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Naphthoquinone-induced arylation inhibits Sirtuin 7 activity
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ABSTRACT

Natural or synthetic naphthoquinones have been identified to
interfere with biological systems and, in particular, exhibit
anticancer properties. As redox cyclers, they generate reactive
oxygen species in cells and, as electrophiles, they react with
nucleophiles, mainly thiols, and form covalent adducts. To further
decipher the molecular mechanism of action of naphthoquinones in
human cells, we analyzed their effects in Hela cells. First, we
demonstrated that the naphthoquinones menadione and plumbagin
inhibited the nucleolar NAD*-dependent deacetylase Sirtuin 7 in vitro.
As assessed by their inhibition of rDNA transcription, pre-rRNA
processing and formation of etoposide-induced 53BP1 foci,
menadione and plumbagin also inhibited Sirtuin 7 catalytic activity
in vivo. Second, we established that when sulfhydryl arylation by
menadione or plumbagin was prevented by the thiol reducing agent
N-acetyl-L-cysteine, the inhibition of Sirtuin 7 catalytic activity was
also blocked. Finally, we discuss how inhibition of Sirtuin 7 might
be crucial in defining menadione or plumbagin as anti-tumor agents
that can be used in combination with other anti-tumor strategies.

KEY WORDS: rDNA transcription, pre-rRNA processing, 53BP1,
Menadione, Plumbagin, SIRT7

INTRODUCTION
Quinones constitute a group of organic compounds that interact with
biological systems. They can have inflammatory and anti-
inflammatory effects (Checker et al., 2009), and exhibit properties
that might be useful in cancer therapy (Qiu et al., 2018). The
naphthoquinones are of particular interest as therapeutics as they
occur naturally in a number of plants from which they are readily
extracted. Naphthoquinones are also interesting from a toxicological
perspective, because they are present in the atmosphere as bioactive
environmental contaminants. In addition to passive exposure to
naphthoquinones themselves, exposure to their precursor
naphthalene, the major polynuclear aromatic hydrocarbon present in
ambient air, is also significant. Naphthalene is biologically converted
to naphthoquinones (Kumagai et al., 2012), and thus its inhalation
also constitutes a potential route to naphthoquinone exposure.
Naphthoquinones act in cells through two main molecular
mechanisms. First, as redox cyclers, they induce oxidative stress
by generating reactive oxygen species (ROS) and second, as
electrophiles, they react with nucleophiles, such as thiols or
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amines, and form adducts via the Michael addition reaction (Klotz
et al., 2014). Several studies have shown that numerous cellular
proteins go through covalent modification by electrophilic reactions
with naphthoquinones and to a greater degree with quinones. For
example, 2-methyl-1,4-naphthoquinone, also designated vitamin K;
or menadione, was reported to inhibit in vitro protein tyrosine
phosphatases (PTPs), most likely by arylating the cysteine residues
present in their active sites, and to consequently activate the
extracellular signal-regulated kinases 1 (ERKI1, also known as
MAPK3) and 2 (ERK2, also known as MAPK1) (Klotz et al., 2002).
Consistent with this, 1,2-naphthoquinone was shown to negatively
regulate the phosphatase PTP1B (also known as PTPN1) by forming
covalent adducts and to cause a durable phosphorylation of
epidermal growth factor receptor (Iwamoto et al., 2007). More
recently, 1,4-benzoquinone and etoposide quinone, a reactive
metabolite of etoposide, have been shown to alter PTPN2 catalytic
activity by irreversibly forming a covalent adduct at the catalytic
cysteine residue of the enzyme (Duval et al., 2019; Nian et al., 2019).
Such an arylation reaction is also most likely responsible for the
cdc25 inhibition induced by menadione (Wu and Sun, 1999) and by
2-(2-mercaptoethanol )-3-methyl-1,4-naphthoquinone, a synthetic
thioalkyl vitamin K analogue called compound 5. Notably, the
antiproliferative activity and phosphatase inhibition of compound 5
are antagonized by exogenous thiols but not by non-thiol
antioxidants (Tamura et al., 2000).

The maintenance of cellular redox homeostasis involves different
mechanisms, including the regulation by sirtuins (Singh et al.,
2018). Indeed, mammalian sirtuins (Sirtuins 1-7, also known as
SIRT1-SIRT7) are involved in the control of critical metabolic
pathways such as stress response, apoptosis, DNA repair, cell
cycle, genomic stability and gene expression. Sirtuins are protein
deacetylases or ADP ribosyltransferases, also designated class III
histone deacetylases (Blander and Guarente, 2004), and are
composed of one conserved NAD-dependent catalytic core
domain and of variable N-terminal and C-terminal extensions that
contribute to their localization and substrate specificity. The most
extensively studied sirtuin, Sirtuin 1, is mainly localized to the cell
nucleus (Sun and Fang, 2016) and has many substrates including
key redox-related transcription factors such as FOXO3a and p53
(Singh et al., 2018). Sirtuin 2 is a predominantly cytoplasmic
protein during interphase (Michishita et al., 2005), and among the
identified Sirtuin 2 deacetylation substrates, some are linked to
redox homeostasis such as FOXO3a and NF-xB (Singh et al,,
2018). The mitochondrial sirtuins (Sirtuins 3—5) (Michishita et al.,
2005) have been reported to regulate the production of ROS in
mitochondria, to be crucial in the repair of mitochondrial DNA and/
or to be strongly associated with oxidative stress signaling (Singh
et al., 2018). Nuclear Sirtuin 6 also participates in oxidative stress
resistance (Wang et al., 2016) and was reported to be required for
coactivation of the nuclear factor erythroid 2-related factor 2
(NRF2), one of the master regulators of antioxidant responses.

The last sirtuin, Sirtuin 7, is localized to nucleoli (Michishita
etal., 2005), and was shown to be involved in rDNA transcription in
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humans (Ford et al., 2006; Grob et al., 2009). It has been reported to
be essential for early pre-rRNA processing (Chen et al., 2016), and
especially for 45S pre-rRNA cleavage at site 2 (Sirri et al., 2019).
Sirtuin 7 is directly implicated in DNA damage repair and in the
maintenance of genome integrity (Tang et al., 2019; Vazquez et al.,
2016). To date, there is no clear data regarding a possible role of
Sirtuin 7 in the balance between the ROS production and
antioxidant defenses. However, the fact that cellular stresses,
which rapidly induce nucleolar oxidation, are often accompanied by
dramatic changes in the organization and composition of nucleoli
(Boulon et al., 2010), and that the morphology of nucleoli is
intimately linked to nucleolar activities which are regulated by
Sirtuin 7 (Sirri et al., 2019) raises the possibility that Sirtuin 7 might
at least be sensitive to the redox status. Whatever the possible role of
Sirtuin 7, nucleolar stress sensitivity involves a redox mechanism,
as already established for the nucleoplasmic translocation of
nucleolar protein nucleophosmin (NPM1, also called B23) (Yang
et al., 2016).

To further decipher how naphthoquinones act in cells, we
analyzed the effects of the naphthoquinones menadione, plumbagin
and lawsone. First, we demonstrated that unlike lawsone,
menadione and plumbagin inhibited the catalytic activity of
Sirtuin 7 in vitro. As assessed by the inhibition of rDNA
transcription, pre-rRNA processing and formation of etoposide-
induced 53BP1 foci, menadione and plumbagin also inhibited the
catalytic activity of Sirtuin 7 in vivo. Second, we established that in
experimental conditions in which sulthydryl arylation by
menadione or plumbagin was prevented by the thiol reducing
agent N-acetyl-L-cysteine (NAC), the menadione- or plumbagin-
induced inhibition of Sirtuin 7 catalytic activity was also prevented.
We discuss the importance of Sirtuin 7 in determining the efficacy
of menadione or plumbagin as anti-tumor agents.

RESULTS

Naphthoquinones are highly cytotoxic. They induce oxygen free
radicals and other reactive species (Klaus et al., 2010) which interact
strongly with proteins and DNA. The introduction of carbonyl
groups on certain amino acids can be used as a hallmark of the
oxidation status of proteins, as seen in the metal-catalyzed oxidation
of proteins (Stadtman, 1993). Similarly, DNA damage can be
assessed by detecting the phosphorylation of the histone H2AX,
which is involved in the formation of a stable repair complex at the
site of DNA damage (Rogakou et al., 1998).

Some naphthoquinones induce oxidative modifications of
proteins and DNA damage

To verify the effects of naphthoquinones on HeLa cells, cells were
treated with naphthoquinones and compared with untreated cells or
with cells treated with the DNA-damaging agent etoposide or the
oxidizing agent tert-butyl hydroperoxide (tBHP). The oxidative
modifications of proteins were then detected and quantified using the
OxyBlot Protein Oxidation Detection Kit (Merck, Fig. 1Aa—). For
this purpose, cells were first lysed in the presence of 2% 2-
mercaptoethanol to inhibit further oxidation, and the carbonyl groups
in the protein side chains were derivatized to 24-
dinitrophenylhydrazone (DNP-hydrazone). The mean values from
three independent experiments showed that with the exception of
lapachol and lawsone, the naphthoquinones rapidly induced an
increase in the levels of derivatized carbonyl groups, which were
higher than those observed for the positive control tBHP (Fig. 1 Ac).
As expected, this increase was not observed for cells treated with
etoposide as a negative control.

To analyze the effects of naphthoquinones on DNA damage,
HeLa cell extracts were prepared from untreated cells, cells treated
with naphthoquinones and etoposide-treated cells. The cell extracts
were then used to analyze histone H2AX phosphorylation
(Fig. 1Ba). The mean values from three independent experiments
showed that similar to the effects of etoposide, the naphthoquinones
induced phosphorylation of the histone H2AX, with the exception
of lapachol and lawsone, for which the signals obtained using the
anti-phospho-H2 AX antibody were comparable to those obtained in
the absence of any treatment (Fig. 1Bb).

Menadione impairs DNA repair in vivo and Sirtuin 7 activity

in vitro

To further analyze the effect of naphthoquinones on DNA repair, and
more precisely on the recruitment of the DNA damage response factor
53BP1 (also known as TP53BP1) to DNA double-strand breaks,
U20S and HeLa cells were treated with etoposide or menadione,
following which cells were immunolabeled using anti-phospho-H2AX
and anti-53BP1 antibodies. We observed that untreated U20S cells
exhibited low levels of DNA damage (Fig. 2A) compared with
untreated HeLa cells (Fig. S1). However, in agreement with the results
obtained by immunoblotting (Fig. 1B), immunofluorescence labeling
obtained with the anti-phospho-H2AX antibody largely increased after
the etoposide and menadione treatments (Fig. 2Ae,h; Fig. Sle.h)
compared to untreated cells (Fig. 2Ab; Fig. S1b). Unexpectedly,
whereas the DNA-damaging agent etoposide induced the formation of
53BP1 foci (Fig. 2Af; Fig. S1f), menadione did not affect the
localization of 53BP1 (compare Fig. 2Ac with Fig. 2Ai, and Fig. Slc
with Fig. Sli) even if the phosphorylation of histone H2AX still
occurred (Fig. 2Ah; Fig. Sth). The formation of 53BP1 foci was
prevented by the presence of menadione but was still feasible, as
observed after washing to remove menadione and culturing the cells
for an additional 2 or 3 h (Fig. S2).

Because Sirtuin 7 was reported to regulate 53BP1 recruitment to
damaged chromatin (Vazquez et al., 2016), we wondered if Sirtuin 7
activity was affected by tBHP or by naphthoquinones (namely,
menadione, plumbagin and lawsone). For this purpose, we tested
whether Sirtuin 7 could deacetylate the acetylated lysine 18 of histone
H3 (H3K18-Ac) in vitro (Sirti et al., 2019). Purified recombinant
Sirtuin 7 was preincubated with tBHP or naphthoquinones, and used to
perform in vitro deacetylase assays on a fluorescent H3K 18-Ac peptide.
Deacetylation of the H3K 18-Ac peptide was monitored and quantified
as previously described (Duval et al., 2015) using reverse phase ultra-
fast liquid chromatography (RP-UFLC). As observed in Fig. 2B,
menadione and plumbagin significantly inhibited Sirtuin 7 deacetylase
activity whereas lawsone did not. Interestingly, no significant effect on
Sirtuin 7 activity was observed for the oxidizing agent tBHP.

Menadione and plumbagin impair rDNA transcription in vivo

Using siRNA-mediated Sirtuin 7 knockdowns, we and others have
previously demonstrated that the activity of nucleolar Sirtuin 7 is
essential for in vivo rDNA transcription (Ford et al., 2006; Grob
et al., 2009). To build on this observation and to further clarify the
effect of naphthoquinones on Sirtuin 7 in vivo, we analyzed the
effects of menadione, plumbagin and lawsone on nucleolar 5-
fluorouridine (FU) incorporation, i.e. on rDNA transcription. As
shown in Fig. 3A, rDNA transcription was clearly visualized in
untreated cells and in lawsone-treated cells, but little, if any,
nucleolar FU incorporation was observed in menadione- or
plumbagin-treated cells. To directly compare menadione-induced
inhibition of Sirtuin 7 activity with that induced by sirtinol, a
selective sirtuin inhibitor that effectively inhibits Sirtuin 7 catalytic
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Fig. 1. Naphthoquinones induce oxidative modifications of proteins and DNA damage. (A) Hela cells were treated with either etoposide (20 pM), tBHP
(100 pM), menadione (40 pM), plumbagin (20 pM), juglone (20 uM), 1,4-naphthoquinone (20 uM), DMNQ (40 pM), lapachol (40 pM) or lawsone (40 pM) for 1 h.
The oxidative modifications of proteins were detected and quantified using the OxyBIlot Protein Oxidation Detection Kit. The DNP-derivatized proteins were
separated by SDS-PAGE and revealed by immunoblotting using an anti-DNP antibody (a). After membrane stripping, immunoblotting was carried out using an
anti-a-tubulin antibody (b). The anti-DNP signals were quantified for three independent experiments, including the one presented in Aa,b, normalized using the
o-tubulin signals and averaged (c). The results are expressed as a percentage of the mean value for untreated cells. Error bars represent meanzs.d. *P<0.05,
one-way ANOVA followed by Dunnett’s multiple comparison test. (B) HelLa cells were untreated or identically treated with etoposide or naphthoquinones. DNA
damage was analyzed by detecting phospho-H2AX. Immunoblotting was simultaneously performed using anti-a-tubulin and anti-phospho-H2AX antibodies (a).
The apparent white space in panel a corresponds to the limit of the two membranes used to constitute panel a. The anti-phospho-H2AX signals were quantified for
three independent experiments including the one presented in Ba, normalized using the o-tubulin signals and averaged (b). The results are expressed as fold
changes, i.e. ratios of the observed values to the mean value measured for untreated cells. Error bars represent meanzs.d. *P<0.05, one-way ANOVA followed by

Dunnett’'s multiple comparison test.

activity in vitro (Sirri et al., 2019), HeLa cells were treated
with sirtinol or menadione. The nucleolar marker fibrillarin (FBL)
was used to identify and delineate nucleoli (Fig. 3Ba) and to
perform quantification of nucleolar FU incorporation, i.e. rDNA
transcription, in an automated manner (Fig. 3Bb). The results
showed that menadione inhibited rDNA transcription more
efficiently than sirtinol.

Considering that menadione affects two Sirtuin 7-dependent
functions, namely the formation of etoposide-induced 53BP1 foci
and rDNA transcription in vivo, and also inhibits Sirtuin 7 activity in
vitro, it seemed likely that menadione directly inhibits Sirtuin 7
activity. However, as it has been previously established that several
quinones inhibit PTPs (Klotz et al., 2002; Iwamoto et al., 2007,
Duval et al., 2019; Nian et al., 2019), we verified that menadione-
induced impairment of DNA repair and inhibition of rDNA
transcription described above was not caused by the inhibition of
PTPs. We clearly observed that treatment with the PTP inhibitor
sodium orthovanadate (Na3;VOy,) did not influence either etoposide-
induced 53BP1 foci formation or -DNA transcription (Fig. S3), and

therefore, the menadione-induced effects do not directly or
indirectly result from the inhibition of PTPs.

Menadione and plumbagin impair pre-rRNA processing

To further elucidate the effects of menadione and plumbagin on
nucleolar activity and to definitively establish that they inhibit in
vivo Sirtuin 7 activity, we first investigated whether menadione
treatment interfered with pre-rRNA processing, which, similarly to
rDNA transcription, depends on the activity of Sirtuin 7. In
particular, using siRNA-mediated Sirtuin 7 depletion, we
previously established that Sirtuin 7 is primarily essential for 45S
pre-tfRNA cleavage at site 2 (Sirri et al., 2019). To more directly
evaluate the effect of menadione on pre-rRNA maturation, rDNA
transcription was suppressed by using actinomycin D (AMD),
which has been shown to induce a total inhibition of rDNA
transcription within 10 min (Popov et al., 2013). Total RNA was
extracted from HeLa cells treated with AMD only or with AMD and
menadione for increasing lengths of time, and from untreated cells.
They were analyzed by northern blotting using the external
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Fig. 2. Menadione impairs DNA repair in vivo and Sirtuin 7 activity in vitro. (A) The recruitment of 53BP1 to DNA double-strand breaks was analyzed in U20S
cells that were untreated (a—c), treated with etoposide (20 uM) (d—f) or menadione (60 uM) (g—i) for 30 min. Immunofluorescence labeling was performed using
anti-phospho-H2AX (b,e,h) and anti-53BP1 (c,f,i) antibodies. z-maximum projections are shown. Images are representative of three independent experiments.
Scale bar: 10 ym. (B) Purified recombinant human Sirtuin 7 was first preincubated with DMSO, tBHP (100 uM), menadione (40 uM), plumbagin (20 pM) or
lawsone (40 uM) for 30 min at room temperature, and in vitro Sirtuin 7 deacetylase assays were performed on 50 uM fluorescent H3K18-Ac peptides in the
presence of 6 mM NAD™ for 2 h at 37°C. Results are expressed as a percentage of the control values (i.e. values obtained with preincubation of recombinant
human Sirtuin 7 with DMSO). Error bars represent meanzs.d. n=3. *P<0.05, one-way ANOVA followed by Dunnett’'s multiple comparison test.

transcribed spacer (ETS) probe (Fig. 4A), allowing the detection of
478, 458 and 30S pre-rRNAs. The levels of 47S/45S and 30S pre-
rRNAs analyzed in the presence of menadione (Fig. 4A, lanes 2-5)
were clearly higher than those seen in the absence of menadione
(Fig. 4A, lanes 6-9). These results were similar to those obtained
when similar experiments were performed using sirtinol (Sirri et al.,

2019). This indicates that menadione treatment interferes with
several pre-rRNA processing events, particularly with Sirtuin 7-
dependent events such as 45S pre-rRNA cleavage at site 2 (Sirri
et al., 2019), and therefore supports that menadione inhibits Sirtuin
7. This interference with pre-rRNA processing was also observed
for plumbagin, but not for lawsone or tBHP, which do not exhibit
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Fig. 3. Menadione and plumbagin impair rDNA transcription in vivo. (A) HelLa cells were treated with menadione (40 uM), plumbagin (4 uM) or lawsone
(40 uM) for 1 h and cultured in medium containing 5-FU for the last 15 min of culture before being analyzed for 5-FU incorporation. Images are representative of
three independent experiments. (B) HeLa cells were treated with sirtinol (100 uM) or menadione (40 uM) for 1 h, or not treated, and cultured in medium containing
5-FU for the last 15 min of culture before being processed to reveal 5-FU incorporation and fibrillarin. z-maximum projections of confocal immunofluorescence
images representative of three independent experiments are shown (a). Scale bars: 10 ym. Quantification of rDNA transcription was conducted in an automated
manner in at least 50 cells (b). The results were expressed as a percentage of the mean values of untreated cells. Error bars represent meants.d. *P<0.05,

Kruskal-Wallis test followed by Dunn’s multiple comparison test.

any inhibitory effect on Sirtuin 7 activity in vitro (Fig. 2B), or for
etoposide. As shown in Fig. 4B, northern blot analysis using the
ETS probe showed that the 47S/45S and 30S pre-rRNAs were
barely observed when the cells were treated with AMD alone or with
AMD and etoposide, tBHP or lawsone. Conversely, they were
clearly visible when the cells were treated with AMD and
menadione or plumbagin, showing that pre-rRNA processing was

notably slowed by these two naphthoquinones, suggesting that they
exhibit inhibitory effects on Sirtuin 7 in vitro (Fig. 2B).

Menadione-induced inhibition of rDNA transcription and
pre-rRNA processing is slowly reversed

As shown above, rDNA transcription and pre-tRNA processing,
both Sirtuin 7-dependent functions, are impaired by menadione in
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Fig. 4. Menadione and plumbagin impair pre-rRNA processing. (A) Total RNAwas extracted from untreated HeLa cells and from HeLa cells treated for 15 min to
2 h with AMD or with AMD plus menadione (40 pM). Northern blot analysis was performed using the ETS probe allowing the detection of 47S, 45S and 30S pre-
rRNAs. RNA loaded on the gel was detected by ethidium bromide staining (left) and northern blot analysis (middle), and cropped parts of the northern blot are

presented on the right after applying a global intensity adjustment. (B) Total RNA was extracted from untreated Hela cells and from HelLa cells treated for 1 h with
AMD or with AMD plus either etoposide (20 uM), tBHP (100 uM), menadione (40 uM), plumbagin (20 uM) or lawsone (40 uM). RNA loaded on the gel was detected
by ethidium bromide staining (left) and northern blot analysis performed using the ETS probe (right). Images are representative of three independent experiments.

vivo. To better assess menadione-mediated inhibition of Sirtuin 7
activity, we first wondered whether the effect of menadione on
rDNA transcription was reversible. HeLa cells were treated with
menadione for 30 min, and then, the cells were washed to remove
menadione and cell culture was resumed for 30 min, 2h or 3 h. In
each condition, the cells were analyzed for FU incorporation and to

localize fibrillarin used as a nucleolar marker. As shown in Fig. 5A,
nucleolar rDNA transcription, indicated by FU incorporation,
which was clearly visualized in untreated cells, was no longer
observed in cells treated with menadione. However, the inhibition of
rDNA transcription was apparently released after the removal of
menadione, and therefore, FU incorporation was observed 2 or 3 h
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Fig. 5. Menadione-induced inhibition of rDNA transcription and pre-rRNA processing is slowly reversed. (A) Hela cells were treated with menadione
(40 uM) for 30 min and then washed and cultured further without menadione for 30 min, 2 h or 3 h. In all cases, cells were cultured in medium containing 1 mM 5-
FU for the last 15 min of culture before being analyzed for 5-FU incorporation and the nucleolar marker fibrillarin. z-maximum projections are shown. Scale bar:
10 um. (B) Quantification of rDNA transcription conducted in an automated manner in at least 50 cells. Results are expressed as a percentage of the mean values
of untreated controls. Error bars represent meanzs.d. *P<0.05, Kruskal-Wallis test followed by Dunn’s multiple comparison test. (C) Total RNA was extracted from
untreated Hel a cells, from Hela cells treated with menadione (40 uM) for 30 min, and from HelLa cells treated with menadione (40 pM) for 30 min and then
washed and cultured further without menadione for 30 min, 1 h, 2 h or 3 h. RNA was detected by ethidium bromide staining (left) and northern blot analysis
performed using the ETS probe (middle), and the cropped part of the northern blot analysis is presented on the right after applying a global intensity adjustment.
(D) Total RNA was extracted from HeLa cells transfected with control siRNAs, or with siRNAs targeting fibrillarin or Sirtuin 7. Northern blot analysis was then
performed using the ETS probe. Images are representative of three independent experiments.

after washes (Fig. 5A). Automated quantification of rDNA
transcription from at least 50 cells (Fig. 5B) confirmed that the in
vivo menadione-mediated inhibition of rDNA transcription was
gradually released after the removal of menadione, i.e. after washing
and culture in a fresh menadione-free culture medium. As for pre-
rRNA processing, total RNA was prepared from untreated HeLa

cells, HeLa cells treated with menadione and menadione-treated
HeLa cells that were washed and cultured without menadione for
various durations, as described above. Northern blot analysis using
the ETS probe showed that, in accordance with the observed
inhibition of IDNA transcription by menadione, 47S/45S pre-rRNA
levels decreased in cells treated with menadione (Fig. 5C, compare

7

Q
Y
C
ey
()
v
ko]
O
Y=
(©)
©
c
—
>
(®)
-



RESEARCH ARTICLE

Journal of Cell Science (2022) 135, jcs259207. doi:10.1242/jcs.259207

lanes 1 and 2) and this occurred in spite of the menadione-induced
defect of pre-rRNA processing noted above (Fig. 4). Conversely,
rDNA transcription and pre-rRNA processing resumed after
washing the cells of menadione. The resumption of rDNA
transcription can be inferred from the accumulation of 47S/45S
and 30S pre—rRNAs, which were visible from 1 h after the removal
of menadione (Fig. 5C, lanes 4—6). The increase of 45S and 30S pre-
rRNAs also demonstrates that pre-rRNA processing occurred in
cells after removal of menadione. The increase of 30S pre-rRNA
implied the cleavage of the 45S pre-rRNA at site 2, which involves
Sirtuin 7 activity (Sirri et al., 2019), as demonstrated by comparing
pre-tfRNA profiles in control cells and Sirtuin 7-depleted cells
(Fig. 5D, compare lanes 1 and 3). Even if Sirtuin 7 activity was
slowly restored, it was noteworthy that the pre-rRNA patterns
obtained after 2 h (Fig. 5C, compare lanes 1 and 5) or 3 h (Fig. 5C,
compare lanes 1 and 6) of recovery were different from those seen in
untreated cells, and therefore menadione-induced changes in the
kinetics of some pre-rRNA processing steps remained at least 3 h
after removal of menadione. In particular, an accumulation of 478,
34S and 30S pre-rRNAs and a decrease of 45S pre-rRNA, i.e. the
lower band of the doublet visible in the upper part of the pre-TRNA
patterns, were observed. All these changes could be explained by a
defect in the cleavages of pre-rRNAs involving box C/D small
nucleolar ribonucleoprotein particles (snoRNPs) such as the U3
snoRNP (Langhendries et al., 2016). This argument is supported by
the fact that these results can be reproduced by siRNA-mediated
depletion of fibrillarin, one of the four core proteins present in all
box C/D snoRNPs (Fig. 5D, compare lanes 1 and 2). As better
evidenced after applying a global intensity adjustment (Fig. 5C,
lanes 1-6), 34S pre-rRNA was scarce in menadione-treated HelLa
cells but became more abundant after removal of menadione, i.e.
when rDNA transcription and slightly modified pre-rRNA
processing were restored.

However, the fact that menadione-induced inhibition of rDNA
transcription, pre-rRNA processing (Fig. 5) and formation of 53BP1
foci (Fig. S2) were reversed after about 3 h without menadione
showed that Sirtuin 7 activity was slowly restored. It also raised the
question of whether the resumption of Sirtuin 7 activity was actually
due to the release of Sirtuin 7 inhibition or due to newly synthesized
Sirtuin 7. To ascertain this, we analyzed the formation of 53BP1
foci in the presence of cycloheximide (CHX), a protein synthesis
inhibitor. The recruitment of 53BP1 to DNA double-strand breaks
was analyzed in U20S cells that were treated with 60 uM
menadione for 30 min, washed and cultured for an additional 3 h
with or without CHX. Etoposide was added for the last 30 min of
culture and the formation of 53BP1 foci was compared (Fig. S4A).
We clearly observed that in the presence of CHX, the menadione-
induced inhibition of 53BP1 foci formation was not reversed. In the
absence of menadione treatment, CHX exposure did not inhibit the
etoposide-induced formation of 53BP1 foci in U20S cells
(Fig. S4B), and thus, it is likely that the resumption of Sirtuin 7
activity was actually because of Sirtuin 7 synthesis and not due to
the release of Sirtuin 7 inhibition. However, we cannot exclude that
the resumption of Sirtuin 7 activity was linked to protein synthesis
without being directly due to the synthesis of Sirtuin 7.

NAC counteracts menadione- or plumbagin-induced effects

Our results showed that certain naphthoquinones, in particular
menadione and plumbagin, inhibited Sirtuin 7 both in vitro and in
vivo, whereas others, such as lawsone or lapachol, had no effect.
Consequently, we wondered what mechanism could explain the
naphthoquinone-induced inhibition of Sirtuin 7. Because menadione

and plumbagin induce oxidative modifications of proteins (Fig. 1A),
we wondered whether naphthoquinone-induced Sirtuin 7 inhibition
was caused by oxidative modifications even though the oxidizing
agent tBHP had no significant effect on Sirtuin 7 activity. To test this
hypothesis, we performed immunoprecipitation of Sirtuin 7 and
analyzed its oxidative modifications. HeLa cells expressing Sirtuin 7
tagged with green fluorescent protein (GFP) were treated with
menadione and then lysed in the presence of 1% 2-mercaptoethanol,
thus inhibiting further oxidation. The lysates were then processed for
GFP-Sirtuin 7  immunoprecipitation.  Potential  oxidative
modifications of GFP-Sirtuin 7 were detected and quantified using
the OxyBlot Protein Oxidation Detection Kit. DNP-derivatized
protein samples were separated and revealed by immunoblotting
using first the anti-DNP antibody and then the anti-Sirtuin 7 antibody
(Fig. S5). Our results did not show any oxidative modification of the
GFP-Sirtuin 7 immunoprecipitated from extracts prepared from
menadione-treated cells for which, as expected, the global levels of
oxidized proteins were increased. In accordance with the fact that
tBHP had no significant effect on Sirtuin 7 activity, it was therefore
very unlikely that inhibition of Sirtuin 7 is linked to oxidative
modifications of the protein.

Menadione and plumbagin have redox-cycling activity but also
thiol (sulfhydryl)-reactive properties, as evidenced by their UV—
visible absorption spectra in the presence and absence of the thiol
reducing agent N-acetyl-L-cysteine (NAC) (Vasudevarao et al.,
2014). Indeed, NAC addition resulted in changes to the UV—visible
absorption spectra of plumbagin (Fig. 6Ac) and menadione
(Fig. 6Ad). Conversely, the UV-visible absorption spectra of
lawsone, which is unable to react with NAC (Vasudevarao et al.,
2014), and of the non-alkylating redox-cycling quinone 2,3-
dimethoxy-1,4-naphthoquinone (DMNQ) were not influenced by
NAC (Fig. 6Aa,b).

NAC also influences the menadione- or plumbagin-induced
phosphorylation of ERK (here referring to ERK1/2) in HeLa
(Fig. 6B,C). Menadione-induced ERK phosphorylation was found
to be the consequence of PTP inhibition by sulthydryl arylation and
not by redox cycling (Klotz et al., 2002; Carr et al., 2002), and
accordingly, ERK phosphorylation was observed in HeLa cells
treated with menadione or plumbagin (Fig. 6B, compare lanes 1, 7
and 9), but not in HeLa cells treated with compounds inducing redox
cycling such as hydrogen peroxide or DMNQ (Fig. 6B, compare
lanes 1, 3 and 5). It is noteworthy that even if redox cycling was
previously excluded as the main mechanism responsible for ERK
phosphorylation following menadione treatment, Klotz et al. (2002)
reported that DMNQ treatment induced ERK phosphorylation in
WB-F344 rat liver epithelial cells. ERK phosphorylation was no
longer observed in HeLa cells pre-treated with NAC prior to
menadione or plumbagin treatment (Fig. 6B, compare lanes 2, 8 and
10; Fig. 6C), showing that NAC, by interfering with the thiol-reactive
properties of menadione and plumbagin, completely abrogated the
menadione- or plumbagin-induced effects in HeLa cells.

NAC counteracts menadione- or plumbagin-induced

inhibition of rDNA transcription and pre-rRNA processing
Sirtuin 7 contains 11 cysteines, and, in particular, four cysteines
(Cys195, Cys198, Cys225 and Cys228) in the Zn>*-binding motif
of the catalytic core (Mitra and Dey, 2020). Hence, we wondered
whether sulfhydryl arylation could explain in vivo menadione- and
plumbagin-induced Sirtuin 7 inhibition as assessed by the inhibition
of both rDNA transcription and pre-rRNA processing. To analyze
the influence of NAC on the inhibition of IDNA transcription, HeLa
cells were cultured in the presence of NAC for 2 h and then treated
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Fig. 6. NAC counteracts menadione- or plumbagin-induced effects. (A) UV-visible absorption spectra of lawsone (150 uM) and NAC (1.5 mM) alone and
together (a), UV—visible absorption spectra of DMNQ (150 uM) and NAC (1.5 mM) alone and together (b), UV-visible absorption spectra of plumbagin (150 uM)
and NAC (1.5 mM) alone and together (c) and those of menadione (150 pM) and NAC (1.5 mM) alone and together (d). (B) Protein extracts were prepared from
Hela cells that were pre-treated with NAC (10 mM) for 2 h and then treated with H,O, (500 uM) for 20 min or with DMNQ (40 uM), menadione (40 pM) or

plumbagin (20 uM) for 1 h, and then processed for immunoblotting with anti-phospho-ERK antibody (a). After membrane stripping, immunoblotting was carried
out simultaneously using anti-ERK (b) and anti-o-tubulin (c) antibodies. (C) The anti-phospho-ERK signals were quantified for three independent experiments
including the one presented in Ba, normalized using the ERK signals and averaged (meants.d.). The results are expressed as fold changes, i.e. ratios of the
observed values to the mean value measured for untreated cells in the absence of NAC pre-treatment. Results without and with NAC pre-treatment were

significantly different. *P<0.05, Mann—Whitney test.

with either menadione or plumbagin in the absence of NAC for 1 h.
Nucleolar transcription activity, i.e. rDNA transcription, was
assessed by FU metabolic labeling of RNAs synthesized during
the last 15 min of culture, as done before (Fig. 3). Cells were
analyzed for FU incorporation and the localization of the nucleolar
marker fibrillarin (Fig. 7, 5-FU and Fibrillarin). Loss of FU

incorporation after menadione and plumbagin treatment confirmed
that both of them inhibited rDNA transcription efficiently, and
fibrillarin labeling was decreased (Fig. 7, without pre-treatment). In
addition, NAC reversed the menadione- or plumbagin-induced
inhibition of IDNA transcription as well as the decrease in fibrillarin
labeling (Fig. 7, NAC pre-treated cells).
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To address the influence of NAC on menadione- or plumbagin-
induced impairment of pre-rRNA processing, total RNA was
extracted from HeLa cells that were cultured in the absence or
presence of NAC for 2 h, and then treated for 1 h with AMD or with
AMD and menadione or plumbagin. RNA extracts were analyzed by
northern blotting using the ETS probe (Fig. 8A), and 47S/45S or 30S
pre-rRNA levels were measured for cells cultured with or without
NAC, and treated with AMD alone, AMD and menadione, or AMD
and plumbagin (Fig. 8B). The northern blot analyses confirmed that
menadione and plumbagin slowed 47S/45S or 30S pre-rRNA
processing (Fig. 8A, compare lanes 1, 3 and 5; Fig. 8B), and
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showed that NAC pre-treatment partially attenuated the impairment of
pre-tTRNA processing induced by menadione or plumbagin, with a
stronger effect on plumbagin-treated cells. Nevertheless, it should be
noted that the influence of NAC on rDNA transcription was measured
during the last 15 min of treatment, whereas for pre-rRNA
processing, the measurements reflect the entire duration of the
treatments. Therefore, the latter measurements could be influenced
more strongly by the difference in reactivity between NAC and the
naphthoquinones and between the naphthoquinones and Sirtuin 7
cysteines. This could also explain why NAC appeared to counteract
the effects of plumbagin more easily than those of menadione. In

Plumbagin

* *
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Fig. 7. NAC counteracts menadione- or plumbagin-induced inhibition of rDNA transcription. HelLa cells were cultured with or without NAC (10 mM) for 2 h
and then treated with either menadione (40 uM) or plumbagin (20 uM) for 1 h. They were then cultured in a medium containing 5-FU for 15 min before being
processed to reveal 5-FU incorporation and to observe fibrillarin. z-maximum projections representative of three independent experiments are shown. Scale bar:
10 um. Numbers correspond to the quantification of rDNA transcription conducted in an automated manner in at least 50 cells and expressed as a percentage of
the mean values of untreated cells (meants.d.). *P<0.05, Kruskal-Wallis test followed by Dunn's multiple comparison test.
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Fig. 8. NAC counteracts menadione- or plumbagin-induced inhibition of pre-rRNA processing. (A) Total RNA was extracted from HeLa cells cultured in the
presence or absence of NAC (10 mM) for 2 h and then treated for 1 h with AMD alone or with AMD plus either menadione (40 pM) or plumbagin (20 pM). RNA
extracts were analyzed by northern blots using the ETS probe. (B) Three independent experiments were quantified. The levels of 47S/45S and 30S pre-rRNAs
were expressed as fold changes (meants.d.), i.e. ratios between the level of 47S/458S or 30S pre-rRNAs and that measured for cells cultured in the absence of
NAC pre-treatment and treated with AMD alone. Results without and with NAC pre-treatment were significantly different. *P<0.05, Mann—Whitney test.

addition, because the processing of 47S/45S pre-rRNAs generates the
30S pre-rRNA (Sirri et al., 2019), the NAC pre-treatment-induced
effects observed for the 47S/45S pre-rRNAs were more obvious than
those observed for the 30S pre-rRNA (Fig. 8B).

Our results established that NAC attenuates menadione- or
plumbagin-induced inhibition of rDNA transcription as well as
menadione- or plumbagin-induced impairment of pre-rRNA
processing. Consequently, it is most likely that NAC quenches
naphthoquinone-mediated inhibition of Sirtuin 7 by preventing the
menadione or plumbagin thiol-reactive property, i.e. the sulfhydryl
arylation of Sirtuin 7 by menadione or plumbagin.

DISCUSSION
Quinones are widely distributed in nature and occur in animals and
plants. They can be naturally present in the air or correspond to the
metabolic products of molecules that can be inhaled. They often
exhibit biological activities and therefore, they have been the subject
of intensive research. Some of these compounds, especially 1,4-
naphthoquinones, display anticancer activity, and thus, knowledge
of their cellular targets is essential to understand their molecular
mechanisms of action as anti-tumor agents.

A general mechanism to be considered first is that quinones
participate in the cell redox cycle and act as precursors of ROS
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which possibly leads to severe oxidative stress, and consequently, to
oxidation of cellular macromolecules such as DNA, RNA, lipids
and proteins (Klotz et al., 2014; Wellington, 2015). The increase of
intracellular ROS concentration mostly affects proteins by leading
to the accumulation of carbonyl and thiol groups, and therefore,
affects protein structure and function.

Beyond this general mechanism, naphthoquinones previously
recognized as potent cell growth inhibitors, such as menadione,
compound 5 and PD 49, have been shown to be selective inhibitors of
Cdc25 phosphatases (Kar et al., 2003; Tamura et al., 2000; Wu and
Sun, 1999) that regulate different aspects of cell cycle progression.
Interestingly, plumbagin exhibits anticancer activity because of its
inhibition of cell proliferation, induction of apoptosis, and its anti-
invasive and anti-angiogenic properties (Tripathi et al., 2019).
Plumbagin might act as a signaling modulator in cancer. Indeed, in
human gastric cancer cells, plumbagin potentiates apoptosis by
inhibiting the NF-xB signaling pathway (Jing et al., 2012).
Moreover, in esophageal cancer cells, plumbagin abrogates the
signal transducer and activator of transcription 3 (STAT3)-Polo-like
kinase 1 (PLK1)-protein kinase B (AKT) signaling pathway (Cao
et al., 2018). Plumbagin suppresses STAT3 activation through
inducing SH2-containing protein tyrosine phosphatase 1 (SHP1) as
shown in human multiple myeloma cells (Sandur et al., 2010) and
human gastric cancer cells (Joo et al., 2015). In contrast, quinones
have been shown to positively regulate STAT signaling in human
hematopoietic cells. Indeed, 1,4-benzoquinone and etoposide-
quinone were found to lead to the inhibition of endogenous PTPs
(Duval et al., 2019; Nian et al., 2019), and consequently increased
STAT1 phosphorylation and the expression of STATI-regulated
genes upon stimulation with interferon y (IFNy).

Here we established that naphthoquinones, namely menadione and
plumbagin, impair Sirtuin 7 activity in vitro. Menadione interferes
with DNA repair in vivo, in particular by preventing Sirtuin 7-
dependent recruitment of 53BP1 to DNA double-strand breaks.
Similarly, menadione and plumbagin alter rDNA transcription and
pre-rRNA processing in vivo, functions which both require Sirtuin 7
activity (Sirri et al., 2019). Although menadione and plumbagin
directly impair Sirtuin 7 activity in vitro, we verified that the effects
observed in vivo do not result from the inhibition of PTPs. Indeed,
formation of etoposide-induced 53BP1 foci and rDNA transcription
are not influenced by treatment with the PTP inhibitor NazVO,.
Consequently, we concluded that menadione and plumbagin quickly
and efficiently inhibit Sirtuin 7 activity in vitro and in vivo. The
menadione or plumbagin-induced effects were not reproduced by the
oxidizing agent tBHP and the inhibition of Sirtuin 7 appeared not to
be related to oxidative modifications. Thus, the mechanism of
inhibition is likely not the result of the redox cycling activity and more
likely because menadione or plumbagin might react as electrophiles
with nucleophiles, such as thiols, and form adducts (Klotz et al.,
2014). Similar arylation reactions have previously been shown to alter
the catalytic activity of PTPN2 (Duval et al., 2019; Nian et al., 2019)
by irreversibly forming a covalent adduct at the catalytic cysteine
residues of the enzymes. In this study, we found that menadione-
induced inhibition of rDNA transcription, pre-rRNA processing and
formation of etoposide-induced 5S3BP1 foci was slowly reversed after
about 3 h without menadione. However, this observation does not
dispute the irreversibility of Sirtuin 7 inhibition. Indeed, as shown for
the formation of etoposide-induced 53BP1 foci, the recovery takes
place only under experimental conditions in which protein synthesis
is possible, i.e. in the absence of CHX. Thus, the resumption of
Sirtuin 7 activity likely depends on newly synthesized proteins and is
not due to the release of Sirtuin 7 inhibition. If an arylation reaction

were to occur, Sirtuin 7 contains 11 cysteines in its sequence and, in
particular, four cysteines (Cys195, Cys198, Cys225 and Cys228) in
the Zn*"-binding motif of the catalytic core (Mitra and Dey, 2020).
Furthermore, unlike lawsone which does not impair Sirtuin 7 activity
in vivo, menadione and plumbagin share a thiol-reactive property, as
evidenced by changes in their UV—visible absorption spectra in the
presence of the thiol-reducing agent NAC (Vasudevarao et al., 2014;
this study). More interestingly, when the menadione- or plumbagin-
induced inhibition of PTPs by sulthydryl arylation, as assessed by the
phosphorylation of ERK (Klotz et al., 2002; Carr et al., 2002; this
study) was prevented by NAC, the menadione- or plumbagin-induced
inhibition of rDNA transcription and pre-rRNA processing was also
prevented. Thus, menadione- or plumbagin-induced Sirtuin 7
inhibition therefore clearly depends on arylation reactions.

Regardless of how menadione- and plumbagin-induced Sirtuin 7
inhibition occurs, it affects rDNA transcription and pre-rRNA
processing. More generally, Sirtuin 7 inhibition affects ribosome
biosynthesis and therefore counteracts the increased need for protein
synthesis in cancer cells. In addition, menadione and plumbagin
could inhibit rDNA transcription and thus disrupt nucleoli and
activate p53-dependent apoptotic signaling, resembling the effects
of the small molecule CX-5461, a selective inhibitor of RNA
Polymerase I (Bywater et al., 2012). Indeed, rDNA transcription can
be therapeutically targeted with CX-5461 to selectively kill B-
lymphoma cells in vivo while viably maintaining a wild-type B cell
population. A Sirtuin 7 inhibitor (ID: 97491) has been reported to
affect cell proliferation and apoptosis in human uterine sarcoma
cells and inhibits cancer growth in vivo (Kim et al., 2019).
Furthermore, Sirtuin 7 activity is essential for DNA damage repair at
several levels, not only for the recruitment of 53BP1 to DNA
double-strand breaks (Vazquez et al., 2016; this study), but also for
the deacetylation of the ataxia-telangiectasia mutated (ATM)
kinase, and thus its regulation, and consequently for regulation of
the DNA damage checkpoint (Tang et al., 2019).

In addition to inhibiting cell proliferation, migration and tumor
growth in vivo, Sirtuin 7 depletion also increases drug sensitivity by
activating the p38MAPK signaling pathway in breast cancer cells
(Chen et al., 2018) and induces radiosensitivity, which in turn
triggers cell death in colorectal cancer cells and increases the
effectiveness of chemoradiotherapy (Tang et al., 2017), suggesting
that menadione or plumbagin could be used in combination with
existing therapies in anticancer strategies.

Sirtuin 7 is one of the 7 human sirtuins, which are all composed of
a conserved NAD-dependent catalytic domain and variable N- and
C-terminal extensions (Blander and Guarente, 2004; Rajendran
et al., 2011). Assuming that menadione- or plumbagin-induced
inhibition of Sirtuin 7 is dependent on arylation reactions, and
specifically on the arylation of catalytic cysteine residues, it could
be hypothesized that because of the conserved NAD-dependent
catalytic domain, the inhibition observed for Sirtuin 7 can be
generalized to all sirtuins.

Although further studies are still needed to fully identify the
targets of menadione and plumbagin in cells, particularly in cancer
cells, inhibition of Sirtuin 7 is most likely critical in defining
menadione or plumbagin as anti-tumor agents.

MATERIALS AND METHODS

Cell culture and treatments

HeLa cells, HeLa cells expressing GFP—Sirtuin 7 (Grob et al., 2009) and
U20S cells, recently authenticated and tested for contamination, were
cultured in Roswell Park Memorial Institute (RPMI) medium with
glutaMAX (GIBCO BRL) supplemented with 10% fetal calf serum (FCS,
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GIBCO BRL) in a 5% CO, incubator at 37°C. AMD was used at 0.1 pg/ml
for 15 min to 2 h, menadione at 40 uM for 15 min to 2 h on HeLa cells and at
60 pM for 30 min on U20S cells, plumbagin at 4 pM to 20 pM for 1 h,
lawsone at 40 uM for 1 h, lapachol at 40 uM for 1 h, juglone at 20 uM for
1 h, 1,4-naphthoquinone at 20 uM for 1 h, DMNQ at 40 uM for | h, tBHP at
100 uM for 1 h, H,O, at 500 uM for 20 min, NAC at 10 mM for 2 h,
Na3zVO,4 at 1 mM for 1 h or 4 h and CHX at 50 ug/ml for 3 h (all from
Sigma-Aldrich). Sirtinol (Selleck) was used at 100 uM for 1 h and etoposide
(TRC-Canada) at 20 uM for 30 min to 1 h.

Antibodies

The human autoimmune sera with specificity against fibrillarin (O61;
1:3000) was prepared as previously described (Sirri et al., 2002). The
phospho-Tyrosine antibody (P-Tyr-100; 1:5000) was from Cell Signaling
Technology. The anti-a-tubulin (clone DM1A; 1:1000) and anti-BrdU
(clone BU-33; 1:500) antibodies were from Sigma-Aldrich. The anti-SIRT7
(C-3; 1:10,000), anti-B-Actin (AC-15; 1:10,000), anti-ERK 1/2 (C-9;
1:2000) and anti-phospho-ERK (E-4; 1:2000) antibodies were from Santa
Cruz Biotechnology. The anti-53BP1 (PA5-54565; 1:3000) and anti-
phospho-Histone H2AX (Ser139) (CR55T33; 1:3000) antibodies were from
Thermo Fisher Scientific. The alkaline phosphatase-conjugated anti-
digoxigenin (11093 274 910; 1:20,000) antibody was from Roche.
Secondary antibodies coupled to Alexa Fluor 488 (711-545-152 and 115-
545-166; 1:500), Alexa Fluor 594 (711-585-150 and 109-585-088; 1:500)
and horseradish peroxidase (115-035-003; 1:3000) were from Jackson
ImmunoResearch Laboratories, Inc.

Probe

The ETS probe (Sirri et al., 2016) corresponding to human rDNA (nt +935/
+1082) was generated by PCR as a digoxigenin-labeled oligonucleotide
using human rDNA as a template, primers (ETSS5, 5-GTCGG-
TGTGGGGTTCGAGGC-3’; ETS6, 5-CCACCGCGATCGCTCACACG-
3’) and the PCR DIG probe synthesis kit (Roche).

siRNA-mediated mRNA knockdown

The siControl RISC-free siRNA (Control siRNA) was from Dharmacon.
The siRNAs targeting Sirtuin 7 (SIRT7 siRNA, 5'-GCCUGAAGGUU-
CUAAAGATT-3’) and fibrillarin (FIB siRNA, 5'-GUCUUCAUUUGUC-
GAGGAATT-3’) previously used (Sirri et al., 2019) were from Eurogentec.
The siRNAs were transfected at 10 nM using INTERFERin™ (Polyplus-
transfection) according to the manufacturer’s instructions. All siRNAs were
transfected 24 h and 48 h after cell seeding. Samples were prepared 24 h
after the last transfection, and were analyzed by northern blotting.

Immunofluorescence labeling

To evaluate the level of rDNA transcription, cells were cultured in media
containing 1 mM FU (Sigma-Aldrich) for the last 15 min of culture. The
cells were fixed with methanol for 20 min at —20°C, air-dried for 5 min and
rehydrated with PBS for 5 min. FU incorporation was then detected using
anti-BrdU antibody labeled with Alexa-Fluor-488-conjugated anti-mouse
antibody. Fibrillarin was detected simultaneously using the O61 serum
labeled with Alexa-Fluor-594-conjugated anti-human antibody. S3BP1 was
detected using the anti-53BP1 antibody labeled with Alexa-Fluor-488- or
Alexa-Fluor-594-conjugated anti-rabbit antibodies, together with histone
H2AX phosphorylated on serine 139, detected using the mouse monoclonal
antibody labeled with Alexa-Fluor-594- or Alexa-Fluor-488-conjugated
anti-mouse antibody. All preparations were mounted with the Fluoroshield
antifading solution containing 4,6-diamidino-2-phenylindole (DAPI,
Sigma-Aldrich). The cells were imaged by fluorescence microscopy
performed using a Leica upright SP5 confocal microscope with a 40x
objective and version 2.7.3 of the Leica Application Suite Advanced
Fluorescence software. Multiple fluorophores were recorded sequentially at
each z-step. Quantification was performed using ImagelJ software (NIH).

Immunoblotting
Protein extracts were resuspended in SDS loading buffer (Laemmli, 1970)
and boiled for 5 min at 100°C. These extracts or DNP-derivatized protein

samples were resolved by 10% SDS-PAGE and transferred to nitrocellulose
membranes (Protran, Schleicher & Schuell). For immunoblotting, the
membranes were incubated first with primary antibodies and then with
suitable horseradish peroxidase-conjugated secondary antibodies. The
immunoreactivity was detected by chemiluminescence (GE Healthcare).
If the membrane was to be analyzed with two antibodies, the membrane was
either co-incubated with both antibodies or probed with the first antibody,
stripped and re-probed with the second antibody. For this purpose, the
membrane was incubated at 50°C for 5 min with some agitation in a pre-
warmed stripping solution [100 mM 2-mercaptoethanol, 2% (w/v) SDS,
62.5 mM Tris-HCI, pH 6.8], rinsed under running tap water for 1 h and
finally at 4°C overnight in TBS pH 7.5 (Euromedex) with 0.1% Tween-20
(Sigma-Aldrich). Immunoblotting was then performed using another
primary antibody, followed by the suitable horseradish peroxidase-
conjugated secondary antibody.

In vitro Sirtuin 7 deacetylase assay

In vitro Sirtuin 7 deacetylase assays were conducted based on the capacity of
Sirtuin 7 to deacetylate H3K18-Ac (Barber et al., 2012). The fluorescent
H3K18-Ac and H3KI18 peptides used (Proteogenix, France) were
previously reported (Duval et al., 2015). H3K18 peptide was used as a
deacetylation control. Assays were performed in a total volume of 50 pl of
deacetylase buffer (Tris 50 mM, pH 8, 150 mM NaCl) with 0.1 pg full-
length recombinant human Sirtuin 7 (SRP5274, Sigma-Aldrich), 6 mM
NAD™, 50 uM H3K 18-Ac peptide, 0.6 pug yeast tRNA (Sigma-Aldrich) and
1 mM dithiothreitol (DTT). Sirtuin 7 was first preincubated with vehicle
(DMSO), tBHP (100 uM), menadione (40 uM), plumbagin (20 uM) or
lawsone (40 uM) for 30 min at room temperature. The reaction was then
started with the addition of H3K18-Ac peptide, tRNA, NAD" and DTT,
performed for 2 h at 37°C and stopped by adding 50 pl of HC1O4 (15% in
water). Samples were transferred to 96-well ELISA plates (Thermo Fisher
Scientific) and 5 pl of the mixture was injected into the reverse phase ultra-
fast liquid chromatography (RP-UFLC) system (Prominence Shimadzu
UFLC system interfaced with LabSolutions software) for detection and
quantification of the fluorescent H3K18 and H3KI18-Ac peptides as
previously described (Duval et al., 2015).

UV-visible absorption spectra

In order to evaluate the reactivity of NAC with quinones, a UV—visible
absorbance test was performed based on the spectral properties of quinones
(Satheeshkumar et al., 2014; Acharya et al., 2009; Dananjaya et al., 2012).
Plumbagin, menadione, DMNQ or lawsone (150 uM) were mixed with or
without 1.5 mM NAC, and incubated for 5 min at room temperature in
S50 mM Tris-HCL, pH 8, 50 mM NaCl. The UV-visible absorbance
spectrum was followed between 220 and 700 nm using a quartz tray on a
spectrophotometer (UV-1650PC, Shimadzu, France).

GFP-Sirtuin 7 immunoprecipitation

GFP-Sirtuin 7 immunoprecipitation was performed on HeLa cells stably
expressing GFP-Sirtuin 7 and on untreated HeLa cells as an
immunoprecipitation control using the GFP-Trap Magnetic Agarose kit
(ChromoTek) according to the manufacturer’s instructions. About 20
million cells were harvested and then lysed with 400 ul of RIPA buffer
(10 mM Tris-HCI, pH 7.5, 150 mM NacCl, 0.5 mM EDTA, 0.1% SDS, 1%
Triton X-100, 1% deoxycholate) supplemented with 10 mM ascorbic acid,
5 mM MgCl,, 0.1unit/ul DNase I (Roche) and protease inhibitors on ice for
30 min. The suspensions were extensively pipetted every 10 min and
clarified by centrifugation (15,000 g) for 20 min at 4°C. After taking an
aliquot for Pierce BCA protein assay (Thermo Fisher Scientific), 1% 2-
mercaptoethanol was added to inhibit further oxidation. After the protein
assay was performed according to the manufacturer’s instructions, protein
samples (4 mg in 400 ul RIPA buffer supplemented with 1% 2-
mercaptoethanol) were made up to 1 ml with dilution/wash buffer
(10 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.5 mM EDTA) supplemented
with 1% 2-mercaptoethanol and protease inhibitors, and then incubated at 4°
C overnight with 20 pl equilibrated magnetic agarose beads. The beads were
then pelleted by centrifugation (400 g) for 3 min at 4°C and washed three
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times with the dilution/wash buffer supplemented with 1% 2-
mercaptoethanol and protease inhibitors. The supernatants were saved and
adjusted to 6% SDS. After washing, beads were resuspended in 20 pl of
RIPA buffer adjusted to 6% SDS, boiled for 10 min at 95°C and separated
with a magnet. The eluates and supernatants were then analyzed with the
OxyBlot kit (Merck) and anti-Sirtuin 7 antibody.

OxyBlot procedure

Protein extracts were prepared from cells lysed in PBS pH 7.4, 500 mM
NaCl, 6% SDS, 2% 2-mercaptoethanol and protease inhibitors, and the
eluates and supernatants prepared as reported above were used for analyses
with the OxyBlot kit. Protein samples (10 pl) were first derivatized by
adding the same volume of 2,4-dinitrophenylhydrazine (DNPH) solution
and incubating the mixture at room temperature for 15 min. The mixture was
then neutralized by adding the neutralization solution (7.5 ul). After adding
2-mercaptoethanol (5% vol/vol), the DNP-derivatized protein samples were
separated by SDS-PAGE and analyzed by immunoblotting using a rabbit
anti-DNP antibody, followed by a horseradish peroxidase-conjugated goat
ant-rabbit antibody. The immunoreactivity is then detected by
chemiluminescence and quantified with ImageJ software (NIH).

Northern blot analysis

For northern blot analyses, total RNA was extracted from cells using
NucleoSpin RNA (Macherey-Nagel), separated (4 pug) in 0.8% agarose
formaldehyde gels and transferred to positively charged membranes
(Roche). Hybridization was carried out using DIG Easy Hyb buffer
(Roche) at 50°C. After washing, the probe was revealed using the DIGWash
and Block Buffer Set (Roche) and the alkaline-phosphatase-conjugated
anti-digoxigenin antibodies. Alkaline phosphatase activity was detected
using the chemiluminescent substrate CDP-Star (Roche) and quantified
with ImageJ software.

Statistical analysis

Statistical analyses were performed using one-way analysis of variance
(ANOVA) followed by Dunnet’s post hoc test, Kruskal-Wallis followed by
Dunn’s post hoc test or Mann—Whitney rank test if only two groups were
compared, with Prism 5.03 software (GraphPad Software).
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