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Abstract

Senescent cells accumulate in normal tissues with advancing age and arise by long-term culture of
primary cells. Senescence develops following exposure to a range of stress-causing agents and
broadly influences the physiology and pathology of tissues, organs, and systems in the body.
While many proteins are known to control senescence, numerous noncoding (nc)RNAS are also
found to promote or repress the senescent phenotype. Here, we review the regulatory ncRNAs
(primarily microRNAs and IncRNAs) identified to-date as key modulators of senescence. We
highlight the major senescent pathways (p53/p21 and pRB/p16), as well as the senescence-
associated secretory phenotype (SASP) and other senescence-associated events governed by
ncRNAs, and discuss the importance of understanding comprehensively the ncRNAs implicated in
cell senescence.
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INTRODUCTION

Cell senescence

First described by Hayflick 1965, senescence is a property of nontransformed cells whereby
they divide for a limited number of times before they cease to proliferate and acquire a state
of long-term arrest.! Cellular senescence has been studied most extensively in cultured
primary cells, where it is triggered with different kinetics by a variety of factors.?

Replicative senescence arises from a critical loss in the length of telomeres, the structures at
the ends of chromosomes that provide protection for proliferating cells and enable DNA
polymerase to complete replication.2 Accordingly, replicative senescence can be delayed by
restoring the expression of telomerase, the enzyme that replenishes telomeres.3 Critically
short telomeres initiate the DNA damage response (DDR), characterized by the presence of
DNA nuclear foci enriched in DDR proteins such as y-H2AX and by elevated expression of
the tumor suppressor protein p53 and its transcriptional targets p21 [an inhibitor of cyclin-
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dependent kinases (CDKs)] and ARF.4® Together, the p53/p21/ARF axis inhibits the cell
replication machinery and potently induces growth arrest. Replicative senescence is also
controlled by the tumor suppressor protein retinoblastoma (pRB). pRB and its activator, the
cdk inhibitor p16 (INK4A), constitute the second major axis of senescence regulation and
repress the replication of somatic and stem cells by blocking the cell division cycle.*® In
fact, p16!/NK4A alone can suppress stem cell self-renewal and proliferation of somatic cells.
Another halmark feature of senescence is the senescence-associated secretory phenotype
(SASP), whereby senescent cells express and secrete cytokines, growth factors, and
extracellular matrix (ECM)-remodeling enzymes.5

Premature senescence is not elicited by shortened telomeres, although it is also established
and maintained by the two major senescence-regulatory pathways, p53/p21 and pRB/p16.
Exposure to stresses such as oxidants, radiation, heat, toxins, or chemotherapeutic agents
can trigger premature senescence through activation of the DDR that culminate in growth
arrest by cdk inhibitors and heterochromatin changes.2 Premature senescence can also arise
from the unscheduled activation of oncoproteins like K-RAS V12 and BRAF V600E or
from the inactivation of tumor suppressor proteins such as NF1, VHL, and PTEN.5>78 SASP
is also observed during premature senescence.®

Senescence in physiology and pathology

Numerous studies over the past decade have shown that the accumulation of senescent cells
in tissues in vivo can have both positive and negative consequences The health-promoting
impact of senescent cells is well recognized in a number of conditions, often in young
organisms. In young persons, senescence is widely considered to be a tumor suppressive
mechanism, a way to impede the propagation of cells bearing damaged DNA with
potentially malignant mutations. By inhibiting their growth and activating tumor
suppressors p53, pRB, and p16, senescence can suppress tumorigenesis. Similarly,
activation of oncogenes (e.g., K-RAS V12 or BRAF V600E) induces senescence in a variety
of malignancies®11 and inactivation of tumor suppressors (e.g., NF1, VHL, PTEN, SKP2)
can promote senescence in vivo.12-14 Another beneficial effect of senescence is the
suppression of tissue fibrosis and liver damage. Activation of hepatic stellate cells (HSCs)
by tissue damage leads to hyperproliferation and cell senescence, which reduces the
secretion of extracellular matrix proteins and increases the secretion of ECM-degrading
proteins, limiting liver fibrosis.1> Similarly, repair of pancreatic tissue damage is favored by
senescent stellate cells limiting pancreatic fibrogenesis.16 Senescence is also involved in the
skin wound healing process. Senescent skin fibroblast secrete CCN1 also known as CYR61
(Cysteine-rich angiogenic inducer 61). CCN1 induces DNA damage, p53 activation, and
enhanced expression of anti-fibrotic genes leading to restrict fibrosis in cutaneous wound
healing.17-18 Additionally, senescent cells secrete numerous inflammatory cytokines (the
trait SASP mentioned above). In response to a cutaneous wound in a mouse model,
senescent fibroblasts and endothelial cells appear very early to accelerate the healing process
by secretion of platelet-derived growth factor AA (PDGF-AA).19 During muscle repair in
young animals, quiescent satellite cells are activated to initiate proliferation and myogenic
differentiation.19
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On the other hand, numerous detrimental actions of senescent cells have been observed in
the context of age-related conditions, including cancer, cardiovascular diseases,
neurodegeneration, diabetes, sarcopenia, and declining immune function in the
elderly.#20-23 For instance, in older persons, senescent cells can contribute to tumorigenesis
of neighboring cells through the secretion of oncogenic factors such as interleukin (IL)-6,
IL-8, IL-1a, granulocyte-macrophage colony stimulating factor (GM-CSF), the growth-
regulated oncogene a (GROa), monocyte chemotactic protein (MCP)-2, MCP-3, matrix
metalloprotease (MMP)-1, MMP-3, and many insulin-like growth factor (IGF)-binding
proteins.?2:24 This secretory program can support malignancy and was shown to enhance
oncogenesis of cancer cells co-cultured with senescent fibroblasts.2® Besides carcinogenesis,
senescence can have detrimental impact on other aging-associated pathologies. For instance,
senescent cells accumulate in Parkinson’s and Alzheimer’s diseases, and impair
vascularization in diabetes.28:27 Senescence of skeletal muscle cell and satellite cells has
also been linked to the age-related muscle disorder sarcopenia. In mouse muscle, satellite
cells derepress p16 in order to become senescent;28:2% accordingly, mice lacking p16 are
partially protected from age-related reduction in the self-renewal of neuronal progenitors,
and enhance islet proliferation and regeneration.3%:31 Finally, immunosenescence enhances
the age-related decline in the adaptive immune system.32

Given the impact of senescence on human physiology and pathology, in-depth
understanding of the molecular regulators of senescence will enable us to target this process
for therapy, whether the goal is to enhance it or to reduce it.

Assessment of senescence

Senescent cells can be identified by assessing certain phenotypic traits. Replicative
senescence causes cells to adopt a flat and enlarged morphology that can be observed using
regular microscopy.33 Senescent cells are also easily detected by the presence of a
senescence-associated B-galactosidase (SA-B-gal) activity.343% In addition, they express
certain patterns of RNAs (coding and noncoding) as well as proteins;36-38 these patterns can
be assessed by various methods including quantitative PCR, gene array, or RNA sequencing
analyses. Global translation and global protein turnover are also altered in senescent cells,
further contributing to differences in their proteome profile as compared with young cells.
These changes in protein expression patterns (especially the rise in expression of cdk
inhibitors) contribute to a growth-inhibited state that can be assessed by flow cytometry or
by measuring de novo thymidine incorporation. In addition, senescent cells exhibit the trait
SASP, which elicits important changes in the microenvironment and in distant tissues, and
can be detected by Western blot analysis or ELISA.39-41 Finally, senescent cells are
characterized by the presence of altered chromatin structure and DNA damage accompanied
by detectable senescence-associated heterochromatic foci (SAHF) and H2AX
phosphorylated on serine 139 (y-H2AX).42:43 These markers can be used to detect
senescence in cultured cells and in vivo. It is important to employ more than one method in
order to identify senescent cells without ambiguity (for instance, by assessing SA-p-gal
activity, cell proliferation, and DDR protein levels).35:44.45
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NONCODING RNA

microRNAs

microRNASs are transcribed as long transcripts (primary or pri-microRNASs) by RNA
polymerases Il and 111, and then processed into microRNA precursors (pre-microRNAS) by a
microprocessor complex that includes the ribonuclease Drosha and DiGeorge critical region
8 (DGCRS) protein.*6-49 Following export to the cytoplasm by exportin 5, pre-microRNAs
are cleaved by Dicer to form the mature microRNA, which is loaded into the RNA-inducible
silencing complex (RISC).#8:49 These complexes target specific mMRNAs (mainly in the
3’UTR) through partial complementarity, often with extensive matching at the ‘seed’ region,
and lower the stability and/or translation of the target mMRNA.5051

Long noncoding RNAs (IncRNAS)

LncRNAs are transcripts that lack protein-coding capacity. Their size ranges from ~200
bases to hundreds of kilobases. LncRNAs transcribed from the vicinity of a protein-coding
gene can be transcribed in the sense or antisense direction relative to the reference mRNA.
LncRNAs can also be transcribed from intronic or intergenic regions and can arise from
mutations in mRNAs, from chromosomal rearrangements, and from transposon
insertions.52:53

LncRNAs can regulate gene expression through interaction with chromatin modifiers, DNA,
RNA, and RNA-binding proteins (RBPs).24-58 They can modulate transcription by
influencing the organization of chromatin and nuclear speckles, and by controlling RNA
polymerase Il initiation through the recruitment of transcriptional activators or
repressors.29:60 _ncRNAs can also regulate gene expression post-transcriptionally at many
levels; through their interaction with RNA and proteins, they can modulate pre-mRNA
splicing, mMRNA stability, protein translation, and protein stability .61-65 Additionally,
IncRNAs can act as “decoys’ or ‘sponges’ for factors such as microRNAs and RBPs, thereby
modulating the impact of these factors upon target mMRNASs.56.67 At the post-translational
level, some INncRNAs can function as molecular scaffolds to facilitate the assembly of multi-
protein complexes.56 Circular RNAs (circRNAs) are a highly stable subclass of INcCRNAs
due to the absence of 5’ and 3’ ends. They can regulate gene expression programs at least in
part by serving as sponges for specific microRNAs.58:69 Their involvement in senescence is
under intense investigation (unpublished results) but has not yet been reported.

The expression of many ncRNAs has been found to change with senescence.23.70.71 Here,
we review studies on the main ncRNAs implicated in senescence. We discuss the best-
studied senescence-associated microRNAs (SA-microRNAS) and senescence-associated
long noncoding RNAs (SAL-RNAs) implicated in promoting or suppressing cell senescence
by focusing on the specific senescence pathways2>8 in which they are involved (Figure 1,
Tables 1-3).

NcRNAs IMPLICATED IN THE p53/p21 SENESCENCE PATHWAY

The tumor suppressor and senescence marker protein p53 activates a transcriptional program
associated with cell cycle progression and senescence which prominently includes p21
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upregulation. Several ncRNAs have been identified as regulators of p53 expression, and
reciprocally p53 can regulate the expression of many ncRNAs that play major roles in pro-
senescence networks (Fig. 1, Table 1).

SA-microRNAs in the p53/p21 pathway

p53 is a key inducer of microRNAs in the miR-34 family.”2 In turn, miR-34a promotes
senescence of endothelial cells and colon cancer cells by targeting the E2F pathway.”3
miR-34a can also induce senescence at least in part by preventing expression of SIRT1
(silent mating type information regulator 2 homolog 1), a protein that has a complex impact
upon senescence. Since SIRT1 inhibits endothelial progenitor cell senescence, miR-34a
abolishes this inhibition and restores senescence.” SIRT1 expression is also repressed by
other microRNAs that induce senescence, such as miR-22 and miR-217,7>""7 while the p53
homolog ANp63 suppresses transcription of three microRNAs that repress SIRT1, miR-138,
miR-181a, and miR-181b, and thus ANp63 promotes proliferation.”8 miR-34 can also target
other transcripts that are essential for cell growth, proliferation and survival, such as those
encoding BCL2, E2F3 and MYC.”® Expression of let-7 family members also increases
during senescence.8081 |_et-7 promotes senescence by lowering the production of proteins
essential for proliferation such as EZH2, a suppressor of senescence in primary mouse
embryonic fibroblasts (MEFs), and HMGAZ2.82-85 Another transcriptional target of p53,
miR-200c, increases following oxidative stress and triggers endothelial cell apoptosis and
senescence; these effects were linked to miR-200c-mediated repression of the transcription
factor and senescence-suppressor ZEB1.86

Some microRNAs directly target the 3’UTR of p53 mRNA, including miR-25 and miR-30d,
and thereby reduce the expression of p53 and p53-transcribed genes, as well as inhibit p53-
mediated effects on cell survival and senescence.8” On the other hand, miR-885-p targets
and represses the production of CDK2 and minichromosome maintenance complex
component 5 (MCMB5), which allows p53 to accumulate, elevates p53-transcribed genes, and
triggers neuroblastoma cell senescence.88 In both HeLa cells and WI-38 fibroblasts,
miR-519 reduces the expression of proteins essential for DNA repair and calcium
homeostasis (ORAIL and ATP2C1), triggering a stress response that elevates expression of
p53 and p21 and leads to cell senescence.”1:89:90 Doxorubicin-induced senescence increases
the expression of p21 by lowering the levels of the miR-106b~25 cluster (miR-106b,
miR-93 and miR-25), suggesting a broader impact of this cluster in suppressing
senescence.®! Enhanced expression of p21 in oxidative stress-induced premature senescence
is antagonized by miR-106a.92 In this regard, oncogenic Ras(G12V)-mediated senescence
requires p21, and this induction of senescence is prevented by miR-106b, while the
oncogenic microRNA cluster miR-17~92 disrupts senescence and enhances oncogenic
transformation by lowering p21 levels.93:94 p21 is also the target of multiple senescence-
inhibitory microRNAs such as miR-130b, miR-302a, miR-302b, miR302c, miR-302d, and
miR-515-3p.93

SAL-RNAs affecting the p53/p21 pathway

Expression of the INcCRNA MEG3 is lost in several human cancer cell lines due to gene
deletion or hypermethylation. Ectopic expression of MEG3 in a number of cancer cells
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inhibits growth, indicating that MEG3 may act as a tumor suppressor IncRNA.%> MEG3
suppresses the expression of MDMZ2, a protein that prevents p53 accumulation by enhancing
p53 ubiquitin-mediated degradation.%® Elevated levels of MEG3 can promote senescence, as
seen in cervical cancer cells, and enhances expression of NR4A3 (nuclear receptor
subfamily 4A3) in senescent cells.97:98

The IncRNA Gadd?7 regulates cell proliferation in rodent cells exposed to UV irradiation.
It interacts with TDP-43, disrupting TDP-43-Cdk6 mRNA interaction, which causes
destabilization of the Cdk6 mMRNA and lowers the production of CDK®, a protein necessary
for increasing division and preventing senescence; however, a direct role of Gadd7 in
senescence has not yet been reported.100101 Hyman IncRNA-p21 interacts with CTNNB and
JUNB mRNAs with partial complementarity and suppresses translation of p-catenin and
JunB, respectively.52 Although IncRNA-p21 has not yet been shown to influence senescence
directly, it is transcriptionally induced by p53, rises in senescent cells, and represses
translation of two proteins, B-catenin and JunB, which promote proliferation.102-104 Another
p53-induced INcRNA, PINT, interacts with polycomb repressor complex (PRC)2 to regulate
the expression of proteins involved in senescence-relevant pathways controlled by TGF-3
and p53,105-107

The IncRNA 79 forms the cytoplasmic ribonucleoprotein (RNP) complex known as SRP
(signal recognition particle), necessary for insertion of secretory proteins into the lumen of
the endoplasmic reticulum.108 79_ is highly expressed in several cancers,199 and suppresses
p53 mRNA translation by competing with the RBP HuR for binding to the p53 3’UTR.
Conversely, downregulation of 7S enhances autophagy and senescence by enhancing p53
production.3

NcRNAs IMPLICATED IN THE pRB/p16 SENESCENCE PATHWAY

The anti-proliferative program elicited by pRB and p16 prominently involves inhibition of
CDKs as well as transcription factors in the E2F family (Fig. 1, Table 2).

SA-microRNAs in the pRB/p16 pathway

Translation of p16 was repressed by miR-24 in human cervical carcinoma cells and diploid
fibroblasts.110 A negative correlation between miR-24 and p16 in senescent cells was
reported in osteoarthritis-associated senescence, where miR-24 levels were reduced while
p16 levels were elevated,!1! although miR-24 itself has not been reported to delay
senescence. The abundance of p16 is indirectly upregulated by SA-microRNAs miR-26b,
miR-181a, miR-210 and miR-424, through their joint repression of proteins chromobox
(CBX)7, embryonic ectoderm development (EED), enhancer of zeste homologue (EZH)2
and suppressor of zeste 12 (Suz12). Interestingly, depletion of p16 suppresses this SA-
microRNA program, suggesting the existence of a negative regulatory feedback loop.112
Also within the p16-pRB pathway are four microRNAs shown to target MKK4 mRNA and
reduce MKK4 expression, miR-15b, miR-24, miR-25, miR-141, which showed reduced
abundance in senescent fibroblasts concomitant with a rise in MKK4 levels. Overexpressing
these microRNAs lowered p16 production and delayed WI-38 fibroblast senescence, while
the joint reduction of these microRNAs increased MKK4 levels, activated p38, elevated p16
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abundance, and accelerated the senescent phenotype.113 In addition, miR-128a promotes cell
senescence by reducing the levels of BMI1, a repressor of p16.114

SAL-RNAs in the pRB/p16 pathway

The IncRNA ANRIL (also known as CDKN2B-ASL and p15AS) is transcribed from the same
locus as the INK4b/ARF/INK4a genes, but in opposite direction.11®> ANRIL regulates cell
cycle progression at least in part by recruiting CBX7, a protein component of PRC1 which
increases H3K27 methylation and thereby suppresses INK4a transcription. Interestingly,
CBX7 variants with point mutations that disrupt binding to RNA or to methylated H3K27
repress genes in the INK4A locus, impairing cellular senescence.18 ANRIL downregulation
elevates cdk inhibitors p14, p15 and p16, further supporting the view that ANRIL represses
cellular senescence. Accordingly, ANRIL levels are low in senescent WI-38 cells and ANRIL
knockdown in cancer cells display reduced proliferation,}17-120_ |n sum, by repressing the
production of cdk inhibitors, ANRIL enhances proliferation and suppresses senescence.

The expression levels of InNcRNA viincRNA (very long intergenic ncRNA or VAD) increase
during oncogene-induced human senescence and is required for the maintenance of
senescence. vIincRNA activates gene expression of cell cycle inhibitors at the INK4 locus by
inhibiting the binding of the repressor H2A.Z to the INK4 locus, and thus promotes cellular
senescence. 12

The mitochondrial DNA-encoded InNcRNA AShcmtRNA-2 (antisense noncoding
mitochondrial RNA-2) was found elevated in senescent endothelial cells. This increase was
accompanied by enhanced expression of p16. AAncmtRNA-2 is a precursor transcript for two
microRNAs that are elevated in senescent cells, miR-4485 and miR-1973.122 These RNAs
exemplify a IncRNA-microRNA interplay in cellular senescence, but it is not clear at
present if the microRNAs are effectors of AShcmtRNA-2-induced senescence.

ncRNAs IMPLICATED IN SASP AND OTHER SENESCENCE PROCESSES
SASP ncRNAs

As mentioned above, senescent cells constitutively secrete inflammatory mediators (growth
factors, ECM-degrading enzymes, and cytokines), a trait known as SASP (Fig. 1, Table 3).40
IL-1B lowers the levels of miR-24, a repressor of p16/INK4A mRNA translation, leading to a
rise in p16 levels.111 miR-146a/b lowers the production of IL-1 receptor-associated kinase 1
(IRAK1).123 Conversely, suppression of miR-146a/b elevates IRAK1 activity, which in turn
activates the transcription factor NF-xB, causing transcriptional induction of IL-6 and IL-8,
which further amplifies the impact of this microRNA on SASP. Interestingly, IRAK1
increases miR-146a/b levels, suggesting the presence of a negative feedback mechanism for
fine-tuning SASP.124 Oxidative stress-induced senescence increases the levels of miR-183,
which in turn suppresses production of the SASP factor and senescence regulator integrin 1
(ITGB1).1%5

Extracellular microRNAs present in body fluids may interfere with the production of SASP
factors by regulating Toll-like receptors (TLRs). For instance, let-7 binds and activates
TLR7, while miR-21 binds and activates TLR7 in mice and TLR8 in human
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macrophages!26:127_ In addition, 1B kinases are repressed by miR-155 and miR-199a in a
variety of cell types, in turn suppressing NF-xB activation; these and other microRNAs
involved in SASP and aging-associated inflammation were recently reviewed.123

The IncRNA H19 is involved in cell proliferation and survival.128-131 |t regulates imprinting
of the insulin-like growth factor 2 (1gf2) locus, maintaining adult hematopoietic stem cell
quiescence, 32, although a direct link to SASP has not been established.

ncRNAs involved in telomere metabolism

Senescence is associated with a gradual shortening of telomere length.2 The length of
telomeres is regulated by the telomerase ribonucleoprotein complex that contains the protein
TERT and two noncoding RNAs, TERC and TERRA. TERC contributes directly to
maintaining telomere length and preventing premature senescence and aging, as observed in
TERC-deficient mice.133 TERC functions as a template for telomeric repeats and also as a
scaffold to assemble protein components of the telomerase complex.134-137 Mammalian
TERRA ncRNASs vary in length between 100 and >9000 nt. The family of TERRA ncRNAs
suppresses telomere elongation because TERRA contain several copies of the telomere
UUAGGG repeat,138 and thus constitute high-affinity ligands (and hence competitive
inhibitors) for TERT.139.140 Apnormal expression of TERRA ncRNAs induces premature
senescence in fibroblasts due to the suppression of telomere elongation.14! TERRA also
participate in the removal of 3’G overhangs of uncapped telomeres during DNA damage-
induced senescence and protect telomere ends.142.143

ncRNAs influencing other senescence traits

Several other microRNAs have been reported to induce senescence by targeting various
transcription factors (Fig. 1). For instance, miR-29 and miR-30 reduce production of the
transcription factor B-MYB, thereby preventing expression of proliferative proteins and
enhancing senescence.1#4 In melanoma cells, miR-203 induces senescence by reducing the
production of E2F3A and E2F3B, two transcription factors involved in cell division, DNA
repair and senescence, while miR-205 suppresses E2F1 and E2F5 production and induces
senescence.145-147 The tumor suppressor miR-22 is upregulated during cardiac aging,
enhances senescence in cardiac fibroblasts, and inhibits cell growth by lowering expression
of the epidermal growth factor receptor ERBB3 in lung carcinoma cells.148.149

Other microRNAs can also help trigger senescence by negatively regulating oncogene-
encoding transcripts. For instance, miR-20a represses the proto-oncogene LRF (leukemia/
lymphoma-related factor), a known transcriptional repressor of p19ARF: consequently,
miR-20a upregulates p19ARF expression and promotes senescence of mouse embryonic
fibroblasts.150 In keratinocytes, miR-191 reduces SATB1 and CDK®6 expression, thereby
inhibiting cell growth and inducing senescence.1®! miR-449a induces pRB-dependent cell
cycle arrest and senescence by targeting cyclin D1 in prostate cancer cells.152
Overexpression of miR-152 and miR-181a in senescent human dermal fibroblasts is
sufficient to induce senescence, associated with reduced levels of adhesion proteins integrin
a5 and collagen XV1.153 MicroRNAs miR-186, miR-216b, miR-337-3p, and miR-760
jointly reduce expression of the a subunit of protein kinase CKII to induce senescence in
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human colorectal cancer cells.2®* miR-494 reduces the levels of hnRNPA3, hnRNPQ,
protein disulfide isomerase A3 (PDIA3), and UV excision repair protein RAD23 homolog B
(RAD23B), and triggers senescence in lung cancer cells and diploid fibroblasts.125:156
OncomiRs miR-372, miR-373, and miR-214 prevent cancer cell senescence;157-158 in light
of the fact that a rise in miR-214 reduced the efficacy of radiotherapy, knockdown of
microRNA-214 in radioresistant lung cancer cells sensitized them to radiotherapy and
stimulated senescence.1%8

The IncRNA UCAL (urothelial cancer-associated 1) enhances tumorigenesis of bladder and
breast cancer cells.19-161 However, in untransformed proliferating cells, UCA1 is negatively
regulated by the CAPERa/TBX3 protein complex.162 Oncogenic stress triggers CAPERa/
TBX3 dissociation from UCAL, leading to its accumulation and the onset of senescence and
suggesting a role for UCAL in oncogene-induced senescence. In agreement with this
possibility, UCAL is induced in RAS-triggered senescence, UCAL overexpression is
sufficient to trigger senescence, and silencing UCA1 delayed senescence.162 While these
findings connect UCAL with RAS-induced senescence, the molecular mechanisms
responsible for these actions have not been reported.

Similar to UCA1, the IncRNA PANDA may also either promote or suppress senescence
depending on the specific interacting factors. In proliferating cells, PANDA interacts with
SAFA (scaffold-attachment-factor A) and PRC; the SAFA-PANDA-PRC complex
suppresses the transcription of genes that promote senescence and thus induces senescence.
In senescent cells, on the other hand, PANDA binds the transcription factors NF-YA and
E2F and reduces the transcription of proliferative genes. Together, these findings indicate
that PANDA can modulate both the triggering and the prevention of senescence.163

Another IncRNA showing reduced levels in senescent cells is MALAT1,117.164
Downregulation of MALAT1 in young proliferating cells and in human cervical cancer cells
induced cell cycle arrest, enhanced cellular senescence, and reduced tumor size, at least in
part by regulating the levels of the oncogenic transcription factor B-MYB.117:164-166 Thege
findings indicate that MALAT1 may be essential for proliferation. Although MALAT1 is not
essential for development,167 its impact upon pathological or environmental challenges has
not been studied in depth at present.

The IncRNA HOTAIR (HOX transcript antisense RNA) interacts with the repressor complex
PRC2 leading to silencing of the HOXD locus.168 Elevated in senescent fibroblasts,

HOTAIR functions as a scaffold RNA molecule in the cytoplasm, serving as a substrate for
E3 ubiquitin ligases and promoting the ubiquitination and subsequent degradation of
Ataxin-1 and Snurportin-1. HOTAIR promotes cellular senescence, since silencing HOTAIR
reduced the accumulation of senescent HeLa cells in a model of senescence triggered by
HuR silencing.169

XIST, a IncRNA responsible for imprinting and hence silencing of the X chromosome in
females (to compensate for the dosage effect in males),170-171 displays lower levels in
senescent cells.11” However, its specific function in senescence has not been described yet.
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CONCLUSIONS AND PERSPECTIVES

Senescent cells accumulate in tissues with advancing age and exposure to stress stimuli,
having both beneficial and detrimental influences upon tissue homeostasis, as described
above. Beneficial effects of senescence include tumor suppression and muscle regeneration
in young organisms, prevention of liver and pancreatic fibrosis, and skin wound healing.
Detrimental effects of senescence have been reported in cancer, cardiovascular diseases,
neurodegeneration, diabetes, sarcopenia, and declining immune function. Given the impact
of senescence in human health and disease, there is escalating interest in elucidating the
molecular regulators of senescence in order to intervene therapeutically to accelerate or
prevent senescence. Towards this goal, one of the immediate challenges is to determine
whether ncRNAs that modulate cell senescence in culture also influence cell senescence in
the organism and can influence physiology and pathology. In this regard, it will be
particularly important to establish whether the impact of SA-ncRNAs changes with
organismal age.

As reviewed here, ncRNAs of different sizes and types can influence cellular senescence. A
growing number of microRNAs and InNcRNAs are recognized as robust modulators of the
main senescence regulatory programs, the p53/p21 pathway, the pRB/p16 pathway, SASP,
and protein patterns controlling these and other facets of senescence (Fig. 1, Tables 1-3).
Various SA-ncRNAs described here (e.g., UCA1, MEG3, and ANRIL) can promote
senescence by enhancing the production of growth-inhibitory, pro-senescence factors such
as p53, p21, and p16. Other ncRNAs (e.g., let-7, miR-34, miR-519, and lincRNA-p21) can
inhibit the synthesis of proliferative proteins, thereby enhancing senescence. Additional
regulatory ncRNAs, such as miR-146a, miR-155, and miR-21, modulate SASP by
controlling IRAK1 and TLR production, in turn influencing the secretory and inflammatory
states. Other ncRNAs affecting mitochondrial function, telomere integrity, and chromatin
metabolism have also been linked to senescence.

As we gain a deeper understanding of the expression and function of SA-ncRNAs, we can
expect to find that many of these ncRNAs have clinical value in diagnosis and therapy. The
ease of detection of ncRNAs in bodily fluids, particularly blood, make these RNAs
particularly attractive as diagnostic and possibly also prognostic biomarkers. We anticipate
that detecting SA-ncRNAs could be informative in conditions where senescence can
predispose or exacerbate disease processes. Targeting ncRNAs may also be of therapeutic
interest, whether the goal is to increase or suppress ncRNA levels for clinical benefit. The
past few years have witnessed great progress in the development of technologies for
delivering therapeutic RNA with increasing precision and efficacy. Advances in the design
of viral vectors for RNA delivery, the development of cell-specific RNA aptamers,
nanotechnology, and the widespread adoption of CRISPR (clustered regularly interspaced
palindromic repeats)-Cas9-mediated interventions have greatly intensified our ability to
repress and enhance gene expression with unprecedented accuracy. Similar to other highly
specific therapeutic approaches, designing effective delivery systems that selectively target
specific tissues remains an important roadblock for these promising treatment methods.
With rapid progress in strategies to overcome these obstacles, interventions to modulate the
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levels of beneficial and harmful ncRNAs affecting senescent processes will progressively

be

come commonplace.

ACKNOWLEDGEMENTS

Th

is work was supported by the NIA-IRP, NIH.

BIBLIOGRAPHY

1.

10

11.

12.

13.

14.

15.

16.

Wil

Hayflick L. The Limited in Vitro Lifetime of Human Diploid Cell Strains. Exp Cell Res. 1965;
37:614-636. [PubMed: 14315085]

. Kuilman T, Michaloglou C, Mooi WJ, Peeper DS. The essence of senescence. Genes Dev. 2010;

24:2463-2479. [PubMed: 21078816]

. Bodnar AG, Ouellette M, Frolkis M, Holt SE, Chiu CP, Morin GB, Harley CB, Shay JW,

Lichtsteiner S, Wright WE. Extension of life-span by introduction of telomerase into normal human
cells. Science. 1998; 279:349-352. [PubMed: 9454332]

. Campisi J. Senescent cells, tumor suppression, and organismal aging: good citizens, bad neighbors.

Cell. 2005; 120:513-522. [PubMed: 15734683]

. Ben-Porath I, Weinberg RA. The signals and pathways activating cellular senescence. Int J Biochem

Cell Biol. 2005; 37:961-976. [PubMed: 15743671]

. Coppé JP, Desprez PY, Krtolica A, Campisi J. The senescence-associated secretory phenotype: the

dark side of tumor suppression. Annu Rev Pathol. 2010; 5:99-118. [PubMed: 20078217]

. Serrano M, Lin AW, McCurrach ME, Beach D, Lowe SW. Oncogenic ras provokes premature cell

senescence associated with accumulation of p53 and p16INK4a. Cell. 1997; 88:593-602. [PubMed:
9054499]

. Xu'Y, Li N, Xiang R, Sun P. Emerging roles of the p38 MAPK and PI3K/AKT/mTOR pathways in

oncogene-induced senescence. Trends Biochem Sci. 2014; 39:268-276. [PubMed: 24818748]

. Collado M, Gil J, Efeyan A, Guerra C, Schuhmacher AJ, Barradas M, Benguria A, Zaballos A,

Flores JM, Barbacid M, et al. Tumour biology: senescence in premalignant tumours. Nature. 2005;
436:642. [PubMed: 16079833]

. Vredeveld LC, Possik PA, Smit MA, Meissl K, Michaloglou C, Horlings HM, Ajouaou A,
Kortman PC, Dankort D, McMahon M, et al. Abrogation of BRAFV600E-induced senescence by
PI13K pathway activation contributes to melanomagenesis. Genes Dev. 2012; 26:1055-1069.
[PubMed: 22549727]

Michaloglou C, Vredeveld LC, Soengas MS, Denoyelle C, Kuilman T, van der Horst CM, Majoor
DM, Shay JW, Mooi WJ, Peeper DS. BRAFEG600-associated senescence-like cell cycle arrest of
human naevi. Nature. 2005; 436:720-724. [PubMed: 16079850]

Young AP, Schlisio S, Minamishima YA, Zhang Q, Li L, Grisanzio C, Signoretti S, Kaelin WG Jr.
VHL loss actuates a HIF-independent senescence programme mediated by Rb and p400. Nat Cell
Biol. 2008; 10:361-369. [PubMed: 18297059]

Chen Z, Trotman LC, Shaffer D, Lin HK, Dotan ZA, Niki M, Koutcher JA, Scher HI, Ludwig T,
Gerald W, et al. Crucial role of p53-dependent cellular senescence in suppression of Pten-deficient
tumorigenesis. Nature. 2005; 436:725-730. [PubMed: 16079851]

Lin HK, Chen Z, Wang G, Nardella C, Lee SW, Chan CH, Yang WL, Wang J, Egia A, Nakayama
KIl, et al. Skp2 targeting suppresses tumorigenesis by Arf-p53-independent cellular senescence.
Nature. 2010; 464:374-379. [PubMed: 20237562]

Krizhanovsky V, Yon M, Dickins RA, Hearn S, Simon J, Miething C, Yee H, Zender L, Lowe SW.
Senescence of activated stellate cells limits liver fibrosis. Cell. 2008; 134:657-667. [PubMed:
18724938]

Fitzner B, Muller S, Walther M, Fischer M, Engelmann R, Muller-Hilke B, Putzer BM, Kreutzer
M, Nizze H, Jaster R. Senescence determines the fate of activated rat pancreatic stellate cells. J
Cell Mol Med. 2012; 16:2620-2630. [PubMed: 22452900]

ey Interdiscip Rev RNA. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abdelmohsen and Gorospe Page 12

17

18

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

.JunJI, Lau LF. The matricellular protein CCN1 induces fibroblast senescence and restricts fibrosis
in cutaneous wound healing. Nat Cell Biol. 2010; 12:676—685. [PubMed: 20526329]

.Jun JI, Lau LF. Cellular senescence controls fibrosis in wound healing. Aging (Albany NY). 2010;
2:627-631. [PubMed: 20930261]

Yin H, Price F, Rudnicki MA. Satellite cells and the muscle stem cell niche. Physiol Rev. 2013;
93:23-67. [PubMed: 23303905]

Baker DJ, Wijshake T, Tchkonia T, LeBrasseur NK, Childs BG, van de Sluis B, Kirkland JL, van
Deursen JM. Clearance of pl6Ink4a-positive senescent cells delays ageing-associated disorders.
Nature. 2011; 479:232-236. [PubMed: 22048312]

Kuilman T, Michaloglou C, Vredeveld LC, Douma S, van Doorn R, Desmet CJ, Aarden LA, Mooi
WJ, Peeper DS. Oncogene-induced senescence relayed by an interleukin-dependent inflammatory
network. Cell. 2008; 133:1019-1031. [PubMed: 18555778]

Freund A, Orjalo AV, Desprez PY, Campisi J. Inflammatory networks during cellular senescence:
causes and consequences. Trends Mol Med. 2010; 16:238-246. [PubMed: 20444648]

Gorospe M, Abdelmohsen K. MicroRegulators come of age in senescence. Trends Genet. 2011,
27:233-241. [PubMed: 21592610]

Ohtani N, Takahashi A, Mann DJ, Hara E. Cellular senescence: a double-edged sword in the fight
against cancer. Exp Dermatol. 2012; 21(Suppl 1):1-4. [PubMed: 22626462]

Krtolica A, Parrinello S, Lockett S, Desprez PY, Campisi J. Senescent fibroblasts promote
epithelial cell growth and tumorigenesis: a link between cancer and aging. Proc Natl Acad Sci U S
A. 2001; 98:12072-12077. [PubMed: 11593017]

Luo XG, Ding JQ, Chen SD. Microglia in the aging brain: relevance to neurodegeneration. Mol
Neurodegener. 2010; 5:12. [PubMed: 20334662]

Rosso A, Balsamo A, Gambino R, Dentelli P, Falcioni R, Cassader M, Pegoraro L, Pagano G,
Brizzi MF. p53 Mediates the accelerated onset of senescence of endothelial progenitor cells in
diabetes. J Biol Chem. 2006; 281:4339-4347. [PubMed: 16339764]

Navarro A, Lopez-Cepero JM, Sanchez del Pino MJ. Skeletal muscle and aging. Front Biosci.
2001; 6:D26-44. [PubMed: 11145924]

Sousa-Victor P, Gutarra S, Garcia-Prat L, Rodriguez-Ubreva J, Ortet L, Ruiz-Bonilla V, Jardi M,
Ballestar E, Gonzalez S, Serrano AL, et al. Geriatric muscle stem cells switch reversible
quiescence into senescence. Nature. 2014; 506:316-321. [PubMed: 24522534]

Molofsky AV, Slutsky SG, Joseph NM, He S, Pardal R, Krishnamurthy J, Sharpless NE, Morrison
SJ. Increasing p16INK4a expression decreases forebrain progenitors and neurogenesis during
ageing. Nature. 2006; 443:448-452. [PubMed: 16957738]

Krishnamurthy J, Ramsey MR, Ligon KL, Torrice C, Koh A, Bonner-Weir S, Sharpless NE.
p1l6INK4a induces an age-dependent decline in islet regenerative potential. Nature. 2006;
443:453-457. [PubMed: 16957737]

McElhaney JE, Effros RB. Immunosenescence: what does it mean to health outcomes in older
adults? Curr Opin Immunol. 2009; 21:418-424. [PubMed: 19570667]

. Goldstein S. Replicative senescence: the human fibroblast comes of age. Science. 1990; 249:1129—
1133. [PubMed: 2204114]

Debacg-Chainiaux F, Erusalimsky JD, Campisi J, Toussaint O. Protocols to detect senescence-
associated beta-galactosidase (SA-betagal) activity, a biomarker of senescent cells in culture and
in vivo. Nat Protoc. 2009; 4:1798-1806. [PubMed: 20010931]

Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C, Medrano EE, Linskens M, Rubelj I,
Pereira-Smith O, et al. A biomarker that identifies senescent human cells in culture and in aging
skin in vivo. Proc Natl Acad Sci U S A. 1995; 92:9363-9367. [PubMed: 7568133]

Cristofalo VJ, Volker C, Francis MK, Tresini M. Age-dependent modifications of gene expression
in human fibroblasts. Crit Rev Eukaryot Gene Expr. 1998; 8:43-80. [PubMed: 9673450]

Shelton DN, Chang E, Whittier PS, Choi D, Funk WD. Microarray analysis of replicative
senescence. Curr Biol. 1999; 9:939-945. [PubMed: 10508581]

Zhang H, Pan KH, Cohen SN. Senescence-specific gene expression fingerprints reveal cell-type-
dependent physical clustering of up-regulated chromosomal loci. Proc Natl Acad Sci U S A. 2003;
100:3251-3256. [PubMed: 12626749]

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abdelmohsen and Gorospe Page 13

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Kuilman T, Peeper DS. Senescence-messaging secretome: SMS-ing cellular stress. Nat Rev
Cancer. 2009; 9:81-94. [PubMed: 19132009]

Coppe JP, Patil CK, Rodier F, Sun Y, Munoz DP, Goldstein J, Nelson PS, Desprez PY, Campisi J.
Senescence-associated secretory phenotypes reveal cell-nonautonomous functions of oncogenic
RAS and the p53 tumor suppressor. PLoS Biol. 2008; 6:2853-2868. [PubMed: 19053174]

Coppe JP, Kauser K, Campisi J, Beausejour CM. Secretion of vascular endothelial growth factor
by primary human fibroblasts at senescence. J Biol Chem. 2006; 281:29568-29574. [PubMed:
16880208]

Narita M, Nunez S, Heard E, Narita M, Lin AW, Hearn SA, Spector DL, Hannon GJ, Lowe SW.
Rb-mediated heterochromatin formation and silencing of E2F target genes during cellular
senescence. Cell. 2003; 113:703-716. [PubMed: 12809602]

Zhang R, Poustovoitov MV, Ye X, Santos HA, Chen W, Daganzo SM, Erzberger JP, Serebriiskii
IG, Canutescu AA, Dunbrack RL, et al. Formation of MacroH2A-containing senescence-
associated heterochromatin foci and senescence driven by ASF1a and HIRA. Dev Cell. 2005;
8:19-30. [PubMed: 15621527]

Cristofalo VJ, Lorenzini A, Allen RG, Torres C, Tresini M. Replicative senescence: a critical
review. Mech Ageing Dev. 2004; 125:827-848. [PubMed: 15541776]

Lim CS. Cellular senescence, cancer, and organismal aging: a paradigm shift. Biochem Biophys
Res Commun. 2006; 344:1-2. [PubMed: 16616892]

Lee Y, Kim M, Han J, Yeom KH, Lee S, Baek SH, Kim VN. MicroRNA genes are transcribed by
RNA polymerase 1l. EMBO J. 2004; 23:4051-4060. [PubMed: 15372072]

Borchert GM, Lanier W, Davidson BL. RNA polymerase 111 transcribes human microRNAs. Nat
Struct Mol Biol. 2006; 13:1097-1101. [PubMed: 17099701]

Kim VN, Han J, Siomi MC. Biogenesis of small RNAs in animals. Nat Rev Mol Cell Biol. 2009;
10:126-139. [PubMed: 19165215]

Newman MA, Hammond SM. Emerging paradigms of regulated microRNA processing. Genes
Dev. 2010; 24:1086-1092. [PubMed: 20516194]

Fabian MR, Sonenberg N, Filipowicz W. Regulation of mRNA translation and stability by
microRNASs. Annu Rev Biochem. 2010; 79:351-379. [PubMed: 20533884]

Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell. 2009; 136:215-233.
[PubMed: 19167326]

Ponting CP, Oliver PL, Reik W. Evolution and functions of long noncoding RNAs. Cell. 2009;
136:629-641. [PubMed: 19239885]

Mercer TR, Dinger ME, Mattick JS. Long non-coding RNASs: insights into functions. Nat Rev
Genet. 2009; 10:155-159. [PubMed: 19188922]

Bonasio R, Shiekhattar R. Regulation of transcription by long noncoding RNAs. Annu Rev Genet.
2014; 48:433-455. [PubMed: 25251851]

David R. RNA: a new layer of regulation. Nat Rev Mol Cell Biol. 2011; 12:766. [PubMed:
22048709]

Geisler S, Coller J. RNA in unexpected places: long non-coding RNA functions in diverse cellular
contexts. Nat Rev Mol Cell Biol. 2013; 14:699-712. [PubMed: 24105322]

Rinn JL, Chang HY. Genome regulation by long noncoding RNAs. Annu Rev Biochem. 2012;
81:145-166. [PubMed: 22663078]

Wang KC, Chang HY. Molecular mechanisms of long noncoding RNAs. Mol Cell. 2011; 43:904—
914. [PubMed: 21925379]

Lee JT. Epigenetic regulation by long noncoding RNAs. Science. 2012; 338:1435-1439. [PubMed:
23239728]

Bergmann JH, Spector DL. Long non-coding RNAs: modulators of nuclear structure and function.
Curr Opin Cell Biol. 2014; 26:10-18. [PubMed: 24529241]

Gong C, Maquat LE. IncRNAs transactivate STAU1-mediated mRNA decay by duplexing with 3'
UTRs via Alu elements. Nature. 2011; 470:284-288. [PubMed: 21307942]

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abdelmohsen and Gorospe Page 14

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

Yoon JH, Abdelmohsen K, Srikantan S, Yang X, Martindale JL, De S, Huarte M, Zhan M, Becker
KG, Gorospe M. LincRNA-p21 suppresses target mRNA translation. Mol Cell. 2012; 47:648-655.
[PubMed: 22841487]

Abdelmohsen K, Panda AC, Kang MJ, Guo R, Kim J, Grammatikakis I, Yoon JH, Dudekula DB,
Noh JH, Yang X, et al. 7SL RNA represses p53 translation by competing with HuR. Nucleic Acids
Res. 2014; 42:10099-10111. [PubMed: 25123665]

Mattick JS. Long noncoding RNAs in cell and developmental biology. Semin Cell Dev Biol. 2011,
22:327. [PubMed: 21621631]

Anko ML, Neugebauer KM. Long noncoding RNAs add another layer to pre-mRNA splicing
regulation. Mol Cell. 2010; 39:833-834. [PubMed: 20864030]

Cesana M, Cacchiarelli D, Legnini I, Santini T, Sthandier O, Chinappi M, Tramontano A, Bozzoni
I. A long noncoding RNA controls muscle differentiation by functioning as a competing
endogenous RNA. Cell. 2011; 147:358-369. [PubMed: 22000014]

Tay Y, Rinn J, Pandolfi PP. The multilayered complexity of ceRNA crosstalk and competition.
Nature. 2014; 505:344-352. [PubMed: 24429633]

Liang D, Wilusz JE. Short intronic repeat sequences facilitate circular RNA production. Genes
Dev. 2014; 28:2233-2247. [PubMed: 25281217]

Ivanov A, Memczak S, Wyler E, Torti F, Porath HT, Orejuela MR, Piechotta M, Levanon EY,
Landthaler M, Dieterich C, et al. Analysis of intron sequences reveals hallmarks of circular RNA
biogenesis in animals. Cell Rep. 2015; 10:170-177. [PubMed: 25558066]

Maes OC, Sarojini H, Wang E. Stepwise up-regulation of microRNA expression levels from
replicating to reversible and irreversible growth arrest states in WI-38 human fibroblasts. J Cell
Physiol. 2009; 221:109-119. [PubMed: 19475566]

Marasa BS, Srikantan S, Martindale JL, Kim MM, Lee EK, Gorospe M, Abdelmohsen K.
MicroRNA profiling in human diploid fibroblasts uncovers miR-519 role in replicative
senescence. Aging. 2010; 2:333-343. [PubMed: 20606251]

Hermeking H. The miR-34 family in cancer and apoptosis. Cell Death Differ. 2010; 17:193-199.
[PubMed: 19461653]

Tazawa H, Tsuchiya N, Izumiya M, Nakagama H. Tumor-suppressive miR-34a induces
senescence-like growth arrest through modulation of the E2F pathway in human colon cancer
cells. Proc Natl Acad Sci U S A. 2007; 104:15472-15477. [PubMed: 17875987]

Zhao T, Li J, Chen AF. MicroRNA-34a induces endothelial progenitor cell senescence and
impedes its angiogenesis via suppressing silent information regulator 1. Am J Physiol Endocrinol
Metab. 2010; 299:E110-116. [PubMed: 20424141]

Yamakuchi M. MicroRNA Regulation of SIRT1. Front Physiol. 2012; 3:68. [PubMed: 22479251]
Jazbutyte V, Fiedler J, Kneitz S, Galuppo P, Just A, Holzmann A, Bauersachs J, Thum T.
MicroRNA-22 increases senescence and activates cardiac fibroblasts in the aging heart. Age
(Dordr). 2013; 35:747-762. [PubMed: 22538858]

Menghini R, Casagrande V, Cardellini M, Martelli E, Terrinoni A, Amati F, VVasa-Nicotera M,
Ippoliti A, Novelli G, Melino G, et al. MicroRNA 217 modulates endothelial cell senescence via
silent information regulator 1. Circulation. 2009; 120:1524-1532. [PubMed: 19786632]

Rivetti di Val Cervo P, Lena AM, Nicoloso M, Rossi S, Mancini M, Zhou H, Saintigny G,
Dellambra E, Odorisio T, Mahe C, et al. p63-microRNA feedback in keratinocyte senescence.
Proc Natl Acad Sci U S A. 2012; 109:1133-1138. [PubMed: 22228303]

Hermeking H. The miR-34 family in cancer and apoptosis. Cell Death Differ. 2010; 17:193-199.
[PubMed: 19461653]

Wagner W, Horn P, Castoldi M, Diehlmann A, Bork S, Saffrich R, Benes V, Blake J, Pfister S,
Eckstein V, et al. Replicative senescence of mesenchymal stem cells: a continuous and organized
process. PLoS One. 2008; 3:€2213. [PubMed: 18493317]

Maes OC, Sarojini H, Wang E. Stepwise up-regulation of microRNA expression levels from
replicating to reversible and irreversible growth arrest states in WI-38 human fibroblasts. J Cell
Physiol. 2009; 221:109-119. [PubMed: 19475566]

Boyerinas B, Park SM, Hau A, Murmann AE, Peter ME. The role of let-7 in cell differentiation
and cancer. Endocr Relat Cancer. 2010; 17:F19-36. [PubMed: 19779035]

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abdelmohsen and Gorospe Page 15

83.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

95.

96.

97.

98.

99.

Markowski DN, Helmke BM, Belge G, Nimzyk R, Bartnitzke S, Deichert U, Bullerdiek J.
HMGAZ2 and p14Arf: major roles in cellular senescence of fibroids and therapeutic implications.
Anticancer Res. 2011; 31:753-761. [PubMed: 21498692]

Tzatsos A, Paskaleva P, Lymperi S, Contino G, Stoykova S, Chen Z, Wong KK, Bardeesy N.
Lysine-specific demethylase 2B (KDM2B)-let-7-enhancer of zester homolog 2 (EZH2) pathway
regulates cell cycle progression and senescence in primary cells. J Biol Chem. 2011; 286:33061—
33069. [PubMed: 21757686]

Fan T, Jiang S, Chung N, Alikhan A, Ni C, Lee CC, Hornyak TJ. EZH2-dependent suppression of
a cellular senescence phenotype in melanoma cells by inhibition of p21/CDKN1A expression. Mol
Cancer Res. 2011; 9:418-429. [PubMed: 21383005]

Magenta A, Cencioni C, Fasanaro P, Zaccagnini G, Greco S, Sarra-Ferraris G, Antonini A,
Martelli F, Capogrossi MC. miR-200c is upregulated by oxidative stress and induces endothelial
cell apoptosis and senescence via ZEB1 inhibition. Cell Death Differ. 2011; 18:1628-39.
[PubMed: 21527937]

Kumar M, Lu Z, Takwi AA, Chen W, Callander NS, Ramos KS, Young KH, Li Y. Negative
regulation of the tumor suppressor p53 gene by microRNAs. Oncogene. 2011; 30:843-853.
[PubMed: 20935678]

Afanasyeva EA, Mestdagh P, Kumps C, Vandesompele J, Enemann V, Theissen J, Fischer M,
Zapatka M, Brors B, Savelyeva L, et al. MicroRNA miR-885-5p targets CDK2 and MCM5,
activates p53 and inhibits proliferation and survival. Cell Death Differ. 2011; 18:974-984.
[PubMed: 21233845]

Abdelmohsen K, Srikantan S, Kuwano Y, Gorospe M. miR-519 reduces cell proliferation by
lowering RNA-binding protein HUR levels. Proc Natl Acad Sci U S A. 2008; 105:20297-20302.
[PubMed: 19088191]

Abdelmohsen K, Srikantan S, Tominaga K, Kang MJ, Yaniv Y, Martindale JL, Yang X, Park SS,
Becker KG, Subramanian M, et al. Growth inhibition by miR-519 via multiple p21-inducing
pathways. Mol Cell Biol. 2012; 32:2530-2548. [PubMed: 22547681]

Zhou Y, Hu Y, Yang M, Jat P, Li K, Lombardo Y, Xiong D, Coombes RC, Raguz S, Yague E. The
miR-106b~25 cluster promotes bypass of doxorubicin-induced senescence and increase in motility
and invasion by targeting the E-cadherin transcriptional activator EP300. Cell Death Differ. 2014;
21:462-474. [PubMed: 24270410]

Li G, Luna C, Qiu J, Epstein DL, Gonzalez P. Alterations in microRNA expression in stress-
induced cellular senescence. Mech Ageing Dev. 2009; 130:731-741. [PubMed: 19782699]
Borgdorff V, Lleonart ME, Bishop CL, Fessart D, Bergin AH, Overhoff MG, Beach DH. Multiple
microRNAs rescue from Ras-induced senescence by inhibiting p21(Waf1/Cip1). Oncogene. 2010;
29:2262-2271. [PubMed: 20101223]

Hong L, Lai M, Chen M, Xie C, Liao R, Kang YJ, Xiao C, Hu WY, Han J, Sun P. The miR-17-92
cluster of microRNAs confers tumorigenicity by inhibiting oncogene-induced senescence. Cancer
Res. 2010; 70:8547-8557. [PubMed: 20851997]

Zhang X, Zhou Y, Mehta KR, Danila DC, Scolavino S, Johnson SR, Klibanski A. A pituitary-
derived MEG3 isoform functions as a growth suppressor in tumor cells. J Clin Endocrinol Metab.
2003; 88:5119-5126. [PubMed: 14602737]

Zhou Y, Zhang X, Klibanski A. MEG3 noncoding RNA: a tumor suppressor. J Mol Endocrinol.
2012; 48:R45-53. [PubMed: 22393162]

Qin R, Chen Z, Ding Y, Hao J, Hu J, Guo F. Long non-coding RNA MEG3 inhibits the
proliferation of cervical carcinoma cells through the induction of cell cycle arrest and apoptosis.
Neoplasma. 2013; 60:486-492. [PubMed: 23790166]

Hardy K, Mansfield L, Mackay A, Benvenuti S, Ismail S, Arora P, O'Hare MJ, Jat PS.
Transcriptional networks and cellular senescence in human mammary fibroblasts. Mol Biol Cell.
2005; 16:943-953. [PubMed: 15574883]

Hollander MC, Alamo I, Fornace AJ Jr. A novel DNA damage-inducible transcript, gadd?7, inhibits
cell growth, but lacks a protein product. Nucleic Acids Res. 1996; 24:1589-1593. [PubMed:
8649973]

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abdelmohsen and Gorospe

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114

115

116

117

Page 16

Liu X, Li D, Zhang W, Guo M, Zhan Q. Long non-coding RNA gadd?7 interacts with TDP-43 and
regulates Cdk6é mRNA decay. EMBO J. 2012; 31:4415-4427. [PubMed: 23103768]

Ruas M, Gregory F, Jones R, Poolman R, Starborg M, Rowe J, Brookes S, Peters G. CDK4 and
CDKG6 delay senescence by kinase-dependent and p161NK4a-independent mechanisms. Mol Cell
Biol. 2007; 27:4273-4282. [PubMed: 17420273]

Konishi N, Shimada K, Nakamura M, Ishida E, Ota I, Tanaka N, Fujimoto K. Function of junB in
transient amplifying cell senescence and progression of human prostate cancer. Clinical. 2008;
14:4408-4416. I.

Marchand A, Atassi F, Gaaya A, Leprince P, Le Feuvre C, Soubrier F, Lompre AM, Nadaud S.
The Wnt/beta-catenin pathway is activated during advanced arterial aging in humans. Aging Cell.
2011; 10:220-232. [PubMed: 21108734]

Ye XF, Zerlanko B, Kennedy A, Banumathy G, Zhang RG, Adams PD. Downregulation of Wnt
signaling is a trigger for formation of facultative heterochromatin and onset of cell senescence in
primary human cells. Mol Cell. 2007; 27:183-196. [PubMed: 17643369]

Marin-Bejar O, Marchese FP, Athie A, Sanchez Y, Gonzalez J, Segura V, Huang L, Moreno |,
Navarro A, Monzo M, et al. Pint lincRNA connects the p53 pathway with epigenetic silencing by
the Polycomb repressive complex 2. Genome Biol. 2013; 14:R104. [PubMed: 24070194]
Senturk S, Mumcuoglu M, Gursoy-Yuzugullu O, Cingoz B, Akcali KC, Ozturk M. Transforming
growth factor-beta induces senescence in hepatocellular carcinoma cells and inhibits tumor
growth. Hepatology. 2010; 52:966-974. [PubMed: 20583212]

Rufini A, Tucci P, Celardo I, Melino G. Senescence and aging: the critical roles of p53.
Oncogene. 2013; 32:5129-5143. [PubMed: 23416979]

Walter P, Blobel G. Signal recognition particle contains a 7S RNA essential for protein
translocation across the endoplasmic reticulum. Nature. 1982; 299:691-698. [PubMed: 6181418]

Chen W, Bocker W, Brosius J, Tiedge H. Expression of heural BC200 RNA in human tumours. J
Pathol. 1997; 183:345-351. [PubMed: 9422992]

Lal A, Kim HH, Abdelmohsen K, Kuwano Y, Pullmann R Jr. Srikantan S, Subrahmanyam R,
Martindale JL, Yang X, Ahmed F, et al. p16(INK4a) translation suppressed by miR-24. PLoS
One. 2008; 3:e1864. [PubMed: 18365017]

Philipot D, Guerit D, Platano D, Chuchana P, Olivotto E, Espinoza F, Dorandeu A, Pers YM,
Piette J, Borzi RM, et al. p16INK4a and its regulator miR-24 link senescence and chondrocyte
terminal differentiation-associated matrix remodeling in osteoarthritis. Arthritis Res Ther. 2014;
16:R58. [PubMed: 24572376]

Overhoff MG, Garbe JC, Koh J, Stampfer MR, Beach DH, Bishop CL. Cellular senescence
mediated by p16INK4A-coupled miRNA pathways. Nucleic Acids Res. 2014; 42:1606-1618.
[PubMed: 24217920]

Marasa BS, Srikantan S, Masuda K, Abdelmohsen K, Kuwano Y, Yang X, Martindale JL,
Rinker-Schaeffer CW, Gorospe M. Increased MKK4 abundance with replicative senescence is
linked to the joint reduction of multiple microRNAs. Sci Signal. Oct 27.2009 2(94):ra69.
[PubMed: 19861690]

. Venkataraman S, Alimova I, Fan R, Harris P, Foreman N, Vibhakar R. MicroRNA 128a increases
intracellular ROS level by targeting Bmi-1 and inhibits medulloblastoma cancer cell growth by
promoting senescence. PLoS One. 2010; 5:e10748. [PubMed: 20574517]

. Pasmant E, Laurendeau I, Heron D, Vidaud M, Vidaud D, Bieche I. Characterization of a germ-
line deletion, including the entire INK4/ARF locus, in a melanoma-neural system tumor family:
Identification of ANRIL, an antisense noncoding RNA whose expression coclusters with ARF.
Cancer Research. 2007; 67:3963-3969. [PubMed: 17440112]

. Yap KL, Li S, Munoz-Cabello AM, Raguz S, Zeng L, Mujtaba S, Gil J, Walsh MJ, Zhou MM.
Molecular interplay of the noncoding RNA ANRIL and methylated histone H3 lysine 27 by
polycomb CBX7 in transcriptional silencing of INK4a. Mol Cell. 2010; 38:662-674. [PubMed:
20541999]

. Abdelmohsen K, Panda A, Kang MJ, Xu J, Selimyan R, Yoon JH, Martindale JL, De S, Wood
WH 3rd, Becker KG, et al. Senescence-associated InNCRNAs: senescence-associated long
noncoding RNAs. Aging Cell. 2013; 12:890-900. [PubMed: 23758631]

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abdelmohsen and Gorospe

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Page 17

Kotake Y, Nakagawa T, Kitagawa K, Suzuki S, Liu N, Kitagawa M, Xiong Y. Long non-coding
RNA ANRIL is required for the PRC2 recruitment to and silencing of p15(INK4B) tumor
suppressor gene. Oncogene. 2011; 30:1956-1962. [PubMed: 21151178]

Nie FQ, Sun M, Yang JS, Xie M, Xu TP, Xia R, Liu YW, Liu XH, Zhang EB, Lu KH, et al. Long
noncoding RNA ANRIL promotes non-small cell lung cancer cell proliferation and inhibits
apoptosis by silencing KLF2 and P21 expression. Mol Cancer Ther. 2015; 14:268-277.
[PubMed: 25504755]

Zhang EB, Kong R, Yin DD, You LH, Sun M, Han L, Xu TP, Xia R, Yang JS, De W, et al. Long
noncoding RNA ANRIL indicates a poor prognosis of gastric cancer and promotes tumor growth
by epigenetically silencing of miR-99a/miR-449a. Oncotarget. 2014; 5:2276-2292. [PubMed:
24810364]

Lazorthes S, Vallot C, Briois S, Aguirrebengoa M, Thuret JY, St Laurent G, Rougeulle C,
Kapranov P, Mann C, Trouche D, et al. A vlincRNA participates in senescence maintenance by
relieving H2AZ-mediated repression at the INK4 locus. Nat Commun. 2015; 6:5971. [PubMed:
25601475]

Bianchessi V, Badi I, Bertolotti M, Nigro P, D'Alessandra Y, Capogrossi MC, Zanobini M,
Pompilio G, Raucci A, Lauri A. The mitochondrial IncRNA ASncmtRNA-2 is induced in aging
and replicative senescence in Endothelial Cells. J Mol Cell Cardiol. 2015; 81:62-70. [PubMed:
25640160]

Olivieri F, Rippo MR, Prattichizzo F, Babini L, Graciotti L, Recchioni R, Procopio AD. Toll like
receptor signaling in "inflammaging": microRNA as new players. Immun Ageing. 2013; 10:11.
[PubMed: 23506673]

Bhaumik D, Scott GK, Schokrpur S, Patil CK, Orjalo AV, Rodier F, Lithgow GJ, Campisi J.
MicroRNAs miR-146a/b negatively modulate the senescence-associated inflammatory mediators
IL-6 and IL-8. Aging. 2009; 1:402-411. [PubMed: 20148189]

Li G, Luna C, Qiu J, Epstein DL, Gonzalez P. Targeting of integrin betal and kinesin 2alpha by
microRNA 183. J Biol Chem. 2010; 285:5461-5471. [PubMed: 19940135]

Fabbri M, Paone A, Calore F, Galli R, Gaudio E, Santhanam R, Lovat F, Fadda P, Mao C, Nuovo
GJ, et al. MicroRNAs bind to Toll-like receptors to induce prometastatic inflammatory response.
Proc Natl Acad Sci U S A. 2012; 109:E2110-E2116. [PubMed: 22753494]

Lehmann SM, Kriiger C, Park B, Derkow K, Rosenberger K, Baumgart J, Trimbuch T, Eom G,
Hinz M, Kaul D, et al. An unconventional role for miRNA: let-7 activates Toll-like receptor 7
and causes neurodegeneration. Nat Neurosci. 2012; 15:827-835. [PubMed: 22610069]

Ratajczak MZ. 1gf2-H19, an imprinted tandem gene, is an important regulator of embryonic
development, a guardian of proliferation of adult pluripotent stem cells, a regulator of longevity,
and a 'passkey' to cancerogenesis. Folia Histochemica Et Cytobiologica. 2012; 50:171-179.
[PubMed: 22763974]

Thorvaldsen JL, Duran KL, Bartolomei MS. Deletion of the H19 differentially methylated
domain results in loss of imprinted expression of H19 and 1gf2. Genes Dev. 1998; 12:3693-3702.
[PubMed: 9851976]

Matouk 1J, DeGroot N, Mezan S, Ayesh S, Abu-lail R, Hochberg A, Galun E. The H19 Non-
Coding RNA Is Essential for Human Tumor Growth. PLoS One. 2007; 2

Barsyte-Lovejoy D, Lau SK, Boutros PC, Khosravi F, Jurisica I, Andrulis IL, Tsao MS, Penn LZ.
The c-Myc oncogene directly induces the H19 noncoding RNA by allele-specific binding to
potentiate tumorigenesis. Cancer Res. 2006; 66:5330-5337. [PubMed: 16707459]

Venkatraman A, He XC, Thorvaldsen JL, Sugimura R, Perry JM, Tao F, Zhao M, Christenson
MK, Sanchez R, Yu JY, et al. Maternal imprinting at the H19-1gf2 locus maintains adult
haematopoietic stem cell quiescence. Nature. 2013; 500:345-349. [PubMed: 23863936]

Samper E, Flores JM, Blasco MA. Restoration of telomerase activity rescues chromosomal
instability and premature aging in Terc—/-mice with short telomeres. EMBO Rep. 2001; 2:800-
807. [PubMed: 11520856]

Collins K. Physiological assembly and activity of human telomerase complexes. Mech Ageing
Dev. 2008; 129:91-98. [PubMed: 18054989]

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abdelmohsen and Gorospe

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Page 18

Lustig AJ. Telomerase RNA: a flexible RNA scaffold for telomerase biosynthesis. Curr Biol.
2004; 14:R565-567. [PubMed: 15268876]

Greider CW, Blackburn EH. A telomeric sequence in the RNA of Tetrahymena telomerase
required for telomere repeat synthesis. Nature. 1989; 337:331-337. [PubMed: 2463488]

Lai CK, Miller MC, Collins K. Roles for RNA in telomerase nucleotide and repeat addition
processivity. Molecular Cell. 2003; 11:1673-1683. [PubMed: 12820978]

Porro A, Feuerhahn S, Reichenbach P, Lingner J. Molecular dissection of telomeric repeat-
containing RNA biogenesis unveils the presence of distinct and multiple regulatory pathways.
Mol Cell Biol. 2010; 30:4808-4817. [PubMed: 20713443]

Schoeftner S, Blasco MA. Developmentally regulated transcription of mammalian telomeres by
DNA-dependent RNA polymerase Il. Nat Cell Biol. 2008; 10:228-236. [PubMed: 18157120]
Redon S, Reichenbach P, Lingner J. The non-coding RNA TERRA is a natural ligand and direct
inhibitor of human telomerase. Nucleic Acids Research. 2010; 38:5797-5806. [PubMed:
20460456]

Deng Z, Campbell AE, Lieberman PM. TERRA, CpG methylation and telomere heterochromatin:
lessons from ICF syndrome cells. Cell Cycle. 2010; 9:69-74. [PubMed: 20016274]

Porro A, Feuerhahn S, Lingner J. TERRA-reinforced association of LSD1 with MRE11 promotes
processing of uncapped telomeres. Cell Rep. 2014; 6:765-776. [PubMed: 24529708]

Flynn RL, Centore RC, O'Sullivan RJ, Rai R, Tse A, Songyang Z, Chang S, Karlseder J, Zou L.
TERRA and hnRNPA1 orchestrate an RPA-to-POT1 switch on telomeric single-stranded DNA.
Nature. 2011; 471:532-536. [PubMed: 21399625]

Martinez I, Dimaio D. B-Myb, cancer, senescence, and microRNAs. Cancer Res. 2011; 71:5370-
5373. [PubMed: 21828240]

Vernier M, Bourdeau V, Gaumont-Leclerc MF, Moiseeva O, Begin V, Saad F, Mes-Masson AM,
Ferbeyre G. Regulation of E2Fs and senescence by PML nuclear bodies. Genes Dev. 2011,
25:41-50. [PubMed: 21205865]

Noguchi S, Mori T, Otsuka Y, Yamada N, Yasui Y, lwasaki J, Kumazaki M, Maruo K, Akao Y.
Anti-oncogenic microRNA-203 induces senescence by targeting E2F3 protein in human
melanoma cells. J Biol Chem. 2012; 287:11769-11777. [PubMed: 22354972]

Dar AA, Majid S, de Semir D, Nosrati M, Bezrookove V, Kashani-Sabet M. miRNA-205
suppresses melanoma cell proliferation and induces senescence via regulation of E2F1 protein. J
Biol Chem. 2011; 286:16606-16614. [PubMed: 21454583]

Jazbutyte V, Fiedler J, Kneitz S, Galuppo P, Just A, Holzmann A, Bauersachs J, Thum T.
MicroRNA-22 increases senescence and activates cardiac fibroblasts in the aging heart. Age
(Dordr). 2013; 35:747-762. [PubMed: 22538858]

Ling B, Wang GX, Long G, Qiu JH, Hu ZL. Tumor suppressor miR-22 suppresses lung cancer
cell progression through post-transcriptional regulation of ErbB3. J Cancer Res Clin Oncol.
2012; 138:1355-1361. [PubMed: 22484852]

Poliseno L, Pitto L, Simili M, Mariani L, Riccardi L, Ciucci A, Rizzo M, Evangelista M,
Mercatanti A, Pandolfi PP, et al. The proto-oncogene LRF is under post-transcriptional control of
MiR-20a: implications for senescence. PL0oS One. 2008; 3:2542. [PubMed: 18596985]

Lena AM, Mancini M, Rivetti di Val Cervo P, Saintigny G, Mahe C, Melino G, Candi E.
MicroRNA-191 triggers keratinocytes senescence by SATB1 and CDK6 downregulation.
Biochem Biophys Res Commun. 2012; 423:509-514. [PubMed: 22683624]

Noonan EJ, Place RF, Basak S, Pookot D, Li LC. miR-449a causes Rb-dependent cell cycle arrest
and senescence in prostate cancer cells. Oncotarget. 2010; 1:349-358. [PubMed: 20948989]
Mancini M, Saintigny G, Mahe C, Annicchiarico-Petruzzelli M, Melino G, Candi E.
MicroRNA-152 and -181a participate in human dermal fibroblasts senescence acting on cell
adhesion and remodeling of the extra-cellular matrix. Aging. 2012; 4:843-853. [PubMed:
23238588]

Kim SY, Lee YH, Bae YS. MiR-186, miR-216b, miR-337-3p, and miR-760 cooperatively induce
cellular senescence by targeting alpha subunit of protein kinase CKIl in human colorectal cancer
cells. Biochem Biophys Res Commun. 2012; 429:173-179. [PubMed: 23137536]

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abdelmohsen and Gorospe

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Page 19

Ohdaira H, Sekiguchi M, Miyata K, Yoshida K. MicroRNA-494 suppresses cell proliferation and
induces senescence in A549 lung cancer cells. Cell Prolif. 2012; 45:32-38. [PubMed: 22151897]

Comegna M, Succoio M, Napolitano M, Vitale M, D'Ambrosio C, Scaloni A, Passaro F,
Zambrano N, Cimino F, Faraonio R. Identification of miR-494 direct targets involved in
senescence of human diploid fibroblasts. FASEB J. 2014; 28:3720-3733. [PubMed: 24823364]

Voorhoeve PM, le Sage C, Schrier M, Gillis AJ, Stoop H, Nagel R, Liu YP, van Duijse J, Drost J,
Griekspoor A, et al. A genetic screen implicates miRNA-372 and miRNA-373 as oncogenes in
testicular germ cell tumors. Cell. 2006; 124:1169-1181. [PubMed: 16564011]

Salim H, Akbar NS, Zong D, Vaculova AH, Lewensohn R, Moshfegh A, Viktorsson K,
Zhivotovsky B. miRNA-214 modulates radiotherapy response of non-small cell lung cancer cells
through regulation of p38MAPK, apoptosis and senescence. Br J Cancer. 2012; 107:1361-1373.
[PubMed: 22929890]

Tsang WP, Wong TW, Cheung AH, Co CN, Kwok TT. Induction of drug resistance and
transformation in human cancer cells by the noncoding RNA CUDR. RNA. 2007; 13:890-898.
[PubMed: 17416635]

Wang F, Li X, Xie X, Zhao L, Chen W. UCAL, a non-protein-coding RNA up-regulated in
bladder carcinoma and embryo, influencing cell growth and promoting invasion. FEBS Lett.
2008; 582:1919-1927. [PubMed: 18501714]

Huang J, Zhou N, Watabe K, Lu Z, Wu F, Xu M, Mo YY. Long non-coding RNA UCA1
promotes breast tumor growth by suppression of p27 (Kipl). Cell Death Dis. 2014; 5:1008.
[PubMed: 24457952]

Kumar PP, Emechebe U, Smith R, Franklin S, Moore B, Yandell M, Lessnick SL, Moon AM.
Coordinated control of senescence by IncRNA and a novel T-box3 co-repressor complex. Elife.
2014:3.

Puvvula PK, Desetty RD, Pineau P, Marchio A, Moon A, Dejean A, Bischof O. Long noncoding
RNA PANDA and scaffold-attachment-factor SAFA control senescence entry and exit. Nat
Commun. 2014; 5:5323. [PubMed: 25406515]

Tripathi V, Shen Z, Chakraborty A, Giri S, Freier SM, Wu X, Zhang Y, Gorospe M, Prasanth SG,
Lal A, et al. Long noncoding RNA MALAT1 controls cell cycle progression by regulating the
expression of oncogenic transcription factor B-MYB. PL0oS Genet. 2013; 9:¢1003368. [PubMed:
23555285]

Guo F, Li Y, Liu Y, Wang J, Li Y, Li G. Inhibition of metastasis-associated lung adenocarcinoma
transcript 1 in CaSki human cervical cancer cells suppresses cell proliferation and invasion. Acta
Biochim Biophys Sin (Shanghai). 2010; 42:224-229. [PubMed: 20213048]

Zhao Z, Chen C, Liu Y, Wu C. 17beta-Estradiol treatment inhibits breast cell proliferation,
migration and invasion by decreasing MALAT-1 RNA level. Biochem Biophys Res Commun.
2014; 445:388-393. [PubMed: 24525122]

Eissmann M, Gutschner T, Hammerle M, Gunther S, Caudron-Herger M, Gross M, Schirmacher
P, Rippe K, Braun T, Zornig M, et al. Loss of the abundant nuclear non-coding RNA MALAT1
is compatible with life and development. RNA Biol. 2012; 9:1076-1087. [PubMed: 22858678]
Tsai MC, Manor O, Wan Y, Mosammaparast N, Wang JK, Lan F, Shi Y, Segal E, Chang HY..
Long Noncoding RNA as Modular Scaffold of Histone Modification Complexes. Science. 2010;
329:689-693. [PubMed: 20616235]

Yoon JH, Abdelmohsen K, Kim J, Yang X, Martindale JL, Tominaga-Yamanaka K, White EJ,
Orjalo AV, Rinn JL, Kreft SG, et al. Scaffold function of long non-coding RNA HOTAIR in
protein ubiquitination. Nat Commun. 2013; 4:2939. [PubMed: 24326307]

Umlauf D, Fraser P, Nagano T. The role of long non-coding RNAs in chromatin structure and
gene regulation: variations on a theme. Biological Chemistry. 2008; 389:323-331. [PubMed:
18225988]

Sado T, Brockdorff N. Advances in understanding chromosome silencing by the long non-coding
RNA Xist. Philos Trans R Soc Lond B Biol Sci. 2013; 368:20110325. [PubMed: 23166390]

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2017 March 01.



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Abdelmohsen and Gorospe Page 20

miR-106a,b
miR-93
miR-25
miR-17~92
miR-130b
miR-302a-d

miR-515-3p

Figure 1. ncRNAs promoting and inhibiting senescence
Schematic representation of the main microRNAs and IncRNAs that promote (black) or

inhibit (white) senescence phenotypes driven by p53/p21 (top left) pRB/p16 (top right),
SASP and other mediators (bottom). Center, senescent fibroblasts displaying blue color
indicative of SA-B-galactosidase (SA-B-gal) activity.
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ncRNAs involved in p53/p21-triggered senescence.

Table 1

ncRNA Senescence-associated Target  References
miR-34a E2F mRNA [72,73]
BCL2 MRNA [79]
MYC mRNA [79]
SRT1 mMRNA [74]
miR-22 SRT1 mRNA [76]
miR-217 SIRT1 mRNA [77]
miR-138 SRT1MRNA [78]
miR-181ab SRT1 mRNA [78]
let-7 EZH2 mRNA [84]
HMGA2 mRNA [83]
miR-200c ZEB1 mRNA [86]
miR-25 p53 MRNA [87]
miR-30d p53 MRNA [87]
miR-885-p MCM5 mRNA [88]
CDK2 mRNA [88]
miR-519 ORAI1 mRNA [89,90]
ATP2C1 mRNA [89,90]
miR-106a,b p21 mRNA [91,92]
miR-93 p21 mRNA [91]
miR-25 p21 mRNA [91]
miR-130b p21 MRNA [93]
miR-302a,b,c,d p21 mRNA [93]
miR-515-3p p21 mRNA [93]
MEG3 MDM2 [95-98]
Gadd?7 TDP-43 [100]
lincRNA-p21 CTNNB mRNA [62]
JUNB mRNA [62]
PINT PRC2 [105]
7sL p53 MRNA, SRP [63]
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Table 2

ncRNAs involved in pRB/pl16-triggered senescence.

ncRNA Senescence-Associated Tar get References
miR-34a E2F mRNA [73]
miR-24 pl6 mMRNA [110,111]
miR-24 MKK4 mRNA [113]
miR-15b MKK4 mRNA [113]
miR-25 MKK4 mRNA [113]
miR-141 MKK4 mRNA [113]
miR-26b CBX7, EED, EZH2, UZ12 mRNAs  [112]
miR-210 (encoded PcG factors are repressed  [112]
miR-181a jointly by the microRNASs) [112]
miR-424 [112]
miR-128a BMI1 mRNA [114]
Gadd7 TDP-43 [100]
ANRIL CBX7 [116]
vlincRNA H2A.Z [121]
ASncmtRNA-2  (recursor of miR-4485, miR-1973) [122]
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Table 3

ncRNAs involved in SASP and additional senescence-associated events.

ncRNA Senescence-Associated Target  References
Let-7 TLR7 [127]
miR-21 TLR7 [126]
miR-21 TLR8 [126]
miR-146ab  IRAK1 mRNA [123]
miR-183 ITGB1 mRNA [125]
miR-155 IKK mRNA [123]
miR-199a IKK mRNA [123]
TERC TERT, telomerse [133,135]
TERRA Telomeres [138-141]
MALAT1 B-MYB [164]
HOTAIR PRC2,Ub-proteasome [169]
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