. The 8-oxoguanosine glycosylase has been
found within the mitochondrial matrix and it is cap-
able of base excision in DNA, but so far it has never
been proved to be active on ssRNA. Very recently,
for the DNA glycosilases, SMUG1’s ability in recog-
nizing and removing modified RNA substrates has
been demonstrated.®® Unfortunately, this enzyme
has never been proved to be present within the
mitochondrial matrix.®® Therefore, a possible expla-
nation for the formation of AP-sites in mitochondrial
RNA could be ascribed to direct depurination as
proposed by Tanaka and colleagues.®® Further
studies are needed to shed light on these biological
processes.

In our work the measurements of mt-mRNA AP-
sites confirmed significantly higher levels of AP-
RNA in the absence of APE1 and a direct
correlation between the levels of APE1 in
mitochondria and the half-life of mt-mRNAs.
These data suggest a leading role of the
mitochondrial form of APE1 in the degradation
processes of damaged mt-mRNA. To support this
hypothesis, rescue experiments were performed
on the background of APE1 knockout cells by re-
expressing a recombinant form of the protein that
was targeted only into the mitochondrial matrix.
Data confirmed that mRNA’s half-life was
significantly longer in the absence of mitochondrial

APE1 as a result of impaired degradation
processes due to the loss of APE1 expression or
re-expression of the endonuclease-defective
mutant E96A.

Next, we correlated the expression levels of
APE1 with the downstream effects, showing that
impaired removal of damaged mt-mRNAs affects
assembly/stability and functioning of the
respiratory complexes.

Information about the mitochondrial RNA
degradation process is still scanty. The most well-
characterized complex able to degrade the mt-
mRNAs in the mitochondrial compartment is the
PNPase/SUV3 complex, also called the
degradosome.®® PNPase is a polynucleotide
phosphorylase capable of 3'-to-5 phosphorolysis
and 5'-to-3' RNA polymerization,®* while SUV3 is
an NTP-dependent RNA and DNA helicase; both
proteins were shown to localise in the mitochondrial
RNA granules (MRGs).°>°° It has been proposed
that this complex exerts its function in a specific
subcompartment of MRGs called D-foci, where
diverse RNAs species and the degradosome local-
ize.®" In particular, Szczesny et al. showed that
SUVS3 is required for the degradation of the anti-
sense MtRNAs and is involved in the decay of
sense mitochondrial transcripts.*° PNPase cooper-
ates with SUV3 in mtRNA surveillance; however,
this enzyme seems to have a wider role in mito-
chondria because PNPase has dual matrix-
intermembrane space localization.®”

On the basis of our data, we are proposing a
molecular model for the degradation of damaged
mitochondrial mRNA. Presence of AP-sites
derived by the exposure to ROS determines the
stall of the mitoribosome and consequently of the
mitochondrial translation. APE1 acts by binding
and degrading damaged mRNA restoring
translation processes and, as a downstream
effect, maintaining OXPHOS capacity. In contrast,
in the absence of APE1, AP-sites accumulate,
determining the block of mitochondrial translation
and determining a significant loss of respiratory
capacity (Figure 6). To the best of our knowledge,
this represents the first evidence of a mechanism
involved in the degradation of damaged mRNA in
mitochondria. We do not exclude, in association

<

Figure 4. APE1 levels affect mitochondrial translation. (A) Representative autoradiography image (/eff) and
Coomassie staining (right, top) of SDS-PAGE electrophoresis of mitochondria translation analysis of control (Scr),
APE1 shRNA and knock-in (APE1VT) clones after emetine/®®S treatment. Bands corresponding to ND1, ATP6, and
ND6 were quantified and data were reported in the graph as relative to control clone. Coomassie staining was used as
loading control. (*: p < 0.05; **: p < 0.01). (B) Western blot analysis (top, left) of total cell extract of control (Scr), APE1
shRNA and knock-in (APE1YT) clones treated with doxycycline for 9 days. Specific antibodies for Complex |
(NDUFA1, NDUFS1, ND5), Complex Il (SDHB), Complex Ill (UQCRC2, CytB), Complex IV (COX6B, COX2) and
Complex V (ATPVA, ATP6) proteins were used. Anti-TOMM20 was used as a loading control. As a positive control,
cells were treated with chloramphenicol (CHF) for 24 hours to inhibit mitochondrial translation (top, right). Graph
(bottom) reports densitometric analyses of each protein relative to the control sample. mtDNA encoded proteins are
underlined. Data reported are the mean + SD of four independent biological replicates. (*: p < 0.05; **: p < 0.01).
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with APE1, the involvement of other factors in this
complex biological process that will require further
specific investigations. Currently, there is no
evidence in the literature that APE1-mediated
processing of AP-sites within mRNA transcripts
occurs co-translationally. However, a preliminary
interactome analysis of mitochondrial APE1
performed in our laboratory revealed the presence

12

of several mitochondrial proteins belonging to the
large and small mitochondrial ribosomal subunits
(e.g. MRPL9 and MRPS15), suggesting that the
degradation process may occur co-translationally
or in close proximity to the mitochondrial
ribosomes. Again, further specific studies are
required to elucidate the molecular details of this
biological process.
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An alternative explanation for the increased RNA
levels observed when APE1 is downregulated is the
upregulation of transcription rather than a
downregulation of APE1-mediated RNA transcript
processing. However, conclusions driven by our
experiments strongly suggest a role for APE1 in
the degradation process of damaged mt-mRNA.
The E96A mutant has reduced enzymatic activity
and therefore cannot efficiently process/degrade
damaged mRNA. If downregulation of APE1
determined an increased transcription, we would
not have observed this effect when this mutant
form was expressed. Consistent with these data,
we should not have observed increased levels of
mt-mRNA species even when using the
endonuclease inhibitor Compound #3 (Figure 3
(D)). In addition to this evidence, what further
supports our hypothesis of APE1-mediated RNA
transcript processing is that we measured higher
levels of AP-site on mt-mRNAs in the absence of
APE1 (Figure 3(C)) and that the half-life was
significantly longer (Figure 3(E)).

In summary, this study not only confirms and
extends the emerging role of APE1 in RNA
biology, but also reveals, for the first time, a new
function of the mitochondrial form of this protein in
mitochondrial metabolism. Therefore, in the light
of this observation, all data regarding the extra-
nuclear localization of APE1 in correlation with
tumorigenesis and tumor resistance could be re-
interpreted considering APE1 as not only a DNA
repair protein but also as a key component of the
mitochondrial RNA degradosome.

Materials and Methods

Further details about preparation of cell extracts,
recombinant proteins expression and purification,
EMSA and endonuclease assay, and mtDNA
quantification are provided in the Supplementary
Data.

Cell culture and treatments

For inducible silencing of endogenous APET1,
HelLa cell clones were developed as described in
Vascotto et al.*® To induce APE1 silencing, doxycy-

<

cline (Sigma Aldrich) was added to the cell culture
medium at the final concentration of 1 pg/mL, and
cells were grown for 9 days. For RNA labeling, cells
were grown in complete DMEM with BrU 2.5 mM for
30 min with or without the presence of AMA 25 pM.
Then, the cells were fixed with 4% (W/V)
paraformaldehyde and used for immunofluores-
cence analysis. Inhibition of endonuclease activity
of APE1 was achieved by treating cells with Com-
pound #3.%? SF767 cells were treated with 10C0M
of Compound #3 for 3 or 12 h in DMEM supple-
mented with 10% FBS, 1% Glutamine and 1% peni-
cillin/streptomycin.

Transient transfection experiments

For APE1 transient silencing, one day before
transfection, HelLa cells were seeded in 10 cm
plates at the density of 1.2 x 10° cells/plate. They
were then transfected with 100 nM of control (Scr)
[5-CCAUGAGGUCAGCAUGGUCUG-3 for the
top strand and 5-AAGGUACUCCAGUCGUAC
CAG-3 for the bottom strand] and APE1 (siRNA)
[5-GUCUGGUAAGACUGGAGUACC-3 for the
top strand and 5-UACUCCAGUCUUACCA
GACCU-3 for the bottom strand] siRNA per plate
using Oligofectamine 2000 (Invitrogen) according
to the manufacturer's instructions. Cells were
harvested 72 h after the transfection for proteins
and mRNA analyses. To target APE1 only in the
mitochondria compartment, the N-terminal 20
amino acid residues of APE1 carrying the NLS
(nuclear localization signal) were replaced with the
MTS (mitochondrial targeting sequence) of the
human mitochondria-specific  Mn?*-superoxide
dismutase gMnSOD) gene as  previously
described.”®*" Then, MTS-APE1"T and MTS-
APE15%%A cDNAs were cloned into the pCMV5.1-
FLAG expressing vector. Scr and shRNA cells were
treated with doxycycline for 7 days, then 4.5 x 10°
cells/plate were seeded 24 h before transfection.
Cells were then transfected with 12 pg of
pCMV5.1-MTS-APE1WT, pCMV5.1-MTS-
APE15%®A or empty vector per plate using
Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. Cells were harvested
24 h after the transfection.

Figure 5. APE1 levels affect mitochondrial respiration. (A) Coomassie staining of mitochondrial respiratory
complexes from Scr, shRNA and APE1"T clones after BN-PAGE electrophoresis (leff).. Bands corresponding to
complexes I, lll, and V are quantified and data relative to the control sample are reported in the graph (right). (*:

p < 0.05). (B) Oxygen consumption rate evaluation of control Scr, shRNA and APE

1WT clones. Basal OCR was first

evaluated, then cells were treated with the reported amounts of oligomycin, FCCP, rotenone and antimycin A, and
OCR was measured three times after each injection. Diagram reports the OCRs of the clones relative to the Scr clone
(top). Graph (bottom) reports the basal respiration, maximal respiration, and ATP production capacity of clones
extrapolated from the diagram. (*: p < 0.05; **: p < 0.01). (C) Oxygen consumption rates/extracellular acidification
rates ratios were evaluated for Scr, shRNA and APE1"T clones. OCR/ECAR ratios were calculated considering mean
values of the basal respiration, two-variables graph reporting OCR in Y axis and ECAR in X axis, for the evaluation of

the energetic state of the clones after APE1 silencing and APE

1"T re-expression.
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Figure 6. Proposed model depicting the contribute of APE1 in the degradation process of damaged mt-mRNA.
Upon oxidative stress, mt-mRNAs are damaged, leading to stalling of the mitochondrial ribosome. APE1 binds and
cleaves the abasic RNA, restoring the translation. In contrast, in the absence of APE1 nonfunctional damaged
mRNAs accumulate and mitochondrial translation is impaired, determining a decrease of the respiratory efficiency.

Western blot analysis

The indicated amounts of total cell extract (TCE)
or mitochondrial extract (MCE) were separated

onto 12% SDS-PAGE. Then, proteins were
transferred to nitrocellulose membranes
(Schleicher & Schuell). Membranes were

saturated by incubation with 5% nonfat dry milk in
PBS/0.1% Tween 20 at room temperature for 1 h
and incubated with the specific primary antibody.
Primary antibodies are listed in the Supplementary
Data, Table S1. Membranes were washed three
times with PBS/0.1% Tween 20 and incubated
with the secondary antibody (IRDye 680 and
IRDye 800) (LI-COR Biosciences) 1:10000 for 2 h.
After three washes with PBS/0.1% Tween 20,
signals were detected with an Odyssey CLx
scanner (Li-Cor Biosciences). LSD1 and ATPVA
were used as nuclear and mitochondria markers,
respectively. Normalization of mitochondria protein
extract (MCE) was performed with anti-TOMMZ20.
Blots were then quantified using ImageStudio
software (Li-Cor Biosciences).

Mitochondria isolation

10 x 107 cells were seeded one day before the
procedure. After 24 h, cells were washed twice
with PBS and detached by scraping. After an
additional wash, the cells were centrifuged at
250g and 4 °C for 5 min. Next, they were
resuspended in 12 mL of MIB buffer [20 mM
HEPES pH 7.6, 1 mM EDTA pH 7.4, 220 mM
mannitol, 70 mM sucrose, 2 mg/mL BSA, 0.5 mM

14

PMSF] and gently homogenized into a glass-glass
potter with 20 strokes. Then, the suspension was
transferred into a falcon tube and centrifuged at
650g and 4 °C for 5 min. The supernatant
containing mitochondria was removed and kept on
ice while the pellet, containing nuclei and
unbroken cells, was homogenized again with 10
strokes to increase the final yield. The suspension
was centrifuged again at 650g and 4 °C for 5 min.
The two supernatants were pooled together and
centrifuged once again at 650g and 4 °C for
5 min. The supernatant was carefully removed
and centrifuged at 14,0009 and 4 °C for 15 min
while the pellet, containing mitochondria, was
washed with MIB buffer supplemented with 1 M
KCI to remove proteins and nucleic acids attached
to the outer membranes of mitochondria and then
centrifuged at 14,000g and 4 °C for 15 min.
Finally, mitochondria were washed with MIB buffer
w/o KCI and BSA and centrifuged again as before,
the supernatant was removed, and the pellet was
resuspended in MIB buffer w/o KCI and BSA,
keeping mitochondria as concentrated as
possible. Sample concentration was determined
by using the Bradford reagent.

RNA extraction and qRT-PCR

Total RNA extraction from cells was performed
using the NucleoSpin RNA kit (Macherey-Nagel
GmbH & Co). 1 pg of total RNA was reverse
transcribed using the iScript cDNA synthesis kit
(Bio-Rad) according to the manufacturers
instructions. The Minimum Information for
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Publication of Quantitative Real-Time PCR
Experiments (MIQE) guidelines®® were used as
the basis for establishment of the workflow. qRT-
PCR was performed with the iQ5 multicolor real-
time PCR detection system (Bio-Rad) according to
the manufacturer's protocol and primers listed in
the Supplementary Data, Table S2. cDNA was
amplified in 96-well plates using the 2X iQ SYBR
green supermix (Bio-Rad) [100 mM KCI, 40 mM
Tris-HCI pH 8.4, 0.4 mM each deoxynucleoside
triphosphate [dNTP], 50 U/mL iTag DNA poly-
merase, 6 mM MgCl,, SYBR green |, 20 nM fluores-
cein, and stabilizers] and 300 nM of the specific
sense and antisense primers in a final volume of
15 pL for each well. Each sample analysis was per-
formed in triplicate. A sample without the template
served as a negative control. The cycling parame-
ters were denaturation at 95 °C for 10 seconds
and annealing/extension at 60 °C for 30 seconds
(repeated 40 times). To verify the specificity of the
amplification, a melting-curve analysis was per-
formed immediately after the ampilification protocol,
and PCR products were separated onto 2% agar-
ose gel.

RNA AP-sites quantification

AP-sites were quantified as previously
described,®® with some modifications. Briefly,
10 pg of total RNA were incubated with 2 mM
ARP (N-(Aminooxyacetyl)-N’-biotinylhydrazine) in
50 mM Na acetate buffer pH 5.2 for 40 min at
37 °C. As a loading control we used an in vitro syn-
thesized RNA encoding Xenopus elongation factor
1o gene, biotinylated at the 5-end (5'-BIOT-UAG
CUCUUGACUGCAUUUUG CCACCAUCU
CGCCCAACCGAUAAGCCUcuUccaGUcuGccuc
UGCAGGAUGUCUACAAAAUU-3), that was
added to the total RNA after derivatization. Then,
RNA was precipitated by ethanol. After resuspen-
sion with 10 uL of deionized water, an aliquot of
2 pL was put aside for quantifying total transcripts,
and the remaining RNA was incubated with strepta-
vidin magnetic beads for 20 min at 60 °C. Beads
were washed twice with solution A [1 M NaCl,
20 mM Tris-HCI pH 7.5, 5 mM EDTA, 1% NP-40],
three times with solution B [2 mM Tris-HCI pH 7.5,
0.5 MM EDTA, 1% NP-40], three times with solution
C [4 M urea, 10 mM Tris-HCI pH 7.5, 1 mM EDTA,
1% NP-40], and 2 times with solution D [2 mM Tris-
HCI pH 7.5, 1 mM EDTA]. Affinity purifyed RNA was
dissociated from beads by incubation with 2.5 mM
biotin solution at 90 °C for 5 min, precipitated by
ethanol, and resuspended in deionized water. Pre-
cipitated and total RNA were used for cDNA synthe-
sis (SuperScript™ 1l Reverse Transcriptase,
Invitrogen). Complementary DNA was used for
gRT-PCR (SYBR Green Master Mix from Bio-
Rad) according to the manufacturer's protocol.
Specific primers were designed to amplify mito-
chondrial (ND1, ND5, COX2, CytB, and ATP8/6)
and nuclear (NDUFA1, UQCRC2, COX6B, ATPVA)
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mRNAs as reported in the Supplementary Data,
Table S2. Xen_for and Xen_rev primers were used
to amplify the in vitro synthesized RNA-encoding
Xenopus elongation factor 1o gene. The levels of
mRNAs AP-sites were normalized with the ampilifi-
cation of Xenopus elongation factor 1o gene, and
levels of damaged mRNA were determined based
on ACq values between Cq of total RNA (INPUT)
and oxidized RNA (IP). Finally, each oxidized
RNA sample was expressed as relative amount
compared to the scramble (Scr) levels of the same
RNA.

Immunofluorescence and PLA

For IF and PLA analyses, cells were seated into a
glass coverslip in the amount of 8 x 10* per 24x
multiwell plate. The day after, cells were fixed with
4% (w/v) paraformaldehyde for 20 min,
permeabilized with Triton X-100 0.5% in PBS 1X
for 5 min and incubated with 5% goat serum in
Duolink in situ Solution A [Blocking solution]
(Sigma Aldrich) for 1 h to block unspecific binding
of the antibodies. Then, cells were incubated with
primary antibody diluted in the Blocking solution in
a humid chamber [anti-FLAG monoclonal (Sigma
Aldrich) (F1804): 2 h at RT, dilution 1:100; anti-
APE1 monoclonal (Novus Biological) (13B8E5C2):
2 h at RT, dilution 1:400; anti-BrdU polyclonal
(Thermo Fisher Scientific) (PA5-32256): o/n at
4 °C, dilution 1:400].

For IF analysis, after washing three times with
Solution A for 5 min, cells were incubated with
secondary antibody conjugated with Alexa Fluor
fluorophore (Thermo Fisher Scientific), diluted
1:1000 in Blocking solution for 90 min at RT.
Mitochondria were stained before fixation with
MitoTracker Deep Red at a concentration of
100 nM for 15 min, followed by three washes in
PBS before fixation. Manufacturer's instructions
were followed for PLA analyses. Images were
acquired using confocal microscope Zeiss Axio
Imager Z2 LSM 700. PLA blobs count was
performed using the BlobFinder software.

APE1 IP and evaluation of RNA binding

2 x 10’ cells were collected and resuspended in
2.5 mL of PBS. The same volume of a solution of
1% formaldehyde in PBS was added to the cells
and incubated for 10 minutes at RT while shaking.
Formaldehyde cross-linking action was then
blocked with glycine 270 mM. Cells were washed
twice in PBS and incubated in lysis buffer [Tris-
HCI 50 mM pH 7.5; NaCl 150 mM; EDTA 1 mM
pH 8.0; Triton X-100 1%; protease inhibitor
cocktail] supplemented with 200 U of RibolLock
RNAse Inhibitor (Thermo Scientific) for 30 minutes
at 4 °C. The lysed samples were centrifuged at
20,000g for 20 minutes at 4 °C. 50 pL were
collected as INPUT. Lysates were incubated with
Anti-FLAG M2 magnetic beads (Sigma-Aldrich) for
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3 hours, rocking at 4 °C. Five washes in TBS
1X + RiboLock were followed by elution with
peptide FLAG for 30 minutes on orbital shaker, at
4 °C. Supernatants were collected and incubated
at 65 °C for 1 hour to reverse the cross-link.
Samples were then digested with DNA-free DNA
Removal Kit (Invitrogen): 1 pL of DNAse and 5 uL
of reaction buffer were added to each sample and
the reaction was incubated at 37 °C for 30
minutes. Five pL of DNAse Inactivation Reagent
were used to stop the reaction. Samples were
centrifuged at 10,000g for 2 minutes and
supernatants were collected in new tubes. As a
loading control we used the in vitro synthesized
RNA-encoding Xenopus elongation factor 1o
gene. To extract RNA, 50 pul of TRIzol™ were
added to each sample, mixed, and the reaction
was incubated for 2 minutes at RT. After the
addition of 50 pl of chloroform, samples were
centrifuged at 12,000g for 15 minutes, at 4 °C.
The aqueous phases, containing RNA, were
collected in new tubes. Ten pg of glycogen and
125 pl of isopropanol were included per sample
and, after a 12,000g centrifugation for 10 minutes
at 4 °C, a wash in EtOH 75% was performed.
Samples were centrifuged at 7500g for 5 minutes
at 4 °C and finally pellets were resuspended in
10 pul of RNAse-free water. RNA was resuspended
in 10 ul of RNAse-free water and retrotranscribed
using the iScript cDNA synthesis kit. Input was
diluted 1:20, while the IP sample was diluted 1:10.
Finally, a RealTime PCR was performed to
amplify mitochondrial ND1, ND5, COX2, CyiB,
and ATP8/6 and nuclear (NDUFA1, UQCRC2,
COX6B, ATPVA) genes. To normalize each
sample, Xen_for and Xen_rev primers were used
to amplify the in vitro synthesized RNA-encoding
Xenopus elongation factor 1o gene.

Northern blot analysis

Northern blot analyses were performed
essentially as reported by Szczesny and
colleagues.®® 1 ng of RNA was dissolved in denatur-
ing solution [5.5% formaldehyde, 50% formamide,
NBC buffer: 50 mM boric acid, 1 mM sodium acet-
ate, 5 mM NaOH], incubated for 5 min at 60 °C
and mixed with loading dye [15% Ficoll, 0.1 M
EDTA, pH 8.0, 0.25% bromophenol blue, 0.25%
xylene cyanol]. The samples were run on a 1%
agarose gel containing formaldehyde (0.9%) fol-
lowed by overnight capillary transfer to Nytran-N
membrane (GE Healthcare) in 10 x SSC [1.5 M
sodium chloride, 150 mM sodium citrate]. After the
transfer, the membrane was washed briefly in
2 x SSC, UV cross-linked, and stained with methy-
lene blue solution [0.02% methylene blue in 0.3 M
sodium acetate, pH 5.5]. PCR products containing
SP6 promoter sequence corresponding to the
mtDNA fragments 3652—4029 (ND1) and 7586—
7900 (COX2) were used as templates for preparing
strand-specific [«-32P] UTP-labeled (Hartmann
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Analytic) riboprobes by in vitro transcription. For
detection of nuclear-encoded 7SL RNA transcript,
PCR product of primers 5-TCGGGTGTCC
GCACTAAGTT-3 and 5-TGGCTATTCA
CAGGCGCGAT-3 was used as a template for
labeling with [0¢-32P] dATP (Hartmann Analytic)
using a Decalabel DNA Labeling Kit (Thermo Sci-
entific). Hybridizations were performed overnight
in PerfectHyb Plus buffer (Sigma) at 65 °C followed
by washing. Membranes were exposed to Phos-
phorlmager screens (FujiFilm), and the screens
were scanned with a Typhoon FLA 9000 scanner
(GE Healthcare). Data were analyzed using Multi
Gauge V3.0 software (FujiFilm).

Analysis of mitochondrial mRNA half-life

Mitochondrial RNA stability was measured by
metabolic labeling with 4-thiouridine, as previously
described.*® With this method we were able to tag
the newly synthesized RNA, and separate it from
the preexisting RNA. The half-life of a transcript is
calculated based on the ratio of its preexisting frac-
tion to its total amount. Incorporation of 4sU
(250 uM, Sigma) into the newly synthesized tran-
scripts was carried out for 1 h at 37 °C and 5%
CO,. The culture medium was then rapidly aspi-
rated and cells were lysed in TRI Reagent (Sigma
Aldrich). Extraction with chloroform was performed
and RNA was precipitated with 2-propanol. The pel-
lets were dissolved in water and diluted to a concen-
tration of 1 pg/uL. One hundred pg of RNA was
biotinylated for 1.5 h at room temperature in a
biotinylation buffer (10 mM Tris-HCI, pH 7.4, 1 mM
EDTA) using EZ-Link HPDP-Biotin (0.2 mg/mL;
Pierce). RNA extraction was then performed with
chloroform/isoamyl alcohol (24:1) and the RNA
was then precipitated using 2-propanol and
0.25 M NaCl. The pellets were dissolved in water
and diluted to a concentration of 1 pg/uL. Then
50 ng of biotinylated RNA was denatured for
10 min at 65 °C, then rapidly cooled on ice and incu-
bated for 15 min at room temperature with 50 pL of
streptavidin-coupled Dynabeads (Thermo Scien-
tific). Unbound RNA (preexisting fraction) was
transferred to new tubes. In further quantitative
analyses the total RNA fraction and the preexisting
fraction were used. The northern technique was
used to measure the levels of individual transcripts
as described above. Each sample was run in dupli-
cate on a 1% agarose gel containing formaldehyde
(0.9%). For preparation of strand-specific [0-32P]
UTP-labeled riboprobes, PCR products were used
as templates covering the following mtDNA frag-
ments: 3652—4029 (ND1), 15088-15499 (CytB),
7586—7900 (COX2) and 8631-8932 (ATP8/6). After
hybridization, exposure to phosphorimager
screens, and data collection with a Typhoon FLA
9000 scanner (GE Healthcare), the intensity of the
obtained signals was quantified using Multi Gauge
V3.0 software (FujiFilm). RNA half-lives were calcu-
lated from the following equation: t1o=-(t x In2 / In
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(1-R)), where t is time (in hours) of RNA labeling
with 4sU (1 h) and R is the ratio of the amount of
preexisting RNA to the amount of total RNA.

Mitochondrial translation evaluation

For the mitochondrial translation evaluation, cells
were seeded at a density of 1.7 x 108 in 6 mm Petri
dish the day before the experiment. After 24 h, the
medium was changed with methionine/cysteine-
free DMEM with the addition of FBS and
Glutamine 1 mM and cells were placed in it at
37 °C for 1 h. Then, emetine was added to the
medium to a final concentration of 100 pg/mL and
cells were further incubated at 37 °C for 10 min.
EasyTag™ EXPRESS®S Protein Labeling Mix
was added to the medium to a final concentration
of 200 uCi/mL and the labeling was performed at
37 °C for 1 h. Cells were then washed twice with
PBS, collected and resuspended in lysis buffer
[PBS, protease inhibitor cocktail, PMFS 200 mM,
0.1% DDM, Viscolase, 1% SDS], incubated on ice
for 15 min and then centrifuged at 14,000g for
20 min. The supernatant was collected, protein
content was quantified with the Bradford reagent,
and protein extracts were separated on SDS-
PAGE at 15%. Gels were dried, and digital
autoradiography was used for gel analysis with a
Typhoon FLA 9500 scanner (GE Healthcare),
followed by use of ImageQuant software (GE
Healthcare).

BN-PAGE and OXPHOS efficiency evaluation

To test OXPHOS complexes stability, 500 ng of
mitochondria isolated from Scr, shRNA, and
APE1YT clones were lysed in 1X NativePAGE
Sample Buffer (LifeTechnologies) with 6 mg/mg
mitochondria of Digitonin (Calbiochem) in a final
volume of 50 puL. Samples were incubated on ice
for 15 min and then centrifuged at 20,0009 and
4 °C for 30 min. The supernatant was transferred
into a new tube, quantified with the Bradford
reagent, and 45 ng were separated on BN-PAGE.
NativePAGE 5% G-250 Sample Additive
(LifeTechnologies) was added to each sample
before electrophoresis, which was performed on

the NativePAGE Novex Bis-Tris Gel System
(LifeTechnologies) with 4-16% Bis-Tris gels,
following manufacturer's instructions.  After
electrophoresis, gels were stained with
Coomassie R-250 stain.

Oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) were
determined by direct measurement with a
SeaHorse Extracellular Flux Analyzer XpE
instrument  (Seahorse  Bioscience, Agilent

Technologies). The day before the measurement,
6 x 10* cells were seeded in XF cell culture
microplates in a volume of 100 pL and left under
the hood for 1 h to let the cells adhere to the
bottom of the plate. The total volume of the wells

17

was then adjusted to 500 pL and cells were left in
the incubator O/N at 37 °C and with 5% CO,
pressure. The next day, cells were washed twice
with PBS and incubated with XF assay medium
supplemented with 10 mM glucose, 1 mM
glutamine and 1 mM pyruvate (pH 7.4) and placed
in an incubator at 37 °C without CO, for 1 h. OCR
and ECAR for the mitochondrial stress test were
determined following the manufacturer’s
instructions. Briefly, ports in the cartridge plate
were loaded with 1 pM oligomycin, 1 uM FCCP
and, finally, a mixture of 0.25 pM Rotenone and
0.25 puM Antimycin A. Real-time OCR was
averaged and recorded three times during each
conditional cycle. Then cells were collected, lysed,
and total protein content was measured with the
Bradford reagent to normalize the number of cells
for each well. For the statistical analysis, all values
were normalized for the control (Scr) clone.

Statistical analyses

If not otherwise specified, data reported
represents the mean + SD of three independent
biological replicates. Statistical analyses on

biological data were performed using the Microsoft
Excel data analysis program for Student’s t-test
analysis. Differences were considered to be
statistically significant at p < 0.05.
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