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Abstract

Senescence represents a state of indefinite growth arrest in cells that have reached their replicative
life span, have become damaged, or express aberrant levels of cancer-related proteins. While
senescence is widely considered to represent tumor-suppressive mechanism, the accumulation of
senescent cells in tissues of older organisms is believed to underlie age-associated losses in
physiologic function and age-related diseases. With the emergence of microRNAs (miRNAS) as a
major class of molecular regulators of senescence, we review the transcriptional and post-
transcriptional factors that control senescence-associated microRNA biosynthesis. Focusing on
their enhancement or repression of senescence, we describe the transcription factors that govern
the synthesis of primary (pri-)miRNAs, the proteins that control the nuclear processing of pri-
miRNAs into precursor (pre-)miRNAs, including RNA editing enzymes, RNases, and RNA
helicases, and the cytoplasmic proteins that affect the final processing of pre-miRNAs into mature
miRNAs. We discuss how miRNA biogenesis proteins enhance or repress senescence, and thus
influence the senescent phenotype that affects normal tissue function and pathology.

1. Introduction

As first described by Hayflick almost 50 years ago (Hayflick 1965), most untransformed
cells divide in culture for a finite number of times, after which they reach a state of long-
term, G1-phase growth arrest named senescence. Although senescent cells do not divide,
they can remain viable and metabolically active for a long time, displaying a senescence-
associated secretory phenotype (SASP) (Coppé et al., 2010). Cellular senescence is triggered
by many factors, including DNA damage caused by telomere erosion (the loss of
chromosome ends as they shorten progressively with each round of division), oxidative
damage, and excessive mitogenic signals from activated oncoproteins or inactivated tumor
suppressors (Kuilman et al., 2010). With advancing age, senescent cells accumulate in
tissues and are believed to contribute to age-related changes (Rodier and Campisi 2011).

In vivo senescence

Senescence is widely recognized as a tumor suppressor mechanism, as evidenced by several
facts: i) some factors that promote tumor growth can also trigger senescence, and thus
senescence is viewed as a safeguard mechanism against tumorigenesis following oncogenic
stimulation, ii) that senescence depends on two major tumor suppressor pathways (p53 and
pRB/p16), and iii) that defects in these pathways fail to trigger senescence and lead to
tumorigenesis (Narita and Lowe, 2005; Kang et al., 2011). However, there is mounting
evidence that senescent cells accumulate in tissues over time and can promote
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carcinogenesis in older individuals. As part of the SASP, senescent cells secrete factors with
promalignant effects, such as the growth-related oncogene (GRO), and factors that promote
degradation and invasion of the basement membrane, such as interleukins (IL-6 and 1L-8),
vascular endothelial growth factor (VEGF), and matrix metalloproteases (reviewed in
Rodier and Campisi 2011, Coppé et al., 2010). Together, these lines of evidence indicate
that senescence could function as a tumor-suppressive mechanism in young individuals and
a tumor-promoting mechanism in older individuals.

Besides cancer, cellular senescence may also contribute to other age-related diseases. For
example, overexpression of p53 in mice triggered the accumulation of senescent cells in
vivo, linked to the premature appearance of age-associated changes, including loss of
fertility and subcutaneous fat, osteoporosis, sarcopenia, thinning of the skin, and reduced
hair growth (Tyner et al., 2002; Maier et al., 2004). In another example, a mouse model of a
premature aging syndrome (Hutchinson-Gilford progeria, HGPS) showed signs of chronic
DNA damage response, persistent p53 activation, and cellular senescence (Varela et al.,
2005). Recently, a mouse model in which senescent cells were genetically removed showed
a delayed onset of age-related manifestations in skeletal muscle, adipose tissue, and eye
(Baker et al., 2011). Senescence may affect age-related diseases by depleting progenitor
stem cells in various tissues and by secreting factors that compromise tissue architecture or
function, although these possibilities await experimental support.

Posttranscriptional regulation of senescence

With rising interest in the molecular mechanisms that drive cellular senescence, post-
transcriptional processes have emerged as pivotal players. Two main groups of factors
control senescence-associated gene expression beyond transcription: mRNA-binding
proteins and noncoding RNAs, particularly microRNAs (miRNAs). The specific mRNA-
binding proteins implicated in senescence are discussed in two excellent reviews in this
issue (Wang 2012, and Masuda and Rokutan 2012). The specific microRNAs implicated in
senescence were also reviewed recently (Gorospe and Abdelmohsen 2011); they include
microRNASs that elicit their actions by acting upon the p53 pathway (e.g., miR-34) or the
pRB/p16 pathway (e.g., miR-130, miR-106, miR-24), miRNAs that affect SASP (e.g.,
miR146), and miRNAs affecting other senescence-regulatory proteins (e.g., miR-519,
miR-29, and miR-30).

MicroRNAs have emerged as key effectors of senescence-triggering stimuli. Here, we will
discuss the senescence-associated changes in transcription of primary (pri-)miRNAs, the
editing and nuclear processing of pri-miRNAs into hairpin-loop precursor (pre-)miRNAs,
and the further cytoplasmic processing of pre-miRNAs into mature miRNAs. The target
mRNAS, whose stability and/or translation are lowered by the miRNA, will also be
indicated. The influence of these regulatory events on cellular senescence, as well as the
roles of the proteins that govern each step in miRNA biogenesis will be described in the
corresponding sections. Comprehensive reviews of microRNA biosynthesis and the
influence of miRNAs on target mRNAs are available (Krol et al., 2010; Winter et al., 2009;
Siomi and Siomi MC, 2010).

2. Regulators of pri-miRNA transcription linked to senescence

Transcription of the primary microRNA, the first step in microRNA biogenesis, is tightly
regulated. Like other mRNA transcripts, pri-miRNAs are transcribed by RNA polymerase
I1, although some are transcribed by RNA polymerase I11 (Borchert et al., 2006; Carthew
and Sontheimer 2009, Kim et al., 2009b). Several transcription factors (TFs) recruit the
transcription machinery to the appropriate promoters to drive senescence-associated pri-
miRNA transcription.
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The TP53 family comprises three TFs, p53, p63 and p73, implicated in microRNA
transcription (Boominathan, 2010; Dotsch et al., 2010). Among them, the tumor suppressor
protein p53, which is upregulated in senescent cells and can trigger senescence (Itahana et
al., 2001; Nardella et al., 2011), has gained much attention as a transcriptional regulator of a
subset of mMiRNAs. Global miRNA expression analyses following DNA damage revealed
the p53-dependent upregulation of several miRNAs, notably the tumor suppressor
microRNA miR-34a (Chang et al., 2007). Activated p53 upregulated the expression of
miR-34a, miR-34b, and miR-34c and induced cellular senescence, while overexpression of
miR-34a alone induced senescence in cancer cells (Tazawa et al., 2007; Kumamoto et al.,
2008). In turn, the miR-34 family of microRNAs downregulates the expression of several
proteins that promote cell proliferation and survival including E2F3, Bcl-2, Met, Cdk®,
Cyclin E2, and Sirtl (Kaller et al; 2011; reviewed by Hermeking, 2010). Another
microRNA, miR-200c, was also transcriptionally upregulated by p53 under oxidative stress
conditions that cause both apoptosis and senescence in human umbilical vein endothelial
cells (Magenta et al., 2011; Schubert and Brabletz, 2011).

Collectively, these three TFs regulated several additional miRNAs, including let-7,
miR-143, miR-107, miR-16, miR-145, miR-134, miR-449a, miR-503, and miR-21
(Boominathan, 2010; Knouf et al., 2011). The tumor suppressor microRNA let-7 reduced
lung cancer cell proliferation by repressing the production of the high-mobility group
protein (HMG)AZ2 and triggered senescence, in keeping with the upregulation of let-7 family
members in senescent cells (Lee and Dutta 2007; Boyerinas et al., 2010; Tzatsos et al.,
2011). Perhaps representing a negative regulatory loop, p63 directly transactivated
miR-130b, which in turn reduced expression of the cyclin-dependent kinase (cdk) inhibitor
p21 and blocked Ras-induced senescence (Su et al., 2010; Borgdorff et al., 2010). In
addition to miRNAs, p63 also regulates transcription of Dicer, an essential factor in miRNA
biogenesis, as discussed below (Boominathan 2010).

This proto-oncogenic TF is generally downregulated in senescence cells, although it is
capable of inducing senescence (Hydbring and Larsson, 2010). Activation of c-Myc broadly
decreased the levels of several miRNAs, including miR-15a, miR-16-a, miR-34a and let-7
(Chang et al., 2008). c-Myc and p53 have opposite effects on miR-34a expression: c-Myc
suppresses miR-34a expression and helps cell to evade senescence, while p53 promotes it
and enhances senescence. c-Myc upregulates the transcription of the genomic locus of
miR-17-92 and by doing this it can induce tumorigenesis and inhibit the oncogene-induced
senescence triggered by c-Myc (O’Donnell et al., 2005; Hong et al., 2010). Consistent with
this paradigm, microRNA members of the miR-17-92 cluster are downregulated in
senescent cells, and cancer cells undergo growth arrest or senescence upon the inhibition of
these miRNAs (Li et al., 2009; Takakura et al., 2008). Importantly, some miRNAs
belonging to this cluster are altered by human aging, age-related cardiac failure, and cellular
senescence (Li et al., 2009; Hackl et al., 2010; van Almen et al., 2011), further highlighting
the role of c-Myc as a regulator of miRNAs implicated in evading cellular senescence.
Downregulation of c-Myc together with upregulation of p53 in senescent cells appears
necessary for establishing an effective tumor suppressor mechanism.

The E2F family consists of eight members (E2F1-8), including activators and repressors of
transcription (DeGregori & Johnson 2006). Together, they influence cell cycle progression,
DNA replication, DNA repair, differentiation, autophagy, and apoptosis (Dimova and Dyson
2005, Polager and Ginsberg 2008). E2F1 binds the retinoblastoma protein (RB) in a cell-
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cycle dependent manner and promotes proliferation while, paradoxically, it also increases
the expression of genes that induce senescence and apoptosis such as p16 and p53 (Emmrich
and Putzer, 2010; Collado and Serrano, 2010). Independently of pRB, E2F1 also induces the
expression of the p14ARF tumor suppressor, which is highly expressed in senescent cells
(Good et al., 1996). Moreover, while E2F1 is downregulated in senescent WI-38 fibroblasts,
it induces senescence in IMR9O0 fibroblasts (Dimri et al., 1994, 2000). This dual function of
E2F1 is further reflected in the subset of microRNAs it regulates. E2F1-3 directly activate
oncogenic microRNA (oncomiR) clusters miR17-92, miR106b-25 and miR106a-363
(Sylvestre et al., 2007, Woods et al., 2007); the miR-17-92 cluster prevents Ras-induced
senescence in primary human fibroblasts (Hong et al., 2010), suggesting that E2F1 can
suppress cellular senescence at least in part by enhancing the expression of oncomiRs.
However, E2F1 also transcriptionally upregulates the expression levels of other microRNAs
such as miR-449a and miR-449b, which lower the levels of oncogenes CDK6 and CDC25A,
causing cell cycle arrest and a negative feedback regulation of the pRb-E2F1 pathway (Yang
et al., 2009). In sum, E2F1 is capable of enhancing and repressing senescence through the
subsets of microRNAs it regulates. Whether the divergent activities of E2F1 depend on the
specific tissue, the relative abundance of proteins competing with E2F1 (such as other E2Fs)
or the levels of E2F1 cofactors remains to be studied.

The CCAAT/enhancer-binding protein (C/EBP) a is essential for granulopoiesis and is
downregulated in acute myeloid leukemia (AML). Recently, CEBPa was reported to
upregulate the transcription of miR-34a during granulopoiesis (Pulikkan et al., 2010a). Since
miR-34a suppresses cell proliferation and induces senescence, the C/EBPa-enhanced
miR-34a might be essential for directing cells into growth arrest or senescence to suppress
AML.

Although the TF estrogen receptor (ER)a promotes carcinogenesis, it can bind at the
transcription start site of the miR-221/miR-222 cluster and represses its transcription (Di
Leva et al., 2010). These miRNAs inhibit the production of cdk inhibitor p27(Kip1), which
increases in senescent cells and is required for senescence (Alexander and Hinds 2001,;
Galardi et al., 2007; Marasa et al., 2010). The fact that miR-221 and miR-222 levels are
lower in senescent fibroblasts (Marasa et al., 2010) suggest that ERa may paradoxically also
promote senescence.

3. microRNA Editing and Senescence

RNA editing is a posttranscriptional process in which cytidine (C) and adenosine (A) are
modified to uridine (U) and inosine (1), respectively. The more frequent editing (A-to-1) is
carried out by the ADAR (adenosine deaminases acting on RNA) family of proteins, which
comprises the widely expressed ADAR 1 and 2, and the predominantly neuronal ADAR 3
(Chen et al., 2000; Kim et al., 2004a; Eisenberg et al., 2005). A-to-1 editing has been
reported in 6% to 16% of pri-miRNAs and a result, the pri-miRNAs are not further
processed (Blow et al., 2006; Kawahara et al., 2008; Dupuis and Maas, 2010). For example,
editing of pri-miR-142 by ADAR results in suppression of its processing by Drosha, and
therefore miR-142 expression levels in ADARI null or ADARZ null mice was higher than
in wild type animals (Yang et al., 2006). It is not known if miR-142 plays a role in
senescence, but it does attenuate the proliferation of hematopoietic cells (Sun et al., 2010).
In another example, the precursor of miR-22 (a tumor suppressor and senescence inducer) is
also subject to A-to-1 RNA editing which impairs its processing (Luciano et al., 2004; Xu et
al., 2011)

Ageing Res Rev. Author manuscript; available in PMC 2013 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Abdelmohsen et al.

Page 5

A-to-I editing was also detected in pri-miR-223, pri-miR-1, and pri-miR-143 (Yang et al.,
2006). miR-233 affects senescence by downregulating E2F1 and thereby blocks cell cycle
progression, miR-1 has tumor suppressive activity in head and neck squamous cell
carcinoma, and miR-143 is capable of inducing fibroblast senescence, likely by targeting K-
RAS (Chen et al., 2009; Bonifacio and Jarstfer, 2010; Pulikkan et al., 2010b; Nohata et al.,
2011). Several other miRs were found to be subject to editing including miR-151, -197,
-376a, -379 and -99a; miR-197 is downregulated in senescent fibroblasts and miR-376a is
upregulated in senescence induced by the B-RAF oncogene (Bonifacio and Jarstfer, 2010).
Since all types of RNAs can be edited, the process may also potentially change the mRNA
target sites, suggesting that RNA editing might be a general regulatory mechanism during
senescence (Mehler 2008). The implication of RNA editing on the aging process, as
influenced by ADAR specifically, was recently reviewed (Montano and Long, 2011).

4. Nuclear processing of senescence-associated miRNAs
DGCRS8 and Drosha

Smad

A pri-miRNA may give rise to multiple pre-miRNA precursor hairpins, each ~70
nucleotides long. Processing requires the recognition of the pri-miRNA by the
microprocessor complex, which includes the nuclear RNA-binding protein DiGeorge
Syndrome Critical Region 8 (DGCRS, also known as Pasha). DGCRS facilitates RNA
cleavage by another component of the microprocessor complex, the ribonuclease I11-type
protein Drosha (Newman and Hammond, 2010). DGCR8 is essential for miRNA biogenesis
and for suppressing the self-renewal ability of embryonic stem (ES) cells (Wang et al.,
2007). DGCR8 expression is negatively regulated by the ING (Inhibitor of Growth) tumor
suppressor proteins, which participate in cellular senescence by interacting with p53 and
enhancing p53 stability and translation (Soliman & Riabowol 2007). High ING levels in
senescent cells lower DGCRS levels and thus decrease miRNA processing, an observation
that agrees with the lower levels of many miRNAS in senescent cells, in aged individuals,
and in cancer cells (Marasa et al., 2009, 2010; Noren Hooten et al., 2010; Melo and Esteller,
2011). Interestingly, Drosha and DGCR8 crossregulate each other: DGCRS stabilizes the
Drosha protein via protein-protein interaction, while Drosha-DGCR8 complex cleaves
hairpin structures embedded in the DGCRE mRNA and thereby destabilizes the mMRNA
(Han et al., 2009). This crossregulation may play a role in maintaining miRNA levels in the
cell. While Drosha is downregulated in senescent cells, its general role in senescence is
unclear, as reduction of Drosha levels in carcinoma cells did not itself trigger cellular
senescence (Srikantan et al., 2011).

The Smad group of proteins transduce extracellular signals from transforming growth factor
(TGF) B ligands to the nucleus, where they act as TFs (Massague et al., 2005). After
phosphorylation of the Smads receptor (R-Smads) the R-Smads-Smad4 complex
translocates to the nucleus, where it interacts with pri-miRNA transcripts and the
microprocessor complex. This interaction stimulates the production of pre-miRNAs and
mature miRNAs such as miR-21 and miR-199a (Davis et al., 2008). All-frans-retinoic acid
(ATRA) increases the levels of Smad proteins in mouse embryonic neural tissue and induces
miR-21 expression in estrogen receptor-positive breast carcinoma cells (Zhang et al., 2009;
Terao et al., 2011). miR-21 is downregulated in senescent cells, and is often upregulated in
cancer cells, where it targets tumor suppressors such as the programmed cell death 4
(PDCD4), PTEN, and the Ras homolog RhoB (Marasa et al., 2010; reviewed by Feliciano et
al., 2011). Recently, miR-199a was found to promote proliferation and survival of breast
cancer cells (Shatseva et al., 2011). In sum, Smad signaling promotes proliferation (Bruna et
al., 2007) and by inducing miR-21 and miR-199a it may prevent senescence. In agreement
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with this hypothesis, silencing of miR-21 promotes the growth inhibition and senescence
induced by ATRA (Terao et al., 2011).

DEAD-box (DDX) proteins are RNA helicases involved in diverse cellular processes,
including proliferation, translation initiation, splicing, ribosome assembly, and microRNA
processing (Fuller-Pace and Moore, 2011; van Kouwenhove et al., 2011). DDX5 (p68) and
DDX17 (p72) associated with the microprocessor complex and regulated the expression of a
subset of mMiRNASs (reviewed by van Kouwenhove et al., 2011). DDX5 was found to unwind
the pre-let-7, a step required for the function of let-7 in tumor suppression and senescence
(Salzman et al., 2007; Boyerinas et al., 2010). However, DDX5 and DDX17 are likely
involved in promoting proliferation and suppressing senescence, given their high expression
in tumors and the reduced cell growth and increased apoptosis of mouse embryo fibroblasts
(MEFs) deficient in DDX proteins (Fukuda et al., 2007; Fuller-Pace and Moore, 2011). It
remains to be studied in detail if they modulate senescence specifically by modulating the
processing of miRNAs.

Many heterogeneous nuclear ribonucleoproteins (hnRNPs) are downregulated in senescent
cells (Zhu et al., 2002). HnRNPs control broad areas of RNA metabolism, including pre-
mMRNA splicing and mRNA stability and translation. Some hnRNPs are also implicated in
microRNA biogenesis; for example, hnRNP Al recognizes a hairpin within the pri-miR-18a
transcript and assists Drosha with its processing (Guil and Caceres 2007). miR-18a is
downregulated during stress-induced senescence in both HDF and HTM cells (Li et al.,
2009) and it is also lower in aged cardiomyocytes and in the hearts of old mice prone to
heart failure (Kim et al., 2004b; van Almen et al., 2011). While hnRNP A1 facilitates pri-
miR-18a processing, hnRNP Al inhibits the processing of pri-let-7 (Michlewski and
Caceres, 2010). Phosphorylation of hnRNP Al by p38 was proposed to influence
microRNA biogenesis and processing, thus impacting upon cellular senescence (Shimada et
al., 2009). Further work is needed to elucidate if other hnRNPs affect pri-microRNA
processing and senescence.

The RNA-binding protein KSRP (KH-type splicing regulatory protein) is best known for its
binding to AU-rich elements (ARESs) to promote the decay of target mMRNAs (Gherzi et al.,
2010). Recently, however, KSRP was also reported to participate in the processing of a
subset of microRNAs, including miR-20, let-7, and miR-26b (Trabucchi et al., 2009; Briata
etal., 2011). Although miR-20 is a member of an oncogenic cluster, it is involved in MEF
senescence in culture, is upregulated in senescent cells, suppresses tumorigenesis, and
induces senescence (Marasa et al., 2010; reviewed by Rizzo et al., 2010). KSRP binds to pri-
let-7a-1 to promote let-7a biogenesis, antagonizing hnRNP A1, which inhibits let-7a
processing (Michlewski and Caceres, 2010). KSRP knockdown increases cell proliferation,
in part because KSRP is essential for production of the anti-proliferative miRNA let-7
(Legesse-Miller et al., 2009). KSRP may also affect the production of other anti-
proliferative miRNAs such as miR-1 and miR-20a (Gherzi et al., 2010; Trabucchi et al.,
2009). Thus, KSRP may regulate cell fate by a unique mechanism that includes an interplay
with other RNA-binding proteins (e.g., hnRNP Al) to determine the expression levels of
microRNAs that directly regulate cell proliferation and senescence.
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Lin28 (lineage protein 28) was the first RNA-binding protein identified as essential for
embryonic development (Viswanathan et al., 2010). In Caenorhabditis elegans, Lin28 co-
transcriptionally binds to pri-let-7 to regulate its maturation (Van Wynsberghe et al., 2011).
The mammalian homologs, Lin28 and Lin28b, associate with the terminal loop of pre-let-7,
blocking the processing of mature let-7. This negative regulatory effect of Lin28 on
microRNA biogenesis is linked to pre-miR uridylation by TUTase4 (TUT4) (Heo et al.,
2009). Lin28 may influence the establishment of the pluripotent state, as let-7 expression is
low or absent in different stem and progenitor cell populations. In addition, the decreased
self-renewal capacity of aging tissues and terminally differentiated stem cells has been
associated to the reduced levels of Lin28 and increased levels of mature let-7, which in turn
suppresses the expression of self-renewal proteins, inhibits stem cell growth, and promotes
senescence (Viswanathan and Daley, 2010; Tzatsos et al., 2011). The above-described
effects of let-7 on senescence and the emerging role of Lin28 in suppressing cell senescence
and promoting tumorigenesis are highlighted in several cancer studies (Yang et al., 2010;
King et al., 2011; Xue et al., 2011).

The Smad nuclear-interacting protein 1 (SNIP1) is highly expressed in tumor cells, promotes
cell proliferation and tumorigenesis, and its downregulation causes G1 cell cycle arrest
(Roche et al., 2004; Fuijii et al., 2006). These effects are at least in part mediated by its
association with different TFs such as c-Myc and by its binding to cyclin D1 mRNA causing
its stabilization (Larsson, 2006; Bracken et al., 2008). SNIP1 is also involved in inducing
mature miRNA by binding to either the pri-miRNA or Drosha (reviewed by van
Kouwenhove et al., 2011). For example, miR-21 expression is significantly lower in SNIP1-
depleted cells, and this reduction was attributed to the impaired processing of pri-miR-21,
which in turn influenced PDCD4 expression levels (Asangani et al., 2008; Yu et al., 2008).

The serine/arginine-rich splicing factor 1 (SRF1, also known as SF2 and ASF) is essential
for alternative splicing, directly influencing splice site selection. SRF1 recognizes the stem
region of a subset of pri-miRNAs and enhances the processing by Drosha of microRNASs
such as miR-221 and miR-222 (Wu et al., 2010). As explained above, these miRNAs
regulate the expression of the cdk inhibitor p27(Kipl) (Kedde et al., 2010) which increases
with and directly promotes senescence (Alexander and Hinds 2001, Marasa et al., 2010).
Thus, SRF1 and SRF1-dependent microRNA processing may repress senescence.

Nucleolin is a multifunctional protein involved in several processes including proliferation,
cell survival, ribosomal assembly, and viral infection. It binds DNA to modulate
transcription and it also binds RNA, stabilizing or altering the translation of target mMRNAs
(Mongelard and Bouvet, 2007; Abdelmohsen et al., 2011). Nucleolin expression is regulated
by the competitive interaction of the RNA-binding protein HUR and miR-494 with the
nucleolin (MCL) mRNA (Tominaga et al., 2011). The fact that senescent cells show high
levels of miR-494 and low levels of HuR is in keeping with the low expression levels of
nucleolin in senescent human diploid fibroblasts (Wang et al., 2001; Faraonio et al., 2011,
and our unpublished findings). Recently, nucleolin was found to interact with the
microprocessor complex to enhance the biogenesis of miR-15a and miR-16 (Pickering et al.,
2011); consistent with the low levels of nucleolin in senescent cells, miR-15a abundance
declines with senescence (Marasa et al., 2010). As miR-15a represses the production of the
anti-apoptotic protein Bcl-2 (Cimmino et al., 2005), downregulation of miR-15a might be
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essential for maintaining high Bcl-2 levels, which promotes premature senescence in human
carcinoma cells expressing oncogenic Ras (Crescenzi et al., 2003; Tombor et al., 2003).
Cells need to maintain a delicate balance of nucleolin, miR-15a and Bcl-2 levels in order to
both avoid excessive apoptosis and aberrant proliferation.

The RNA-binding protein NF90 (nuclear factor of 90 kDa) is involved in processes such as
transcription, DNA repair, mRNA stability, mRNA export, and protein translation (Kuwano
et al., 2010; Shamanna et al., 2011). It can heterodimerize with NF45 and negatively
regulates miRNA processing by interacting with pri-miRNA. Reducing NF90 decreased pri-
let-7a-1 levels and increased mature let-7a levels, inhibited DNA synthesis, and lowered cell
growth accompanied by the accumulation of multinucleated cells, often seen in senescent
cells (Guan et al., 2008, Santarosa et al., 2009, Sakamoto et al., 2009; Singh et al., 2010;
Tzatsos et al., 2011). Thus, the NF90/NF45 complex may promote cell division by helping
cells to evade cellular senescence.

5. Cytoplasmic microRNA processing implicated in senescence

Dicer

Argonaute

A member of the RNase 111 family of endoribonucleases, Dicer binds to exported microRNA
precursors (pre-miRNAS) and aids in the formation of the mature miRNAS that target
mRNAs for silencing (Jaskiewicz and Filipowicz, 2008). Dicer is essential for the
maturation of the vast majority of miRNAs, including microRNAs that promote or suppress
cellular senescence and modulate tumorigenesis. However, Dicer ablation and loss of
miRNAs were found to trigger senescence in primary cells, accompanied by high levels of
both p53 and p19ARF (Mudhasani et al., 2008; Srikantan et al., 2011). TAp63 [which
contains the N-terminal transactivation (TA) domain of p63] was found to regulate
metastasis by coordinately regulating Dicer and miRNAs: TAp63 transcriptionally regulated
Dicer expression and influenced miRNA levels, while TAp63 deficiency induced
senescence and inhibited the metastatic potential of osteosarcomas (Kimura et al., 2010).

After Dicer releases the mature miRNA from a double-stranded pre-miRNA, Argonaute
proteins (Ago) bind the mature miRNA and become part of the RNA-induced silencing
complex (RISC), which contains additional proteins such as the dsSRNA-binding protein
TRBP [human immunodeficiency virus (HIV) transactivating response RNA (TAR) binding
protein], and PACT (protein activator of the interferon induced protein kinase). The
complex Ago/miRNA/RISC is then directed to specific subcellular locations to cleave or
suppress the translation of target RNAs (reviewed by Cenik and Zamore, 2011). Although
eight Ago proteins exist in human cells, only Agol and Ago2 mediate the silencing effect of
microRNAs, with Agol primarily suppressing mRNA translation and Ago2 promoting
target mMRNA cleavage (Forstemann et al., 2007). Ago2 is essential for development, since
Ago2-null mice are embryonic lethal, and Ago proteins are highly expressed in cancer cells
(Carmell et al., 2002; Liu et al., 2004, Morita et al., 2007; Adams et al., 2009). Although
Dicer is required for miRNA processing, Ago2 can process a subset of miRNAs
independently of Dicer (Cheloufi et al., 2010). Besides the cytoplasmic roles of Ago
proteins, nuclear Ago2 was recently found to be critical for stem cells to escape senescence
by downregulating miR-10b and miR-23b (Kim et al., 2011). Further studies are required to
understand the role of Ago2 in senescence and aging.
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6. Auxiliary factors linked to Senescence

HuR

FMRP

TRBP

Gemins

Human antigen R (HUR) is an RNA-binding protein expressed ubiquitously and capable of
stabilizing and modulating the translation of target MRNAs. HUR promotes carcinogenesis
by enhancing proliferation, survival, angiogenesis, tissue invasion, while at the same time
blocking senescence (Wang et al., 2001; Abdelmohsen and Gorospe, 2010; Srikantan and
Gorospe, 2012). HUR can compete or cooperate with miRNA-loaded RISC to regulate target
MRNA expression (reviewed by Srikantan et al., submitted). As examples of competition,
HuR relieved cationic amino acid transporter 1 (CA72) mRNA from miR-122-mediated
repression under stress conditions in human liver cells (Bhattacharyya et al., 2006),
enhanced 7TOPZA mRNA translation by antagonizing miR-548c-3p, and enhanced NCL
MRNA expression by competing with its negative regulator, miR-494 (Srikantan et al.,
2011; Tominaga et al., 2011). Instances of cooperation include HuR’s promotion of the
loading of let-7-RISC to regulate MYCmRNA, and of miR-19-RISC to regulate RHOB
mMRNA (Kim et al., 2009; Glorian et al., 2011).

The RNA-binding protein fragile X mental retardation protein (FMRP) is involved in
essential processes such as brain development and female reproductive function. Altered or
mutated FMRP causes mental retardation, premature ovarian failure, Parkinson’s disease,
and aberrant expression of the amyloid precursor protein (APP), linked to Alzheimer’s
disease and neuronal senescence (Charlesworth 1996; Raina et al., 2001; Golde & Miller
2009; Sokol et al., 2011). FMRP associate with the RISC to regulate gene expression (Jin et
al., 2004); for example, it associates with microRNAs miR-125b and miR-132 to regulate
synaptic structure and function (Edbauer et al., 2010). Upon cell cycle arrest, Ago and
fragile X-related protein 1 (FXR1), a paralog of FMRP, were recruited to the RISC to
enhance tumor necrosis factor a (7VFA) mRNA translation (Vasudevan et al., 2007).
Further studies are needed to elucidate the role FMRP and FMRP-associated miRNAS in
cellular senescence, particularly neuronal senescence.

TRBP is implicated in cytoplasmic miRNA processing with Dicer and Ago2, enhances
Dicer protein stability and serves as a platform for RISC assembly (Chendrimada et al.,
2005; Heo and Kim 2009). TRBP was found to be mutated in some human cancers and the
resulting truncated protein had an impaired ability to process microRNA (Melo et al., 2009).
Interestingly, TRBP phosphorylation by the extracellular signal-regulated kinase (ERK) led
to differential expression of growth-related miRNAS: pro-growth miRNAs (e.g., miR-17)
increased and anti-growth miRNAS (e.g., let-7) decreased (Paroo et al., 2009). The ERK
phosphorylation pathway is attenuated in old animals and in senescent cells (Ikeyama et al.,
2003; Bose et al., 2004), likely representing a beneficial advantage of senescent cells to
suppress the oncogenic activity of TRBP (Benkirane et al., 1997).

As members of the DEAD-box putative RNA helicases, gemins are involved in cellular
processes such as translation initiation, nuclear and mitochondrial splicing, and ribosome
and spliceosome assembly, as well as the assembly of small nuclear ribonucleoproteins
(snRNPs) (Battle et al., 2006). Members of this family include DDX20 (gemin 3) and
DDX42 (gemin 4), which interact with Ago2 and miRNAs in the RISC (Mourelatos et al.,
2002). The aging-related disease spinal muscular atrophy (SMA) is mainly caused by
deletion or mutations in the gene ‘survival of motor neuron’ (SMN). Gemins are involved in
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SMA by interacting with SMN. The enzyme telomerase, closely linked to senescence, was
found to be associated with SMN, influencing the functional telomerase holoenzyme
(Bachand et al., 2002).

7. Concluding remarks

The recognition that senescent cells critically affect many pathologies, particularly those
associated with the aging process, has fueled efforts to identify the molecular regulators of
senescence. Given that miRNASs constitute a major class of senescence regulators (Gorospe
and Abdelmohsen, 2011), many studies have sought to understand the mechanisms that
control their expression and function. As described in this review, the senescence-associated
biogenesis of microRNAs is regulated on multiple levels. At the level of transcription,
several TFs have been identified as regulators of the production of senescence-associated
pri-miRNAs, although genome-wide analyses of this process are still needed. In this regard,
it is plausible that another class of noncoding RNAs [long intergenic noncoding (linc)
RNAs] may help to coordinate the transcription of senescence-associated miRNAs.
Senescence-associated miRNAs are also tightly regulated by proteins that process pri-
miRNAs and pre-miRNAs, including RNA editing enzymes, RNA-binding proteins,
RNases, and RNA helicases. Since many of these regulatory events have only been
described for one or a few miRNAs thus far, the identification of miRNA subsets regulated
in each manner also awaits systematic study. To this end, several methodologies based on
the immunoprecipitation of RNA-binding proteins (Keene et al., 2006; Hafner et al., 2010;
Darnell 2010) will be particularly informative.

Finally, a general challenge in the area of senescence is to extend the studies in cultured
senescent cells to in vivo settings. Although some animal models to study senescence in
physiologic settings are becoming available [for example (Baker et al., 2011)], there are still
many limitations to the analysis of senescence in vivo. As appropriate genetic models
become available, the influence of miRNA biogenesis regulators should be tested in the
context of senescence and the influence of senescence on physiologic changes and
pathologies. These molecular and animal studies will broaden and deepen our understanding
of the complex role of microRNAs in senescence, and will point to promising therapeutic
targets in disease processes arising from aberrant senescence.
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Figure 1.

Schematic representation of microRNA biogenesis, depicting the senescence-associated
factors involved. Top, transcriptional regulators of senescence-associated primary (pri)-
miRNA biosynthesis (rectangles). Midd/e, regulators of pri-miRNA processing into pre-
mRNAs, including components of the microprocessor complex (Drosha, DGCR8 and
accessory factors, ovals). Bottom, regulators of pre-miRNA processing into mature
miRNAs, particularly the components of the RISC and accessory proteins (ovals). On the
right part of the schematic (blue background) are factors that mainly promote senescence,
either by increasing the expression of growth-inhibitory, senescence-enhancing microRNAs
(e.g., miR-34a or let-7, blue text) or by inhibiting the production of proliferative, growth-
promoting, oncogenic MiRNA (e.g., miR-221/miR-222, red text). On the left part of the
schematic (red background) are factors that mainly repress senescence, either by promoting
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the expression of proliferative, oncogenic miRNAs (e.g., miR-21, the miR-17-92 cluster, red

text) or by lowering the production of senescence-promoting miRNAs (e.g., miR-34a, let-7,
miR-1, blue text).
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