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ABSTRACT

Despite the classical view of senescence as passive growth arrest, senescent cells remain
metabolically active to be able to cope with the energetic demand of the senescence program.
However, the mechanisms underlying this metabolic reprogramming remain poorly understood. We
have identified sin-IncRNA, a previously uncharacterized IncRNA, that plays a pivotal role in this
response. Sin-IncRNA is only expressed by senescent cells, induced by the senescence master
regulator C/EBPB. While strongly activated in senescence, sin-IncRNA loss reinforces the
senescence program by altering oxidative phosphorylation and rewiring mitochondrial metabolism.

By interacting with the TCA enzyme dihydrolipoamide S-succinyltransferase (DLST) it facilitates its
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localization to the mitochondria. On the other hand, sin-IncRNA depletion results in DLST nuclear
translocation linked to DLST-dependent transcriptional alteration of OXPHOS genes. While in highly
proliferative cancer cells, sin-IncRNA expression remains undetected, it is strongly induced upon
cisplatin-induced senescence. Depletion of sin-IncRNA in ovarian cancer cells results in deficient
oxygen consumption and increased extracellular acidification, sensitizing the cells to cisplatin
treatment. Altogether, these results indicate that sin-IncRNA is specifically induced in cellular
senescence to maintain metabolic homeostasis. Our findings reveal a new regulatory mechanism
in which a IncRNA contributes to the adaptive metabolic changes in senescent cells, unveiling the

existence of an RNA-dependent metabolic rewiring specific to senescent cells.


https://doi.org/10.1101/2024.01.25.577153
http://creativecommons.org/licenses/by-nd/4.0/

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.25.577153; this version posted March 3, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

INTRODUCTION
Senescence is a permanent state of growth arrest that can be induced by different types of stress,
such as shortening of telomeres due to extensive replication, DNA damage, oxidative stress,

chemotherapy treatment or oncogene overexpression '

. Senescent cells present characteristic
morphological and biochemical features such as enlarged size, halted proliferation, activation of
senescence-associated (SA) B-galactosidase activity and increased expression of cell cycle
inhibitors '. Furthermore, in several types of senescence the cells secrete a combination of
interleukins, metalloproteases and growth factors, collectively known as the senescence-
associated secretory phenotype (SASP) #*. While the SASP reinforces senescence, its chronic
activation can have pro-tumorigenic effects and contribute to several aging related pathologies °.
In fact, the persistence of therapy-induced senescent cancer cells in the tumor has been linked to
resistance to chemotherapy ® 7. There is, therefore, a critical need to develop combinatorial
approaches to not only stop proliferation, but also induce the elimination of the senescent tumor
cells.

Despite their decreased proliferative potential, senescent cells are metabolically active in order to
cope with the energetic demands of the senescence program . Indeed, metabolic reprogramming
is considered a hallmark of senescence °. In general, senescent cells accumulate dysfunctional
mitochondria resulting in an increase of reactive oxygen species (ROS)''2. Although different
triggers of senescence result in broad metabolic differences, the interplay between senescent cells
and metabolism is highly dynamic and context dependent, and the underlying mechanisms remain
largely unexplored. In this context, long noncoding RNAs (IncRNAs) represent a relatively uncharted
territory for investigation.

LncRNAs are transcripts recently defined as longer than 500 nucleotides with exquisite cell-type

specific expression patterns that lack protein-coding potential

. They are tightly regulated during
development or in response to signaling pathways . Although it is still unclear how many of the

thousands of annotated IncRNAs have a significant biological role, several have been found to be
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essential for the regulation of key cellular processes, such as proliferation and differentiation, as
well as a broad range of diseases including cancer ' '® Notably, our previous work and other
laboratories’ have reported that specific IncRNAs are differentially expressed during senescence

17, 18

induction , regulating multiple senescence aspects, from transcriptional response to SASP

production 22 Intriguingly, recent studies have involved a number of IncRNAs in the regulation of

cellular metabolism 2326

, and ncRNAs are emerging as interactors and regulators of metabolic
enzymes #’. However, the contribution of this functional diverse class of molecules to the metabolic
reprogramming of senescent cells remains unknown.

Here we report the identification of the senescence-specific INcRNA, sin-IncRNA, which is induced
in senescence to prevent uncontrolled metabolic alterations, by regulating the function of a key

metabolic enzyme and the transcription of metabolic genes. Together, our results provide evidence

of an RNA-dependent metabolic rewiring specific to the senescent cellular state.

RESULTS

Oncogene-induced senescence leads to broad changes in gene expression, encompassing
alterations in IncRNAs

Although the importance of IncRNAs in a variety of cellular processes is now fully recognized, only
a handful of them have been described as directly implicated in cellular senescence. To identify
novel regulators of this process, we analyzed RNA-seq data from a cellular system that
recapitulates senescence induction in vitro thanks to the controlled activation of an oncogene .
IMR90 non-immortalized lung fibroblasts were engineered to express an oncogenic HRAS variant
(HRAS®'?Y) fused to the estrogen receptor (ER:RAS), which is activated following 4-hydroxy-
tamoxifen (4OHT) administration (Figure 1A)* ?°. Multiple senescence markers, such as arrest of
proliferation, increased expression of pro-inflammatory factors and tumor suppressors along with
detectable B-galactosidase staining, were observed, ensuring a proper senescence progression

(Suppl. Figure 1A-E). Furthermore, the presence of senescence-associated heterochromatin foci
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(SAHF) as well as an increase in H3K9me3 and yH2AX foci, confirmed the chromatin remodeling
linked to oncogene-induced senescence (OIS) (Suppl. Figure 1F, G). RNAseq data generated in this

cell system ?2®

, detected more than 4720 genes differentially expressed upon induction of
senescence (log2FC>1; padj<0.05), including not only many coding genes (3456) but also IncRNAs
(951) (Figure 1B and Suppl. Figure 1H). The majority of IncRNAs (62%) were downregulated, which
might reflect cell cycle inhibition during senescence, whereas the remaining 38% of IncRNAs were
upregulated. We focused our attention on IncRNAs highly induced upon OIS, as we speculated,
they might play a role in the senescence process, and we verified their upregulation at different time
points of OIS progression (Figure 1C and Suppl. Figure 1).

Interestingly, we observed a previously uncharacterized INcRNA (ENSG00000234693) as one of the
most significantly and strongly upregulated genes, with an induction comparable to that of key
senescence genes CKN2A, CXCL1 and IL6 (Figure 1B and Suppl. Table 1). We consequently
renamed it senescence-induced IncRNA or sin-IncRNA. sin-IncRNA is an intronic IncRNA located
in chromosome 20 and transcribed in the antisense orientation of the protein-coding gene RIPOR3
(Figure 1D, Suppl. Figure 2A, B). sin-IncRNA lacks coding potential (Suppl. Figure 2C) and presents
two poly-adenylated isoforms annotated by GENCODE (v41); a longer one (638 nts), composed by
three exons, and a shorter one (539 nts) of four exons. However, only the shorter isoform is
expressed and highly upregulated upon 40HT treatment in IMR9O0 fibroblasts, according to both
sequencing data and RT-gPCR performed with different primer sets (Figure 1D and Suppl. Figure
2A). This observation was confirmed by absolute quantification by RT-gPCR, which showed that
sin-IncRNA is lowly expressed in proliferating conditions with ~9 copies per cell, while, upon
senescence induction, the expression of its short isoform increases up to ~86 copies (Suppl. Figure

2D).

Interestingly, sin-IncRNA levels increased only at later stages of senescence (Figure 1C and Suppl.
Figure 2A), prompting us to investigate whether its upregulation was dependent on the full activation

of a senescence program or rather related to the induction of the HRAS oncogene in OIS. To this


https://doi.org/10.1101/2024.01.25.577153
http://creativecommons.org/licenses/by-nd/4.0/

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.25.577153; this version posted March 3, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

aim, we analyzed sin-IncRNA expression levels in different types of senescence, such as replicative
senescence - achieved by prolonged culture of untransformed IMR90 fibroblasts - and senescence
induced by ionizing radiation (y-irradiation). In all the systems analyzed sin-IncRNA expression was
strongly induced in the senescent context, correlating with known senescence markers, such as
CDKN2A and IL6 (Figure 1E and Suppl. Figure 2E).

Due to the strong and highly specific sin-IncRNA induction in senescence, we speculated that
senescence-specific factors could regulate the expression of this IncRNA. We took advantage of
ChIP-seq data generated in IMR90 *° cells to examine sin-IncRNA genomic region finding that the
transcription factor C/EBPB was bound to several positions in the proximity of sin-IncRNA
transcription start site (TSS) and gene body (Figure 1D). Interestingly, C/EBP exerts an important
role in the later stages of senescence induction, mainly by activating genes related to inflammation
and SASP *'. After confirming the previously reported C/EBPP upregulation in OIS ? (Suppl. Figure
2F), we depleted C/EBPp in senescent cells and analyzed sin-IncRNA expression (Figure 1F, G and
Suppl. Figure 2G). Notably, the induction of sin-IncRNA in senescence was prevented by C/EBPf3
depletion, similarly to what occurred to IL73, IL6 and IL8, other canonical targets of this transcription
factor (Figure 1G). To further investigate whether or not sin-IncRNA is a C/EBP transcriptional
target, we performed ChIP-gPCR of this transcription factor in proliferative and senescent
conditions (Figure 1H). C/EBP was found enriched at sin-IncRNA regulatory regions and its binding
increased in senescent cells (Figure 1H), supporting the evidence that the senescence driver
C/EBPS controls sin-IncRNA expression at later stages of senescence induction and suggesting

that the IncRNA might exert a role in this response.

sin-IncRNA loss contributes to the senescent phenotype through increase of oxidative stress
To explore the function of sin-IncRNA, we depleted it in senescent IMR90 ER:RAS fibroblasts
(Suppl. Figure 3A) and analyzed several senescence markers at 5 days of induction to detect
intermediate states before the cells enter a fully stable senescent phenotype *. Interestingly, sin-

IncRNA KD further decreased proliferation of senescent cells (Figure 2A, C and Suppl. Figure 3B),
6
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increased the percentage of B-galactosidase positive cells (Figure 2C) and activated the p53
signaling pathway (Figure 2D), without changing levels of apoptosis (Suppl. Figure 3C), indicating
that sin-IncRNA knockdown reinforces the senescent phenotype.

To investigate the broader significance of these results, we investigated other senescence systems
and methods for sin-IncRNA loss-of-function. We took advantage of TIG3 hTERT lung fibroblasts
engineered to express an inducible and constitutively active portion of the human BRAF oncogene
to drive OIS (TIG3 ABRAF:ER)*. In this cell system, we again observed reduced proliferation upon
sin-IncRNA downregulation by RNAi (Suppl. Figure 3D-F), indicating that sin-IncRNA depletion
leads to the same phenotype regardless of the type of oncogene expressed. We also generated
TIG3 ABRAF:ER cell lines stably depleted of sin-IncRNA by CRISPR/Cas9 technology. Despite not
being able to isolate viable cell clones with sin-IncRNA biallelic deletion, we found that the removal
of just one allele was sufficient to decrease sin-IncRNA expression, leading to a consistent
strengthening of the senescence phenotype (Figure 2E-F and Suppl. Figure 3G-H). Altogether,

these results suggest that the loss of sin-IncRNA reinforces the induction of cellular senescence.

To investigate which aspect of the complex senescence response is influenced by sin-IncRNA, we
analyzed the global changes in gene expression by RNA-seq of sin-IncRNA-depleted ER:RAS
fibroblasts upon senescence induction (Figure 3A, Suppl. Figure 4A and Suppl. Table 2), and
employed Gene Set Enrichment Analysis (GSEA) to determine enriched pathways associated with
the observed changes in gene expression (Figure 3B and Suppl. Figure 4B). Interestingly, among
the most significantly reduced terms were several metabolic pathways, such as cholesterol
homeostasis and fatty acid metabolism. Moreover, mRNAs belonging to oxidative phosphorylation
pathway were significantly downregulated, including the mitochondrial ADP/ATP carrier ACC 1, 2,
3 (SLC25A4, SLC25A5, SLC25A6, respectively), which regulate key transport steps for cellular ATP

production ** (Figure 3B-C).

Since metabolic rearrangements and altered oxidative phosphorylation (OXPHOS) are known to be

13, 35

linked to senescence , we speculated that sin-IncRNA could influence the metabolic states of
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senescent cells. To analyze metabolic alterations upon sin-IncRNA depletion, we measured the
oxygen consumption rate (OCR) coupled to ATP production during OXPHOS by Seahorse assay *°.
Compared to control senescent cells, sin-IncRNA knockdown led to the reduction of several key
parameters of mitochondrial function, most significantly impacting maximal respiration rate,
mitochondrial spare capacity and coupling efficiency (Figure 3D, and Suppl. Figure 4C). We also
observed an increment in extracellular acidification rate (ECAR) in sin-IncRNA depleted cells, a
reflection of increased aerobic glycolysis that has been linked to defects in ATP production *’ (Figure
3E).

Since alterations in OXPHOS are also linked to increased oxidative stress 340

, we measured
intracellular levels of reactive oxygen and nitrogen species (ROS/RNS) and observed a significant
enrichment of oxidant species in sin-IncRNA-depleted senescent ER:RAS cells (Figure 3F),
suggesting that sin-IncRNA is involved in the control of oxidative stress in senescent cells. The
increase in oxidant species and metabolic dysfunctions can reinforce senescence *" . We
therefore hypothesized that sin-IncRNA depletion might exacerbate senescence-related
mitochondrial alteration and promote oxidative stress, thereby leading to the observed senescence
reinforcement. Indeed, blocking ROS accumulation by N-acetyl-L-cysteine (NAC) treatment *> *4
restored cell growth and reduced SA-B-galactosidase activation in senescent cells depleted for sin-

IncRNA (Figure 3G and Suppl. Figure 4D). Together these data support the notion that sin-IncRNA

contributes to manage the metabolic rewiring and oxidative stress response of senescent cells.

sin-IncRNA interacts with DLST and controls its subcellular localization

LncRNAs have been previously associated with defects in oxidative stress and metabolic pathways,
in particular in cancer, where they alter gene programs through different mechanisms '* . To
elucidate how sin-IncRNA regulates metabolic response of senescent cells, we first analyzed sin-
IncRNA subcellular localization by RNA-FISH and found it to be mainly enriched in the cytoplasm
of senescent fibroblasts (Figure 4A and Suppl. Figure 5A). Interestingly, an independent study *

indicated that sin-IncRNA is enriched in the mitoplasts of senescent cells (Suppl. Figure 5B). We

8
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purified mitochondria from senescent cells by FACS sorting, and detected the presence of sin-
IncRNA along with mitochondrially encoded transcripts (Figure 4B and Suppl. Figure 5C). Together,
these data suggest that sin-IncRNA acts in the mitochondria to control proliferative and metabolic
pathways of senescent cells.

Reasoning that sin-IncRNA function could be mediated through interacting proteins, we set to
unbiasedly identify its protein partners by RNA pulldown. We incubated in vitro transcribed sin-
IncRNA or an unrelated control RNA with senescent IMR90 ER:RAS extracts and isolated
interacting proteins (material and methods) (Suppl. Figure 5D). Mass spectrometry (MS) revealed
several proteins enriched (>2 unique peptides) specifically associated with sin-iIncRNA but not to
the control RNA (Suppl. Figure 5E and Suppl. Table 3). Notably, the most abundant proteins
retrieved by MS analysis were Dihydrolipoamide S-succinyltransferase (DLST) and DEAD-Box
Helicase 28 (DDX28), which localize in the mitochondria and have a recognized role in that

compartment*’, in line with our findings linking sin-IncRNA to senescent cell metabolism.

DLST, identified as the main sin-IncRNA interactor, is the E2 component of the a-ketoglutarate (aKG)
dehydrogenase complex (KGDH), which is essential for the entry of glutamine into the tricarboxylic
acid (TCA) cycle *® (Figure 4C). DLST has been recently identified as an RNA binding protein in an
RNA binding screen “°. We orthogonally confirmed the interaction between the endogenous sin-
IncRNA and DLST by RNA Immunoprecipitation in senescent fibroblasts (Figure 4D and Suppl. Fig
5F), suggesting they are functionally related. In order to map the region of sin-IncRNA interacting
with DLST, we performed in vitro pulldown with biotinylated fragments spanning the 539
nucleotides of the full-length transcript. We observed that all fragments except F1 (1-150 nts) are

involved in the binding (Suppl. Fig 5G).

We then sought to investigate whether sin-IncRNA would regulate DLST expression or stability.
However, DLST mRNA and protein levels were not affected upon sin-IncRNA knockdown and
remained stable upon senescence induction (Suppl. Figure 5H, 1), indicating that neither sin-IncRNA

nor cellular senescence modulate DLST expression. Of note, DLST is a protein that shuttles

9
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between different subcellular compartments. While its main activity takes place in the mitochondria,
it is also localized in the nucleus, where it is known to regulate gene expression **>?, We therefore
investigated whether DLST localization might be regulated by the IncRNA. Interestingly, cellular
fractionation of senescent cells upon sin-IncRNA depletion showed that DLST levels were
significantly decreased in the cytoplasm and increased in the nuclear fraction of cells (Figure 4E) in
contrast to control senescence conditions (Suppl. Figure 5J), suggesting that sin-IncRNA controls

the subcellular localization of the metabolic enzyme DLST.

sin-IncRNA rewires metabolic activity in senescent cells

Given the change of DLST localization observed upon sin-IncRNA depletion, we sought to compare
the phenotype of DLST depletion with the phenotypic alterations observed upon sin-IncRNA
knockdown in senescent cells, as previous reports demonstrated increased ROS production upon
DLST knockdown *. DLST knockdown in senescent fibroblasts led to an increase in the percentage
of B-galactosidase positive cells and decreased cell growth (Figure 5A, B), thus phenocopying in
this regard sin-IncRNA knockdown. Deeper analysis of metabolic alterations showed an increase
in lactate secretion in both sin-IncRNA and DLST-depleted senescent cells compared to control
cells (Figure 5C), probably as a result of higher glycolytic activity in these cells (Figure 3C).

We further investigated the role of sin-IncRNA in metabolism by comparing changes in the levels of
glutamine-derived metabolites upon sin-IncRNA and DLST knockdown in senescent cells using
Liquid Chromatography - Mass Spectrometry (LC-MS) and fully labeled [U-"*C] glutamine as a
tracer (Figure 5D). The glutamine labeled fraction in cells grown with [U-"*C] glutamine consisted of
>90% M+5 glutamine in all conditions, demonstrating equal incorporation of the labeled substrate
(Suppl. Figure 6A). While DLST knockdown strongly affected the TCA cycle, by decreasing the rate
of glutamine oxidative metabolism, depletion of sin-IncRNA did not alter either oxidative or
reductive TCA cycle activity (Suppl. Figure 6A, B and Suppl. Table 4). These results indicate that
depletion of sin-IncRNA does not fully reproduce the metabolic effects of the knockdown of DLST,

as expected, based on the protein relocalization caused by sin-IncRNA downregulation.

10


https://doi.org/10.1101/2024.01.25.577153
http://creativecommons.org/licenses/by-nd/4.0/

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.25.577153; this version posted March 3, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

We hypothesized that, upon sin-IncRNA knockdown, alternative mechanisms might intervene to
maintain a metabolic balance and compensate for deficiencies in KGDH complex activity. In
agreement with this idea, the expression levels of the main enzymes implicated in the GABA shunt,
an alternative route for the conversion of glutamate to succinate bypassing the TCA cycle ** were
upregulated in sin-IncRNA knockdown cells (Figure 5D). We thus reasoned that the lack of the
IncRNA resulted in a phenotypic output consequence of the decrease of DLST mitochondrial levels
combined with events driven by increased nuclear levels of the protein.

DLST harbors a nuclear localization signal (NLS) that allows its translocation to the nucleus
promoting the succinylation of H3K79 °2. Of note, we observed a significant overlap between
mMRNAs regulated by sin-IncRNA and genes regulated by KGDH-mediated H3K79 succinylation
according to a prior study ** (Suppl. Figure 6C). We therefore investigated if DLST translocation
could be involved in the observed transcriptional changes. Interestingly, overexpression of the wild
type DLST in senescent cells decreased the transcription of a subset of metabolic mMRNAs,
mimicking the effect of the depletion of sin-IncRNA (Fig 5E and Suppl. Figure 6E, F). In contrast, a
mutant DLST that is not able to enter the nucleus, (R224A/K226E) ** had no effect (Figure 5E). In
fact, a previous study showed that relevant metabolic genes present H3K79Succ chromatin mark®?
(Suppl. Figure 6D). Strikingly, we observed that H3K79Succ increased on these genes upon sin-
IncRNA depletion in senescent cells, correlating with an increase in nuclear DLST (Figure 5F). These
results show that the nuclear, but not the cytoplasmic form of DLST, was able to reproduce the
gene expression changes observed upon depletion of sin-IncRNA, supporting that the nuclear
shuttling of DLST causes compensatory transcriptional changes observed in sin-IncRNA

knockdown condition.

sin-IncRNA regulates OXPHOS in ovarian cancer cells
Our results indicate that sin-IncRNA is a regulator of the metabolic state of the senescent cells. To
gain insight into the potential significance of sin-IncRNA function in a physio-pathological context,

we interrogated gene expression data of tumor samples available through The Cancer Genome
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Atlas (TCGA). sin-IncRNA presented low expression across cancer types (Suppl. Figure 7A.), its
expression negatively correlated with that of genes involved in active cell division, such as cyclins,
as CCNA2, and members of the origin replication complex, such as ORC1 and MCM6 *° (Suppl.
Figure 7B). Accordingly, terms related to cell cycle and mitosis were the most enriched Gene
Ontology pathways associated with these genes (Suppl. Figure 7C). Since all these cell division-
related genes presented a negative correlation with the senescence-specific sin-IncRNA, we
speculated that a high expression of this noncoding transcript would predict cells with arrested cell
cycle (e.g. senescent/quiescent cells), in line with the upregulation of sin-IncRNA upon OIS.

While tumor cells are highly proliferative, it has been shown that chemotherapy can induce cellular
senescence, which can be linked to the resistance to treatment ’. To investigate the potential
significance of sin-IncRNA in response to cancer therapy, we analyzed the expression of the INcRNA
in cisplatin-treated ovarian cancer cells, given their ability to undergo senescence upon treatment
with platinum-based agents *°. 10 days after cisplatin treatment, COV362 cells displayed a fully
senescent phenotype, as confirmed by the expression of senescence markers, such as [-
galactosidase and the induction of cell cycle inhibitors and SASP components (Figure 6A-B).
Interestingly, we observed a strong increase of sin-IncRNA expression in the senescent cells,
whereas it was undetectable in untreated cells (Figure 6C). Cisplatin treatment also upregulated
C/EBP expression (Figure 6D), suggesting that, also in the cancer cells, this transcription factor is
responsible for the transcriptional activation of sin-IncRNA. As previously shown for senescent
fibroblasts, knockdown of sin-IncRNA in cisplatin-treated COV362 cells reduced the expression of
mRNAs involved in OXPHOS pathway (Figure 6E), which was reflected in alterations in the
metabolic functions, as a decreased maximal respiration and increased ECAR (Figure 6F, G).
Moreover, knockdown of either sin-IncRNA or DLST further decreased cell growth compared to
control senescent cells (Figure 6H) indicating that depletion of the senescence-specific INCRNA

sensitizes ovarian cancer senescent cells to cisplatin treatment.
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Altogether, these data provide evidence that a IncRNA uniquely expressed in senescent cells
contributes to the configuration of their metabolic state, also when senescence is induced in cancer

cells, thus representing a valuable marker and potential target in aging and cancer.

DISCUSSION

Although senescence has been traditionally considered a static terminal condition, it is now
recognized as a dynamic stepwise process, which involves a plethora of factors that coordinately
ensure its correct progress. We have identified a IncRNA that is specifically expressed at later
stages of senescence induction to maintain the metabolic balance of these cells. Such precise
induction is linked to a timely transcriptional activation mediated by the SASP master regulator
C/EBP; a transcription factor known to promote the later inflammatory phase of the senescent
program *'. Remarkably, depletion of sin-IncRNA is linked to the activation of some inflammatory
signals as well as extracellular matrix remodeling pathways, gene networks that are induced during
the second phase of senescence induction. sin-IncRNA depletion reinforces the senescence
response, altering many of the canonical senescence markers. This is likely a consequence of the

augmented ROS production, which feeds forward the senescent phenotype.

Mitochondria are the main source of ROS in the cell *’. Interestingly, one of the most deregulated
pathways upon sin-IncRNA depletion is OXPHOS, which reflects mitochondrial dysfunction and
results in high levels of ROS production . High levels of ROS are critical for onset and maintenance
of cellular senescence, although it remains difficult to decipher whether they are the cause or
consequence of the senescence process *°. Nevertheless, several factors are involved in feedback
mechanisms to prevent an uncontrolled ROS increase °°. We have found that sin-IncRNA interacts
with DLST, an enzyme of the TCA cycle, a process that is tightly interconnected to OXPHOS and a
main source of ROS °'. Interestingly, it has been previously shown that the KGDH complex is
sensitive to ROS and involved in ROS production %, and inhibition of this enzyme might be critical

in the metabolic deficiency induced by oxidative stress ®. DLST depletion in senescent cells mimics
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sin-IncRNA knockdown by exacerbating growth arrest and B-galactosidase staining. Moreover,
both sin-IncRNA and DLST downregulation result in increased extracellular acidification rate and
lactate production, suggesting a shift in the energy production pathway towards glycolysis. This
may reflect a mechanism for escaping the restrictions caused by the increased oxidative stress.
Interestingly, we have observed different effects when measuring the specific glutamine-derived
TCA metabolites by LC-MS. Whereas inhibition of DLST strongly affects different steps of the TCA
cycle, sin-IncRNA depletion does not result in such changes. The fact that different enzymes
involved in the GABA shunt pathway are found to be overexpressed in these cells, would explain
these differences as it could contribute to maintaining TCA cycle activity in sin-IncRNA depleted
cells. This compensatory mechanism might also explain the fact that the basal respiration rate is
not affected in sin-IncRNA knockdown cells, while the maximal respiration and the spare capacity
are strongly decreased. Previous studies have described similar changes in mitochondrial capacity
following silencing of the ACC ADP/ATP carriers, suggesting an important role for AACs in
maintaining metabolic spare capacity ®. Besides, inhibition of ATP synthase activity has been
shown to promote metabolic rewiring to an enhanced aerobic glycolysis and the subsequent

87, Additional transcriptional alterations

production of mitochondrial reactive oxygen species
observed in metabolic genes such as ADP/ATP carriers might contribute to the phenotypic
alterations observed upon sin-IncRNA knockdown.

Of note, we have identified as a potential sin-IncRNA interactor DDX28, which plays a role in
OXPHOS and is also known to shuttle from the nucleus to the cytoplasm and mitochondria *'.
Therefore, we cannot exclude that sin-IncRNA might regulate other aspects of metabolism at the
interface between cytoplasm and mitochondria or even other subcellular compartments.
Interestingly, TCA enzymes have been found to translocate into the nucleus where they have roles
in epigenetic regulation ®>®. In particular, the KGDH complex which generates succinyl-CoA, has

been demonstrated to contribute to histone succinylation affecting expression of cell cycle genes

°2 and altering metabolic states *°. Overexpression of wild type DLST is able to reproduce the effect
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of sin-IncRNA depletion on the transcription of metabolic genes, whereas a mutant which is not
able to translocate to the nucleus does not (Figure 5E). Although the mechanism underlying this
response needs to be further explored, these results indicate that the two forms have a different
impact in transcriptional regulation. Interestingly, we observed a significant overlap between the
genes deregulated by the knockdown of sin-IncRNA and the H3K79Succ peaks, with key metabolic
genes affected ** (Suppl. Figure 6D, E and Fig. 5F), suggesting that sin-iIncRNA knockdown leads
to changes in this histone mark regulating metabolic transcription programs. Thus, while sin-

IncRNA expression in senescent cells is relatively high (~80 molecules per cell), it does not appear
sufficient to serve as a structural scaffold for the KGDH complex. Instead, sin-IncRNA likely
functions as a signal amplifier, linking mitochondrial processes to nuclear transcriptional programs.
The molecular mechanism of interaction between DLST (KGDH complex) and sin-IncRNA, and how
it influences the localization of the protein remains to be understood, our observations are in line
with the growing evidence that many metabolic enzymes interact with regulatory RNAs #"7°. For
instance, recent pre-print work from the Hentze laboratory has shown that RNA is required for
proper mitochondrial import of ATP5A17". All this emerging evidence suggests the presence of an
undiscovered RNA-protein network with significant implications for regulating cellular energy

metabolism.

Platinum-based therapies, currently used as the first line of treatment for patients with ovarian
cancer, are known to induce senescence in cancer cells 2. Although therapy-induced senescence
(TIS) has been considered a desirable outcome of cancer therapy, the activation of the senescence
program has been shown to induce the rewiring of cellular metabolism promoting the pro-tumorigenic
and pro-metastatic potential of ovarian cancer cells . Here, we show that sin-IncRNA is specifically
induced in ovarian cancer cells that undergo senescence and contributes to sustain the metabolic
demands to maintain senescence in cancer cells upon drug treatment. Emerging studies link

7

metabolic reprogramming to cancer drug resistance . Indeed, cisplatin-resistant cells exhibit

increased fatty acids (FA) uptake, accompanied by decreased glucose uptake and lipogenesis,
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indicating reprogramming from glucose to FA dependent anabolic and energy metabolism °.
Importantly, other metabolic processes affected by sin-IncRNA depletion in senescent fibroblasts
seen at the transcriptional level include fatty-acid metabolism. Depletion of sin-IncRNA might
sensitize ovarian tumor cells to cisplatin by metabolic reprogramming at different levels.

Metabolic enzymes required for the tricarboxylic acid cycle have been shown to affect senescence
by regulating p53 "®. Importantly, advances in the field of RNA interactome capture have
demonstrated that the interplay between metabolic enzymes and RNA is broader than previously
considered *"°. These studies have revealed the RNA binding capacity of many enzymes, although
the precise mechanism or the physiological relevance requires deeper characterization. Emerging
evidence indicates that IncRNAs may contribute to cellular processes in order to adapt and
coordinate mitochondrial function to adjust their activities to the environmental conditions 27" 78,
We propose that distinct cellular states or stresses that result in metabolic changes involve the
function of ncRNAs that contribute to the reconfiguration of the cell metabolism. The exquisite
specificity of sin-IncRNA in senescence highlights its potential role as a therapeutic target. This
discovery paves the way for better comprehension of therapy-induced senescence and its

associated implications.

MATERIALS AND METHODS

Cell culture, retroviral infection and treatments

IMRQO lung fibroblasts and HEK-293T cells were purchased from ATCC. TIG3 hTERT pMSCV-
ER:ABRAF lung fibroblasts ** were kindly provided by Dr. Lund’s laboratory (BRIC - Copenhagen,
Denmark). All cell lines were cultured in DMEM medium (GIBCO), supplemented with 10% fetal
bovine serum (GIBCO) and 1x penicillin/streptomycin (Lonza). Cells were maintained at 37°C in the
presence of 5% CO2 and tested for mycoplasma contamination regularly, using the MycoAlert
Mycoplasma Detection Kit (Lonza).

To generate OIS cell systems, viruses were first produced in HEK-293T cells transfected with 12ug

of either pLNC-ER:RAS or pLNCX (Empty) vectors, 6ug of gag-pol plasmid, 3ug of pVSVG vector
16
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and 1ug of pMAX-GFP plasmid (to check transfection efficiency). Transfection reaction was carried
out in opti-MEM medium (GIBCO) using Lipofectamine 2000 (Invitrogen), following manufacturer’s
instructions. 48 hours after transfection, filtered supernatant supplemented with 4ug/ml polybrene
(Santa Cruz), was used to transduce low passage IMR90. Cells were selected with Neomycin-G418
(Sigma) at a final concentration of 400ug/ml for at least one week.

For senescence induction studies, IMR90 ER:RAS or TIG3-hTERT AER:BRAF fibroblasts have been
treated with 200nM of 4-hydroxy-tamoxifen (4OHT) for three days unless specified otherwise in the
text. When longer time courses were needed, medium was replaced on day 3. Only normal
fibroblasts cell lines with less than 20-25 passages were used for experiments.

COV362 cells were obtained from SIGMA, kindly provided by Dr. Beatriz Tavira (CIMA) and cultured
in DMEM medium (GIBCO), supplemented with 10% fetal bovine serum (GIBCO) and 1x
penicillin/streptomycin (Lonza). For senescence induction the cells were treated with 10 pM
cisplatin for 10 days.

N-Acetyl-L-cysteine (NAC, SIGMA) was added at 5 mM 1h prior 4-OHT treatment and for the

duration of the experiment.

DLST WT and DLST NLS mutant -overexpressing cell lines

To generate lentiviral constructs, we cloned the full-length DLST sequence amplified from cDNA
into the inducible vector pLVX-TetOne Puro Vector (Clontech). For the mutant form, we used as a
template a plasmid sintesized by Genescript. We used In-Fusion HD Cloning designing primers

according to the manufacturer’s indications (see primer sequences in Suppl. Table 5).

For the lentiviral production, HEK293T cells were transfected using Lipofectamine 2000 (Life
Technologies) with 7ug of pLTVX-WT-DLST or pLTVX-Mut-DLST (R224A/K226E), together with 6ug
of VsVg and 5ug Pax8 viral plasmids. After 48h, supernatants containing the viral particles were
filtered through a 0.45-pm filter. Confluent IMR9O0 ER:RAS cells were then infected with one-third

of the viral supernatant and 8ug/ul polybrene. Twenty-four hours post infection, the cells were
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selected with 1pg/pl puromycin. Cells were maintained in tetracycline-free tested serum (Clontech).

For the expression of the protein 100ng/ml doxycicline was used for 72h.

Irradiation
To induce senescence by ionizing radiation, IMR90 cells were y-irradiated at 5Gy and harvested at
the indicated times. Radiation was delivered at 180 cGy/min using a Siemens Oncor Impression

Plus linear accelerator equipped with 6MeV X rays.

RNAi studies

For siRNA studies, cells were transfected once with a final concentration of 40nM siRNA using
Lipofectamine 2000 (Invitrogen) in opti-MEM medium (GIBCO), unless differently stated in the text.
Scrambled siRNA (siRNA CTRL in the text) was used as transfection control. All sSiRNAs employed
in this study were designed using BLOCK-TTM RNAI Designer
(https://rnaidesigner.thermofisher.com/rnaiexpress/) and purchased from Sigma, except C/EBPS
siRNA, a kind gift of Dr. Aragén (CIMA - Pamplona, Spain).

To induce senescence in transfected cells, the transfection medium was replaced after 6 hours with
complete medium containing 200nM 40HT. When a senescence induction longer than 3 days was
needed, transfected cells were trypsinized and re-plated to perform multiple analyses in parallel. All

siRNAs used in this study are listed in Suppl. Table 5.

CRISPR-Cas9 gene editing and CRISPR clonal cell lines generation

The CRISPR Design Tool from the Zhang Lab (http://crispr.mit.edu/) was used to find suitable target
sites for the Streptococcus pyogenes Cas9 (SpCas9) in sin-IncRNA genomic region. Specific guide
RNAs (sgRNA_up and sgRNA_dw, see Suppl. Table 5) were cloned into the lentiviral plasmid
lentiCRISPRv2 carrying spCas9 gene and puromycin resistance, a kind gift from Dr. Agami’s lab
(NKI - Amsterdam, Netherlands) and originally generated in Dr. Zhang’s lab (for details, see plasmid
reference #5296113 on Addgene website).
LentiCRISPR vectors carrying the two independent sgRNAs were separately transfected in HEK-

293T cells to generate viral particles, as described above. LentiCRISPR viruses were mixed (ratio
18
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1:1) and used to transduce TIG3-hTERT AER:BRAF fibroblasts, then selected with 1pg/ml of
puromycin. Single puromycin-resistant TIG3 cells were sorted in 96-well plates, using untreated
TIGS3 fibroblasts as feeder cells, which were then eliminated by a second round of puromycin
selection (0.5pug/ml). Genomic DNA was isolated from puromycin-resistant clones using
QuickExtract DNA extraction solution (Lucigen), PCR amplified and tested on agarose gel for

accurate deletion.

Cell proliferation assays

For crystal violet assay upon OIS, 1-2x10* untreated or transfected cells were plated in 6-well plates
and senescence induction was prolonged for 5 days in 4-OHT medium. Cells were fixed with 0.5%
glutaraldehyde for 15 min and stained with 0.1% Crystal Violet solution (Sigma) for 30 min. To
quantify cell density, cells were incubated with 500l of 10% acetic acid (Sigma) and collected in
ELISA plates. Absorbance was measured by spectrophotometry at 570 nm in a SPECTROstar Nano
equipment.

For BrdU incorporation assay, cells were labeled with 50 uM BrdU solution (BD Pharmingen) for 16-
18 hours. In case of senescent cells, OIS was previously induced for 5 days before starting BrdU
assay. Then, cells were harvested by trypsinization and BrdU staining was performed using BrdU
Flow Kits (BD Pharmingen), according to manufacturer’s instructions. Amount of BrdU

incorporation was measured by flow cytometry using a FACSCalibur Cell Analyzer (BD Bioscience).

Apoptosis staining

Apoptosis was measured using BD Pharmingen™ PE Annexin V Apoptosis Detection Kit | (BD
Bioscience). Briefly, cells were washed twice with cold PBS and then resuspend cells in 1X Binding
Buffer at a concentration of 1 x 1076 cells/ml. 1 x 1075 cells were stained with 5 pl of PE Annexin
V and 5 pl 7-AAD. After 15 mins incubation at RT in the dark. 400 pl of 1X Binding Buffer was added
to each tube. Apoptosis levels were measured by flow cytometry using a FACSCalibur Cell Analyzer

(BD Bioscience).
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Senescence Associated galactosidase (SA-B-gal) staining

To detect SA-B-gal activity, 1x10° of untreated or transfected cells were plated in 6-well plates and
senescence was induced for 8 days upon 4-OHT treatment. Cells were fixed with 0.5%
glutaraldehyde solution for 15 min at RT and washed with PBS containing 1mM MgCI2 (pH 6.0).
Then, cells were incubated overnight at 37°C in X-gal staining solution (1mg/ml X-gal [Thermo
Fisher], 0.12 mM K3Fe(CN)6 [Merk], 0.12 mM K4Fe(CN)6 [Merk], PBS/MgCI2 [pH 6.0]). Cells were

washed and percentage of blue cells was counted manually using an inverted microscope.

ROS/RNS measurement assay

Senescent IMR90 ER:RAS fibroblasts transfected with sin-IncRNA targeting or control siRNAs were
collected by trypsinization and re-suspended at 0.5-1x10° cells/ml in Hypotonic Buffer (10mM Tris
HCI [pH 7.5], 10mM NaCl, 1.5mM MgCI2). To facilitate membrane lysis, cells were incubated for 10
min at 4°C and sonicated for 5 cycles (30"’ON-30"’OFF) in a Bioruptor sonication device. Cell extract
was cleared by centrifugation and assayed for ROS/RNS accumulation by fluorescence-based
approach using OxiSelect in vitro ROS/RNS Assay Kit (Cell Biolabs), following manufacturer’s
instructions. The amount of fluorescent oxidized probe (2’, 7’ -dichlorodihydrofluorescein or DCF)
was measured with a fluorescence plate reader at 480nm excitation / 530nM emission. Data were

interpolated to a DCF standard curve to obtain absolute values.

Measurement of oxygen consumption and extracellular acidification

Cellular OCR was measured using a Seahorse XF Cell Mito Stress Test and a Seahorse Bioanalyzer
XFe96 (Agilent Technologies) according to the manufacturer’s standard protocol. Briefly, 200,000
IMR9O0 cells were reverse transfected with the corresponding siRNAs in 6 well plates. After 24h cells
were treated with 500 nM 4-OHT. After 3 days of treatment, cells were trypsinized and seeded on
Seahorse XF96 Cell Culture microplates to confluence (10000 cells/well) and were subjected to
metabolic profiling the next day. For Mito stress tests, cells were cultured for 1 h in a CO»-free
incubator at 37 °C. Oxygen consumption rates (OCR) were monitored at basal conditions and, after

sequential injections of 1uM oligomycin to block the mitochondrial ATP synthase, 1.5uM FCCP to
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uncouple oxidative phosphorylation, 1uM antimycin A and 1uM rotenone were used to fully inhibit
mitochondrial respiration and 50 mM 2-deoxyglucose (2-dG) to block glycolysis. Two separate
measurements of OCR and extracellular acidification rate (ECAR) from 4 independent experiments
were taken after the addition of each inhibitor. Samples were normalized based on the protein

concentration. All reagents were purchased from Agilent Technologies.

Lactate measurements

IMR90 ER:RAS fibroblasts were transfected with sin-IncRNA targeting or control siRNAs and
treated with 4-OHT for 6 days. The supernatant was harvested and centrifuged for 5 min at 500 g.
Lactate levels were measured using Cobas C311 Analyzer with LACT2 kits (Roche Diagnostics

GmbH). Human Precinorm y Precipath were used as controls.

Liquid Chromatographic -Mass Spectrometry (LC-MS) metabolomics

Isotope labelling

6-days senescent IMR90 ER:RAS fibroblasts transfected with siRNA control or siRNA against sin-
IncRNA or DLST were incubated with glutamine-free DMEM supplemented with 4mM L-"°Cs-
Glutamine (Cambridge Isotopes Laboratories) . After 6 hours the cells were washed with PBS 1x
and snap-freeze in liquid nitrogen.

Sample preparation and LC/MS methods

LCMS was performed at the Metabolomics Platform at CIC bioGUNE (Donostia, Spain). Cells from
three wells (1E6 cells/well) were pooled to obtain one LCMS sample. Therefore, cells were extracted
with 200 pL icecold extraction liquid per well. The volume from one well was transferred to the next
and finally the resulting 600 pL volume was passed over the three wells two times. The extraction
liquid consisted of a mixture of ice-cold methanol/water (50/50 %v/v). Subsequently 400 pL of the
cell homogenate plus 400uL of chloroform was transferred to a new aliquot and shaken at 1400
rpm for 60 minutes at 4 °C. Next the aliquots were centrifuged for 30 minutes at 14000 rpm at 4 °C.
250uL of the aqueous phase was transferred to a fresh aliquot. The chilled supernatants were

evaporated with a speedvac in approximately 2h. The resulting pellets were resuspended in 150 pL
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water/MeOH (75/25 %v/v). Samples were measured with a UPLC system (Acquity, Waters Inc.,
Manchester, UK) coupled to a Time-of-Flight mass spectrometer (ToF MS, SYNAPT G2S, Waters
Inc.). A2.1 x 100 mm, 1.7 pm Phenyl-Hexyl column (Waters Inc.), thermostated at 40 °C, was used
to separate the analytes before entering the MS. Mobile phase solvent A (aqueous phase) consisted
of 99.5% water and 0.5% FA while solvent B (organic phase) consisted of 99.5% MeCN and 0.5%
FA. In order to obtain a good separation of the analytes the following gradient was used: from 98%
Ato 0% A in 2 minutes in curved gradient (#8, as defined by Waters), constant at 0% A for 1 minute,
back to 98% A in 0.2 minutes. The flow rate was 0.250 mL/min and the injection volume was 3 pL.
After every 6 injections, a sample was injected. The MS was operated in negative electrospray
ionization in full scan mode. The cone voltage was 10 V, cone offset was 50V and capillary voltage
was 400 V. Source temperature was set to 120 °C and capillary temperature to 500 °C. The flow of
the cone, desolvation and nebulizer gas (nitrogen) were set to 5 L/h, 6 L/h and 850 L/h, respectively.
A 2 ng/mL leucine-enkephalin solution in water/acetonitrile/formic acid (49.9/50/0.1 %v/v/v) was
infused at 10 yL/min and used for a lock mass which was measured each 36 seconds for 0.5
seconds. Spectral peaks were automatically corrected for deviations in the lock mass. Extracted
ion traces for relevant analytes were obtained in a 10 mDa window in their expected m/z-channels.
These traces were subsequently smoothed and peak areas integrated with TargetLynx software.
Signals of labeled analytes were corrected for naturally occurring isotopes. Since we also had
unlabeled experiments, for some metabolites we could determine the naturally occurring isotope-
distribution empirically. This was necessary for the first and second isotopomers since correcting
with theoretical values did not eliminate these isotopes from unlabeled experiments. This is
probably because signals are non-linear with respect to ion-counts, i.e. higher ion-counts tend to
have relatively lower signals than lower ion-counts due to saturation of the detector. The calculated
raw signals were adjusted by median fold-change (MFC) adjustment. This is a robust adjustment
factor for global variations in signal due to e.g. difference in tissue amounts, signal drift or

evaporation. The MFC is based on the total amount of detected mass spectrometric features
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(unique retention time/mass pairs). The calculations and performance of the MFC adjustment

factors are described in the following publications " .

Immunofluorescence and RNA fluorescence in situ hybridization (RNA-FISH)

For fluorescence-based studies, IMR90 ER:RAS cells were collected by trypsinization after required
treatments (as specified in the text) and re-plated on top of cover glasses placed on clean 6-well
plates. The following day, cells were washed and fixed for 15 min at room temperature (RT) using
3% methanol-free formaldehyde solution (Thermo Fisher).
For immunofluorescence studies, fixed cells were washed (PBS/0.5% NP-40) and incubated first
with block solution (10% FBS in wash buffer) for 20 min and then with primary antibody diluted in
block solution for 1 hour at RT. Antibody solution was washed out and cells were incubated with
fluorophore-conjugated secondary antibody for 30 min. After extensive washes, cover glasses were
mounted on microscope slides using DAPI-containing mounting solution (Palex Medicals) and
pictures were collected with an automated optical microscope running Zen 2 core imaging software
(Zeiss), according to standard procedures.
For RNA-ISH studies, fluorescein-labeled Locked Nucleic Acid (LNA) DNA probes were designed
and synthesized by Exiqon and were hybridized according to manufacturer’s protocol with some
modifications. Briefly, fixed cells were first incubated with 70% ethanol for 1 hour and then with
Acetylation Buffer (0.1M Triethanol Amine, 0.5% (v/v) Acetic Anhydride) for 30 min at RT. To avoid
non-specific probe binding, cells were incubated with Hybridization buffer (10% dextran sulfate,
50% formamide, 2x saline-sodium citrate [SSC] buffer) for 1 hour at 55°C. Specific LNA probes
were denatured at 92°C for 4 min and then mixed with Hybridization buffer at a final concentration
of 20nM. Hybridization was carried out overnight at 55°C. The following day, probes residues were
eliminated using 2x SSC wash buffer and fixed cells were treated with 3% Hydrogen Peroxide for
30 min at RT. For fluorescein (FAM) detection, cells were first incubated 1 hour with Blocking Buffer
(10% heat-inactivated Goat Serum, 0.5% Blocking Reagent [Roche] in PBS-0.5% Tween) and then

1 hour with 1.5U/ml aFAM-POD antibody (Roche) diluted in Blocking Buffer. After extensive
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washes, fluorescent signal was developed by 10 min incubation with TSA-Cy3 solution (Perkin
Elmer). Residues were eliminated through stringent 4x SSC washing and slides were prepared for
microscope detection using DAPI mounting solution, as mentioned above.

Slides were imaged on a fluorescence inverted microscope using a 63x objective. At least 10 optical
stacks were acquired per image for DAPI (nuclear stain) and for the fluorescence channel
corresponding to the RNA FISH probe (Cy3). Image processing was performed using Zen software
(version 2.3 - Zeiss) and for each condition, signal was adjusted on a sample incubated with no
probes and used as control for background detection. Imaged software was employed for stacks

deconvolution.

Protein extraction and immunoblot analysis

Cells were lysed for 15 min in rotation at 4 'C using RIPA buffer (150mM NaCl, 25mM Tris HCI [pH
7.5], 2mM EDTA, 0.1% sodium deoxycholate [Na-DOC], 0.1% SDS, 1% Triton X-100) supplemented
with 1x cOmplete Protease Inhibitor Cocktail [Roche]. For detection of phosphoproteins, 1x
PhosSTOP phosphatase inhibitor [Roche] was freshly added to RIPA solution. Lysed cells were
centrifuged at max speed for 10 min at 4°C and the insoluble pellet was discarded. Protein
concentration was estimated by Pierce BCA Protein Assay Kit, using BSA curve as reference and
according to manufacturer’s instructions. Proteins were separated on denaturing SDS-PAGE gels
and transferred to a nitrocellulose membrane [Biorad] following standard procedures. Membranes
were blocked using skim milk or BSA (VWR) and probed first for primary and then for HRP-
conjugated secondary antibody. Western Lightening ECL- Plus (Perkin Elmer) was employed for
chemiluminescence detection of proteins. The list of antibodies used in this study can be found in

Suppl. Table 5.

Cellular Fractionation
IMROO cells were reverse transfected with control or siRNA 1/3 sin-IncRNA. The day after
transfection cells were treated with 500 nM 4-OHT for 5 days. Cells were scrapped in cold PBS and

centrifuge 5 min 0.2g. Pellets were resuspended in NIB buffer (1.28 M Sucrose, 40 mM Tris pH 7.4,
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20 mM MgCI2, 4% Triton X-100), incubated on ice for 20 min and centrifuged 15 min at 2500rpm.
The supernatant was kept as the cytosolic fraction and further cleaned by an extra centrifugation
step. Nuclear pellets were washed twice with NWB (40 mM Tris pH 7.4, 20 mM MgCl,) by
centrifugation 15 min at 2500 rpm. RIPA (150 mM NaCL, 25 mM Tris pH 8, 0.1% SDS, 0.1 % Na-
Deoxycholate, 2 mM EDTA, 1% Triton X-100) buffer was used to lyse the nuclei. After 10 min
centrifugation at max speed the supernatant was isolated as the nuclear fraction. Immunoblot

analysis was performed as described above.

Mitochondria isolation

10 cm plates of senescent cells were incubated with 200nM of MitoTracker for 30 min (Invitrogen).
Cells were collected by trypsinization and resuspended in 1ml of PBS. Cells were lysed using by
20 strokes up and down using a 2 ml cell douncer. After 5 min centrigfugation at 700g at 4°C the
supernatant was collected. Mitochondria were pellet by centrifugation at 12,0009 for 5 min at 4°C,
washed with PBS once and resuspended in 200 ml of filtered PBS. Mitochondria were purified by

FACS sorter using Flow Cytometry Size Calibration Kit (Invitrogen).
Native RNA immunoprecipitation

20x10° cells were collected in cold PBS by scraping and lysed in RIP buffer (25mM Tris-HCI pH
7.4,150mM KCI, 5mM EDTA, 0.5% Nonidet P-40, 20UmI~' RNAsin (Promega), 0,5mM dithiothreitol
(DTT) and 1x protease inhibitor mixture Complete (Roche)). After centrifugation, the samples were
precleared with Dynabeads Protein A (Invitrogen) for 1h. One per cent of the sample was used as
the input control and the remaining extracts were incubated with 10 ug DLST antibody (Bethyl) or
IgG at 4°C overnight. RNA-antibody complexes were collected by incubation with Dynabeads
Protein A. After extensive washing in RIP buffer (25mM Tris-HCI pH 7.4, 150mM KCI, 5mM EDTA,
0.5% Nonidet P-40, 20Uml™" RNAsin (Promega), 0,5mM dithiothreitol (DTT) and 1x protease
inhibitor mixture Complete (Roche)), 1/5 of the sample was used for western blotting control and

the remaining for RNA extraction and gRT-PCR analysis, as described below.
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In vitro RNA pulldown

RNA pulldown was performed according to ®'. Briefly, biotin-labeled sin-IncRNA and control RNA
(cloned in a pcDNA3.1(+) plasmid) were generated in vitro using T7 or T3 RNA polymerase,
respectively (Applied Biosystems). The fragments used for the mapping were

in vitro transcribed from PCR products carrying the sequence of the T7 promoter in the forward
primer (see Suppl. Table 5), Biotinylated RNAs were treated with RNase-free DNase | (Promega),
purified on G-50 MicroSpin columns (GE Healthcare) and heated to 65°C for 10 min and cooled
down slowly to 4°C to allow proper RNA folding. 10x10° IMR90 ER:RAS were collected after 6 days
of senescence induction and total protein extracts were prepared using RIPA buffer. Cell extracts
were then incubated with 10 pg of biotinylated RNA in Buffer A (150mM KCI, 25mM Tris pH 7.4,
5mM EDTA, 0.5mM DTT, 0.5% NP40) supplemented with fresh protease inhibitors and yeast tRNA
(0.1pg/ml) and rotated overnight at 4C. Dynabeads MyOne Streptavidin T1 beads (Invitrogen) were
used to isolate RNA-protein complexes. Beads were washed 5 times in buffer A (150 mM KCI, 25
mM Tris pH 7.4, 5 mM EDTA, 0.5 mM DTT, 0.5 % NP40, 1x protease inhibitor cocktail (Roche), 1
mM PMSF, 100 U/ml SUPERASIN) and boiled in 2X Laemmli loading buffer, and retrieved proteins
were loaded in a NUPAGE 4%-12% bis-Tris gel (Invitrogen). Gel was stained with the SilverQuest
Silver Staining Kit (Thermo Fisher) to identify differential bands comparing sin-IncRNA and control
RNA samples. We isolated a band of ~50-55 kDa unique for sin-IncRNA (Suppl. Figure 5). Unique
bands were cut and submitted for Mass Spectrometry (MS) analysis to the Taplin MS Facility
(Harvard University).

For the mapping of the fragments, the pull down was done as indicated above but cisplatin-induced

senescence COV362 cells were used.

Chromatin Immunoprecipitation (ChiP)
10x10° cells were crosslinked with 1% formaldehyde for 10 minutes at RT and nuclei were isolated
with cell lysis buffer (5mM Tris pH8.0, 85mM KCI, 0.5% NP40, supplemented with fresh 0,5mM

DTT and 1x protease inhibitor mixture Complete (Roche)). Nuclear pellet was then resuspended in
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RIPA buffer (1X PBS, 1% NP40, 0.5% Na-deoxycholate, 0.1% SDS, supplemented with 1x
protease inhibitor mixture Complete (Roche)) and chromatin was sheared to a range of 200-500 bp
by using a Bioruptor instrument (Diagenode) with the following settings: 8 cycles LOW,
30"”’0ON/30’OFF. Sonicated chromatin was incubated overnight with 6ug of C/EBPB, H3K79Succ
or IgG antibody (listed in Suppl. Table 5) followed by 2h incubation with Dynabeads Protein G beads
(Invitrogen). After five washes with LiCl buffer (100mM Tris pH 7.5, 500mM LiCl, 1% NP40, 1% Na-
deoxycholate) and TE buffer, DNA was reverse crosslinked by incubating beads in Elution buffer
(1% SDS, 0.1M NaHCO3 and Proteinase K (NEB)). C/EBPB and H3K79Succ binding was analyzed

by gPCR using specific primers (see Suppl. Table 5).

RNA extraction and RT-gPCR analysis

Total RNA was isolated using TRI reagent (Sigma), treated with DNase | (Invitrogen) and reverse-
transcribed using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystem) with
random hexamer primers following manufacturer’s instructions. The obtained cDNA was analyzed
by quantitative PCR using iTaqg Universal SYBR Green supermix (Bio-Rad) in a ViiATM 7 Real-Time
PCR System machine (Thermo-Fisher). All reactions were performed in triplicate or quadruplicate
and HPRT1 (Hypoxanthine Phosphoribosyl transferase 1) RNA levels were used for normalization,
unless specified otherwise in figure legend.

To calculate the number of sin-IncRNA molecules per cell, sin-IncRNA cloned in pcDNAS.1 vector
was in vitro transcribed, quantified and converted to number of copies based on its predicted
molecular weight. Dilutions of this transcript were retro-transcribed and used as standard curve for
gPCR analysis along with cDNA obtained from a precise number of IMROO0 proliferating or

senescent cells. All gPCR primer sequences are provided in Suppl. Table 5.

RNA sequencing and data analysis
Raw data of Poly-A+ RNA-seq from proliferating and senescent IMR90 fibroblasts were kindly
provided by Dr. Gil’s laboratory (Imperial College London, UK) before their publication and are now

available at the Gene Expression Omnibus under the accession number GSE61130 ?2. For RNA-seq
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of IMR90 ER:RAS fibroblasts treated with sin-IncRNA or control siRNA, cells were transfected and
40HT-treated for 3 days, as described above. Total RNA from samples prepared in biological
triplicate was isolated with TRI reagent, purified and treated with DNAse | using RNAeasy mini-Kit
(Qiagen). After quality evaluation by Experion kit and quantification by Qubit, 1ug of RNA was used
for library preparation and sequenced on lllumina HiSeq 2000 (33x10° reads per sample, 50bp
single-end sequencing modality). Sequenced reads from three different replicates were aligned to
hg19 genome using the BOWTIE2 algorithm (v.2.1.0) was used to quantify the number of reads in
annotated genes ® % To identify enriched molecular pathways associated with differences in gene
expression, Gene Set Enrichment Analysis (GSEA, Broad Institute,
http://www.broadinstitute.org/gsea/index.jsp) was performed using the Hallmark gene sets in the
Human MSigDB database #. Enriched pathways were selected with Normalized Enrichment Score

(NES) >+1 and adj.Pvalue<1e™.

Sin-IncRNA expression analysis in tumor samples
TCGA RNA-seq expression data was retrieved using R bioconductor library TCGAbiolinks, and

represented using R.

Statistical analysis

Unless specified otherwise, experimental data were represented as mean + standard deviation of
at least three biological replicates (unless otherwise stated in figure legends) and significance was
determined by two-tailed unpaired or Student’s t-test or one sample using GraphPad software.
Significant P values were summarized as follows: not significant (ns); p-value<0.05 (*); p- value<0.01

(**); p-value<0.001 (***).

DATA AVAILABILITY
RNA-seq from proliferating and senescent IMR90 fibroblasts were retrieved from public data
(GSE61130) 28. RNA-seq from replicative senescence mitoplasts were retrieved from public data

(GSE73458) “°. H3K79Succ peaks were retrieved from public data (GSE97994) *2.
28
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RNA-seq of sin-IncRNA KD and control senescent cells have been deposited in NCBI's Gene
Expression Omnibus and are accessible through Gene Expression Omnibus (GEO)®* repository
under the accession number GSE241620

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE241620) with the reviewers token

mvylowgmjtotnwx. The mass spectrometry data have been deposited to the ProteomeXchange
Consortium via the PRIDE 8 partner repository with the dataset

identifier PXD044718 (Username: reviewer pxd044718@ebi.ac.uk, Password: 8egDSySE).
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Figure 1. sin-IncRNA is a senescence-specific IncRNA transcriptionally induced by C/EBPJ. A)
Schematic representation of normal fibroblasts undergoing OIS upon 40HT-mediated activation of
an oncogenic form of HRAS. B) Volcano plot depicting differential gene expression data
(GSE61130) comparing IMR90 ER:RAS proliferating and senescent cells. Cut-off for significance
log.FC>+1; adj.Pvalue < 0.05. A selection of canonical senescence markers (in black) and IncRNAs
(in red) is shown. C) RT-gPCR analysis of a set of IncRNA candidates upregulated upon 40HT time
course (3 or 6 days) in IMR90 ER:RAS cells; RIPOR3-as1 was amplified with primer set#2 (see
Suppl. Figure 2A for details) Data are presented as mean values + s.d. n=3/4. D) Genomic snapshot
of sin-IncRNA locus with RNA-seq tracks of untreated and 4OHT-treated IMR90 ER:RAS
fibroblasts, as well as C/EBPB ChlP-seq ENCODE data generated in IMR90 cells. E) RT-gPCR
analysis of “young” (<14 passages), “old” (>30 passages) IMR90 fibroblasts and 4OHT-induced
“OIS” IMRO0O ER:RAS cells, shows that sin-IncRNA upregulation is maintained in replicative
senescence, compared to p16 positive control. (n=2) F) Western blot analysis of control and
C/EBPB-depleted senescent IMR90 ER:RAS cells. Proliferating fibroblasts were used as further
control. G) RT-gPCR analysis of sin-IncRNA, as well as a set of C/EBPB-target genes in control and
C/EBPB-depleted senescent IMR90 ER:RAS cells. Data are represented as mean values + s.d. (n=2)
H) ChIP-gPCR analysis of C/EBP in proliferating and senescent IMR90 ER:RAS cells upon 6 days
of 40HT treatment. IgG IP was used as IP control; C/EBP peaks at sin-IncRNA locus are labeled
according to their distance from sin-IncRNA TSS; regions located in DDX11, GAPDH and HPRT

promoters served as negative controls, /L6 and /L8 promoter regions as positive controls (n=2).
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951 Figure 2. sin-IncRNA depletion reinforces the senescent phenotype. A) Crystal violet assay and B)
952  BrdU analysis assessing cell growth of control and sin-IncRNA depleted IMR90 ER:RAS fibroblasts
953 after 5 days of senescence induction. C) B-galactosidase analysis of control and sin-IncRNA
954  depleted IMR9O0 cells induced to senescence for 8 days. D) Western blot analysis of control and
955  sin-IncRNA depleted IMR90 cells treated with 4OHT for 5 days. E) RT-gPCR analysis of TIG3
956  ABRAF cell clones infected with sin-IncRNA sgRNA or an empty plasmid. F) BrdU (left) and (-

957  galactosidase (right) assays of control or sin-IncRNA sgRNA TIG3 ABRAFclones.
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Figure 3. sin-IncRNA KD alters oxidative stress response and metabolic pathways in senescent
cells. A) Volcano plot depicting differentially expressed genes comparing sin-IncRNA KD vs control
IMR9O0 ER:RAS senescent cells. Upregulated genes (adj.Pvalue < 0.01; log2FC>1) are labeled in
red, downregulated genes (adj.Pvalue < 0.01; log2FC<-1) in blue. B) Hallmark Gene Set Enrichment
Analysis (GSEA) reporting the most enriched pathways associated to the genes differentially
expressed (DE) upon sin-IncRNA depletion (threshold: adj.Pvalue<1e-4). C) Heatmap highlighting
expression changes  across RNA-seq replicates  of  genes belonging to
OXIDATIVE_PHOSPHORILATION GSEA pathway. D) Oxygen Consumption Rate (OCR) of control
or sin-IncRNA depleted IMR90 ER:RAS senescent cells obtained using the Seahorse XFe96
Analyzer following injections of oligomycin, FCCP, and rotenone/antimycin A, as indicated. Data is
presented as mean + s.d. (n = 4). 2-way ANOVA and Sidak’s multiple comparisons test, *p<0.05.
E) Basal extracellular acidification rate (ECAR) measured using the Seahorse XFe96 Analyzer, in the

same conditions as in D, and following injections of glucose, oligomycin, and 2-deoxy-D-glucose,
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as indicated in the Glycolysis Stress Test. Data is presented as mean + s.d. (n = 4). Two tailed
student’s t-test, *p<0.05. F) Fluorometric analysis measuring the amount of the fluorescent oxidized
probe 2’,7’-dichlorofluorescein (DCF), as indicative of ROS/NOS intracellular levels in control and
sin-IncRNA depleted IMR90 ER:RAS fibroblasts induced to senescence for 5 days. Proliferating
control cells were used as further control. G) Absorbance levels of crystal violet solution measured
at 560nm from vehicle or N-acetyl-L-cisteine (NAC)-treated IMR90 ER:RAS fibroblasts transfected
with siRNA control (CTRL) or against sin-IncRNA (sin#1/3) and induced to senescence for 5 days.

The graph represents the mean + s.d. (n=3). Two tailed student’s t-test, *p<0.05.
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Figure 4. sin-IncRNA interacts with DLST and controls its subcellular localization. A) RNA-FISH
based on locked nucleic acid (LNA) technology on fixed IMR90 ER:RAS cells depleted or not of sin-
IncRNA (siRNA_sin-IncRNA#1/3) and treated for 5 days with 4OHT. Two different LNAs were used.
Incubation without LNA probe (“No_probe”) was used as control. B) RT-gPCR analysis of a set of
genes after mitochondria purification from proliferating (-4OHT) or senescent cells (+4OHT) using
Mitotracker (green, 488) staining and FACS sorter. The graph shows a representative experiment.
C) Schematic representation of the TCA cycle that takes place in the mitochondria. DLST enzyme
is highlighted in red. D) RNA immunoprecipitation analysis monitoring DLST binding to sin-IncRNA,
MALAT1 and GAPDH RNA in control and sin-IncRNA depleted (siRNA#1/3) senescent IMR90
ER:RAS, using anti-DLST antibody or IgG as a negative control. The graph represents the mean +
s.d. (n=2). E) Left, western blot analysis of DLST cellular fractionation in control and sin-IncRNA
depleted (siRNA#1/3) senescent IMR90 ER:RAS. GAPDH and H3 were used as cytoplasmic and

nuclear controls respectively. Right, percentage of nuclear and cytoplasmic distribution of DLST
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1001  normalized to GAPDH (cyto) or H3 (nucl). The graph represents the mean + s.d. (n=3). Two tailed

1002  student’s t-test, **p<0.01.
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Figure 5. sin-IncRNA rewires metabolic activity in senescent cells. A) Left, representative [3-
galactosidase images of untreated control cells and control, sin-IncRNA depleted or DLST-depleted
IMRQO cells induced to senescence for 5 days. Scale bar: 50 pm. Right, quantification of the
percentage of 3-galactosidase positive cells in each condition normalized to control untreated cells
set as 1. The graph represents the mean + s.d. (n=4). Two tailed student’s t-test, “p<0.01. B)
Absorbance levels of crystal violet solution measured at 560nm in the conditions described in E.
The graph represents the mean + s.d. (n=4). Two tailed student’s t-test, *p<0.05. C) Lactate levels

measured from the supernatant of IMR90 ER:RAS fibroblasts transfected with the indicated siRNA
42
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and induced with 40HT for 3 or 6 days. The graph represents the mean =+ s.d. (n=3). Two tailed
student’s t-test, *p<0.05; **p<0.01; **p<0.001. D) Left panel, schematic showing alternative
metabolic pathways. Right panner, gRT-PCR of the corresponding transcripts in sin-IncRNA
knockdown cells relative to control. (n=3). The graph represents the mean + s.d. (n=4). Two tailed
student’s t-test, *0<0.05; **p<0.01; **p<0.001. E) gRT-PCR of metabolic transcripts in the cells in
stable senescent IMR90 ER:RAS cells expressing a doxycycline-inducible wild type (WT) or NLS
mutant (Mut) (R224A/K226E) DLST construct in the absence (-Dox) or presence (+Dox) of 100ng/ml
of doxycycline for 72h (n=3). F) ChIP-gPCR analysis of H3K79 Succinylation in senescent IMR90
ER:RAS cells upon 6 days of 40HT treatment transfected with siRNA control or siRNA against sin-
IncRNA at the promoters of different metabolic genes. Regions located at intergenic regions (Neg1

and Neg2) served as negative controls. The graph shows a representative experiment (n=2).
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Figure 6. sin-IncRNA regulates OXPHOS in ovarian cancer cells. A) Representative B-galactosidase
images of untreated COV362 cells (upper panel) or treated for 10 days with uM cisplatin. Scale bar:
50 um. Numbers represent the mean + s.d. (n=3). B) RT-gPCR analysis of senescence markers
genes in cisplatin treated COV362 for 10 days compared to untreated controls (set as 1). C) RT-
gPCR analysis of sin-IncRNA in the cells described in B. The graph represents the mean + s.d.
(n=4). One sample t-test, *p<0.01. D) Western blot analysis of C/EBPf protein levels in the cells
described in B. Numbers represent the mean + s.d. (n=3). E) RT-qPCR analysis of OXPHOS GSEA
pathway genes in control and sin-IncRNA depleted (siRNA#1/3) COV362 senescent cells treated
with cisplatin for 10 days. F) Oxygen Consumption Rate (OCR) of control or sin-IncRNA depleted
(siRNA#1/3) senescent COV362 cells obtained using the Seahorse XFe96 Analyzer following
injections of oligomycin, FCCP, and rotenone/antimycin A, as indicated in the Cell Mito Stress Test.
Data is presented as mean + s.d. (n = 4). Two tailed student’s t-test, p<0.05; **p<0.01. G) Basal
extracellular acidification rate (ECAR) measured using the Seahorse XFe96 Analyzer, in the same

conditions as in F, and following injections of glucose, oligomycin, and 2-deoxy-D-glucose, as
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indicated in the Glycolysis Stress Test. Data is presented as mean + s.d. (n = 4). Two tailed
student’s t-test, *p<0.05. H) Absorbance levels of crystal violet solution measured at 560nm in
proliferating or senescent COV362 cells transfected with control, sin-IncRNA or DLST siRNA treated

for 10 days with 10 pM cisplatin.
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Grossi et al. Supplementary Figure 1

A Proliferating Fibroblasts Senescent Fibroblasts B -40HT +40HT D
- +40HT = :
10t HonT 10° CcXCL1 5 1A
o _ 100 e
10 1 S(54%) °E &0 o . -4OHT
=T 2Ty 1 +40HT
=2 60 ge
T T 10 Z2 2
C b o N 40 To
C A4OHT  +4OHT 25 £5 2
10' 10 G2/M 52 o %
: 3 (7.38%) 2 ok St
100l G1(65.32%) 10l _GI(77.22%) L)y £ o0 o0
0 200 400 600 800 1000 0 200 400 600 800 1000 ) ;v
FL3-H FL3-H :
E F -40HT +40OHT G -40HT +4OHT
-40HT +40HT %
o
53 T <
50| p T =
° 5
B
[ e 5
15— pt Q
<
a
Total=4723 sin-IncRNA/RIPOR3-as 1
LUCAT1 1
0sTN-AS1 4o
LINC01060 0
I protein-coding sin-IncRNA 0.5
= IncRNA AP001476.2 |-1
= pseudogenes CDKN2A
1 small RNA IL6

Suppl. Figure 1. A) Change in proliferation rate comparing proliferating and senescent IMR90
ER:RAS fibroblasts, as measured by BrdU assay. B) Representative images of crystal violet staining
in untreated or 4-OHT treated cells for 5 days. C) Representative images of the B-galactosidase
staining in untreated cells or treated with 4-OHT for 8 days. D) qRT-PCR analysis of CXCL1 and
IL1A upregulation in untreated or 4-OHT treated cells for 5 days. E) Western blot analysis of
senescence markers p53, p21 and p16 in untreated or 4-OHT treated cells for 5 days. F) DAPI
staining and G) Immunostaining images of gH2A.X, H3K96m3 and DAPI of untreated or 4OHT
treated IMR90 ER:RAS for 5 days. H) Pie chart representation of the number of biotype distribution
of transcripts deregulated during OIS (log.-fold change >+1, adj.Pvalue <0.05). 1) Heat map
showing relative expression of senescence markers and IncRNAs deregulated in IMR90 ER:RAS
untreated or treated with 4-OHT for 8 days.
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Grossi et al. Supplementary Figure 2
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Suppl. Figure 2. A) Genomic snapshot of sin-IncRNA (RIPORS3-as) locus PolyA sites annotated by
Genecode v19 are indicated as well as the position of gPCR primers used to amplify the different
isoforms. Bottom panel, gRT-PCR analysis of the different annotated isoforms of sin-IncRNA
(RIPORS-as) using different set of primers (set1-3) in a time course of 3 and 6 days of senescence
induction in IMR90 ER:RAS cells. B) gRT-PCR analysis of protein-coding gene RIPOR3 in a time
course of 3 and 6 days of senescence induction in IMR90 ER:RAS cells. C) CPAT software was
interrogated to determine the coding probability of sin-iIncRNA. GAPDH mRNA and MALAT1
IncRNA were used as coding and noncoding references, respectively. D) Number of copies per cell
of sin-IncRNA in control untreated cells and in 4-OHT-treated cells measured by gRT-PCR using
dilutions of a pcDNAS3.1-sin-IncRNA plasmid as standard curve. E) RT-qPCR analysis showing sin-
IncRNA upregulation upon treatment with y-irradiation at 5Gy in IMR9O0 fibroblasts. p76 and IL6
levels served as positive controls. F) Western blot analysis of C/EBPB of IMR90 ER:RAS cells
treated or not with 40HT for 3 or 6 days. G) gRT-PCR analysis of the levels of C/EBPf in control
and C/EBPB-depleted senescent IMR90 ER:RAS cells
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Suppl. Figure 3. A) RT-gPCR analysis of control and sin-IncRNA depleted IMR90 ER:RAS cells
after 3 days of senescence induction. Proliferating control cells were used as further control. Primer
sets #2 (Suppl. Figure 2A) were used to amplify sin-IncRNA. Values were normalized to senescent
control cells. B) BrdU analysis measuring the proliferation of control and sin-IncRNA depleted
IMR90 ER:RAS cells after 5 days of senescence induction. Proliferating control cells were used as
further control. Values were normalized to senescent control cells. C) Apoptosis levels measure by
Annexin V incorporation in control and sin-IncRNA depleted IMR90 ER:RAS cells after 5 days of
senescence induction. Proliferating cells were used as further control (n=3). D) RT-gPCR analysis
of control and sin-IncRNA depleted TIG3-hTERT:BRAF cells after 3 days of senescence induction.
Proliferating control cells were used as further control. Primer sets #3 (Suppl. Figure 2A) were used
to amplify sin-IncRNA. Values were normalized to senescent control cells. E) BrdU staining and F)
relative growth measured by crystal violet at 570nm absorbance of control and sin-IncRNA depleted
TIG3-hTERT:BRAF cells after 5 days of senescence induction. Proliferating control cells were used
as further control. Values were normalized to senescent control cells. G) Schematic representation
of the CIRSPR/Cas9 strategy applied to remove sin-IncRNA genetic loci. sgRNAs guiding Cas9
protein are indicated (sgRNA_up and sgRNA_dw), as well as inner and outer primer couples to
screen engineered cell clones (fwd/rev_in and fwd/rev_out, respectively) H) Gel images showing
PCR products obtained using outer (left) or inner primer sets (right) to amplify the genome of TIG3
BRAF single cell clones after infection with the lentiCRISPR carrying sin-IncRNA sgRNAs and
selection (clone#n). TIG3 BRAF fibroblasts infected with empty lentiviral vector (Empty) or infected
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1116  with vector carrying sin-IncRNA sgRNAs but without single cell separation and puro selection
1117  (CRISPR_unsorted) were used as control.
1118
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Suppl. Figure 4. A) RT-gPCR analysis of the indicated transcripts in control and sin-IncRNA
depleted IMR90 ER:RAS cells after 5 days of senescence induction. Proliferating control cells were
used as further control. Values were normalized to senescent control cells. B) Gene Set Enrichment
Analysis (GSEA) for genes belonging to epithelial to mesenchymal transition and E2F-targets
pathways. C) Oxygen Consumption Rate (OCR) of control or sin-IncRNA depleted IMR90 ER:RAS
senescent cells obtained using the Seahorse XFe96 Analyzer following injections of oligomycin,
FCCP, and rotenone/antimycin A, as indicated in the Cell Mito Stress Test. Data is presented as
mean = s.d. (n = 4). Two tailed student’s t-test, *p<0.05. D) Percentage of B-galactosidase positive
cells in control or sin-IncRNA depleted IMR90 ER:RAS senescent cells treated with 5mM vehicle
(DMSO) or N-acetyl-L-cisteine (NAC).
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1133 Suppl. Figure 5. A) Percentage of nuclear and cytoplasmic RNA levels of sin-IncRNA measured
1134 by gRT-PCR after cell fractionation with two different set of primers (set#1 and set#2) in untreated
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or 40HT-induced senescent cells. B) Enrichment of RNA in mitoplasts over the input (shown as
log2) of the indicated genes in young and senescent WI38 fibroblasts analyzed from public available
data (GSE73458). C) Upper panel, representative microscope images of mitochondrial staining in
senescent cells using 200 nM of MitoTracker for 30min at 37°C. The white box shows the amplified
area. Bottom panel, FACS plots indicating the isolation of mitochondria in proliferating and
senescent cells. D) Representative image of the silver-stained gel. We show the band that was
isolated and analyzed by mass spectrometry. E) List of top candidate proteins identified by mass
spectrometry after pulldown with in vitro biotinylated sin-IncRNA. F) Western blot analysis of the
immunoprecipitated DLST using anti-DLST antibody or IgG as a negative control. GAPDH was used
as control. (n=2). G) Schematic representation of the fragments (full length (FL) and (F1-F5) used
for the in vitro pulldown experiment. A nuclear IncRNA (CONCR) was used as negative control (Neg).
Bottom, western blot to detect DLST using the fragments shown above. The graph shows the
quantification of the binding relative to the full length (FL), (n=2). H) Western blot analysis of control
IMR90 ER:RAS cells or cells transfected with siRNAs against sin-IncRNA or DLST. Proliferating
control cells were used as further control. 1) Western blot analysis of DLST protein levels in
untreated IMR9O0 ER:RAS cells or treated for 3 or 6 days. GAPDH was used as a loading control. J)
Upper panel, western blot analysis of DLST cellular fractionation in control and 40HT-senescence
indcued IMR90 ER:RAS. GAPDH and H3 were used as cytoplasmic and nuclear controls
respectively. Bottom panel, percentage of nuclear and cytoplasmic distribution of DLST normalized
to GAPDH (cyto) or H3 (nucl). The graph represents the mean + s.d. (n=2).
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Grossi et al. Supplementary Figure 6
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Suppl. Figure 6. A) Carbon labelling TCA cycle intermediates from '*Cs-Glutamine via oxidative
(carbon marked with black) and reductive carboxylation (carbon marked with red) pathway.
Labelling pattern of intracellular metabolites in senescent IMR90 ER:RAS fibroblasts transfected
with siRNA control or siRNA against sin-IncRNA or DLST. Bar graphs represent the mean =+ s.d.
(n=5) for the isotopologues of most interest for each metabolite. Two tailed student’s t-
test, *p<0.05; **p<0.01; ***p<0.001. B) Bar plot showing differences in total metabolite pool size
between control senescent cells or senescent cells depleted for sin-IncRNA or DLST (n=5). C) Venn
diagram showing the overlap of genes deregulated in sin-IncRNA knock down cells (FC>0.5) and
the H3K79Succ peaks. p value determined by hypergeometric test. D) IGV tracks showing the
presence of H3K79Succ peak (red) in the corresponding genes. E) Western blot detection of DLST
and GAPDH as housekeeping control in stable senescent IMR90 ER:RAS cells expressing a
doxycycline-inducible wild type (WT) or NLS mutant (Mut) (R224A/K226E) DLST construct in the
absence (-Dox) or presence (+Dox) of 100ng/ml of doxycycline for 72h (n=2). F) gRT-PCR of the
DLST RNA level in the conditions described above (n=3).
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Grossi et al. Supplementary Figure 7
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Suppl. Figure 7. A) Sin-IncRNA expression (as FPKM + pseudocount value) across tumor samples
from the TCGA database. B) Protein-Protein Interaction network (p-value<1.0e'®) by STRING
analysis of genes inversely correlated with sin-IncRNA (92 genes; R< -0.5). C) Gene Ontology (GO)
pathways associated with the inversely correlated genes.
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