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Release of mitochondrial dsRNA into the
cytosol is a key driver of the inflammatory
phenotype of senescent cells

https://doi.org/10.1038/s41467-024-51363-0

Received: 20 October 2023 Vanessa Lépez-Polo ®', Mate Maus ® 2, Emmanouil Zacharioudakis®,
Miguel Lafarga®, Camille Stephan-Otto Attolini®", Francisco D. M. Marques®,

Marta Kovatcheva ®"®, Evripidis Gavathiotis ® > & Manuel Serrano ®"©

Accepted: 6 August 2024

Published online: 27 August 2024

% Check for updates The escape of mitochondrial double-stranded dsRNA (mt-dsRNA) into the

cytosol has been recently linked to a number of inflammatory diseases. Here,
we report that the release of mt-dsRNA into the cytosol is a general feature of
senescent cells and a critical driver of their inflammatory secretome, known as
senescence-associated secretory phenotype (SASP). Inhibition of the mito-
chondrial RNA polymerase, the dsRNA sensors RIGI and MDAS, or the master
inflammatory signaling protein MAVS, all result in reduced expression of the
SASP, while broadly preserving other hallmarks of senescence. Moreover,
senescent cells are hypersensitized to mt-dsRNA-driven inflammation due to
their reduced levels of PNPT1 and ADARI, two proteins critical for mitigating
the accumulation of mt-dsRNA and the inflammatory potency of dsRNA,
respectively. We find that mitofusin MFN1, but not MFN2, is important for the
activation of the mt-dsRNA/MAVS/SASP axis and, accordingly, genetic or
pharmacologic MFNL1 inhibition attenuates the SASP. Finally, we report that
senescent cells within fibrotic and aged tissues present dsRNA foci, and inhi-
bition of mitochondrial RNA polymerase reduces systemic inflammation
associated to senescence. In conclusion, we uncover the mt-dsRNA/MAVS/
MEFNI axis as a key driver of the SASP and we identify novel therapeutic stra-
tegies for senescence-associated diseases.

Cellular senescence is an evolutionary conserved and stereotypic
response characterized by an inability to proliferate and by the
secretion of pro-inflammatory factors, the latter collectively known as
the senescence-associated secretory phenotype (SASP)'. Cellular
senescence is elicited by multiple stresses, including aberrant onco-
gene expression, DNA damage, reactive oxygen species, and telomeric
erosion’. In young, healthy, organisms, senescent cells are short-lived

due to their immune clearance, mainly by macrophages and natural
killer (NK) cells>. However, in aged organisms or in immunosuppres-
sive environments, immune clearance fails and senescent cells accu-
mulate, as it happens in a broad variety of diseases and in aged
tissues'™. Senescent cells directly contribute to the aggravation and
progression of multiple diseases and this is mainly due to their con-
tinued release of the SASP*. Importantly, there is growing evidence,
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both in animal models and also in patients, that senescence-targeting
strategies are efficient against multiple diseases™*".

Emerging evidence has pointed to the mitochondria of senescent
cells as one of the principal modulators of the SASP’. Specifically, cells
with severe disruption of mitochondrial functions, such as inhibition
of the electron transport chain, or ablation of mitochondrial protein
chaperones, undergo an atypical senescence that lacks the full SASP
secretome®. In an even more striking demonstration of this concept,
cells devoided of mitochondria due to forced mitophagy fail to acti-
vate the SASP upon exposure to senescence-inducing triggers’. The
nature of the SASP-inducing signals emanating from the mitochondria
is only partially understood. The mitochondria of senescent cells
produce high levels of ROS that activate innate immune signaling
hubs®. More recently, it has been reported that senescent cells release
mitochondrial double-stranded DNA (mt-dsDNA) into the cytosol
through transient BAX/BAK pores, and this cytosolic mt-dsDNA con-
tributes to the SASP via activation of the cGAS/STING pathway’.
Moreover, during aging, senescent cells release mitochondrial DNA
fragments detectable in the serum, which also contribute to systemic
inflammation’®. The above findings on senescent cells are part of a
larger body of evidence linking the release of mt-dsDNA to the cytosol
as a critical inflammatory event of relevance in multiple contexts and
diseases" ™.

Mitochondria have the peculiarity of generating double-
stranded RNA (dsRNA) molecules as a result of the normal process
of bidirectional and overlapping transcription of its circular genome.
There are dedicated mechanisms to separate the two strands and
ensure the stability of the H strand, which is almost entirely coding,
and the degradation of the L strand, which is largely non-coding.
The majority of the L strand undergoes rapid decay by the RNA
degradosome complex containing the ribonuclease PNPase (enco-
ded by PNPTI)". Importantly, perturbations in mitochondrial RNA
processing may cause abnormal accumulation of mt-dsRNA, its
release through BAX/BAK pores, and the activation of innate immune
signaling pathways®. This is the case of cells from patients with
Aicardi-Goutiéres or Leigh syndromes carrying loss-of-function
mutations in the PNPTI gene and, as a consequence, presenting
aberrant constitutive activation of interferon type I signaling®”. The
release of mt-dsRNA has also been reported in osteoarthritis'®, renal
injury”, and Huntington's disease'®. Also, the inflammatory response
elicited by genotoxic agents has been reported to be mostly due to
the damage inflicted on the mt-dsDNA, which in turn results in the
cytosolic release of mitochondrial RNA through BAX/BAK pores®.
Another gene linked to the Aicardi-Goutiéres syndrome is ADAR,
which encodes a dsRNA-binding protein with adenosine deaminase
activity, and whose main function is to reduce the inflammatory
activity of cytosolic dsRNA?’. The presence of mt-dsRNAs in the
cytosol is a potent inflammatory trigger through the activation of
sensors RIGI and MDAS, and the oligomerization of MAVS on the
mitochondrial surface, which serves as a platform to activate the
interferon and NFkB signaling pathways?.

Here, we show that mt-dsRNA-driven inflammation is a general
feature of cellular senescence and, therefore, relevant to multiple
aging-associated diseases. We also identify a number of drug-
actionable targets whose inhibition strongly reduces the pro-
inflammatory secretome of senescent cells.

Results

Senescent cells release mitochondrial dsRNA into the cytosol
Given the large body of evidence linking mt-dsRNA with
inflammation”?’, we hypothesized that mt-dsRNA could also be
released into the cytosol from senescent mitochondria. To test this, we
detected dsRNA by immunofluorescence using monoclonal antibody
(J2)*. To confirm the specificity of J2 against dsRNA, we treated pro-
liferating cells with the general transcriptional inhibitor actinomycin D

(ActD) and this completely eliminated J2 foci, while siRNA-mediated
inhibition of PNPTI (encoding a key enzyme that prevents the accu-
mulation of mt-dsRNA") resulted in a robust increase in J2 foci (Sup-
plementary Fig. 1a). Then, we induced senescence in three different
human cell types, IMR-90 lung fibroblasts using the DNA damaging
agent doxorubicin, SK-MEL-103 melanoma cells treating them with
the CDK4/6 inhibitor palbociclib, and A549 lung adenocarcinoma
cells exposing them to the genotoxic agent bleomycin. These cellular
models were chosen for their efficiency in inducing senescence, and
also because they cover a variety of cell types and senescence trig-
gers. Senescence was confirmed by senescence-associated (3-galac-
tosidase (SABG) staining and by measuring the expression of
senescence-associated genes CDKNIA and /L6 by RT-qPCR (Supple-
mentary Fig. 1b, c). As previously described’, we observed that
senescent cells have an increased mitochondrial mass, increased
mitochondrial DNA copy number, and decreased mitochondrial
membrane potential (Supplementary Fig. 1d-f). Interestingly, stain-
ing with J2 revealed a significant accumulation of dsRNA foci in
senescent cells compared to their proliferative counterparts
(Fig. 1a, b; Supplementary Fig. 1g-h). A tendency to accumulate
mt-dsRNA is detectable as early as day 3 after the senescence-
inducing treatment and a significant increase was observed at
day 7, coincident with the full establishment of senescence (Sup-
plementary Fig. 1i). By co-staining cells with a mitochondria-specific
probe, we quantified the proportion of J2 foci localized within or
outside of mitochondria. Interestingly senescent cells presented a
significant increase in extra-mitochondrial dsRNA compared to pro-
liferative cells (Fig. 1c). To assess the possible mitochondrial origin of
these cytosolic dsRNA foci, we isolated RNA from mitochondria-free
cytosolic fractions of proliferative and senescent cells. Of note, our
cytosolic fractions lacked detectable mitochondrial protein AIF,
suggesting the absence of mitochondrial contamination and also
that the fractionation method did not cause major mitochondrial
membrane rupture (Supplementary Fig. 1j). By strand-specific quan-
titative PCR, we observed that the cytosolic fractions from senescent
cells contained higher levels of each of the two mitochondrial RNA
strands, H and L, compared to proliferative cells (Fig. 1d). Given the
importance of the above observations, we confirmed them in addi-
tional models of cellular senescence, in particular, irradiation-
induced senescence and replicative senescence in human and
mouse fibroblasts (Supplementary Fig. 2a-e).

The release of mt-dsDNA in acutely damaged cells occurs
through large mitochondrial evaginations that rupture and extrude
the mitochondrial matrix content into the cytosol**?**. These evagi-
nations could conceivably allow the release of mt-dsRNA and, for this
reason, we wondered if we could detect mitochondrial evaginations
in senescent cells. Electron microscopy analysis revealed that the
mitochondria of senescent cells present budding structures, some
including the matrix and even others showing evidence of rupture
(Fig. 1e). In addition to identifying evagination and budding struc-
tures, we observed pedicular projections on the membrane of
mitochondria in senescent cells, as well as the formation of “micro-
spherules” within the matrix and their potential release into the
cytosol (Fig. 1e). These abnormalities were observed in the majority
of senescent cells (87% of the cells with at least one mitochondrial
budding event) which was in contrast with the low frequency in the
parental non-senescent cells (13% of cells with at least one event).
Interestingly, we observed a significant reduction in the protein
levels of PNPT1 detected by immunofluorescence in senescent cells
compared to non-senescent cells (Fig. 1f). Reduced levels of PNPT1
could be one of the factors that contribute to the accumulation of
mt-dsRNA in senescent cells.

Collectively, we conclude that the mitochondria of senescent cells
accumulate abnormally high levels of dsRNA that are released to the
cytosol.
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Pharmacologic inhibition of mitochondrial RNA polymerase
reduces the SASP

Considering the link between mt-dsRNA release and the constitutive
inflammation that characterizes the Aicardi-Goutiéres and the Leigh
syndromes®>*, we wondered if the release of mt-dsRNA could also
underlie the inflammatory phenotype of senescent cells. We took
advantage of a highly specific inhibitor of mitochondrial RNA

P=0.0571

Treatment effect Type | interferon signaling

Pro-inflammatory cytokines
Mitochondrial-encoded genes

polymerase, named IMT1%. Senescent cells were further exposed to
IMT1 for 48h prior to analysis. As expected, inhibition of mito-
chondrial RNA polymerase activity resulted in a profound reduction
in the levels of dsRNAs (detected by J2) (Fig. 1g) and, mitochondrial-
encoded mRNAs (MT-ND1, MT-CO1, and MT-ATPS) (Fig. 1h). Impor-
tantly, treatment of senescent cells with IMT1 also reduced the
mRNA levels of SASP factors in SK-MEL-103 cells and type-l
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Fig. 1| Senescent cells present increased mt-dsRNA that leaks into the cytosol.
a Immunostaining of dsRNA (green) in untreated IMR-90 cells or exposed to
doxorubicin. Mitochondria (magenta) and nuclei (blue) are stained with Mito-
Tracker and DAPI, respectively. Arrowhead indicates dsRNA foci outside mito-
chondria. b Quantification of dsRNA foci per cell in IMR-90, SK-MEL-103 and A549
cells, untreated or exposed to various senescence-inducing stimuli. ¢ Graphs
quantify the colocalization of dsRNA (J2 foci) with mitochondria (mitotracker).

d RT-qPCR analysis of mtRNA heavy (H) and light (L) strands in cytosolic fractions
of senescent IMR-90 exposed to doxorubicin or senescent SK-MEL-103 cells treated
with palbociclib for 7 days. The names of the genes indicate the location of the RNA
segment amplified. Data expressed as fold change respect untreated cells.

e Transmission electron microscopy images of senescent SK-MEL-103 cells exposed
to bleomycin. i Evagination with vesiculation of juxtaposed outer and inner
membranes. ii Evagination with vesiculation only of the outer membrane and focal
disruption of the inner membrane. iii Evagination of juxtaposed outer and inner
membranes, with amorphous material of moderate electron density corresponding
to the extrusion of the mitochondrial matrix. iv Large evagination of the outer
membrane and budding of the inner membrane. v Focal disruption of the mito-
chondrial membranes with apparent release of matrix components into the cyto-
sol. vi Disruption of mitochondrial structure with segregation of the matrix into
free microspherules. vii Possible release of matrix microspherules, bounded by the
inner membrane, into the cytosol. viii Long “Pedicular” projection of mitochondrial
membranes with extrusion of the matrix at the tip. Arrowhead indicates mito-
chondrial budding structures, projections, microspherules, or ruptures. f Super-
resolution AiryScan microscopy images of PNPT1 (green) in IMR-90 and SK-MEL-
103 cells exposed to different senescent stimuli, untreated or transfected with
siPNPTI for 2 days. Mitochondria (magenta) were stained with MitoTracker. Graph
quantify PNPT1 mean fluorescence intensity (MFI) in the mitochondrial surface.

g Immunostaining of dsRNA (green) in IMR-90 cells exposed to doxorubicin for
7 days and treated with IMT1 (1uM) or vehicle (DMSO) for 48 h. Mitochondria
(magenta) is stained with MitoTracker. The graph shows the quantification of

dsRNA foci per cell. h Heatmaps showing the alteration in SASP factors. Senescence
was induced for 3 days in IMR-90 cells by doxorubicin and in SK-MEL-103 by pal-
bociclib and then treated with IMT1 or vehicle for 48 h. Non-senescent cells treated
with vehicle were used as control. Data was generated measuring mRNA levels by
qPCR and normalized to B-ACTIN from 3 to 5 independent replicates and Z score
has been calculated for each gene (row). The colored scale bar shown at the upper
right indicates relative expression values, where -1.5 (green) and 1.5 (magenta)
represent under- and over-abundance, respectively. In the box plots in (b), (f), and
(g), the lower and upper boundaries of the box represent the first and third quar-
tiles, with the median indicated by a line inside the box. The whiskers extend to the
maximum and minimum values. Data show mean + SEM in (c, d); mean in (h);
Comparisons by two-sided t-test for (b, f) (IMR-90); two-way ANOVA followed by
Sidak’s multiple comparisons test for (d); two-sided chi-square for (e); one-way
ANOVA followed by Tukey’s multiple comparisons test for (f) (SK-MEL-103); two-
way ANOVA for (h) revealed a significant main effect of the treatment factor
(F(2,215)=3.536, P=0.0308) in IMR-90 and (F (1, 48) = 37.5, P< 0.0001) in SK-MEL-
103. Exact p-values are shown in all panels. Sample numbers were n =18 (untreated,
IMR-90), n =20 (doxorubicin, IMR-90), n =50 (untreated, SK-MEL-103), n=19
(palbociclib, SK-MEL-103), n =17 (untreated, A549), n=9 (bleomycin, A549), cells
analyzed from 3 independent replicates for (b); n =14 (untreated, IMR-90), n=19
(doxorubicin, IMR-90), n =32 (untreated, SK-MEL-103), n =11 (palbociclib, SK-MEL-
103), n=10 (untreated, A549), n =13 (bleomycin, A549), cells analyzed from 3
independent replicates for (c); n=>5 independent replicates (IMR-90) and n=6
independent replicates (SK-MEL-103) for (d); n =31 (untreated) and n =31 (bleo-
mycin) cells analyzed from 1 experiment for (e); n =46 (untreated, IMR-90), n=21
(doxorubicin, IMR-90) n =41 (untreated, SK-MEL-103), n =37 (palbociclib, SK-MEL-
103) cells analyzed from 3 independent replicates in (f); n =36 (vehicle), n=26
(IMT1) cells analyzed from 3 independent replicates for (g); n=7 independent
replicates for (h). Representative images are shown. Scale bars are all 20 pm except
250 nm for (e). Source data are provided as a Source Data file.

interferons in IMR-90 cells (Fig. 1h). At increasing concentrations of
IMT1, mitochondrial RNA levels were progressively reduced together
with a proportional reduction in /FNAI mRNA levels (Supplementary
Fig. 3a, b). In contrast to mitochondrial RNA, the mRNA levels of
nuclear-encoded mitochondrial genes were not affected by IMT1L
(Fig. 1h; Supplementary Fig. 3a-c). Also, the levels of CDKNIA
(encoding the cell-cycle inhibitor and senescence marker p21) were
not affected by the presence of IMT1 (Supplementary Fig. 3¢c). This is
in agreement with the well-established concept that inhibition of the
SASP does not impair other features of senescent cells, including
the inhibition of the cell cycle””. Of note, mitochondrial DNA
levels were not affected by IMT1 during the 48 h treatment period
(Supplementary Fig. 3d, e). To explore the contribution of
nuclear-derived dsRNAs to the pool of dsRNAs present in senescent
cells, we have focused on repeated retroelements due to their
known ability to generate stable dsRNAs?. Previous reports have
indicated increased expression of retroelements LINE1 and ERVs in
senescent cells*°. We have confirmed these observations in our
senescent cells by RT-qPCR (ERVVI, ERV31, LINE], or ALU elements).
However, the majority of the retroelements tested showed no
decrease, or even elevation, in their expression following IMT1L
treatment (Supplementary Fig. 3¢c). These observations indicate that
mitochondria are the main source of the elevated dsRNA foci present
in senescent cells and that mt-dsRNA is an important contributor to
the SASP.

Senescent cells are sensitized to dsSRNA-dependent innate
immune signaling

Nuclear as well as cytosolic dsRNAs are subject to modifications that
reduce their pro-inflammatory activity. In particular, the adenosine
deaminase ADARL1 is a key RNA modifying enzyme that reduces the
capacity of dsRNAs to activate innate immune signaling®. Interest-
ingly, compared to proliferative cells, senescent cells presented a
marked reduction in the levels of the two ADARI isoforms (both

encoded by the same gene ADAR)*, namely, p150 (which shuttles
between nucleus and cytosol) and p110 (mostly nuclear) (Fig. 2a-c;
Supplementary Fig. 4a—c). To ascertain whether ADARI is functional in
senescent cells, despite its lower levels, we treated IMR-90 and SK-
MEL-103 cells with siADAR (or scrambled control siSCR) and then we
induced senescence. Notably, the presence of siADAR resulted in ele-
vated levels of MAVS, as detected by immunofluorescence (Supple-
mentary Fig. 4d), and in a dramatically enhanced induction of IFNA1
and IFNBI and pro-inflammatory cytokines (Supplementary Fig. 4e).
Conversely, we overexpressed each of the two ADAR1 isoforms (p110 o
p150) in senescent cells and this led to a reduction in the SASP of
senescent IMR-90 cells, while only p150, but not p110 decreased the
SASP in senescent SK-MEL-103 cells (Fig. 2d; Supplementary Fig. 4f, g).
Together, these observations indicate that senescent cells, by down-
regulating ADARI protein levels, are hypersensitized to the inflam-
matory activity of cytosolic dsSRNAs.

We then focused on the main cytoplasmic dsRNA sensors. In
particular, RIGI (encoded by gene DDX58) and MDAS (encoded by gene
IFIHI) were upregulated at the mRNA level soon after treatment with
senescence-inducing agents (Fig. 2e). This was in contrast to sensors
LGP2 (DHX58) and PKR (EIF2AK2) that remained unchanged in senes-
cent cells (Fig. 2e). The signaling integrator MAVS (MAVS) was sig-
nificantly upregulated in senescent SK-MEL-103, but not in senescent
IMR-90 cells (Fig. 2e). Notably, IMR-90 cells with combined siRNA-
mediated depletion of RIGI and MDAS5 underwent doxorubicin-
induced senescence with reduced expression of cytokines (Fig. 2f;
Supplementary Fig. 4h), whereas depletion of PKR did not reduce the
expression of the cytokines tested (Supplementary Fig. 4i). In agree-
ment with previous reports®**>*, combined siRNA-mediated deple-
tion of dsDNA sensor cGAS and STING, followed by induction of
senescence, resulted in reduced expression of cytokines (Fig. 2f;
Supplementary Fig. 4h). To reinforce the concept that RIGI and MDAS
are involved in the SASP, we measured the presence of a set of cyto-
kines directly in the extracellular medium and confirmed that many of
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the mean fluorescence intensity (MFI) of cytosolic and nuclear ADAR1p150 for cells untreated cells. Data show mean = SEM; mean in (g). Comparisons by one-way

in (b). d RT-qPCR analysis of SASP genes in senescent IMR-90 cells transfected ANOVA followed by Tukey’s multiple comparisons test for (a, ¢) (IMR-90), (f); two-
with the indicated plasmid. e RT-qPCR analysis of different genes after O sided t-test for (b, ¢) (SK-MEL-103); two-way ANOVA followed by Tukey’s multiple
(untreated), 2, 4, or 7 days of senescence induction in IMR-90 or SK-MEL-103 cells comparisons test for (d, €); two-way ANOVA followed by Sidak’s multiple com-

exposed to doxorubicin or palbociclib. f RT-qPCR analysis of SASP genes in parisons test for (h). Exact p-values are shown in all panels. Sample numbers were

senescent IMR-90 cells treated with the indicated siRNAs. g Heat map showing the n=3independent replicates for (a); n=16 (untreated), n = 14 (doxorubicin), n=19
protein levels of cytokines and chemokines in conditioned media from control or (SiADAR) for IMR-90 and n =16 (untreated), n =14 (doxorubicin), n=19 (siADAR)

senescent IMR-90 and SK-MEL-103 cells treated with the indicated siRNA, quanti- for SK-MEL-103 cells analyzed from 2 to 3 independent replicates for (b, ¢); n=3
fied by a multiplex protein assay. Concentration data correspond to a total volume independent replicates for (d, e); n =6 independent replicates for (f); n=4 inde-
of 2 ml per confluent well of 6-well plates. Z score has been calculated for each pendent replicates for (g). n =4 independent replicates for (h). Scale bars is 5 um.

protein (row). Green color: under-abundance; magenta color: over-abundance; the Source data are provided as a Source Data file.
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Fig. 3 | Cytosolic mt-dsRNA triggers MAVS-inflammation in cellular senescence
to drive the SASP. a Western blotting of MAVS and B-ACTIN expression in
senescent SK-MEL-103 cells exposed to palbociclib, doxorubicin, or untreated.
Graph quantify MAVS expression relative to B-ACTIN. b, ¢ Super-resolution Air-
yScan microscopy images of mitochondria (magenta) and MAVS (green) in
senescent IMR-90 cells exposed to doxorubicin or senescent SK-MEL-103 cells
exposed to palbociclib, untreated or transfected with siMAVS. d Quantification of
MAVS mean fluorescence intensity (MFI) in the mitochondrial surface from pic-
turesin (b, ¢) and Supplementary Fig. 5a. e DSS cross-linking to study the formation
of MAVS oligomers in senescent A549 treated with palbociclib or doxorubicin.

f SDS-AGE to study the formation of MAVS aggregates in senescent A549 treated
with bleomycin. Graph quantify MAVS expression relative to total protein
(REVERT). g, h Top downregulated Broad Hallmarks from the differential expres-
sion analysis (RNA-seq) of siMAVS compared to siSCR senescent IMR-90 or SK-MEL-
103 cells exposed to doxorubicin. i RT-qPCR of SASP factors in senescent IMR-90

cells exposed to doxorubicin and treated with siMAVS. Untreated and senescent
cells transfected with siSCR were used as controls. Data expressed relative to
Doxorubicin+siSCR. Data show mean = SEM; In the box plots in (d) the lower and
upper boundaries of the box represent the first and third quartiles, with the median
indicated by a line inside the box. The whiskers extend to the maximum and
minimum values. Comparisons by one-way ANOVA followed by Tukey’s multiple
comparisons test for (a, d) (except two-sided ¢t-test for IMR-90), (f); two-way
ANOVA followed by Tukey’s multiple comparisons test for (I). Exact p-values are
shown in all panels. Sample numbers were n =3 independent replicates for (a);
n=7 (untreated, IMR-90), n =10 (doxorubicin, IMR-90), n=9 (untreated, SK-MEL-
103), n=12 (palbociclib, SK-MEL-103), n=7 (siMAVS, SK-MEL-103), n=11
(untreated, A549), n=15 (bleomycin, A549), n =8 (siMAVS, A549) fields analyzed
from 3 independent experiments for (d); n =2 or 3 independent replicates for (f).
n=6 independent replicates for (i). Representative images are shown. Scale bars
are 10 pm for (b) and 20 pm for (c). Source data are provided as a Source Data file.
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the cytokines overproduced upon senescence were normalized upon
combined depletion of RIGI and MDAS (Fig. 2g). In the case of mt-
dsDNA, its release from senescent cells involves BAX and BAK’. Inter-
estingly, compared to the depletion of RIGI/MDAS or cGAS/STING,
combined depletion of BAX/BAK resulted in a more profound reduc-
tion in the expression of SASP-related cytokines (Fig. 2f). The invol-
vement of BAX and BAK in the release of mt-dsRNA in senescent cells
was further supported by using mouse embryo fibroblasts doubly-
deficient in Bax and Bak (Bax/Bak-DKO). Interestingly, while mtRNA
was clearly elevated in the cytosolic fraction of senescent wild-type
(WT) MEFs, this was not observed in the cytosolic fraction of senescent
Bax/Bak-DKO MEFs (Fig. 2h). Accordingly, and consistent with a pre-
vious report’, IFN-induced genes and SASP factors were reduced in
senescent Bax/Bak-DKO MEFs treated with doxorubicin compared to
senescent WT MEFs (Supplementary Fig. 4j).

In summary, senescent cells downregulate the dsRNA editing
machinery and upregulate the dsRNA sensing machinery, together
rendering senescent cells highly responsive to cytosolic dsSRNA. Our
data, together with a previous report’, are consistent with a model in
which the mitochondria of senescent cells release mt-dsDNAs and mt-
dsRNAs to the cytosol in a BAX/BAK-dependent manner, activating the
cGAS/STING and RIGI/MDAS sensors, respectively, triggering inflam-
matory signaling and the SASP.

MAVS is activated in senescent cells and it is a key inducer of
the SASP

The mitochondrial antiviral signaling (MAVS) protein is a signaling hub
that integrates multiple inflammatory inputs, most notably those eli-
cited by dsRNA and its sensors RIGI and MDA5?'. Western blot analysis
revealed that MAVS protein levels increased in senescent cells (Fig. 3a).
MAVS activation results in large prion-like aggregates in the outer
surface of mitochondria detectable by immunofluorescence®. Fluor-
escence microscopy analysis of MAVS revealed large discrete dots
along the mitochondria of senescent IMR-90, SK-MEL-103 and A549
cells (Fig. 3b-d; Supplementary Fig. 5a). This signal was completely lost
in senescent cells generated in the presence of a siRNA against MAVS
mRNA (Fig. 3¢, d; Supplementary Fig. 5a). We directly confirmed
increased MAVS oligomerization in senescent cells both by dis-
sucinimidyl suberate (DSS) cross-linking followed by acrylamide elec-
trophoresis (Fig. 3e) and by semi-denaturing detergent agarose
electrophoresis (SDD-AGE) (Fig. 3f).

To evaluate the impact of MAVS on the transcriptome of senes-
cent cells, we performed RNA-seq in senescent cells (IMR-90 and SK-
MEL-103) generated in the presence of siMAVS and compared them to
senescent cells with scrambled siRNA. Interestingly, among the top
downregulated pathways were inflammatory signatures (Broad Hall-
marks) (Fig. 3g, h). These observations were confirmed by RT-qPCR;
indeed, senescent IMR-90 cells generated in the presence of siMAVS
were completely devoided of the expression of the tested cytokines
and other components of the SASP, such as PA/I (also known as SER-
PINET) and B2M (Fig. 3i and Supplementary Fig. 5b). Of note, consistent
with the idea that SASP inhibition does not affect other features of
senescence, depletion of MAVS did not affect the levels of CDKNIA
(Fig. 3i). We conclude that MAVS aggregation on the outer surface of
mitochondria is a distinctive feature of senescent cells and an impor-
tant mediator of the SASP.

Antagonistic role of mitofusins on the SASP

To better understand the role of mitochondria in senescence, we
focused on the fact that senescent cells present highly fused
mitochondria® (Fig. 4a), and inhibition of mitochondrial fusion is anti-
inflammatory’**’. Based on this, we decided to study the effect of
mitofusin inhibition on the SASP. First, we confirmed previous reports
indicating that senescent cells present elevated protein levels of
mitofusin 1 (MFN1) and mitofusin 2 (MFN2)*® (Supplementary

Fig. 6a, b) together with a reduction in the levels of fission-inducing
phospho-DRP1(S616)*° (Supplementary Fig. 6c, d). We then down-
regulated MFN1 and MFN2, alone or combined, by transfecting siRNAs
in IMR-90 cells, and this was followed by exposure of cells to doxor-
ubicin to induce senescence. Senescence was allowed to develop for
7 days post-doxorubicin and then we confirmed the downregulation of
MFNI and MFN2 (Supplementary Fig. 6e, f). Downregulation of mito-
fusins, alone or combined, caused fragmentation of mitochondria,
although fragmentation was much more extensive in the case of
siMFN2 compared to siMFNI in the three cell lines tested (IMR-90, SK-
MEL-103 and A549) (Fig. 4b; Supplementary Fig. 6g). Importantly,
mitochondria fragmentation did not affect the development of
senescence features such as SABG staining (Supplementary Fig. 6h).
Gene set enrichment analysis (GSEA) of the transcriptome of senescent
IMR-90 and SK-MEL-103 cells with combined inhibition of MFN1 and
MFN2 (siMFNI+2) revealed cytokine and interferon signaling among
the most downregulated signatures (Fig. 4c). These results were vali-
dated by RT-qPCR analysis. In particular, we focused on cytokines
characteristic of the SASP and IFN-signaling targets related to the
MHC-I***, both of which were significantly downregulated compared
to senescent cells treated with scrambled siRNA (Fig. 4d; Supplemen-
tary Fig. 6i, j).

Recent reports have uncovered a complex interplay between
MFN1 and MFN2 in relation to MAVS and inflammation. In particular,
although the combined inhibition of the two mitofusins is anti-
inflammatory**¥, this is not the case for their single inhibition: single
downregulation of MFNI1 is anti-inflammatory*’, whereas single
downregulation of MFN2 is pro-inflammatory****. The mechanistic
basis for these differential effects on inflammation remains to be elu-
cidated; but the fact that the combined inhibition has the same phe-
notype as single MFNL1 inhibition suggests that MFN1 acts downstream
of MFN2. We observed the same pattern in relation to the SASP of
senescent IMR-90 cells: siMFNI significantly decreased the SASP and
IFN responsive genes; siMVFN2 further elevated the expression of these
genes; and combined inhibition of both mitofusins recapitulated the
same effect as the inhibition of MFNI1 alone (Fig. 4d). It is interesting to
note that, while both siMFNI and siMFN2 induce mitochondrial frag-
mentation, only siMFNI suppresses the SASP, thus disconnecting
fragmentation from inflammation. In an effort to further characterize
the role of mitofusins in senescence-driven inflammation, we observed
that siMFNI strongly reduced the amount of dsRNA (J2) foci and MAVS
aggregates, while siMFN2 elevated the amount of both of them
(Fig. 4e,f; Supplementary Fig. 7a-c). In fact, siMFNI reduces the levels
of pIRF3 and RIGI, both of which are increased in senescent cells
(Supplementary Fig. 7d). Moreover, the individual mRNA levels of /L6,
ILIA, IFNAI, and protein levels of HLA-A/B/C determined by cyto-
metry were positively correlated with the levels of dsRNA (J2) foci and
mitochondrial MAVS aggregates (Supplementary Fig. 7e, f).

These observations indicate that mitofusins modulate the levels
of mt-dsRNA foci in senescent cells in an antagonistic manner, with the
inhibition of MFN1 being dominant and anti-inflammatory.

Pharmacologic inhibition of mitofusins reduces the SASP

Building upon the finding that combined depletion of mitofusins leads
to a reduction in the SASP, we aimed to achieve similar results using
pharmacological tools. We have recently reported small molecules
rationally designed to destabilize or stabilize the anti-tethering, non-
fusogenic, conformation of mitofusins®. In particular, compound
MASMY (abbreviated here as MFNa) activates both MFN1 and MFN2,
whereas compound MFI8 (abbreviated as MFNi) inhibits both
mitofusins®. Senescence was induced for 7 days in IMR-90 and SK-
MEL-103 cells and then they were treated with MFNa or MFNi for 48 h.
As expected, MFNi induced fragmentation, both in senescent and
proliferative IMR-90 and SK-MEL-103 cells (Fig. 4g; Supplementary
Fig. 8a, b). Senescent cells present high basal levels of fusion and,
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therefore, treatment with MFNa only modestly increased fusion
(Supplementary Fig. 8b). At the drug concentrations used, we did not
observe cell death after a period of 48 h (Supplementary Fig. 8c). To
capture the transcriptional programs most sensitive to pharmacolo-
gical activation or inhibition of mitofusins, we compared the tran-
scriptome of senescent IMR-90 cells treated for 48 h with MFNa or
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MFNi. Although only a limited number of pathways presented
enrichment in MFNa-treated compared to MFNi-treated senescent
cells, the elevation of IFN targets emerged as a significant upregulated
Broad Hallmark (Fig. 4h). Moreover, analysis by RT-qPCR confirmed
the inhibition of SASP factors upon treatment with MFNi in senescent
SK-MEL-103 and A549 cancer cells (Supplementary Fig. 8d, e). The
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Fig. 4 | Antagonistic role of mitofusins on mt-dsRNA/MAVS activation in
senescent cells. a Super-resolution AiryScan microscopy images. Mitochondria
were visualized by live-cell imaging in IMR-90, untreated or exposed to doxor-
ubicin. Mitochondria were stained with mitotracker. b Super-resolution AiryScan
microscopy images. Mitochondria were visualized by live-cell imaging using
mitotracker in senescent IMR-90 cells induced with doxorubicin in the presence of
the indicated siRNA. ¢ Top downregulated Broad Hallmarks from the differential
expression analysis (RNA-seq) of senescent IMR-90 or SK-MEL-103 exposed to
doxorubicin in the presence of siMFNI+2. Senescent cells transfected with siSCR
were used as control. d Heatmaps showing the alteration in SASP factors. Senes-
cence was induced in IMR-90 cells by doxorubicin in the presence of the indicated
siRNA. Untreated cells transfected with siSCR were used as control. Data was gen-
erated measuring mRNA levels by qPCR and normalized to B-ACTIN from 4 inde-
pendent replicates and Z score has been calculated for each gene (row). Blue color:
under-abundance; magenta color: over-abundance; the colored scale bar shown at
the upper right indicates relative expression values, where -2 and 2 represent
under- and over-abundance, respectively. e Immunostaining of dsRNA (green) in
senescent IMR-90 cells treated with doxorubicin and the indicated siRNA. Mito-
chondria (magenta) and nuclei (blue) were stained with MitoTracker and DAPI,
respectively. Graph quantify dsRNA foci per cell. fimmunostaining of MAVS (green)

in senescent IMR-90 cells exposed to doxorubicin in the presence of the indicated
siRNA. Mitochondria (magenta) were stained with MitoTracker. Graph quantify
MAVS mean fluorescence intensity (MFI) in the mitochondrial surface. g Spinning
disk confocal images of control (untreated) and senescent IMR-90 cells treated
with MFNa (mitofusin activator MASM7) or MFNi (mitofusin inhibitor MFI8) for 6 h.
Mitochondria were stained with mitotracker. h Top upregulated Broad Hallmarks
from the differential expression analysis (RNA-seq) of senescent IMR-90 treated
with MFNa compared to MFNi. Only IFN-a presented statistical significance
(P=0.0024). In the box plots, the lower and upper boundaries of the box represent
the first and third quartiles, with the median indicated by a line inside the box. The
whiskers extend to the maximum and minimum values. Comparisons by two-way
ANOVA for (d) revealed a significant main effect of the treatment factor (F (4,
156) = 3333, P=0.0119); one-way ANOVA followed by Tukey’s multiple comparisons
test for (e, f). Exact p-values are shown in all panels. Sample numbers were n=3
independent replicates analyzed in (c, d, and h); n =15 (siSCR), n=23 (siMFNI),
n=24 (siMFN2), n= 6 (siMFNI+2) cells analyzed from 3 independent experiments
for (e); n=22 (siSCR), n=22 (siMFN1), n =24 (siMFN2), n =23 (siMFNI +2) cells
analyzed from 4 independent experiments for (f); The z projections of repre-
sentative images are shown. Scale bars are all 20 pm. Source data are provided as a
Source Data file.

extracellular medium of senescent cells treated with MFNi also pre-
sented decreased concentration at the protein level of those SASP
factors (Supplementary Fig. 8f). These observations support the idea
that it is possible to suppress the SASP of senescent cells by pharma-
cological inhibition of MFN1.

mt-dsRNA accumulates in senescent cells in vivo

Finally, we aimed to extend our results on the mt-dsSRNA/MAVS/
SASP axis to cellular senescence in in vivo contexts. We began by
examining xenografts of human SK-MEL-103 cells grown in nude mice
and treated with palbociclib, which efficiently induces senescence
in vivo*®. Foci of dsRNA (J2) were clearly detected in histological sec-
tions of palbociclib-treated tumors, but not in untreated tumors
(Fig. 5a; Supplementary Fig. 9a). We then focused on fibrotic lesions
because of their strong association with senescent cells*’. We directed
our attention towards the heart and used a mouse model of myocardial
ischemia by permanently blocking the left anterior descending (LAD)
coronary artery, which closely mimics the pathophysiology of myo-
cardial infarction. As expected*®, one week after heart ischemia, there
was a significant increase in collagen deposition, iron levels, p21, and
SABG-positive cells in the infarcted tissue (Supplementary Fig. 9b).
Interestingly, we observed a significant increase in dsRNA
levels detected by the J2 antibody in infarcted hearts (Fig. 5b), and a
positive correlation between the individual levels of SABG and
dsRNA (J2) per infarcted heart analyzed (Fig. 5c).

Multiple studies have demonstrated that senescent cells accu-
mulate during aging*’. We therefore analyzed SABG activity and dsRNA
in tissues from young and aged mice. We observed an accumulation of
dsRNA (J2) in the brain and liver sections of old mice compared to
young mice, and the total levels observed per mouse sample corre-
lated with the total levels of SABG (Fig. 5d; Supplementary Fig. 9¢c, d).
We also detected increased expression of mtRNAs from both H and L
strands in the brain of old mice (Supplementary Fig. 9e), supporting an
accumulation of mt-dsRNA with aging. Importantly, when we analyzed
histological sections of the liver and kidney, we observed a good
colocalization between areas with dsRNA (J2) accumulation and
SABG positivity (Fig. 5e; Supplementary Fig. 9f). These results are
consistent with the elevated expression of type I interferon response
genes, pl6 (Cdkn2a) and dsRNA sensors in old mice across different
tissues (Fig. 5f).

To gain insight into the potential implications in humans, we
examined the expression of dsRNA sensors and mitochondrial genes
in a publicly available dataset of healthy volunteers at different
ages™. Interestingly, the levels of the pro-inflammatory genes RIG/

(DDX58), MDAS (IFIHI1) and MAVS clearly increased with aging, while
the anti-inflammatory genes ADAR and ADARBI decreased with age
(Fig. 5g). We also observed an upregulation of mitochondrial-
encoded genes (MT-ND1 and MT-ATPS), while nuclear-encoded
mitochondrial genes (SDHA, ATP5A1) did not increase (Fig. 5g). Sen-
sors for dsDNA CGAS, STING or TLR9 also increased with age. These
expression patterns are reminiscent of senescent cells. As additional
supportive data, mitochondrial mRNA transcripts circulating in a
cell-free form in the serum are among the most significantly elevated
during aging in humans® (Fig. 5h).

Finally, to establish a direct association between dsRNA foci and
senescence in vivo, we treated old mice with the senolytic drug navi-
toclax for 14 days. This regimen of navitoclax efficiently reduces the
burden of senescent cells in the kidney (Supplementary Fig. 9g). We
observed that senescent cell removal in the kidney also caused a
reduction in dsRNA (J2) foci (Supplementary Fig. 9h). To reinforce the
in vivo link between mt-dsRNA and inflammation, we induced systemic
senescence in mice by treatment with doxorubicin. As expected,
doxorubicin significantly increased the serum levels of many cyto-
kines. Interestingly, however, concomitant treatment with doxor-
ubicin and IMT1 attenuated the systemic inflammatory response
in vivo (Fig. 5i). These observations provide in vivo evidence of the link
between mt-dsRNA and senescence-associated inflammation.

Discussion

Here, we provide evidence that mt-dsRNA is released during cellular
senescence by different cell types, non-cancerous and cancerous, and
in response to different types of triggers, including genotoxic agents
such as doxorubicin, inhibitors of cyclin-dependent kinases, such as
palbociclib, and replicative senescence. We observed an increase in
dsRNA foci in vivo in tumors treated with chemotherapeutic agents, in
fibrotic lesions associated with cellular senescence, such as post-
infarction heart, and also in aged tissues, such as liver, brain, and
kidney. We have found suggestive colocalization of dsRNA foci and the
senescence marker senescence-associated [3-galactosidase (SABG) in
the kidney and liver of old mice. Moreover, treatment of old mice with
the senolytic agent navitoclax reduced the detection of dsRNA,
thereby linking in vivo the presence of dsRNA and senescence.
Importantly, we show that a highly selective inhibitor of the mito-
chondrial RNA polymerase, IMT1, almost completely abrogates the
detection of dsRNA foci in senescent cells, and strongly reduces the
senescence-associated secretory phenotype (SASP), both in vitro and
in vivo. IMT1 does not affect the expression levels of retroelements
that could conceivably contribute to the formation of dsRNAs*>*,

Nature Communications | (2024)15:7378



Article https://doi.org/10.1038/s41467-024-51363-0
a SK- MEL 103 xenografts b Heart Cc Heart
: SN Tumor Heart .
48 5 4
AN il dsRNA >
2 } % 5000+ 00182 £ w 3 2=0.8735 .
2 i E © = < 30 p =0.0007
g X S S 4000 £ 5 >
N8 2 = £ °
ke & 3000 © T 20
R = = ®
¥ 2 2000 ° Q » | ®Healthy
- 5, < 000 é s g 10 ° o Infarcted
35 720 ™ 3 o
) - = 5 = 0 (e
8 O ks 0 500 1000 1500
s % KRR = dsRNA MFI
d Brain Liver e
Brain Liver Kidney (Old)
— SABG.
dsRNA 5400
Young i<
> 300
= Sy
£ 200 %
2
L 100
o
= 0
O h
Cell-free RNA (Serum)
< B “Q
Brain b o
£ 00335 0.0144
30+ S P
. 8 8
@ . s 8 o 100
2 5 21
o ofsl & o)
5 1 S
el ks
= 2 [ Young
F2 z I o
4
£ €
RS P8 2@ 8
O \c% 3 \\6 TP Fold Change
N (Old vs Young)
o - §? ] A
g ,/?f\ 2 -0 ﬂ I
‘,%@ 2] L, §
Brain Hippocampus Liver ) P’ g
CDKN1A ~ 3 £ s
o I - 2.8 _Eosoo & 00
IFH1 . - DDX58 9‘77&‘7‘8‘6‘77‘7‘7#8'\- Lis 3
e boxss | _LoP2 S22S2uu=22ae2252 =
TLR3 B MAVS [ :
MAVS . - MT-ND1 Vehicle
e, . wave Doxo
SDHA mw SDHA
i -atesar (D ATP5A1 - Doxo+IMT1
- ADAR _ ADAR
oo r - ADARB1 Mouse serum (pg/mL)
STING |- STING
- TLR9 - TLR9

2022242628303234 70 20222426

Age (years) Age (years)

Fig. 5 | mt-dsRNA accumulates in senescent cells in vivo. a SABG staining and
dsRNA immunofluorescence staining in tumor sections from mice treated with
palbociclib or vehicle. Nuclei are stained with nuclear fast red or DAPI. Graph
quantify dsRNA mean fluorescence intensity (MFI). b Fluorescence immunohis-
tochemistry staining of dsRNA (J2) in healthy and infarcted mouse hearts. Nuclei
are stained with DAPI. Graph quantify dsSRNA mean fluorescence intensity (MFI).
c Correlation plot between SABG staining and dsSRNA mean fluorescence intensity
(MFI) in the mouse heart. d Fluorescence immunohistochemistry staining of
dsRNA (J2) in brain and liver sections from young (2-3 months) and old

(20-28 months) mice. Nuclei are stained with DAPI. Graph quantify dsSRNA mean
fluorescence intensity (MFI). e SABG staining and dsRNA immunofluorescence
staining in kidney sections from old mice. f RT-qPCR analysis of different genes in
the brain and liver of young (2-3 months) and old (20-28 months) mice. g RNA
expression in human tissues. Z score has been calculated for each gene (column).
The colored scale bar shown at the upper right indicates relative expression
values, where -2 (green) and 2 (magenta) represent under- and over-

abundance, respectively. h Mitochondrial-encoded gene transcripts present

in serum cell-free-RNA. Fold change between old (80-85 years) versus young
(30-32 years) individuals are represented for each gene. Bold indicates sig-
nificantly upregulated transcripts (P < 0.05). i. Cytokines levels in the serum from
mice treated with the indicated drugs. In the box plots in (a, b, d), the lower and
upper boundaries of the box represent the first and third quartiles, with the median
indicated by a line inside the box. The whiskers extend to the maximum and
minimum values; mean + SEM in f; mean in (g-i). Comparisons by two-sided t-test
for (a, b, d); multiple ¢-test for (f). Exact p-values are shown in all panels. Sample
number were 3 randomly sampled regions in n =2 (vehicle) and n =2 (palbociclib)
mice in (a); 3 randomly sampled regions in n = 4 (healthy) and n = 4 (infarcted) mice
in (b); each dot represents the mean of n =3 replicates in (c); 3 randomly sampled
regions in n =4 (young) and n =5 (old) mice for brain, n=4 (young) and n = 6 (old)
mice for liver in (d); n =7 (young) and n = 6 (old) mice for brain, n =11 (young) and
n =12 (old) mice for liver from 2 independent cohorts in (f). Representative images
are shown. Scale bars are 50 pm (SABG) and 10 pm (dsRNA) for (a), 10 um for
(b-d), 125 um (SABG) and 50 pm (dsRNA) for (e). Source data are provided as a
Source Data file.
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Fig. 6 | Model summarizing the main findings of this work. In senescent cells, mt-
dsRNA accumulation is enhanced by PNPT1 downregulation, and its leakage into
the cytoplasm is favored by mitochondrial membrane budding structures and
rupture, releasing mt-dsRNA into the cytosol in a process that requires BAX and
BAK. ADARI1 downregulation favors mt-dsRNA recognition by MDAS and RIGI
sensors, activating the MAVS signaling pathway and SASP expression. MFN1 acts as
an activator of this pathway by modulating mt-dsRNA formation and MAVS acti-
vation. Pharmacological inhibition of this pathway with IMT1 (POLRMT inhibitor)
and MFNi (mitofusins inhibitor) attenuates the SASP.

Indeed, a small fraction of dsRNA foci (-10%) persist in senescent cells
after IMT1 treatment and they could correspond to non-mitochondrial
dsRNA sources, such as transcribed retroelements. Together, all the
above evidence directly involve mt-dsRNA as the primary source of
dsRNA in senescent cells and as a key inducer of the SASP (Fig. 6).

The inflammatory genetic syndromes Aicardi-Goutéres and Leigh
are associated with mutations in PNPTI and ADAR”. Interestingly,
these two genes are functionally connected to mt-dsRNA. PNPT1 is
critical for preventing the accumulation of mt-dsRNA” and ADARI
edits dsRNA, including mt-dsRNA, to reduce its inflammatory
activity™’', Interestingly, we have observed that senescent cells are
characterized by very low protein levels of PNTP1 and ADAR1, which
makes them prone to accumulate and release inflammatory mt-dsRNA.
In the case of cells lacking PNPT1 or undergoing caspase-independent
cell death, mt-dsRNA escapes from mitochondria through BAX/BAK
pores™**. BAX/BAK pores are also responsible, at least in part, for the
escape of mt-dsDNA from the mitochondria of senescent cells’.
We have found that the depletion of BAX/BAK in senescent cells
strongly reduces the SASP and this effect is more pronounced than the
depletion of the dsDNA sensors cGAS/STING or the dsRNA sensors
RIGI/MDAS. This suggests a scenario in which the mitochondria of
senescent cells release two critical inflammatory signals through BAX/
BAK pores, namely, mt-dsDNA and mt-dsRNA. Moreover, we have
found that senescent cells upregulate the two main dsRNA
sensors involved in the activation of inflammation RIGI and MDAS. In
summary, our findings suggest that the downregulation of PNTP1 and
ADARI, together with the upregulation of RIGI and MDAS, render
senescent cells extremely prone to the inflammatory activity of mt-
dsRNA (Fig. 6).

Mitofusins interact with MAVS and regulate inflammation in
opposite directions*>**. In our work, we build on these concepts to
expand their relevance to cellular senescence. Specifically, we found
that MFN1 elimination reduces the levels of dsRNA, inhibits the
formation of active MAVS aggregates, and impairs the SASP, while
MFN2 elimination has the opposite effect. We also show that the
effect of MFN1 depletion on the mt-dsRNA/MAVS axis is dominant

over MFN2 depletion, as the double depletion of MFN1+2 recapitu-
lates the same effects as single MFNI1 elimination. Importantly,
recently developed small molecules that directly inhibit both
mitofusins® are able to reduce SASP expression (Fig. 6). This
approach could have potential implications for developing novel
interventions to mitigate the deleterious effects of senescence in
various disease contexts.

In conclusion, we identify the release of mitochondrial dsRNA as
an important mediator of the SASP in senescent cells. Additionally, we
demonstrate that the pharmacological elimination of mt-dsRNA or
inhibition of mitofusins is efficient in attenuating the SASP. Under-
standing these molecular pathways opens up new possibilities for
targeted interventions to counteract cellular senescence and improve
treatment outcomes in aging-related pathologies.

Methods

Animal experimentation

Mouse procedures. Male and female C57BL/6 mice between 2 and 4
months were used. For aging studies, male and female C57BL/6 mice
between 2 and 3 months were used as young, and between 20 and
28 months were used as old. Animals had ad-libitum access to food
(SAFE® A40) and water throughout the study period and maintained
in a12 h-12 h light-dark cycle. All animals were housed under specific
pathogen-free conditions in the mouse facility of the Institute for
Research in Biomedicine (IRB) in accordance with the protocols
approved by the Animal Care and Use Ethical Committee of
animal experimentation of the Barcelona Science Park (CEEA-PCB)
and the Catalan Government. Euthanasia of animals was performed
by COz.

Ischemic heart fibrosis. Three-four months old male C57BL/6) mice
were used. Intraoperative analgesia was induced by treating mice with
buprenorphine (0.1 mg/kg) 60 min prior to anesthesia. Anesthesia was
induced with 5% isoflurane and it was maintained at 2% with mechan-
ical ventilation following endotracheal intubation (2% isoflurane/97%
oxygen, 130-140 stroke rate, stroke volume initially 5 ml/kg-increased
to 7.5ml/kg post-thoracotomy). Animals were placed on a heating
table during the whole surgery and eyes were covered with ophthalmic
gel (LACRYVISC 3 mg/g, Alcon) to protect the corneas. Neck hair and
hair in the upper thorax were removed using a depilatory cream. An
incision was made, followed by a left-sided thoracotomy at the fourth
intercostal space. The pericardium was removed and the heart left
anterior descending artery was located between the pulmonary artery
and the left auricle and was ligated using an 8-0 Prolene suture (Pre-
miCron®- B Braun Surgical, S.A). The thoracic incision was closed in
layers, using 6-0 Prolene sutures (PremiCron®- B Braun Surgical, S.A) to
adapt the ribs and 4-0 Prolene sutures (PremiCron®- B Braun Surgical,
S.A) to close the skin. A heating lamp was used to warm the animals
until they fully recovered from the anesthesia. Analgesic treatment
continued during the 3 following days after surgery by intraperitoneal
injections of buprenorphine every 12 h. Sham-operated mice were
used as control.

SK-MEL-103 xenograft tumors. 2 x10° SK-MEL-103 cells were har-
vested, resuspended in a mixture of PBS and matrigel (1:1), and
subcutaneously injected in the flank of athymic nude female mice of
8-12 weeks. Once tumors were visible, approximately at day 7, the
mice were randomly assigned to the palbociclib-treated group,
which received 100 mg/kg of palbociclib by oral gavage in 50 mM
sodium lactate every day, or the control group, which received
vehicle. Mice were treated for 8 days. Tumor growth was monitored
by caliper measurements and tumor volume was calculated using
the formula volume = (length *width2)/2. The tumors were then
extracted and frozen in OCT for SABG or dsRNA staining as
described below.
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Analysis of cytokines in mouse serum. Two-months old immuno-
competent C57BL/6) male and female mice, with a subcutaneous
tumor by injection of B16-F10 cells one week before the treatment,
were used. One week later, animals were randomly assigned to the
doxorubicin-treated group, which received 50 mg/kg of doxorubicin
intraperitoneally dissolved in water (day O and 3), or the control group,
which received vehicle. Starting at day 0, mice were treated with IMT1
(100 mg/kg) or vehicle (10% DMSO, 40% PEG300, 5% Tween 80, 45%
saline) by oral gavage until day 7. On day 7, mouse serum was
extracted, centrifuged at 2000 x g for 10 min at 4 °C, and then stored
at —80 °C. Levels of cytokines, chemokines, and other factors were
quantified using Mouse Cytokine/Chemokine 44-Plex Discovery Assay
Array (MD44) (Eve Technologies Corporation, Canada).

Senolytic treatment in vivo. Old C57BL/6) male and female mice
between 20 and 28 months were treated with navitoclax once daily for
2 weeks by oral gavage (50 mg/kg/day). Control mice were treated with
vehicle (10% DMSO, 30% PEG400, 60% PHOSAL®PG).

Cell culture treatments

Cell lines. SK-MEL-103 (human melanoma), IMR-90 (human fetal lung
fibroblast), A549 (human non-small cell lung cancer), and B16-F10
(mouse melanoma) were obtained from ATCC. Human foreskin
fibroblasts were kindly provided by K. Raj (Altos Laboratories). Wild-
type (WT) mouse embryonic fibroblasts (MEFs) were isolated
from 13.5-day C57BL/6) mouse embryos. MEFs Bax/Bak-DKO were
obtained from ATCC. Cells were cultured in standard DMEM supple-
mented with 10% heat-inactivated Fetal Bovine serum (FBS) (Gibco)
and 1% antibiotics (penicillin/streptomycin 100 U/mL; (Gibco)). Cells
were maintained in a humidified incubator at 37 °C and 5% CO,. IMR-90
cells were cultured under 2% 0O,. Cells were routinely tested for
mycoplasma contamination using standard PCR, and only negative
cells were used.

Senescence induction in vitro. Cells were plated subconfluent and
cultured in the presence of 1uM palbociclib (PD033299, Pfizer Inc.),
200 nM doxorubicin (D1515, Sigma), or 10mU/ml bleomycin (B8416,
Sigma) for 2 days, after which cells were washed, and replenished with
complete culture medium. Palbociclib was added to the medium with
every replenishment. To induce senescence by irradiation, cells were
plated subconfluent and exposed to a dose of 20 Gy irradiation. Seven
days after the treatment (unless specified), senescent cells were col-
lected and used for experiments.

Small molecules treatments. Experiments for in vitro assays were
performed after senescence induction unless indicated elsewhere,
with the addition of IMT1 (0.1-1pM, 48 h), MFI8 (20 uM, 48h) or
MASM?7 (10 puM, 48 h). PCR, western blot, immunostaining, and SABG
assay were performed immediately after treatments.

siRNAs transfection. siRNA pools (siPOOLs) with a complexity of 30
optimally-designed siRNAs were acquired from siTOOLs Biotech
GmbH. siRNA gene knock-down was performed on untreated cells.
One day after transfection, senescence was induced for 7 days as
described above. Lipofectamine reagent (RNAIMAX; Cat. 13778075)
was diluted in Opti-MEM (Cat. 31985062) and used according to the
manufacturer’s instructions.

Conditioned medium analysis. Cells were cultured in DMEM medium
under standard conditions. Forty-eight hours before medium collec-
tion, cells were incubated in the presence of MFI8 or MASM7 as
described above. For cells transfected with siRNA, the medium was
changed 48 h before collection without any treatment. Conditioned
medium (CM) was collected, centrifuged at 3000 x g, and then stored
at —80°C. Levels of cytokines, chemokines, and other factors were

quantified using the Human Cytokine 15-Plex Discovery Assay Array
(HDF15) and Human Interferon 9-Plex Discovery Assay Array (HDIFN9)
(Eve Technologies Corporation, Canada).

Cell viability assay

To measure cell survival after treatment with mitofusin activator
(MFNa; 20 pM, 48 h) and inhibitor (MFNi; 20 pM, 48), we used CellTi-
ter-Glo® Luminescent Cell Viability Assay (Promega).

Separation of cytoplasmic and mitochondrial fractions
Cytoplasmic and mitochondrial fractions were prepared using the
Mitochondria Isolation Kit (89874, Thermo Fisher Scientific). The
purity of fractions was tested by western blot according to standard
protocols. RNA was extracted using RNeasy Mini Kit (Qiagen) with
DNase on-column treatment.

Western blotting

Cell pellets were lysed in 50 mM Tris-HCI pH8; 1mM EDTA; 150 mM
NaCl; 1% NP40; 0.5% Triton X-100; 1.0% SDS, with freshly added pro-
tease inhibitors (87785, Thermo Fisher) and phosphatase inhibitors
(4906837001, Roche). A total protein of 15 or 30 ug was run on
NuPAGE 4-12% gradient Bis-Tris gels and transferred to 0.2 pm nitro-
cellulose membranes (10600001, GE Healthcare). Blots were blocked
with a LICOR blocking buffer and incubated with the corresponding
antibodies. B-ACTIN was used as a loading control. Revert™ 700 Total
Protein Stain (962-11011, LICORbio) was used to normalize to total
protein. Antibodies used are in Supplementary Table 1.

MAVS oligomerization assay

SDD-AGE. For semi-denaturing detergent agarose electrophoresis
(SDD-AGE), cells were harvested on day 7 after senescence induction,
then washed twice with PBS, resuspended in 1x sample buffer
(0.5 xTBE, 10% glycerol, 2%SDS, and 0.0025% bromophenol blue),
incubated for 5min and loaded onto a 1.5% agarose gel. After elec-
trophoresis in the running buffer (1x TBE and 0.1% SDS) for 45 min
with a constant voltage of 100 V at 4 °C, the proteins were transferred
overnight at 20 V for immunoblotting.

DSS cross-linking

For dissucinimidyl suberate (DSS) cross-linking followed by acryla-
mide electrophoresis, cells were harvested at day 7 after senescence
induction, then washed twice with PBS before being lysed in CHAPS
buffer (10 mM HEPES pH 7.4, 150 mM NaCl, 1% CHAPS) with phos-
phatase inhibitor cocktail (Thermo Fisher #78440) and incubated for
30 min at 4 °C. Samples were then centrifuged for 10 min at 6000 x g.
The pellet was washed once with HEPES 50 mM with a phosphatase
inhibitor cocktail and then centrifuged for 10 min at maximum speed.
The pellet was crosslinked with 500 pl buffer (HEPES 50 mM, 150 mM
NaCl), phosphatase inhibitor cocktail, disuccinimidyl suberate (DSS)
(at 2 mM final concentration). Samples were vortexed and incubated
for 45min in a 37 °C, 600 rpm heat block-shaker. Tris-HCI (pH 7.5) (at
20 mM final concentration) was added for 15 min to quench the reac-
tion. Samples were centrifuged for 15 min at 4 °C, maximum speed.
The resulting pellet was resuspended in 1x Laemmli sample buffer
(with 5% B-mercaptoethanol) and subsequently boiled for 5min at
95°C before being run on a SDS-PAGE Bis-Tris 4-12% NuPage gel
(Thermo Fisher Scientific). The primary antibody anti-MAVS used was
Santa Cruz sc-166583.

Flow cytometry

For analysis of cultured cell lines, cells were digested into single cells
by trypsinization (0.25% trypsin-EDTA, Invitrogen). To assess mito-
chondrial mass, cells were previously treated with MitoTracker™ Red
CMXRos (7512, Thermo Fisher) at 200 nM for 30 min at 37 °C. For HLA/
B/C detection, cells were trypsinized, washed with PBS, and then
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incubated with anti-mouse CD16/CD32 at 1:400 (BD Fc BlockTM, BD
Biosciences #553142) for 10 min at 4 °C in FACS Buffer. Then, cells were
washed and incubated with antibodies in Supplementary Table 2 for
30 min at 4°C. Cell viability was assessed using DAPI (0.1 pmol/L,
Molecular Probes, #D1306) following the manufacturer’s instructions.
Dead cells were excluded from the analysis. Cell suspensions were run
on a FACSAria™ Fusion Cell Sorter (BD Biosciences). Autofluorescence
signal from the unstained samples was obtained and subtracted from
each sample in all experiments. Data were analyzed using Flowjo
v10 software.

RT-qPCR: RNA extraction, cDNA synthesis and PCR

Total RNA was isolated from cell pellets or tissue using the Trizol
(Invitrogen) or the RNeasy® Micro Kit (Quiagen) and cDNA was syn-
thesized using the iScript™ Advanced cDNA Synthesis Kit (BIO-RAD).
gPCR was performed on the QuantStudio6K (Thermo Scientific) using
the GoTaq, qPCR Master Mix (Promega), and specific primers. Ther-
mocycling conditions were as follows: initial step of 10 min at 95°C,
then 40 cycles of 15 s denaturation at 95 °C, 1 min annealing at 60 °C
and 15s extension at 72 °C. Reactions were run in triplicate, and nor-
malization of all the qRT-PCR data was done by the 2- A ACt method
(Yuan et al. 2006) using the housekeeping genes B-ACTIN and
GAPDH as endogenous controls. The primers used are in Supplemen-
tary Tables 3 and 4.

RNA-seq library preparation, sequencing, and bioinformatic
analysis

Total RNA was extracted using the RNeasy® Mini Kit (Qiagen), follow-
ing the manufacturer’s instructions.

Library preparation and sequencing. RNA extractions were quantified
with a Nanodrop One (Thermo Fisher), and RNA integrity was assessed
using the RNA ScreenTape assay of the Tapestation 4200 platform
(Agilent). The integrity of a restricted subset of samples was recon-
firmed with the Bioanalyzer 2100 RNA Nano assay (Agilent). Libraries
for RNA-seq were prepared at IRB Barcelona Functional Genomics Core
Facility. Briefly, mRNA was isolated from 760 ng of total RNA and used
to generate dual-indexed cDNA libraries with the lllumina Stranded
mRNA ligation kit (Illumina) and UD Indexes Set A (Illumina). Ten cycles
of PCR amplification were applied to all libraries. Sequencing-ready
libraries were quantified using the Qubit dsDNA HS assay (Invitrogen)
and quality controlled with the Tapestation HS D5000 assay (Agilent).
Three equimolar pools were prepared with the sixty libraries and
submitted for sequencing at the Centro Nacional de Analisis Genomico
(CNAG). A final quality control by gqPCR was performed by the
sequencing provider before paired-end 150 nt sequencing on a Nova-
Seq6000 S4 (Illumina). More than 940 Gbp of reads were produced,
with a minimum of 19 million paired-end reads per sample.

RNA-seq data preprocessing and alignment. Stranded paired-end
reads were processed using Trimgalore (v0.6.7)* using default para-
meters. Trimmed reads were aligned to the human reference genome
version hg38 using STAR®® with default parameters. STAR indexes were
built using the ENSEMBL annotation version GRCh38.101. SAM files
were converted to BAM and sorted using sambamba (v0.6.70)”. Gene
counts were obtained with the featureCounts function from the Rsu-
bread package®™ with the gtf file corresponding to ENSEMBL version
GRCh38.101 and parameters set to isPairedEnd = TRUE and strand-
Specific = 2. Technical replicates were collapsed by adding the corre-
sponding columns in the count matrix.

RNA-seq differential expression and functional enrichment. All
analyses were performed in the R programming language version
4.1.3” unless otherwise stated. Differential analyses were performed
using the DESeq2 package® with the experimental batch as a covariate.

Functional enrichment was performed using the roastgsa package®'.
Briefly, a rotation-based approach for enrichment® implemented in
the R package limma® is used to represent the null distribution. The
maxmean enrichment statistic proposed in ref. 64, under restandar-
dization, was considered for competitive testing. Gene set analysis was
performed employing the regularized VST transformed matrix from
DESeq_2, in which low variance genes (genes with standard deviation
lower than 0.135) were filtered out. The Broad Hallmarks gene set
collection®® was downloaded from refs. 65,66.

Gene Set Enrichment Analysis for MFNa and MFi treatments. GSEA
Pre-ranked was used to perform a gene set enrichment analysis of
annotations from the MsigDB Hallmarks with standard GSEA analysis
settings. The input for enrichment consisted of the LFC values. We
used the GO biological process dataset as the reference gene annota-
tion database. We used the list ranked by statistic, setting ‘gene set’ as
the permutation method, and ran it with 1000 permutations for
Kolmogorov-Smirnoff correction for multiple testing, including only
gene sets with more than 15 members and less than 500 members.
GSEA Enrichment data were obtained and ranked according to their
FDR g-value. We considered significantly enriched those gene sets with
FDR g-value <0.25.

Detection of mitochondrial Heavy (H) and Light (L) strands RNA
in cytosolic extracts from cells and in mouse tissues

For RNA isolated from cytosolic fractions or extracted from
brain samples, SuperScript IV reverse transcriptase (18090050,
Invitrogen™) was used to synthesize the cDNA using primers in Sup-
plementary Table 5. RT-qPCR was performed using strand-specific
primers containing CMV promoter sequences to target different genes
as previously described®’. Primers used are listed in Supplementary
Table 5-6.

Mitochondrial DNA content
DNA was extracted from cell pellets using the DNeasy Blood and Tissue
Kit (Qiagen). From the DNA extract, 10 ng per reaction were used to
amplify DNA using specific primers for mitochondrial DNA (mtDNA) or
nuclear DNA (nDNA) (Supplementary Table 7). Mitochondrial DNA
content was calculated as follows:

a. ACT =(nDNA CT - mtDNA CT)

b. Relative mtDNA content =2 x 2ACT

Two primer sets were used for each sample and the average was
calculated.

Human gene expression analysis
To analyze mRNA expression in human specimens, we used the
VOYAGEr database®. Data for mitochondrial RNAs present in a cell-free
form in the serum of aged individuals was taken from available data
from previously published studies™

Senescence-associated B-galactosidase (SABG) activity

For senescence-associated f3-galactosidase staining, cells and OCT-
frozen tissue sections were fixed in SABG fixation solution (PBS with
0.1M EGTA, 1M MgClI2, and 50% glutaraldehyde) for 15 min at room
temperature and washed 2 times with PBS. Then, a staining solution (PBS
with 1M MgCI2, 0.5 M K4[Fe(CN)6], and 0.5 M K3[Fe(CN)6]) at pH 6 with
1 mg/ml X-Gal diluted in DMF (all from Sigma) was added and incubated
overnight at 37 °C in a CO-free incubator. Samples were then washed in
PBS and visualized using a Nikon Eclipse TS2 brightfield microscope.

Immunofluorescence and super-resolution microscopy image
processing

Cells were fixed in 4% paraformaldehyde for 10 min, permeabilized
with 0.1% triton, and blocked in 10% FBS + 0.1% triton for 30 min. For
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MAVS staining, blocking and incubation were done in 5% milk. Primary
antibodies were used as indicated in Supplementary Table 1 overnight
at 4 °C. Cells and tissues were washed three times with PBS and incu-
bated with secondary antibody (1:500) for 1 h. They were then washed
with PBS before mounting with Vectashield mounting medium with
DAPI (Vector Laboratories). Confocal images were obtained using the
super-resolution Airyscan detector of the ZEISS Elyra 7 microscope at
x64 magnification and 1.8NA. Mitochondrial staining was achieved by
incubating cells with MitoTracker Red CMXRos (Thermo Fisher) at
200 nM for 30 min prior to fixation. The secondary antibodies used
were Alexa Fluor 488, Alexa Fluor 568, and Alexa Fluor 647. Image
processing and quantifications were performed using ImageJ software.
All quantifications were done on stacks of images.

Immunofluorescence of dsRNA with J2 antibody

Cells were grown in a Nunc Lab-Tek Il Chamber Slide System 24-48 h
before treatment. For transcription inhibitor treatment, cells were
treated with dimethylsulfoxide (DMSO), actinomycin D (1 uM, 2 h) or
IMT1 at the indicated times and concentrations. Cells were incubated
with MitoTracker™ Red CMXRos (7512, Thermo Fisher) at 200 nM for
30 min at 37 °C before fixing in 3.7% PFA-DMEM for 15 min at 37 °C.
Tissue cryosections (OCT) were fixed in 4% paraformaldehyde for
10 min. Cells and tissues were washed three times with PBS and
permeabilized with 0.25% Triton X-100 in PBS, washed with 0.05%
Tween20 in PBS, and incubated with 3% BSA in PBS for 30 min at
room temperature. Primary antibody anti-dsRNA (J2) was used at
1:200 in 3% BSA in PBS for 1h at room temperature. They were
washed three times with 0.05% Tween20-PBS and incubated with
secondary goat anti-mouse IgG (H+L) conjugated with Alexa Fluor
488 at (1:300) concentration. Then, washed three times with 0.05%
Tween20-PBS, PBS, and mounted with a Vectashield mounting
medium with DAPI (Vector Laboratories). Z-stack images were col-
lected with a super-resolution Airyscan detector of ZEISS Elyra 7
microscope at x64 magnification and 1.8NA. Images were analyzed
using Image].

Colocalization of dsRNA and MAVS with mitochondria

Cells were stained as described in the “Immunofluorescence of dsRNA
with j2 antibody” or “Immunofluorescence and super-resolution
microscopy image processing” sections for dsRNA and MAVS stain-
ing, respectively. Cells were incubated with MitoTracker™ Red
CMXRos (7512, Thermo Fisher) at 200 nM for 30 min at 37 °C before
fixing in 3.7% PFA-DMEM for 15 min at 37 °C. Z-stack confocal images of
microscopic slides were obtained using the super-resolution AiryScan
detector of the ZEISS Elyra 7 microscope at x64 magnification and
1.8NA. Image processing and quantifications were performed using
Image] software. Colocalization of j2 spots or MAVS staining with
mitochondria was based on fluorescence intensity from Mitotracker.

Live-cell microscopy

Cells were loaded with 200 nM Mitotracker Green (Life Technologies)
or JC-10 (AAT Bioquest) in DMEM for 30 min at 37 °C. Cells were then
washed and image acquisition was performed using a Spinning Disk
microscope (Andor Revolution xD, Andor) equipped with a stage-top
incubator and CO, control system. A total of 10 um in 21 z-stacks were
acquired at 512 x 512 pixel of format resolution with a 1.4 NA/60x oil
immersion objective. Fiji-/Image)J software was used to obtain a z
projection of the z-stacks and quantified accordingly.

Mitochondrial morphology analysis

Cells were classified according to the following categories: (1) frag-
mented, if the vast majority of their mitochondria look like “dots”; (2)
intermediate, if they have a mixture of both fragmented and elongated
mitochondria but with no apparent branches; (3) elongated, if mito-
chondria are clearly long and have some branches; (4) hyperfused, if

mitochondria form highly tubular networks very interconnected or if
they form clusters.

Membrane potential measurements

Cells were loaded with 10 pM JC-10 (Deltaclon) in a pre-warmed cell
culture medium for 30 min at 37°C. Cells were washed in a fresh
medium and images acquired according to “Live-cell microscopy”
section. As a positive control, membrane potential was dissipated in
cells by 10 uM FCCP treatment.

Histological analysis

For formalin-fixed paraffin-embedded (FFPE) samples, tissues were
fixed overnight at 4 °C with neutral buffered formalin (Sigma-Aldrich,
#HT501128). Paraffin-embedded tissue sections (2-3 um) were air-
dried and dried overnight at 60 °C.

Sirius red staining

Picrosirius Red Fast Green staining, tissue samples were incubated with
the mordant Thiosemicarbazide 99% (TSC) (Sigma, T33405) for
10 min, washed in distilled water, incubated with 0.1% Fast green
(Sigma, FCF F7552) for 20 min and rinsed with 1% acetic acid (Sigma,
320099) for 1 min. In all cases, samples were dehydrated and mounted
with Mounting Medium, Toluene-Free (CS705, Dako, Agilent) using a
Dako CoverStainer.

Iron detection by enhanced Perl”s Prussian blue (EPPB) staining
AnIron Stain Kit was used to identify iron pigments (AR15811-2, Artisan,
Dako, Agilent), with some modifications. To enhance iron detection,
we adapted the EPPB staining protocol by adding a blocking step with
5% normal goat serum (16210064, Life Technology) with 2.5% BSA
(10735078001, Sigma) for 60 min followed with 30 min of peroxidase-
blocking solution (52023, Dako-Agilent) and a 30 min incubation with
Liquid DAB+ Substrate Chromogen System (K3468, Dako-Agilent) on
sections that had been previously stained with the Iron Stain kit.

Immunohistochemistry

Immunohistochemistry was performed manually, in a Ventana Dis-
covery XT platform and in a Leica Bond RX platform. Primary anti-
bodies were incubated on sections in a dilution and for the time as
follows: p21 clone HUGO 291H/B5 (CNIO) RTU 60 min. Antigen
retrieval for p21 was performed with Cell Conditioning 1 (CC1) buffer
(Roche, 950-124). Secondary antibodies used were the OmniMap
anti-Rat HRP (Roche, 760-4457) or OmniMapTM anti-Rb HRP (Roche,
760-4311). Blocking was done with Casein (Roche, 760-219).
Antigen-antibody complexes were revealed with ChromoMap DAB
Kit (Roche, 760-159). Washings were performed using the Wash
Solution AR (AR10211-2, Dako, Agilent). Quenching of endogenous
peroxidase was performed by 10 min of incubation with Peroxidase-
Blocking Solution at RT (52023, Dako, Agilent). Nonspecific unions
were blocked using 5% of goat normal serum (16210064, Life tech-
nology) mixed with 2.5% BSA diluted in a wash buffer for 60 min at
RT. Blocking of nonspecific endogenous mouse Ig staining was also
performed using Mouse on mouse (M.0.M) Immunodetection Kit -
(BMK-2202, Vector Laboratories). Secondary antibodies used were
the BrightVision Poly-HRP-Anti Rabbit IgG Biotin-free, ready to use
(DPVR-110 HRP, Immunologic), the HRP-Anti-Rat IgG (MP-7444,
Vector) for 45min or the Goat Anti-Mouse Immunoglobulins/HRP
(Dako-Agilent, PO447) at 1:100 for 30 min. Antigen-antibody com-
plexes were revealed with 3-3’- diaminobenzidine (K346811, Dako) or
the DAB (Polymer) (Leica, RE7230-CE) with the same time exposure.
Sections were counterstained with hematoxylin (CS700. Dako, Agi-
lent) and mounted with Mounting Medium, Toluene-Free (CS705,
Dako, Agilent) using a Dako CoverStainer. Specificity of staining was
confirmed staining with the following isotype controls: rabbit IgG,
polyclonal (Abcam, ab27478), the mouse IgGl, Kappa (NCGO1)
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(Abcam, ab81032), mouse IgG2a kappa (eBM2a) (eBioscienceTM, 14-
4724-82) and the rat IgG (R&D Systems, 6- 001-F).

Image acquisition and quantification of histological sections
Brightfield images were acquired with a NanoZoomer-2.0 HT C9600
digital scanner (Hamamatsu) equipped with a 20x objective.
All images were visualized with a gamma correction set at 1.8 in
the image control panel of the NDP.view 2 U12388-01 software
(Hamamatsu, Photonics, France). Image quantification was per-
formed in the QuPath software.

Electron microscopy analysis

Cells were fixed at 4°C with a mixture of 2% PFA and 2.5% glutar-
aldehyde in 0.1M phosphate buffer (PB), then scrapped, pelleted,
washed in PB, then postfixed with 1% osmium tetroxide and 0.8%
potassium ferrocyanide. After that, samples were dehydrated with
acetone and finally embedded in Spurr resin. Ultrathin sections
(60 nm) were obtained using an Ultracut E (Reichert) and picked up on
copper grids and observed with the JEM 1011 (JEOL, Japan) electron
microscope, operating at 80 kV. Micrographs were taken with a cam-
era (Orius 1200A; Gatan, USA) using the DigitalMicrograph software
package (Gatan, USA). Electron micrographs were processed using
Adobe Photoshop CS6 (13.0.1) (Adobe Systems). All mitochondria in
randomly selected cells showing nuclear section per EM field (each
field is the square hole of a 200mesh grid) were examined at a mag-
nification of 60.000x and 120.000x. The proportion of cells contain-
ing MDV-related structures and the mean number of mitochondria per
cell showing these structures was estimated in a total of 30 control and
30 bleomycin-treated cells from five EM fields.

Statistics analysis

For mouse experiments, no specific blinding method was used but
mice in each simple group were selected randomly. The sample size (n)
of each experimental group is described in each corresponding figure
legend. Unless otherwise specified, results from each group were
averaged and expressed as means + standard error of the mean
(represented as error bars). 7-test was used for comparison between 2
groups and one-way ANOVA analysis was used for comparisons among
3 or more groups. Two-way ANOVA analysis was used to examine the
influence of two different independent variables. The Statistics pro-
gram Prism (GraphPad Prism 9) was used for analysis. Statistical sig-
nificance was set at a P-value < 0.05

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA-sequencing data generated in this study have been deposited
in the GEO database under accession code GSE236521. Previously
published datasets that were used for analysis in the current study are
GSE112289, RNA-seq of cell-free RNA in the serum of young and old
humans; voyAGEr database’®, mRNA expression in human specimens.
All of the data needed to reproduce the results presented here can be
found in the manuscript, figures, and supplementary materials. Source
data are provided with this paper.
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