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ARTICLE INFO ABSTRACT

Keywords: Cellular senescence is characterized by proliferation arrest and a senescence-associated secretory phenotype
Senescence (SASP), that plays a role in aging and the progression of various age-related diseases. Although various metabolic
Mitochondria

alterations have been reported, no consensus exists regarding mitochondrial bioenergetics. Here we compared

B‘Ue"erg_encs_ ) mitochondrial metabolism of human fibroblasts after inducing senescence with different stimuli: the oxidant
Fatty acid oxidation . . . . . G12V
TCA cycle hydrogen peroxide (H205), the genotoxic doxorubicin, serial passage, or expression of the H-RAS oncogene

(RAS).

In senescence induced by H202, doxorubicin or serial passage a decrease in respiratory control ratio (RCR) and
coupling efficiency was noted, in relation to control cells. On the contrary, oncogene-induced senescent cells had
an overall increase in respiration rates, RCR, spare respiratory capacity and coupling efficiency. In oncogene-
induced senescence (OIS) the increase in respiration rates was accompanied by an increase in fatty acid catab-
olism, AMPK activation, and a persistent DNA damage response (DDR), that were not present in senescent cells
induced by either HyO; or doxorubicin. Inhibition of AMPK reduced mitochondrial oxygen consumption and
secretion of proinflammatory cytokines in OIS.

Assessment of enzymes involved in acetyl-CoA metabolism in OIS showed a 3- to 7.5-fold increase in pyruvate
dehydrogenase complex (PDH), a 40% inhibition of mitochondrial aconitase, increased phosphorylation and
activation of ATP-citrate lyase (ACLY), and inhibition of acetyl-CoA carboxylase (ACC). There was also a sig-
nificant increase in expression and nuclear levels of the deacetylase sirtuin 6 (SIRT6). These changes can in-
fluence the sub-cellular distribution of acetyl-CoA and modulate protein acetylation reactions in the cytoplasm
and nuclei. In fact, ACLY inhibition reduced histone 3 acetylation (H3K9Ac) in OIS and secretion of SASP
components.

In summary, our data show marked heterogeneity in mitochondrial energy metabolism of senescent cells,
depending on the inducing stimulus, reveal new metabolic features of oncogene-induced senescent cells and
identify AMPK and ACLY as potential targets for SASP modulation.

RAS oncogene
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Abbreviations

AA antimycin A
ACC acetyl-CoA carboxylase

ACLY ATP-citrate-lyase

AcLys  lysine acetylation

AMPK  AMP-activated protein kinase

ACO2 mitocondrial aconitase

ATM ataxia-telangiectasia mutated kinase

BAY BAY 11-7082

BSA bovine serum albumin

cc compound C/dorsomorphin

CM-H,DCFDA  chloromethyl-2,7'-dichlorodihydrofluorescein

diacetate
CM- HoDCF  chloromethyl-2',7'-dichlorodihydrofluorescein
CM-DCF chloromethyl-2',7-dichlorofluorescein

CPT1 carnitine palmitoyltransferase 1
DDR DNA damage response

DMSO  dimethylsulfoxide

Doxo doxorubicin

ERK1/2 extracellular signal-regulated kinases 1/2
Eto etomoxir

FCCP 4-(trifluoromethoxy)phenylhydrazone
H>0, hydrogen peroxide

kB NF-«kB inhibitor

IKK IkB kinase

IL-6 interleukin-6
IL-8 interleukin-8
MAPK  mitogen activated protein kinase

MAVS  mitochondrial antiviral-signaling proteins
NDI NDI-091143

NF«xB nuclear factor-xB

OA oleic acid

OCR oxygen consumption rate
40HT  4-hydroxytamoxifen

OIS oncogene-induced senescence
Oligo oligomycin

O3 superoxide

PDH pyruvate dehydrogenase complex

p16-INK4 or CDKN2A cyclin-dependent kinase inhibitor 2A
p21 or CDKN1A cyclin-dependent kinase inhibitor 1

RAS H-RAS®'?Y oncogene

RCR respiratory control ratio

RS replicative senescence

SASP senescence-associated secretory phenotype
SA-p-Gal senescence-associated B-galactosidase activity
SIRT1 sirtuin 1

SIRT3 sirtuin 3

SIRT6 sirtuin 6

SIS stress-induced senescence

TCA Tricarboxylic acid

WB western blots

1. Introduction

Cellular senescence is a state triggered by different stressful stimuli,
as well as some physiological conditions. Among the features of senes-
cent cells, is a proliferation arrest mediated persistent hypophosphor-
ylation of the retinoblastoma protein (pRb), usually mediated by cyclin-
dependent kinase inhibitor 2A (CDKN2A, p16-INK4)! and/or cyclin-
dependent kinase inhibitor 1 (CDNK1A, p21). Senescent cells also
experience nuclear changes, such as a decrease in lamin B1 and post-
translational modifications of histones and DNA methylation [1,2].
Other characteristics shared by senescent cells are the increase in
macromolecular damage, for example in DNA, that is usually accom-
panied by activation of the DNA damage response (DDR) and the
acquisition of a senescence-associated secretory phenotype (SASP) [1,
2]. Senescent cells are also resistant to apoptosis [3] and usually present
important changes in size and morphology, as well as in organelle
content [4]. In fact, the increase in senescence-associated f-galactosi-
dase activity (SA-p-Gal), due to an expansion of the lysosomal
compartment, is one of the most extensively used markers for this state
[5]. However, heterogeneity can be found, depending on the cell type
and the stimuli that induced the senescent phenotype, as well as the time
point after induction [6]. Alterations in metabolism have also been
observed in senescent cells, and mitochondria in particular have been
the focus of several studies [7-17].

Mitochondria, constitute the main energy-producing center of most
eukaryotic cells. However, their role goes beyond ATP synthesis,
including modulating apoptosis, calcium storage, and reactive oxygen
species formation [18]. In addition, mitochondria constitute structural
platforms for the assembly of complexes such as the inflammasome and
mitochondrial antiviral signaling proteins (MAVS), and participate in
signal transduction [19-22]. In particular, mitochondrial oxidant spe-
cies, mtDNA and mtRNA appear to play relevant roles in the establish-
ment of senescence and the SASP [23][16,24].

Mitochondria house several catabolic, oxidative pathways for the
conversion of nutrients to simpler metabolites. In the mitochondrial
matrix, fatty acids and pyruvate are degraded to acetyl-CoA in the

B-oxidation pathway and the pyruvate dehydrogenase complex (PDH),
respectively, and ATP is synthesized by oxidative phosphorylation [25].

Due to the diversity of roles played by mitochondria the term
“mitochondrial dysfunction” has been applied to account for different
alterations, and can sometimes be misleading [18]. For example, several
authors report mitochondrial dysfunction in senescence, having
observed increases in AMP-activated protein kinase (AMPK), mito-
chondrial reactive species and lower mitochondrial membrane potential
[9,11]. However, in oncogene-induced senescence (OIS) and
therapy-induced senescence (TIS) an increase in mitochondrial catabo-
lism has been shown, including the electron transport chain, PDH,
p-oxidation and NAD™ salvage pathway [12-15,26-28]. High oxygen
consumption rates were also observed in replicative senescence [26,29].
Mitochondrial biogenesis and consequently mitochondrial mass and
mtDNA copy number are also higher in OIS, TIS, replicative and
DNA-damage induced senescence when compared to control cells [9-11,
14]. Interestingly, high glucose uptake and lactic fermentation were also
noted in senescent cells, suggesting an overall increase in energy
metabolism [15,17,26,27,29,30].

Mitochondrial depletion, specific inhibition of fatty acid mitochon-
drial oxidation, NAD" biosynthesis or mitochondrial electron transport,
impair the secretion of proinflammatory factors by senescent cells [10,
13,27,31], underscoring the relevance of mitochondrial energy meta-
bolism for the establishment of the SASP.

To better understand mitochondrial energy metabolism in senescent
cells, we compared the oxygen consumption rates of human lung fi-
broblasts after inducing senescence with different stimuli: stress-
induced senescence (SIS) by exposure to the oxidant hydrogen
peroxide (H505) or the genotoxic doxorubicin; OIS by expression of the
H-RASCE12Y oncogene (RAS); or replicative senescence (RS) induced by
serial passage. Our results reveal heterogeneity in mitochondrial energy
metabolism of senescent cells, depending on the inducing stimulus.
Besides, we explored metabolic pathways and their regulation in RAS-
induced senescent cells, observing an increase in catabolic routes that
responds to energy demands, and channels acetyl moieties to the cytosol
facilitating ATP-citrate lyase (ACLY) mediated histone acetylation and
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the SASP. Finally, we established that activation of AMPK, master
regulator of energy metabolism, is required for the increase in respira-
tion rates and cytokine secretion in OIS.

2. Results

2.1. Mitochondrial fatty acid oxidation in senescent fibroblasts induced
with different stimuli

Previous work from our group showed a decrease in fatty acid syn-
thesis in senescent cells induced by RAS oncogene expression [13],
telomere attrition (RS) or exposure to the DNA damaging agents HyO5 or
doxorubicin [32]. In these settings, changes were observed in
acetyl-CoA carboxylase (ACC) an enzyme that catalyzes the synthesis of
malonyl-CoA, a relevant intermediate in fatty acid synthesis, and

A

O
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regulator of fatty acid entrance into mitochondria. These results
prompted us to compare fatty acid oxidation in these different models of
senescence in human lung fibroblasts (IMR-90).

We exposed the cells to HyO, or doxorubicin, or transduced them
with lentiviral particles carrying H-RAS®'?V. Experiments were per-
formed 14 days after exposure to the senescence inducing stimuli, when
60% or more of the cells in the treated culture were positive for SA-$-Gal
(Fig. 1A-C). Hypophosphorylation of the retinoblastoma protein (pRb)
and inhibition of culture growth were observed in all cases, along with a
decrease in LMNBI (lamin B1) expression (Supplementary Fig. S1) and
morphological changes, such as an increase in size (Fig. 1A-C). Never-
theless differences were found between models: although cytokine
secretion was observed in all cases, OIS fibroblasts secreted much higher
levels of IL-6, IL-8 and Gro-a than those incubated with HyO, or doxo-
rubicin (Supplementary Fig. S1); also a significant increase in CDKN2A
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Fig. 1. Senescence induction and fatty acid oxidation in human fibroblasts exposed to different stimuli. Early passage IMR-90 human fibroblasts were
incubated with the different senescence inducing stimuli. Measurements were made 14 days after treatment. A) Fibroblasts were exposed to H,0O, in complete media
(600 pM) for 2 h, (two exposures separated by a five day interval). (B) Fibroblasts were exposed to doxorubicin 0.2 uM for 24 h (Doxo) or the vehicle DMSO (Control)
in complete media. (C) Fibroblasts were transduced with lentiviral particles containing a plasmid coding for the H-RASCG12V oncogene (RAS) or a control plasmid
(Control), and selected with puromycin. (A, B, C) SA-B-Gal activity was determined. (D, E, F) Oxygen consumption rate (OCR) was measured in a Seahorse XFe24 in
media containing an oleate:BSA conjugate (0.1 mM:0.2% m/v). The CPT1 inhibitor etomoxir (Eto, 100 pM) and complex III inhibitor Antimycin A (AA, 2.5 pM) were
sequentially added to the culture. Fatty acid oxidation was determined as the fraction of the OCR sensitive to etomoxir, calculated as the ratio between etomoxir
sensitive OCR and basal OCR. Results are the mean + SEM. Significant differences between senescent cells and the control condition were determined with Student’s

t-test. *P < 0.05 (n = 3-5).
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(p16-INK4) was present in OIS and doxorubicin-induced senescent cells,
but not in H;0; treated cells. Differences in the activation of the DDR
were also observed between models and are discussed later (Fig. 4 and
Supplementary Fig. S1).

We measured oxygen consumption rates in the presence of oleate
conjugated to BSA with or without etomoxir, an inhibitor of carnitine
palmitoyltransferase 1 (CPT1). When cells were exposed to HyO, or
doxorubicin, a decrease in oxygen consumption rate dependent on fatty
acid oxidation (sensitive to etomoxir) was observed, with respect to the
control condition (Fig. 1D and E).

On the contrary, in OIS fatty acid oxidation increased (Fig. 1F), along
with the phosphorylation of ACC in serine 79 by AMPK, as previously
described [9,13] (Supplementary Fig. S2). Phosphorylation of ACC in
this residue inhibits enzyme activity, decreasing malonyl-CoA levels and
promoting CPT1-dependent fatty acid import into mitochondria. This
phenomenon was not observed in Hp03- or doxorubicin-induced
senescence, were etomoxir sensitive respiration was undetectable or
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lower (Fig. 1D and E) and ACC phosphorylation was the same as in
control cells (Supplementary Figs. S2A and S2B). Of note, in OIS cells
mitofusin 1 and 2 levels were decreased (Supplementary Fig. S3), this
has been recently reported to increase CPT1 activity as well [33].

2.2. Mitochondrial bioenergetics in senescent lung fibroblasts induced
with different stimuli

We then measured mitochondrial respiration in the different models
of cell senescence, in media containing glucose, pyruvate and glutamine.
In Hy0s-induced senescent cells, we observed a small but significant
increase in ATP-independent respiration (Fig. 2A) and accordingly a
decrease in coupling efficiency and respiratory control ratio with respect
to the control (Table 1). In doxorubicin-induced senescent cells, a lower
ATP-dependent respiration rate (Fig. 2B), coupling efficiency and res-
piratory control ratio were found (Table 1), as well as a small but sig-
nificant decrease in maximal respiration rate relative to control non-
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Fig. 2. Mitochondrial bioenergetics in senescent human fibroblasts induced with different stimuli. Early passage IMR-90 human fibroblasts were incubated
with the different senescence inducing stimuli, and after 14 days oxygen consumption rate (OCR) was measured in the Seahorse XFe24 in media containing glucose 5
mM, pyruvate 1 mM, glutamine 2 mM. The ATP synthase inhibitor oligomycin (Oligo, 0.5 pM), the uncoupler FCCP (1 pM) and complex III inhibitor antimycin A
(AA, 1 pM) were sequentially added to the culture. Respiratory parameters were determined as described in the Methods section. (A) Fibroblasts were exposed to
H,0; in complete media (600 pM) for 2 h, (two exposures separated by a five day interval) (n = 4-5). (B) Fibroblasts were exposed to doxorubicin 0.2 uM for 24 h
(Doxo) or the vehicle DMSO (Control) in complete media (n = 6). (C) Fibroblasts were infected with lentiviral particles containing a plasmid coding for the H-
RAS%'2V oncogene (RAS) or a control plasmid (Control). Cells were selected with puromycin (n = 6-7). Results are the mean =+ SD. Significant differences between
senescent cells and the control condition were determined with Student’s t-test. *P < 0.05, **P < 0.001, ***P < 0.0001.
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Table 1
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Mitochondrial respiratory indexes. Coupling efficiency, spare respiratory capacity and respiratory control ratio were calculated as described in Methods, consid-
ering the values shown in Fig. 2 and Supplementary Fig. S4H. Results are the mean + SD. Significant differences between senescent cells and the control condition were

determined with Student’s t-test. *P < 0.05, ***P < 0.0001.

Indexes Control H,0, Control Doxo Control LV RASLV Control (Early) Rep Sen
Coupling efficiency 0.83 + 0.04 0.71 £ 0.02* 0.73 + 0.04 0.64 + 0.01* 0.79 + 0.01 0.73 £ 0.02* 0.72 £ 0.01 0.55 + 0.03**
Spare respiratory capacity 3.1 +£0.05 3.1+0.1 3.1+04 3.2+0.2 2.9 +0.03 4.8 + 0.09%** 1.4+0.3 1.4+0.3
Respiratory control ratio 15+1 11 £1* 11+£1 8.9 £ 0.6* 13.7 £ 0.5 18 + 2* 5+1 3.1 +0.8*

senescent fibroblasts (Fig. 2B). These results are in agreement with a
decrease in mitochondrial bioenergetics in senescent cells induced by
these stimuli.

Additionally we studied mitochondrial bioenergetics in replicative
senescent cells, obtained after serial passaging of the culture as shown
previously [32]. Replicative senescent cells (60% positive for SA-p-Gal
staining), showed an increase in fatty-acid dependent oxygen con-
sumption rate with respect to early passage cells. This was not accom-
panied by ACC or AMPK phophorylation, but might be linked to lower
ACC levels reported previously [32]. However, basal and
ATP-dependent respiration, as well as coupling efficiency and respira-
tory control ratio were lower in senescent cells than in early passage
fibroblasts (Supplementary Fig. S4 and Table 1). Differences between
conditions could not be attributed to proliferation arrest, since prolif-
erating and quiescent fibroblasts had similar respiratory parameters as
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well as fatty acid-dependent oxygen consumption rates (Supplementary
Fig. S5).

However, when senescence was induced by expression of the RAS
oncogene a marked and significant increase could be observed in all
respiratory parameters (Fig. 2C). Maximum respiration rate increased
2.7-fold, in agreement with reports of an increase in mitochondrial
biogenesis [9], and the spare respiratory capacity revealed a higher
capacity to respond to increases in energy demands (Table 1). As
observed for the other two models of senescence, coupling efficiency
was reduced in agreement with reports of mitochondrial membrane
depolarization [9]. Nevertheless the respiratory control ratio (RCR), was
significantly higher in OIS fibroblasts than control cells (Table 1), sup-
porting an overall increase in mitochondrial bioenergetics [34].

In agreement, mtDNA/nDNA ratio had a 5.6-fold increase in
oncogene-induced senescence with respect to control cells (6 + 3 vs 1 +
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Fig. 3. Time course of basal respiration of oncogene-induced senescent human fibroblasts. Early passage IMR-90 human fibroblasts were transduced with
lentiviral particles carrying a Control or H-RAS®*2V (RAS) containing plasmid, and selected with puromycin. (A) SA-p-Gal activity was measured at different time
points (n = 3). (B) Oxygen consumption rate (OCR) was measured continuously using a Resipher instrument. Measurements were made in complete media, in a CO,
containing stove, from the day the selection started. Oxygen consumption rate of Control and RAS cells from day 1 (0 h) to day 17 (410 h) after selection. Wells
including only media were measured to control for cell-independent OCR. Media was changed every 2-3 days (arrows). (C) Basal oxygen consumption rate of se-
nescent and non-senescent cells from day 14-17 (345-410 h) after the addition of puromycin (D) Basal respiration at 400 h was normalized by protein content in the
wells. (E) Basal respiration normalized by protein content 14 days after the addition of puromycin, measured using the Seahorse XFe24 or Resipher instruments was
compared. Results are the mean + SD. Significant differences between conditions were determined with Student’s t-test. *P < 0.05, **P < 0.001, ***P < 0.0001 (n

— 4.
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0.4, P = 0.0035), while no significant changes were observed for
doxorubicin treated cells (1 +£ 0.7 vs 1 + 0.3, P = 0.95).

A similar increase in mitochondrial energy metabolism, with the
consequent increase in respiration rates, was reported in human fibro-
blasts where senescence was induced by the BRAFV000E oncogene [12]
and in therapy-induced senescence in cancer cells [14,15].

2.3. Temporal changes in oxygen consumption rate following the
induction of senescence by RAS

To further explore mitochondrial respiration in oncogene-induced
senescent cells, we followed the basal oxygen consumption rate from
the day cells were selected with puromycin (one day after transduction
with lentiviral particles), until the senescent phenotype was fully stab-
lished and a maximum of 60% SA-B-Gal positive cells was obtained
(Fig. 3A). We used the Resipher system, that measures oxygen con-
sumption in a culture dish placed inside the carbon dioxide (CO2)
incubator in complete culture media, containing fetal bovine serum
(FBS).

The basal oxygen consumption of rate of cells expressing the RAS
oncogene started increasing and became significantly higher than the
control approximately two days (48 h) after selection, and maximum
respiration rates were achieved around day twelve (288 h) (Fig. 3B). At
the end of the experiment protein content was determined and respi-
ration normalized, revealing that basal respiration rates were 4-fold
higher in senescent than control cells (Fig. 3D).

Analysis of the data showed that control cells achieved a steady
oxygen consumption rate 6 h after changing the media, while senescent
cell cells required around 30 h to stabilize (Fig. 3C). This observation
raised doubts regarding a possible underestimation of the oxygen con-
sumption rates of RAS-induced senescent cell obtained with the Sea-
horse XFe24 (Fig. 2C), since it is typically measured one to 2 h after
changing the media, and in absence of FBS. Comparison of the basal
respiration rates obtained with the two instruments fourteen days after
selection revealed similar values for control cells (Fig. 3E). However,
significantly higher rates were obtained for senescent cells measured
with the Resipher than the Seahorse XFe24 (Fig. 3E).

2.4. Mitochondrial bioenergetics time course in oncogene-induced
senescence and H505-induced senescence

Additionally, we confirmed that oncogene-induced senescence was
accompanied by an increase in mitochondrial bioenergetics in skin fi-
broblasts (BJ) carrying the H-RAS®'2V oncogene fused to the ligand
binding domain of the estrogen receptor (ERRAS). In these cells RAS
expression was induced upon incubation with 4-hydroxytamoxifen
(40HT), and led to an increase in senescence markers, such as phos-
phorylated ataxia-telangiectasia mutated kinase (ATM) (Ser1981), p53,
pl6 and SA-B-Gal (Fig. 4A and B). Respiration rates also increased in
cells expressing the RAS oncogene, as well as AMPK and ACC phos-
phorylation (Fig. 4C and D), supporting the observations made in IMR-
90 fibroblasts undergoing OIS (Fig. 2 and Supplementary Fig. 2) and
previous reports [9,13,26]. Six days after exposure to 4OHT senescent
fibroblasts demonstrated significant increases in all respiratory param-
eters and indexes (Fig. 4D and Table 2) with respect to the control,
indicative of a rise in mitochondrial bioenergetics. On the other hand
practically no changes could be observed in the respiratory parameters
of fibroblasts exposed to HyO; when compared to control cells, at
different time points (Fig. 4E and F).

The time course observed for OIS is in agreement with time depen-
dent gene expression profiles for senescent cells reported by Hernandez-
Segura et al. [6], showing enrichment in the Tricarboxylic acid (TCA)
cycle (also known as Krebs cycle or citric acid cycle) and respiratory
electron transport pathways at intermediate times, around 10 days after
exposure to the senescence inducing stimuli [6].

Redox Biology 82 (2025) 103606

2.5. Increased mitochondrial respiration rate is associated with AMPK
activation and the acquisition of a secretory phenotype

To better understand the increase in mitochondrial oxygen con-
sumption rates observed in OIS, we studied what happened after
removing the ERRAS inducer (4OHT) from the senescent culture.
Retrieving 4OHT from the culture on day 11, reduced RAS levels but did
not affect p16 or pRb hypophosphorylation (Supplementary Fig. S6).
Though some cells might have evaded senescence in this conditions
[351, our results suggest proliferation was not restored in most of the cell
culture.

BJ fibroblasts were incubated with 4OHT for eleven days in order to
induce senescence in the culture. Half of the dishes were then switched
to the vehicle (methanol) for nine days (Sen - RAS), while the other half
continued under 40HT stimulation (Sen + RAS). Controls were incu-
bated with methanol throughout the experiment (Fig. 5A).

Remotion of 40HT reduced RAS significantly, to a similar level than
that of control cells, reducing extracellular signal-regulated kinases 1/2
(ERK1/2) phosphorylation (Thr202/Tyr204) and thus the mitogen
activated protein kinase (MAPK) signaling pathway (Fig. 5B). A signif-
icant decrease in p21 but not in p16 levels was observed (Fig. 5B).

Regarding the SASP, we observed that interleukin 8 (IL-8) secretion
was significantly higher than the control only in senescent cells carrying
RAS (Sen + RAS) (Fig. 5C). A similar profile was observed for p65 a
subunit of nuclear factor-kB (NF-kB), master regulator of the SASP [36,
371 (Fig. 5B). IL-8 secretion by senescent BJ skin fibroblasts was lower
than in IMR-90 lung fibroblasts, in agreement with previous reports that
show tissue-dependent differences in the SASP [6,38].

Assessment of metabolic parameters revealed that lack of RAS
expression also reduced AMPK-mediated phosphorylation of ACC
(Ser79) (Fig. 6A), as well as all respiratory parameters (Fig. 6B). In fact,
a similar profile to that of p65 was observed for ACC phosphorylation,
and p-ACC presented a strong correlation with p65 levels (Pearson co-
efficient r = 0.9808, P < 0.0001).

To explore if the changes observed in metabolic pathways were
required to sustain the SASP OIS fibroblast were incubated with the
AMPK inhibitor compound C (CC, dorsomorphin) [39]. As shown in
Fig. 6 incubation with CC (10 pM) suppressed ACC phosphorylation,
confirming AMPK inhibition (Fig. 6C). Compound C reduced basal,
ATP-dependent, ATP-independent and maximum respiration rates
(Fig. 6D) in senescent cells, as well as the secretion of various compo-
nents of the SASP (Fig. 6E). Interestingly, addition of oligomycin an
inhibitor of mitochondrial ATP synthase, also inhibited cytokine secre-
tion (Fig. 6E). These results support AMPK activation as a key event in
OIS, that coordinately regulates nutrient catabolism and the SASP.

Accordingly, IMR-90 senescent fibroblasts induced by HO, or
doxorubicin, that did not present AMPK activation (Supplementary
Fig. S2) or an increase in mitochondrial respiration rates (Figs. 1 and 2),
had a much lower secretion of IL-6, IL-8 and Gro-o when compared to
OIS cells (Supplementary Fig. S1).

To further explore the connection between the SASP and mito-
chondrial respiration rates we used the IkB kinase (IKK) inhibitor BAY
11-7082 (BAY), that prevents the phosphorylation and degradation of
NF-kB inhibitor (IkB), retaining NF-kB in the cytosol and inhibiting its
transcriptional activity. Incubation of RAS-induced senescent cells with
BAY (10 pM) for 24 h successfully inhibited IL-6 and IL-8 secretion by
OIS cells (Supplementary Fig. S7), and decreased ATP-dependent
respiration in senescent cells (Supplementary Fig. S7). Suggesting that
mitochondria-derived ATP fuels the synthesis and secretion of cytokines
by senescent cells. This results are in agreement with our previous re-
ports, showing that inhibition of mitochondrial fatty acid oxidation re-
duces the SASP [13].

A persistent DNA damage response (DDR), involving ATM activation
has also been reported as a requirement for the establishment of the
SASP [40], and mitochondrial biogenesis [10]. Comparison of DDR
activation in the different models showed that RAS-induced senescent
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Fig. 4. Time course of mitochondrial bioenergetics in oncogene-induced senescent human fibroblasts. (A-D) Early passage BJ human fibroblasts carrying
ERRAS fusion protein were cultured. Measurements were made at different time points after the addition of 4OHT (200 nM). (A) Representative western Blots (WB)
of RAS, phosphorylated ATM (p-ATM) (Ser1981), ATM, p53, p16 and tubulin (loading control). (B) SA-p-Gal staining (n = 4). (C) Representative WB of phos-
phorylated AMPK (p-AMPK) (Thr172), AMPK, phosphorylated ACC (p-ACC) (Ser79), ACC, and tubulin as loading control. (D) Oxygen consumption rate (OCR) was
measured and respiratory parameters determined as described in Fig. 2. Results are the mean + SD (n = 4-5). (E-F) IMR-90 fibroblasts were exposed to H,0, in
complete media (600 pM) for 2 h, (two exposures separated by a five day interval). Measurements were made at different time points after the last addition of the
oxidant. (E) SA-p-Gal activity (n = 3). (F) OCR was measured and respiratory parameters determined as described in Fig. 2 (n = 3-4). Results are the mean + SD.
Significant differences between senescent cells and the control condition were determined with ANOVA and Dunnett post-hoc for multiple comparisons (B and D), or
Student’s t-test (E and F). *P < 0.05, **P < 0.001, ***P < 0.0001.
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Table 2

Mitochondrial respiratory indexes in BJ fibroblasts expressing ERRAS. Coupling
efficiency, spare respiratory capacity and respiratory control ratio were calcu-
lated, as described in Methods, considering the values shown in Fig. 4D. Results
are the mean + SD. Significant differences between senescent cells and the
control condition were determined by one-way ANOVA *P < 0.05, **P < 0.001
(n = 4-5).

Redox Biology 82 (2025) 103606

cells presented persistent activation of this signaling cascade, evidenced
by ATM phosphorylation several days after the induction of RAS
expression (Fig. 4A). While, exposure to HyO5 or doxorubicin only led to
a transient activation of the DDR, where an increase in ATM phos-
phorylation was observed 24 h after exposure to the genotoxic agent, but
then decayed and became undetectable at longer times (Supplementary
Fig. S1).

Indexes Control +40HT
Day 1 Day 6 Day 9 . . .
d d d 2.6. Catabolic pathways in oncogene-induced senescent fibroblasts
Coupling efficiency 0.7 £ 0.69 + 0.74 + 0.8 £
0.05 0.01 0.03 0.04* . - .
Spare respiratory 20 £ 01 01402 314 344 . To better understand the bloengrgetlcs of R{\S-lnduced senescent
capacity 0.2%% 0.4%% fibroblasts we compared the metabolites detected in senescent and non-
Respiratory control ratio 7+1 7+1 12 + 2%% 17 + 2% senescent cells in our previous work [13]. Several glycolytic pathway
intermediates (glucose, fructose 1,6-biphosphate/glucose 1,6-biphos-
phate, 3-phsphoglycerate, 2-phosphoglycerate and phosphoenolpyr-
uvate) were significantly higher in RAS-induced senescent cells
compared to control cells (Supplementary Fig. S8), suggesting an overall
increase in this pathway as previously reported [26,27]. Similar
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Fig. 5. RAS levels and the senescent phenotype. Early passage BJERRAS fibroblasts were incubated 4OHT (200 nM) (Sen + RAS) or the vehicle methanol
(Control) for 20 days. A third group was exposed to 4OHT (200 nM) for 11 days, and on day 12 when the cells had acquired a senescent phenotype, the cultures were
switched to vehicle and incubated in these conditions for 8 more days (Sen - RAS). (A) Scheme showing the culture conditions of the three groups: Control, Sen +
RAS, Sen - RAS. (B) Representative western blots showing the levels of RAS, phosphorylated ERK (p-ERK) (Thr202/Tyr204), ERK, p21, p16, p65 and tubulin as
loading control. Graphs show the quantification of the different proteins normalized to the control condition. Results are the mean + SD (n = 3). (C) IL-8 secretion
assessed by ELISA, normalized considering cell protein content (pg) (n = 8) and relative to the control. Significant differences between senescent cells with and
without RAS and the control condition were determined with one-way ANOVA, and Tukey post-hoc for multiple comparisons *P < 0.05, **P < 0.001, ***P < 0.0001.
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Fig. 6. AMPK activation drives the increase in cell respiration and the SASP in OIS. (A) Early passage BJERRAS fibroblasts were incubated as described in
Fig. 5. Representative western blots showing the levels of phosphorylated ACC (p-ACC) (Ser79), ACC, and tubulin as loading control. The graph shows the p-ACC/
ACC ratio relative to the control condition. Results are the mean + SD (n = 3). (B) Oxygen consumption rate (OCR) was measured and respiratory parameters
determined as described in Fig. 2. (C) IMR-90 human fibroblasts were transduced with lentiviral particles containing H-RAS®*2Y oncogene (RAS) or a control plasmid
(Ctl). Senescent cells were incubated with CC (10 pM) for 6 h and western blots preformed with antibodies against p-ACC (Ser79), ACC, and tubulin as loading
control. (D) Oxygen consumption rate (OCR) was measured and respiratory parameters determined for IMR-90 fibroblasts incubated with CC (10 uM) or vehicle (n =
6-7). (E) Cytokine secretion was assessed by ELISA, and normalized considering cell protein content (n = 3) for IMR-90 fibroblasts incubated with CC (10 pM) or
oligomycin (1 uM) for 6 h (n = 6-7). Results are the mean =+ SD. Significant differences between senescent cells with and without RAS and the control condition were
determined with one-way ANOVA, and Tukey or Dunnett’s post-hoc for multiple comparisons *P < 0.05, **P < 0.001, ***P < 0.0001.

observations were made for replicative senescent cells (Fig. S9). How-
ever, lactate levels were reduced in OIS (Fig. 7A) indicating that pyru-
vate formed in the glycolytic pathway, is perhaps oxidized to acetyl-CoA
rather than reduced to lactate. Accordingly, subunits Ela and E2 of the
pyruvate dehydrogenase complex (PDH) were 3.5 and 7.5-fold higher in
senescent than non-senescent cells and E1p was undetectable in control
cells, but present in senescent cells (Fig. 7B-D).

Assessment of metabolites from the TCA cycle showed OIS cells had
significantly lower levels of a-ketoglutarate and higher levels of succi-
nate, malate and fumarate levels, than control cells (Fig. 7A). No dif-
ferences were found in pyruvate or citrate levels; while acetyl-CoA, cis-
aconitate, isocitrate, succinyl-CoA and oxaloacetate were not detected.

We reasoned that the decrease in a-ketoglutarate could be due to
mitochondrial aconitase (ACO2) inactivation, since the iron-sulfur
cluster in the active site makes the enzyme very sensitive to oxidants,
in particular to superoxide radical (03) [41-44], and reactive oxygen

species are known to increase in senescence [9,23]. Thus, we obtained
mitochondria-enriched and cytoplasm-enriched subcellular fractions,
and measured aconitase activity following the rate of conversion of
isocitrate to cis-aconitate inhibitable by fluorocitrate, a well-known
aconitase inhibitor [45] (Supplementary Fig. S10). Aconitase activity
was reduced 43% in the mitochondrial compartment but not in the
cytoplasm of senescent cells (Fig. 7E). Incubation of mitochondrial
fractions of senescent cells with iron and a reducing agent in anoxic
conditions resulted in a 16 + 2% recovery of aconitase activity.
Considering aconitase reactivation in senescent cells, as well as re-
ported values for control cells (10%), and applying the equation pre-
sented in the Material and Methods section [41], we estimated a 40 +
20% increase in superoxide steady-state levels in OIS cells with respect
to control cells. In agreement, intracellular oxidant levels determined
measuring the oxidation of chloromethyl-2,7’- -dichlorodihydro-
fluorescein (CM-H,DCF) to the fluorescent probe chloromethyl-2/,
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Fig. 7. Mitochondrial metabolic features of oncogene-induced senescent human fibroblasts. Early passage IMR-90 human fibroblasts were transduced with
lentiviral particles containing a plasmid coding for the H-RASS1?Y oncogene (RAS) or a control plasmid (Control), and selected with puromycin. Measurements were
made 14 days after transduction. (A) Data from metabolomic experiments reported in Ref. [13] (n = 6). (B) Representative WB for Pyruvate dehydrogenase complex
subunits. (C and D) Graphs show the quantification of the subunits Ela, and E2 proteins relative to tubulin and normalized to the control condition. Results are the
mean + SD (n = 3). (E) Aconitase activity was determined by spectrophotometric techniques (n = 3). (F) Intracellular oxidant levels measured assessing
chloromethyl-2',7"-dichlorofluorescein (CM-DCF) fluorescence intensity by flow cytometry analysis (n = 7), the geometric mean fluorescence intensity relative to the
control condition is shown. Results are the mean + SD. Significant differences between senescent cells and the control condition were determined with Student’s
t-test. *P < 0.05, **P < 0.001.

7'-dichlorofluorescein (CM-DCF), were increased two-fold (Fig. 7F). We also analyzed the metabolites detected in replicative senescent

Assessment of other metabolites revealed a decrease in glutamate, and early passage fibrobasts measured previously [13]. As observed for
glutamine, y-aminobutyric acid (GABA), and propionyl carnitine in se- OIS fibroblasts, several glycolytic pathway intermediates and citrate
nescent cells (Fig. 7A and Supplementary Fig. S8), suggesting these were significantly higher, and a-ketoglutarate was lower in replicative
metabolites might also play a role fueling the TCA cycle. senescent cells compared to early passage cells (Supplementary Fig. S9).
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2.7. Alternative routes for acetyl-CoA in oncogene-induced senescent
fibroblasts

To explore other potential outcomes for citrate we studied ATP-
citrate lyase (ACLY), an enzyme that catalyzes the cleavage of citrate
into oxalacetate and acetyl-CoA in the cytoplasm and nucleus [46,47].
Phosphorylation of ACLY in serine 455, is catalyzed by protein kinase A
(PKA) or Akt (PKB) [48,49], and is associated with an increase in lipid
synthesis and histone acetylation [46,47]. In fact, upon activation of the
DNA damage response p-ACLY has been shown to promote histone H3
acetylation in lysine 9 (H3K9Ac) and lysine 56 (H3K56Ac) near double
strand breaks, affecting chromatin structure and gene experession [50].

As shown in Fig. 8, a 4.7-fold increase in p-ACLY (Ser 455) levels and
a 6.3-fold increase in p-ACLY/ACLY ratio was found in senescent versus
non-senescent cells (Fig. 8A-D). ACLY phosphorylation also increased in
BJ fibroblasts upon induction of oncogene expression with 40OHT
(Fig. 8E). A similar profile was observed for p-ACC (Ser 79) (Fig. 8E). In
this setting, where p-ACLY promotes acetyl-CoA export from mito-
chondria and ACC phosphorylation inhibits lipid synthesis, acetyl-CoA
might participate in other reactions, for example, protein lysine acety-
lation (AcLys). Accordingly, acetylation of H3 in lysine 9 (H3K9Ac) was
higher in OIS than in control cells, and incubation with the ACLY in-
hibitor NDI-091143 (NDI) [51,52] resulted in a decrease in H3K9Ac
(Fig. 8F and G). Incubation with the ACLY inhibitor also resulted in a
decrease in pro-inflammatory cytokine secretion by senescent fibro-
blasts (Fig. 8H and I).

Finally, we looked at Sirtuin 6 (SIRT6) levels, since this enzyme can
catalyze the NAD "-dependent deacetylation of histone H3 (H3K9Ac and
H3K56Ac) among other targets [53-55]. SIRT6 expression and protein
levels were increased in IMR-90 OIS senescent cells (Fig. 8J-L) and in
OIS BJ fibroblasts (Sen + RAS) (Supplementary Fig. S11). In our
experimental conditions the SIRT6 substrate NAD " was reduced, NADH
was unchanged, and NAD" precursors nicotinamide and nicotinamide
riboside were increased in senescent cells with respect to the control
[13] (Supplementary Fig. S8). However, reports by others show an in-
crease in both NAD" and NAD" precursors in OIS cells, associated to
higher activity of the NAD™" salvage pathway [26,27]. Sirtuin 6 partic-
ipates in the activation of the DNA damage response [56], regulates cell
catabolism [57-60] and inflammation [61], and could account for the
coordinated regulation of these processes in senescent cells.

3. Discussion

Mitochondria are required for the secretion of multiple pro-
inflammatory factors by senescent cells [10]. Inhibition of catabolic
routes such as fatty acid oxidation [13], mitochondrial biogenesis or
mitochondrial fusion reduces several senescent markers, including the
SASP [10,12-14,24]. Impairment of mitochondrial respiration or loss of
mtDNA per se can induce senescence in young proliferating fibroblasts
[31,62]. However, senescent cells induced by loss of mtDNA (rho cells)
present a characteristic SASP devoid of many proinflammatory factors
[31]. In line with these observations, recent reports show that release of
mtDNA and mt-dsRNA to the cytoplasm activate cyclic GMP-AMP syn-
thase and stimulator of interferon genes protein (cGAS-STING) and
MAVS pathways, respectively, and these proinflammatory pathways
drive the SASP [16,24]. Here we show that inhibition of AMPK, a master
regulator of energy metabolism, strongly affects the SASP in OIS,
underscoring the potential of mitochondria as targets to modulate the
SASP.

Additionally, our study provides a careful description of mitochon-
drial catabolic pathways in OIS, along with a comparison with other
models of senescence. To characterize and compare mitochondrial
respiration and oxidative phosphorylation pathways in the different
models we compared their respiratory indexes. Respiratory indexes are
determined as ratios between the respiratory rates, and are therefore
internally normalized and independent of cell number or protein mass
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[34]. In all cases IMR-90 senescent cells showed a small but significant
decrease in coupling efficiency (Table 1). This index considers the
fraction of mitochondrial respiration that is directly linked to ATP
synthesis, and a decrease indicates dissipation of the proton gradient
though processes that do not involve ATP synthase [34]. Among these
events we can find an increase in the permeability of the mitochondrial
inner membrane (MIM) due to damage or activity of uncoupling proteins
(UCP), but also transport of metabolites across the MIM such as Ca2+,
pyruvate (that is co-transported to the matrix with H™) or ATP/ADP
exchange. Depolarization of the MIM was observed by other authors
using cationic dyes [9,11].

On the other hand, important differences were observed in the spare
respiratory capacity. This index was unchanged for stress-induced
(H20,, doxorubicin) and replicative senescent cells, but increased
more than 50% in RAS-induced senescent cells (Table 1). These results
are in agreement with the increase in mtDNA/nDNA and mitochondrial
mass in OIS [9,10] and indicate that senescent cells can efficiently
respond to energy demands or damaging insults [34]. Moreover, recent
results by Victorelli et al. show that senescent cells release mtDNA as
part of the signals triggering the SASP [16], pointing towards a possible
alternative role of these “spare” mitochondria in inflammatory signaling
rather than bioenergetics. The increase in mitochondrial reactive oxy-
gen species formation observed in senescent cells [9,23] could also play
arole in signaling events, maintaining a persistent activation of the DDR
or affecting chromatin remodeling and gene expression [63,64].

Finally, we compared the respiratory control ratio (RCR) of senes-
cent cells induced by different stimuli. The RCR is considered a good
marker of mitochondrial bioenergetic dysfunction, since it considers
both the maximum activity of the respiratory chain and the existence of
uncoupling events [34]. The RCR was higher in control than in senescent
cells induced by H205, doxorubicin or serial passage (relicative senes-
cence) (Table 1) in agreement with mitochondrial bioenergetic
dysfunction. Instead, a significant increase in the RCR was observed in
oncogene-induced senescent cells, supporting an overall improvement
of mitochondrial bioenergetics (Table 1).

Mitochondrial fatty-acid oxidation increased in OIS but not in
doxorubicin- or HoO-induced senescence. In agreement, inhibition of
ACC by phosphorylation in serine 79 by AMPK was only observed in the
presence of the oncogene.

AMPK phosphorylation in OIS was first reported by Moiseeva et al.,
along with a 40% decrease in ATP leveles in senescent with respect to
control cells [9]. At the time this was interpreted as evidence of mito-
chondrial dysfunction, however, functional analysis measuring oxygen
consumption rates reported here (Figs. 2-4) and previously [12,13,26]
show that mitochondrial respiration and oxidative phosphorylation are
highly active routes in OIS. These results suggest that low levels of ATP
might be due to an increase in ATP hydrolysis rather than a decrease in
ADP phosphorylation. Protein synthesis and secretion are energy
demanding processes [65], and probably responsible for the changes in
ATP/ADP or ATP/AMP ratios that activate AMPK [66]. Upon activation
AMPK phosphorylates several factors, inhibiting anabolic pathways,
activating catabolic pathways (e.g. fatty acid oxidation, glycolysis), and
promoting PGC-1la-dependent mitochondrial biogenesis [66]. Overall
these events lead to a long-term increase in cell respiration and adap-
tation to the energy demands imposed by the SASP. In fact, inhibition of
AMPK with CC reduced both oxygen consumption rates and cytokine
secretion in OIS (Fig. 6).

In sum, reports of increased mitochondrial reactive oxygen species
and mitochondrial mass, lower mitochondrial membrane potential, and
release of mtDNA and mtRNA to the cytoplasm have been considered
signals of mitochondrial dysfunction in senescence [9,11]. However,
when it comes to mitochondrial bioenergetics our results indicate the
metabolic phenotype depends on the inducing stimuli, as happens for
the DDR, the SASP and the expression of multiple genes [6].

The increase in respiratory rates along with the analysis of metabo-
lites and enzymes suggest that in OIS, acetyl-CoA is generated during
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Fig. 8. ACLY-dependent histone lysine acetylation in oncogene-induced senescent cells. (A-D) Early passage IMR-90 human fibroblasts expressing the H-
RASC12V oncogene (RAS) or a control plasmid (Control). (A) Representative WB for ACLY and phosphorylated ACLY (p-ACLY) (Ser455) and tubulin as loading
control. (B-D) Quantification of ACLY and p-ACLY relative to tubulin and the ratio between the phosphorylated and total enzyme, normalized to the control
condition. (E) WB of BJERRAS fibroblasts at different time points after the addition of 40HT (200 nM) or the vehicle showing an increase in RAS, p-ACLY, ACLY, p-
ACC, ACC and GAPDH as loading control. (F-I) OIS IMR-90 fibroblasts treated with the ACLY inhibitor NDI-091143 (NDI, 40 pM) for 18 h or the vehicle: (F) Histone
acetylation measured by confocal microscopy after immunocytochemistry using anti-H3K9Ac antibody (green) and staining the nuclei with Dapi (blue). (G)
Quantification of nuclear H3K9Ac (n > 300). (H and I) Secretion of IL-8 and IL-6 measured by ELISA (n = 4). (J) SIRT6 levles obtained by confocal microscopy after
immunocytochemistry with an anti-SIRT6 antibody (green), and nuclei stained with Dapi (white). (J) Quantification of nuclear SIRT6 (n = 8-25). (K) Expression
levels of SIRT6 determined by RT-qPCR (n = 3-4). Significant differences between conditions were determined with Student’s t-test or one-way ANOVA and Tukey

post-hoc for multiple comparisons *P < 0.05, **P < 0.001, ***P < 0.0001.

oxidation of fatty acids and glucose, and pyruvate oxidative decarbox-
ylation by PDH. Acetyl-CoA can condense with oxaloacetate forming
citrate and is oxidized completely in the TCA cycle resulting in increased
respiration rates and ATP synthesis. However, partial inhibition of
aconitase along with increased ACLY phosphorylation (Ser455), that
results in enzyme activation, points to a possible export of citrate leading
to a re-distribution of the sub-cellular acetyl-CoA pools. Interestingly,
Nacarelli et al. [27] have also observed an increase in glycolytic in-
termediates, along with high levels of acetyl-CoA and citrate in OIS.

In proliferating cells citrate shuttle from mitochondria to cytoplasm
is mostly associated with fatty acid synthesis. Yet, in senescent cells
where ACC is phosphorylated by AMPK and lipid synthesis inhibited
acetyl-CoA can be diverted to towards acetylation of protein lysine
residues in histones or other targets. Acetylation is a relevant post-
translational modification that regulates multiple metabolic pathways,
as well as gene expression [67]. Of special interest in the context of
senescence is the reported role of ACLY in DNA damage repair [50].
ATM activation promotes ACLY phosphorylation by Akt [50], and can
also activate AMPK [68], redirecting acetyl-CoA from lipid synthesis
towards histone acetylation upon DNA damage. Our results reveal ACLY
phosphorylation increases in OIS and its activity is required for H3K9
acetylation (Fig. 8). Acetylated histone H3K9 accumulates in promoter
regions of IL-6 and IL-8 and has been shown to promote their expression
[69]. Accordingly here we show that pharmacological inhibition of
ACLY reduces the secretion of these proinflammatory cytokines in OIS
(Fig. 8). Epigenetic alterations regulate the expression of multiple SASP
components [70] and our results support a role for metabolic pathways
in these processes. Other interesting observations that merit further
study are the changes in TCA cycle metabolite levels. In particular, the
decrease in o-ketoglutarate and increase in succinate and fumarate in
OIS (Fig. 7) could inhibit a-ketoglutarate-dependent dioxygenases.
These enzymes are involved in proline hydroxylation and stabilization
of transcription factor HIF and chromatin demethylation, and can in-
fluence cell metabolism and gene expression [71]. Interestingly, the
decrease in o-ketoglutarate could be due to superoxide-mediated aco-
nitase inactivation, pointing to a potential role for this reactive oxygen
species regulating the abundance of epigenetically active metabolites
[22]. Nevertheless, we must mention that a recent report by Tighani-
mine et al. shows an increase in o-ketoglutarate and o-ketoglutar-
ate/succinate ratios in OIS fibroblasts when compared to non-senescent
cells [17]. Differences between this report and the data presented herein
might be due to the cell lines used in the assays (WI-38 fibroblasts vs
IMR-90); or alternatively to non-senescent cells being in a proliferative
or a quiescent state, respectively, since a-ketoglutarate and succinate
levels have been shown to differ in these conditions [72].

Finally, assessment of SIRT6, a NAD' dependent deacetylase,
showed an important increase in gene expression, in agreement with
previous transcriptomic analysis [73]. SIRT6 protein leveles were also
increased and localized in the nuclei of oncogene-induced senescent
cells. Long chain free fatty acids can increase SIRT6 catalytic activity
[74], and these lipids are higher in senescent than control fibroblasts
[13]. SIRT6 catalyzes de deacetylation of histone H3K9 in the promoter
region of multiple genes involved in glucose and fatty acid metabolism,
favoring oxidative metabolism over glucose fermentation and lipid
synthesis [57-60]. SIRT6 also promotes phosphorylation (Thr172) and
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activation of AMPK, as well as mitochondrial respiration and oxidative
phosphorylation [59]. In addition, this sirtuin can sense DNA damage
and activate the DDR [56]. Several reports indicate that SIRT6 impacts
on NF-kB activity, and both pro- and anti-inflammatory roles have been
described [61]. Thus, this multitasking enzyme could coordinately
regulate DNA damage repair, nutrient catabolism and the proin-
flammatory SASP in senescent cells. SIRT6 can also consume NAD ™, and
several reports argue that NAD'/NADH ratios play a relevant role
regulating AMPK activation and the SASP [27,31], but the role of this
cofactor in senescence is complex and requires further exploration [75].

4. Conclusions

The prominent role of mitochondria sustaining the SASP highlights
the relevance of studying its physiology and regulation in senescence.
Overall, our work supports the existence of catabolic heterogeneity
among senescent cells, showing that hydrogen peroxide, doxorubicin
and replicative senescent cells present a decrease in mitochondrial
bioenergetics; while oncogene-induced senescent fibroblasts have an
overall increase in mitochondrial energy metabolism pathways that
depends on the continuous expression of the oncogene and activation of
AMPK. Besides, we provide a detailed description of mitochondrial en-
ergy metabolism (Fig. 9) and identify new features of metabolic path-
ways in OIS cells, such as an increase in PDH and ACLY phosphorylation
and inactivation of aconitase, that could affect the fate of acetyl-CoA
moieties. Moreover, we show that AMPK and ACLY regulate the meta-
bolic phenotype and drive the SASP in OIS.

5. Materials and methods
5.1. Doxorubicin and H50, induced senescence in fibroblasts

IMR-90 (ATCC® CCL-186) human lung fibroblasts were obtained
from ATCC (Manassas, Virginia, USA) with 10 passages in culture and at
a population doubling level (PDL) of 25. Fibroblasts were routinely
grown in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen)
supplemented with 10% (v/v) fetal bovine serum (FBS), penicillin 50 U/
ml and streptomycin 50 pg/ml (complete media). Cells were maintained
at 37 °Cin a CO; incubator (95 % air, 5 % COs). Under our experimental
conditions, IMR-90 cultures entered senescence after achieving a PDL
value of 50 obtained after 22-24 passages. Cells between passage 10-18,
early passage cells (PDL 25-36), were used in all the experiments unless
otherwise specified.

For doxorubicin (Sigma) treatment cells were seeded at 1-4 x 10*
cell/cm?, three days after plating cells were incubated with 0.2 pM
doxorubicin, for the indicated periods.

For HyO5, treatment cells were seeded at 1-4 x 10* cell/cm? and 24 h
later exposed for 2 h to 600 pM H,0; in complete media. Four days after
the first treatment the cells were split 1:3 and treated again for 2 h with
600 pM Hy0,. Hydrogen peroxide was quantified spectrophotometri-
cally (€240 = 43.6 M lem™.

5.2. Oncogene-induced senescence

The lentiviral plasmid expressing H-RAS containing a glycine to
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Fig. 9. Mitochondrial energy metabolism and metabolic fates of acetyl-CoA in OIS cells. Glucose and fatty-acid oxidation increase in OIS resulting in the
formation of acetyl-CoA. Acetyl-CoA condenses with oxaloacetate forming citrate, that can be oxidized in the TCA cycle or exported to the cytoplasm, and regenerate
acetyl-CoA. Since lipid synthesis is inhibited in these cells, acetyl-CoA can be rerouted and participate in protein lysine acetylation, promoting histone acetylation and
SASP gene expression. AMPK and ACLY activation play key roles regulating metabolic reactions and the SASP. Enzymes and pathways where evidence of an increase
or decrease in activity was found are shown with a red arrow or a blue arrow, respectively. ACC: acetyl-CoA carboxylase; ACLY: ATP-citrate lyase; ACO: mito-
chondrial aconitase; AMPK: AMP activated protein kinase; PDH: pyruvate dehydrogenase complex. The figure was created with BioRender.com.

valine substitution at position 12 (H-RAS®*2V, oncogene RAS) was a gift

from Eric Campeau (pLenti CMV/TO RasV12 Puro (w119-1), Addgene
plasmid #22262). The control plasmid pLKO.1 was from Open Bio-
systems. Plasmids pCMV-dR8.2 dvpr and pCMV-VSVG were a gift from
Bob Weinberg (Addgene plasmids #8455 and #8454, respectively)
[76]. Lentiviral constructs were amplified in 293T cells according to
protocols established by the Broad Institute RNAi Consortium [77].

Early passage IMR-90 cells were transduced with lentiviruses (MOI
of 1-5) overnight in media containing 8 pg/ml polybrene, one to two
days after seeding. Transduced cells were subsequently selected in cul-
ture media supplemented with 2 pg/ml puromycin (Sigma-Aldrich).
Unless otherwise specified, all experiments regarding RAS-induced
senescence were performed 14 days after transduction [13].

Alternatively skin fibroblasts (BJ) carrying the H-RAS®'2Y oncogene
fused to the ligand binding domain of the estrogen receptor (ERRAS)
were generated with pLNCX2 ER:Ras (Addgene plasmid #67844) [78]
as described [79]. Cutaneous fibroblasts carrying ERRAS were cultured
as described above and RAS expression induced incubating with 200 nM
4-hydroxytamoxifen (4OHT), media with 40HT was replenished every
2-3 days during the experiment [79]. Samples were collected and pro-
cessed at the indicated time points.

Senescent and control cells were incubated with the AMPK inhibitor
compound C (CC, Selleckchem) also known as dorsomorphin, the ACLY
inhibitor NDI-091143 (NDI, Selleckchem) in conditions previously
described in the literature [39,51,52,80].

5.3. Replicative senescence

IMR-90 human lung fibroblasts, at a population doubling level (PDL)
of 25, were subcultured weekly using an initial seeding density of 0.5 x
10° cells per 10 cm dish. Cells between passage 10-18 were denomi-
nated early passage cells (PDL 25-36). IMR-90 cultures entered
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replicative senescence after achieving a PDL value of 50 obtained after
22-24 passages. At this point, fibroblasts could not reach confluence
after 7-10 days following a 1:2 split and 60-80 % cells stained positive
for SA-p-Gal [32].

5.4. Western blots

Cells were routinely lysed in cell lysis buffer containing 20 mM Tris-
HCI, pH 7.5, 1 % Triton X-100, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
2.5 mM sodium pyrophosphate, 1 mM p-glycerophosphate, 1 mM
NayVOy, supplemented with protease (Sigma FAST) and phosphatase
inhibitor (Calbiochem) cocktails. Lysates were sonicated, centrifuged at
14000 g for 10 min and stored at —80 °C. Proteins (20-40 pg) were
resolved by SDS-PAGE and subjected to western blotting using standard
procedures.

The following primary antibodies and dilutions were used: ACO
(#ab71440, 1:1000), MFN1 (#ab104274, 1:4000), MFN2 (#ab124773,
1:5000), pyruvate dehydrogenase (PDH) antibody cocktail (#ab110416,
1:250), succinate dehydrogenase (SDH) subunit A (#ab14715, 1:1000),
B-tubulin (#ab6046, 1:1000) and a-actin (#ab5694, 1:1000) from
Abcam; RAS (#3339, 1:1000), ACC (#3676, 1:1000) according to the
provider this antibody recognizes the two isoforms ACC1(265 kDa) and
ACC2 (280 kDa), phospho-ACC (Ser79) (#3661, 1:1000) according to
the provider this antibody recognizes the two phosophorylated isoforms
ACC1 in Ser79 and ACC2 in the equivalent residue (Ser219), acetylated-
lysine (#9441, 1:1000), ACLY (#4332, 1:1000), phospho-ACLY
(Ser455) (#4331, 1:1000) AMPK (#2532, 1:1000), phospho-AMPK
(Thrl72) (#2535, 1:1000), ATM (#2873, 1:1000), ERK (#4695,
1:1000), phospho-ERK (Thr202/Tyr204) (#4370, 1:1000), phospho-
P53 (Serl5) (#9284, 1:1000), p21 (#2947), SIRT1 (#8469, 1:1000),
SIRT3 (#5409, 1:1000), SIRT6 (#12486, 1:1000), p65 (#8242, 1:1000)
and GAPDH (#2118, 1:1000) from Cell Signaling Technology; phospho-
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ATM (Ser1981) (#05-740, 1:1000) from Millipore; phospho-pRb
(Ser807/Ser811) (#558389, 1:10000) from BD Pharmingen; pl6
(#468, 1:1000), p53 (DO-1, sc-126, 1:250), p53 (sc-6243, 1:1000), p21
(sc-6246, 1:1000) and o-tubulin (sc-8035, 1:500) from Santa Cruz
Biotechnology. Western blots were analyzed with Image Studio Lite (LI-
COR Bioscience) or ImageJ.

5.5. Immunocytochemistry

For SIRT6 analysis cells were cultured in permanox chamber slides
(Thermo Fisher Scientific) fixed in 4% paraformaldehyde, per-
meabilized with 0.2% Triton in PBS, incubated in blocking buffer (3%
BSA, 0.2% Triton in PBS) for 1 h and incubated with primary antibody
anti SIRT6 (#12486, 1:50) or from Cell Signaling Technology overnight
at 4 °C. The following day cells were incubated with the secondary
antibody Alexa Fluor® 488 goat anti-rabbit IgG (H + L) (#A11034) from
Thermo Fisher Scientific for 1 h at room temperature and 4,6-diamidino-
2-phenylindole (Dapi, 1 mg/ml, Thermo Fisher Scientific) was used to
stain the nuclei. Labeled proteins were visualized using a confocal mi-
croscope (Leica, SP5) and image analysis was performed in ImageJ.

For H3K9Ac analysis cells were cultured in glass coverslips coated
with 0.2% gelatin, fixed in 4% paraformaldehyde permeabilized with
0.3% Triton in PBS, incubated in blocking buffer (10% normal goat
serum, 0.3% Triton, in PBS) for 1 h and incubated with primary antibody
anti- H3K9Ac (#9649, 1:400) from Cell Signaling Technology overnight
at 4 °C. Cells were then incubated with the secondary antibody (anti-
rabbit AF488 1:1000, Invitrogen) and Dapi. Image acquisition was
performed using a Carl Zeiss LSM 800, and images analyzed using Fiji.

For p16-INK4 analysis cells were cultured in glass coverslips coated
with 0.2% gelatin, fixed in 4% paraformaldehyde, blocked and per-
meabilized with 3% BSA, 2% glycine, 0.3% Triton X-100 in PBS for 1 h
and incubated with primary antibody anti-CDKN2A/pl6-INK4a
(#ab54210, 1:100) from Abcam overnight at 4 °C. Cells were then
incubated with the secondary antibody (anti-rabbit antimouse Alexa-
Fluor 488 (#A-11094, 1:1000) from ThermoFisher and Dapi. Image
acquisition was performed using a Nikon Eclipse TE-200, and images
analyzed using ImageJ.

5.6. Gene expression analysis

Cells were homogenized in TRIzol (Thermo Fisher Scientific)
following the manufacturer’s recommendations and instructions. A
DNase treatment was performed to eliminate possible contamination
with genomic DNA (Roche, Cat. No. 04716728001). Complementary
DNA was generated using Superscript II enzyme (Invitrogen, Cat. No.
18064-014). Quantitative real-time PCR was performed with Quanti-
Tect® SYBR® Green PCR Kit (Qiagen) with specific primers. The relative
changes in gene expression were expressed relative to the control with
the 2724¢T method [81]. The following primers were used:

The relative changes in gene expression were expressed relative to
the control as 2—ACTcondition/z—ACTcomrol method.

SIRT6: forward 5’-ACTGGCGAGGCTGGTCTG-3’

reverse 5’- GCTCTCAAAGGTGGTGTCG-3’

B-actin: forward 5’-AGCCATGTACGTAGCCATCC-3’

reverse 5’-GCTGTGGTGGTGAAGCTGTA-3’

LMNB1: forward 5’-GTATGAAGAGGAGATTAACGAGAC-3’

reverse 5’-TACTCAATTTGACGCCCAG-3’

CDKN2A: forward 5’-ATCATCAGTCACCGAAGGTC-3’

reverse 5’-CTCAAGAGAAGCCAGTAACC-3’

5.7. Mitochondrial oxygen consumption rate

Oxygen consumption rate (OCR) was measured in a Seahorse XFe24
extracellular flux analyzer (Agilent). Before the experiment, the culture
medium was replaced with an unbuffered medium: DMEM (D5030,
Sigma) pH 7.4, supplemented with 32 mM NaCl, 5 mM glucose, 1 mM
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sodium pyruvate and 2 mM glutamine. Cells were incubated for 1 h at
37 °C in a stove without CO,. Basal oxygen consumption measurements
were taken before the injection of oxidative phosphorylation inhibitors
or an uncoupler. For mitochondrial respiratory analysis, successive
measurements were taken after the sequential addition of oligomycin
(0.5 pM), carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
(FCCP, 1 pM one or two additions) and antimycin A (AA, 1 pM). After
each assay, protein content (pg) per well was determined with the
bicinchoninic acid (BCA) technique (Pierce, Thermo Scientific) and OCR
were normalized considering protein content (mg) or cell number.
Antimycin A-resistant respiration (non-mitochondrial respiration) was
subtracted from all oxygen consumption measurements [34].

Basal respiration was determined in the absence of mitochondrial
inhibitors and represents the sum of all mitochondrial oxygen-
consuming processes. ATP-independent respiration (also known as
proton leak) was the OCR resistant to the addition of ATP synthase in-
hibitor oligomycin. ATP-dependent respiration was calculated as the
difference between basal and ATP-independent respiration. The
maximum respiration rate, was obtained after titration with the mito-
chondrial uncoupler FCCP.

Respiratory indexes were determined as ratios between the respira-
tory rates The coupling efficiency was the ratio between ATP-dependent
and basal respiration. Spare respiratory capacity was the ratio between
the maximum and basal respiration rates. Finally, the respiratory control
ratio (RCR) was the ratio between maximum and ATP-independent
rates.

Alternatively, we used the Resipher real time cell analyzer (Lucid) to
measure basal oxygen consumption rates in real time and continuously
through the induction and establishment of senescence. Complete media
was changed every two to three days and measurement were performed
at 37 °C in a CO, incubator (95 % air, 5 % CO,). At the end of the
experiment protein content (pg) per well was determined with BCA
(Pierce, Thermo Scientific) and OCR were normalized considering pro-
tein content.

5.8. Fatty acid oxidation

Fatty acid oxidation was measured assessing oxygen consumption
rate (OCR) in the presence of oleate conjugated to BSA (OA-BSA), OA:
BSA 0.1 mM:0.2% m/v, in the XFe24 extracellular flux analyzer (Agi-
lent). Briefly, cells were initially changed to unbuffered DMEM (DMEM
with 5 mM glucose, 1 mM sodium pyruvate, 32 mM NaCl, 2 mM
glutamine, pH 7.4), and incubated in a non-CO; incubator for 2 h at
37 °C. OA-BSA was added to the medium and four baseline measure-
ments were taken before injecting etomoxir (100 pM) and antimycin A
(2.5 pM) [13].

Fatty acid conjugation. To conjugate the free fatty acid oleate to BSA,
we initially prepared 100 mM sodium oleate (Sigma- Aldrich) by mixing
47.5 mg of oleate in 1.5 ml of water with 2.5 pl of 1 N NaOH. The so-
lution was heated to 37 °C and vortexed occasionally until dissolved.
Sodium oleate was then mixed with a solution of fatty acid free BSA
(Sigma) dissolved in PBS (15% weight to volume). The resulting mixture
was then incubated for 30 min at 42 °C to obtain an oleate:BSA stock
solution (7 mM:14%) [13].

5.9. Aconitase activity

Subcellular fractions were obtained according to [82]. Two culture
dishes (140 mm diameter) of IMR-90 fibroblasts were used per condi-
tion. Cells were washed with cold PBS, scraped and resuspended in
fractionation buffer (FB: 0.25 M sucrose, 10 mM Tris-HCI, 0.1 mM
EDTA, 2 mM sodium citrate, and 1 mM sodium succinate), and ho-
mogenized using a Potter-Elvehjem. The homogenate was centrifuged at
1500 g for 10 min to eliminate the nuclei and remaining cells. The su-
pernatant was centrifuged at 13000 g for 10 min to obtain fractions
enriched in cytoplasm and mitochondria. The pellet, containing the
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enriched mitochondrial fraction, was resuspended in 200 pl of FB with 1
% Triton X-100.

Aconitase activity was assayed immediately in cytoplasm and mito-
chondria enriched fractions measuring cis-aconitate at 240 nm (&240nm
= 3.6 mM ! em™ 1Y) (Shimadzu UV-2450), after the addition of 8 mM
isocitrate in 100 mM Tris-HClI buffer, pH 7.8. The assays were carried out
in the absence or presence of the enzyme inhibitor fluorocitrate (35 pM),
to discriminate the increase in absorbance caused by the reaction under
study from those due to other reactions that could be taking place in
parallel [83].

Aconitase reactivation was achieved incubating with 10 mM
dithiothreitol (DTT) and 100 pM Fe(NH4)2(SO4)2 under argon for 30 min
in an anaerobic vial [84].

Since aconitase is selectively sensitive to superoxide O3 the ratio
between inactive and active mitochondrial aconitase (ACO2) was used
to compare mitochondrial O3 steady state levels in control and OIS cells.
As described in the following equation:

(05 | rss  ([Inactive ACO2]/[Active ACO2))g s
(03], ([Mactive ACO2]/[Active ACO2])¢

The ratio between inactive and active enzyme in control cells was
calculated considering that in normal (air) cultured cells a 10% inhibi-
tion of mitochondrial aconitase was observed by Gardner and White
[85]. While in OIS cells the ratio was determined considering enzyme
activity before and after reactivation [84].

5.10. Chloromethyl -2',7-dichlorodihydrofluorescein diacetate oxidation

Senescent and non-senescent fibroblasts were incubated with the
cell-permeant probe chloromethyl-2,7"- dichlorodihydrofluorescein
diacetate (CM-H2DCFDA, Invitrogen #6827) 5 pM for 30 min at 37 °C.
Cells were then trypsinized and the fluorescence of chloromethyl-2',7'-
dichlorofluorescein (CM-DCF) was measured by flow cytometry using a
LSRII instrument (Becton-Dickinson) [86].

DCFH-DA is a widely used probe for detecting intracellular oxidants.
The acetyl moieties of the probe are hydrolyzed by intracellular ester-
ases, producing chloromethyl-2',7'- dichlorodihydrofluorescein (CM-
H,DCF), that can be oxidized by strong intracellular oxidants forming
CM-DCF [87].

5.11. mtDNA/nDNA ratio

Cells were incubated in buffer 10 mM Tris, 10 mM EDTA, 100 mM
NacCl, 0.5 % SDS and 0.5 mg/ml proteinase K for 1 h at 60 °C. For protein
precipitation NaCl was added at 2 M final concentration followed by
Phenol:Chloroform:Isoamyl alcohol (25:24:1, v/v) (Invitrogen
#15593031). Total DNA precipitation was achieved with 100 %
ethanol. DNA was quantified by measuring the absorbance at 260 nm
and the purity of the samples was checked by calculating the A260/
A280 ratio measured on a Scanning Micro-Volume Spectrophotometer
(Janeway 7415). Separate tubes, with 20 ng of total DNA, were used for
the amplification of mtDNA and nDNA. Quantitative RT-PCRs were
carried out with PowerUp SYBR Green master mix and 0.5 pM of each
primer. The measurements were performed on the Corbett Rotor-Gene
6000 (Thermo Fisher Scientific). The ratio of mtDNA to nDNA was
calculated with the 22T method and the results were expressed rela-
tive to the control condition. The following primers were used.

18S rRNA (nuclear): forward 5’-CGCGGTTCTATTTTGTTGGT-3’

reverse 5’-AGTCGGCATCGTTTATGGTC-3’

MT-ND4L (mitochondrial): forward 5’-CACCCACTCCCTCTTAGC-
CAAT-3

reverse 5’ -GGCCATATGTGTTGGAGATTGAGAC3’
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5.12. Cytokine secretion

Cells were seeded in six-wells plates and three days after TMZ
treatment cells were washed with PBS and added 1 ml of DMEM. Two
days after the medium was collected, centrifuged at 1000g to remove
cells and debris and stored at —80 °C. IL-6, IL-8, GRO-a, GM-CSF and
MIP-1- a (CCL3) were assessed by ELISA using DuoSet ELISA kits (R&D
Systems) or ELISA MAX™ Deluxe Set (BioLegend, BD Bioscience). Re-
sults were normalized to pg of protein or cell number.

5.13. Statistical analysis and graphs

All plots and statistical analysis were performed using GraphPad
Prism. Data were analyzed by two-tailed unpaired Student’s t-test (when
comparing two groups); or one- or two-way ANOVA with Tukey or
Dunnett’s post hoc tests, as appropriate, (when comparing more than
two groups). P < 0.05 was considered statistically significant. In all
cases, results in the text show mean =+ S.D. In all experiments, n values
represent the number of independent biological samples (wells or cul-
ture dishes per group/condition). All experiments and statistical analysis
were performed with n > 3.
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