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a  b  s  t  r  a  c  t

Epidemiological  and experimental  data  demonstrate  a strong  correlation  between  age-related  chronic
inflammation  (inflamm-aging)  and  cancer  development.  However,  a comprehensive  approach  is  needed
to clarify  the  underlying  molecular  mechanisms.  Chronic  inflammation  has  mainly  been  attributed  to
continuous  immune  cell  activation,  but  the  cellular  senescence  process,  which  may  involve  acquisition
of  a senescence-associated  secretory  phenotype  (SASP),  can  be  another  important  contributor,  espe-
cially  in  the  elderly.  MicroRNAs  (miRs),  a  class of  molecules  involved  in gene  expression  regulation,  are
emerging  as modulators  of  some  pathways,  including  NF-�B,  mTOR,  sirtuins,  TGF-�  and  Wnt,  that  may
be  related  to  inflammation,  cellular  senescence  and  age-related  diseases,  cancer  included.  Interestingly,
cancer  development  is  largely  avoided  or delayed  in  centenarians,  where  changes  in some  miRs  are
found  in  plasma  and leukocytes.  We  identified  miRs  that can  be  considered  as  senescence-associated
ellular senescence
F-�B

(SA-miRs),  inflammation-associated  (inflamma-miRs) and  cancer-associated  (onco-miRs).  Here  we  review
recent findings  concerning  three  of  them,  miR-21,  -126 and  -146a,  which  target  mRNAs  belonging  to
the  NF-�B  pathway;  we discuss  their  ability  to link  cellular  senescence,  inflamm-aging  and  cancer  and
their  changes  in centenarians,  and  provide  an update  on the  possibility  of using  miRs  to  block  accumu-
lation  of  senescent  cells  to prevent  formation  of a microenvironment  favoring  cancer  development  and
progression.
© 2013 Published by Elsevier B.V.
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Human aging is attended by a low-grade systemic inflammation
characterized by elevation of circulating acute-phase proteins and
proinflammatory cytokines, a condition that we  have designated
inflamm-aging (Franceschi et al., 2000, 2007). Such inflammatory
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mbalance is associated with frailty and the development and
rogression of severe, age-related conditions that include car-
iovascular disease (CVD), type 2 diabetes mellitus (T2DM), and
eurodegenerative diseases (Franceschi et al., 2007; Vasto et al.,
007; Cevenini et al., 2013). The chronic inflammation seems

argely attributable to progressive activation of immune cells
ver time (Franceschi et al., 2007). However, recent studies
how that the cellular senescence process could be an important
dditional contributor to the maintenance of low-grade chronic
ystemic inflammation (Campisi, 2011; Freund et al., 2010; Olivieri
t al., 2012a,b). Besides limitations in cell replication properties,
enescence may  involve acquisition of the senescence-associated
ecretory phenotype (SASP), a distinctive phenotype characterized
y enhanced secretion of the main proinflammatory mediators,

.e. proteases, cytokines, chemokines and growth factors (Campisi,
011). Interestingly, the SASP has been documented not only in

mmune cells like macrophages (Sikora et al., 2011), but also in
broblasts (Freund et al., 2010) and endothelial cells (Olivieri et al.,
012a,b; Donato et al., 2008). SASP acquisition helps explain some
f the biological activities of senescent cells, notably their contri-
ution to tissue repair; indeed increased production of cytokines
nd chemokines is capable of inducing recruitment of phagocytes,
hich can eliminate dysfunctional cells thus favoring the repar-

tive capacity of tissues (Rodier and Campisi, 2011). Moreover
ellular senescence, by limiting cell proliferation, can prevent the
rowth of cells with damaged DNA, which are at risk of neoplas-
ic transformation (Rodier and Campisi, 2011). Although senescent
ells contribute to repair processes and are protected from malig-
ant transformation, their age-related accumulation can at the
ame time promote a systemic chronic proinflammatory status that
avors the development of the major age-related diseases shar-
ng an inflammatory background and creates a pro-tumorigenic
nvironment, contributing to carcinogenesis and metastasis forma-
ion (Rodier and Campisi, 2011; Schetter et al., 2010; Bonafè et al.,
012). In fact the inflammatory cytokines, chemokines, growth
actors and extracellular matrix-degrading proteases secreted by
enescent cells are capable of enhancing proliferation, invasive-
ess and angiogenesis of nearby premalignant tumor cells (Rodier
nd Campisi, 2011). Specifically, the SASP turns senescent fibrob-
asts into proinflammatory cells with the ability to promote
umor progression, partly by inducing epithelial-mesenchymal
ransition (EMT) in nearby epithelial cells (Laberge et al., 2012).
urther, senescent fibroblasts and mesothelial cells secrete vas-
ular endothelial growth factors (VEGF) (Coppè et al., 2006; Li
t al., 2012a,b) that stimulate endothelial cell migration and inva-
ion, two critical steps in tumor-initiated angiogenesis (Coppè
t al., 2010; Kapoor and Deshmukh, 2012). Senescent fibroblasts
nd keratinocytes also secrete matrix metalloproteinases, which
acilitate tumor cell invasion. Moreover the SASP is not a mere con-
equence of the senescence status, since its maintenance requires
ustained and continuous signaling (Angelini et al., 2013). Cellular
enescence, which is a well-established anticancer mechanism in
oung and adult individuals, can thus paradoxically promote can-
er at an advanced age through its secretory phenotype. Clearly
ancer is primarily an age-related disease, and accumulation of
enescent cells during aging has been reported in a variety of
itotically competent mammalian tissues prone to cancer devel-

pment and progression (Erusalimsky and Kurz, 2005; Jeyapalan
t al., 2007; Wang et al., 2009). Moreover, the observation that
he SASP is a feature not only of replicative senescence but also
f oncogene-induced senescence (OIS) reinforces the hypothesis
inking senescence-associated inflammation to cancer develop-
Please cite this article in press as: Olivieri, F., et al., MicroRNAs linking infl
http://dx.doi.org/10.1016/j.arr.2013.05.001

ent (Ren et al., 2009). In particular, up-regulation of several
nflammatory modulators has been described in different cell
ypes undergoing OIS (Kuilman et al., 2008). In addition, introduc-
ion of oncogenic RAS into arterial smooth muscle cells induced
 PRESS
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OIS and enhanced expression of proinflammatory cytokines and
chemokines (Minamino et al., 2003). Taken together these findings
demonstrate that both replicative senescence and OIS activate an
inflammatory response in cells of different origins.

Interestingly, the genetic patterns of cellular senescence show a
high degree of similarity to those of the major age-related diseases,
including CVD, T2DM and cancer (Jeck et al., 2012; Tacutu et al.,
2011). Global transcriptome analysis of senescent cells disclosed
a unique gene expression pattern that differs from those seen in
proliferating cells and in cells undergoing quiescence or growth
arrest induced by contact inhibition. Besides cell cycle regulatory
genes other genes, including inflammation and stress-associated
genes, DNA damage checkpoint genes, genes encoding extracellu-
lar matrix-degrading enzymes, cytoskeletal genes, and metabolic
genes usually exhibit an altered expression during replicative and
premature senescence and during development of age-related dis-
eases (Jeck et al., 2012; Hardy et al., 2005).

According to a recent unified model, altered autophagy (“self-
eating”) could interconnect aging, inflammation and cancer (Lisanti
et al., 2011). Autophagy is involved in major cancer networks,
including those driven by p53, mammalian target of rapamycin
(mTOR) complex, RAS and glutamine pathways, and also protects
organisms against the development of other diseases, including
inflammatory and neurodegenerative conditions (Liu et al., 2012).
The aging process is associated with a decline in autophagic capac-
ity that can lead to aberrant protein aggregation and accumulation
of dysfunctional mitochondria (He et al., 2013a,b). These phenom-
ena induce production of reactive oxygen species (ROS), which in
turn can trigger inflammation via activation of inflammasomes,
facilitating the development and progression of a number of human
diseases including cancer (Salminen et al., 2012). In hepatocellu-
lar carcinoma, the most common primary malignant liver tumor,
loss of toll-like receptor 2 (TLR-2)-mediated immune activity and
the senescence status impair the autophagic process, leading to
increased ROS production and DNA damage (Lin et al., 2012a,b).

Thus, even though cellular senescence is emerging as an effec-
tive transcriptional program that can be adaptively activated to
promote the regenerative ability of damaged or aged tissues, it
can paradoxically promote the development of the major age-
related diseases at the same time. SASP identification therefore
seems to have clinical relevance. Several markers have been iden-
tified that can, at least partially, discriminate senescence from
other forms of growth arrest such as quiescence: (i) increased
expression of senescence-associated �-galactosidase (SA-�-gal),
a pH-dependent lysosomal �-gal encoded by the GLB1 gene,
which partly reflects the increased lysosomal mass found in senes-
cent cells (Lee et al., 2006); (ii) increased expression of p16INK4A

and p15INK4B, two small proteins involved in cell cycle arrest as
inhibitors of cyclin-dependent kinases (CDKs) (Ren et al., 2009);
(iii) increased expression of distinct chromatin structures known as
senescence-associated heterochromatic foci, which may  be respon-
sible for the selective gene expression silencing required for the
stability of the senescence transcriptional program (Ren et al.,
2009); and (iv) telomere attrition and reduced telomerase activity,
which impair replicative ability.

Notably, although most of these markers have been identified
in senescent cells in vitro, a relationship between senescence of
cultured cells and the organismal life span has never been proved
conclusively (Campisi, 2001; Zhao et al., 2009). A recent study using
stationary cells as an in vitro model of aging found more intracellu-
lar changes similar to those of an aging organism in stationary cell
cultures than in cells undergoing replicative senescence (Khokhlov,
amm-aging, cellular senescence and cancer. Ageing Res. Rev. (2013),

2013).
Several reports have documented the accumulation of senescent

cells in vivo and their effects on the micro- and macroenvironment
(Campisi and Sedivy, 2009). Progressive age-related accumulation
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Table 1
Main pathways linking inflammation, cellular senescence and cancer.

Pathways Physiological effects

NF-�B signaling Stress response
mTOR complex Optimization of energy harvesting, autophagy
Sirtuins Optimization of energy harvesting
TGF-� Stress response
Wnt  Cell proliferation

m
i
p

o
m
c
p
o
n
2
w
a
w
l
m
(

c
e
s

m
m
p
w
t
c
o
c
p
t

1

t
a

c
o
aQ3
2
Q
�
m
w
a

i
s
i
s
2
A
t
r
B

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286
TOR, mammalian target of rapamycin; NF-�B, nuclear factor �B; TGF-�, transform-
ng growth factor �; Wnt, glycoproteins acting as ligands to produce cell responses
laying a variety of important roles.

f senescent mesenchymal stem cells (MSCs) was  reported in bone
arrow of rhesus monkeys (Yu et al., 2011). Intrinsic age-related

hanges were also observed in human MSCs, contributing to the
rocess of skeletal aging (Zhou et al., 2008). Increased numbers
f senescent cells were noted in human tissues not only during
ormal aging, but also in damaged or wounded tissue (Campisi,
011; Collado et al., 2005; Michaloglou et al., 2005). Senescent cells
ere also demonstrated in pathological states, such as degener-

tive aging diseases (Burton, 2009). Senescent cell accumulation
as reported in hyperplastic, preneoplastic, and early neoplastic

esions, suggesting that they could stimulate proliferation of pre-
alignant and malignant cells, thus contributing to carcinogenesis

Burton, 2009).
However, the extension of these findings to clinical research is

urrently hampered by the lack of specific cell senescence mark-
rs and of non-invasive techniques capable of assessing cellular
enescence in vivo (Erusalimsky and Kurz, 2005).

Identification and validation of new molecules involved in SASP
odulation would enhance our understanding of the molecular
echanism involved in physiological and pathological aging and

rovide new diagnostic tools and treatment options for patients
ith the major age-related diseases, including cancer. In this con-

ext, miRs are highly promising biomarkers of inflamm-aging,
ellular senescence and cancer. Their emerging role as regulators
f inflamm-aging, cellular senescence and cancer pathways is dis-
ussed herein and the hypothesis that some miRs modulate the
rocesses involved in longevity is advanced and examined in rela-
ion to evidence obtained in centenarians.

.1. Main pathways linking aging, cellular senescence and cancer

Over the past few years, several lines of evidence have disclosed
hat a number of pathways may  be molecular interfaces connecting
ging, senescence and cancer (Table 1).

Nuclear factor (NF)-�B signaling is among the pathways most
losely involved in stimulating SASP acquisition and cancer devel-
pment, and may  therefore have an important role in inflammation
s well as tumorigenesis (Ben-Neriah and Karin, 2011; Li et al.,
011; Karin, 2006; Salminen et al., 2012a; Olivieri et al., 2011;
uinn and O’Neill, 2011; Gorospe and Abdelmohsen, 2011). NF-
B is a family of structurally related transcription factors, that in
ammals include RelA (p65), RelB, c-Rel, p50/p105, and p52/p100,
hich bind to DNA and regulate target gene transcription as homo-

nd heterodimers.
Interestingly, non-NF-�B-mediated pathways may  also link

nflammation, senescence and cancer. mTOR is a highly conserved
erine/threonine kinase that controls cell growth and metabolism
n response to nutrients, growth factors, cell energy imbalance and
tress (Blagosklonny, 2011). mTOR complex 1 and 2 (mTORC1 and
) regulate other important kinases, such as S6 kinase (S6K) and
Please cite this article in press as: Olivieri, F., et al., MicroRNAs linking infl
http://dx.doi.org/10.1016/j.arr.2013.05.001

KT (Zoncu et al., 2011). Over-activation of such sensory signal
ransduction pathways can cause cellular senescence and age-
elated diseases, including cancer, and shorten life span (Hall, 2008;
erman et al., 2012).
 PRESS
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Sirtuins, a class of NAD(+)-dependent deacetylases, also play
important roles in aging and common age-associated diseases
(Morris, 2013). Whereas SIRT1 is well explored (Morris, 2013),
a role is now emerging for other sirtuins as enhancers of fat
metabolism and modulators of mitochondrial respiration to opti-
mize energy production. Down-regulation of sirtuins can largely
account for the patho-physiological changes taking place during
aging, including cancer development. Indeed recent data indicate
that down-regulation of SIRT genes may  contribute to cancer devel-
opment and trigger an increase in its malignancy (Lai et al., 2013).

The transforming growth factor (TGF)-� signaling pathway can
interconnect inflammation, senescence and cancer. TGF-� has a
dual role in tumor progression, initially as a suppressor and subse-
quently as a promoter. Autocrine TGF-� signaling is an integral part
of the cellular anti-transformation network, inducing senescence
in tumor cells and/or suppressing the expression of several genes,
including p21-regulated genes, that mediate oncogene-induced
transformation (Lin et al., 2012a,b; Wu  et al., 2009; Senturk et al.,
2010). However, even though TGF-� can hinder tumorigenesis by
preventing cell proliferation or inducing apoptosis, during tumori-
genesis cells can acquire invasive and metastatic phenotypes in
response to it (Parvani et al., 2011). Recent findings indicate that the
initiation of the oncogenic activity of TGF-� is dependent on imbal-
ances between its canonical and non-canonical signaling systems
(Parvani et al., 2011).

Canonical Wnt  signaling, governed by its effector �-catenin,
has long been known to play an important role in cell devel-
opment, tissue homeostasis, and cancer (Kim et al., 2013). Wnt
expression declines during aging, and activation of multiple path-
ways suppressing �-catenin-dependent signaling contributes to
the initiation of senescence (Varecza et al., 2011). Moreover, it
has recently been shown that expression of TRF2 protein, the
DNA-binding protein essential for telomere protection and chro-
mosome stability, is activated by the Wnt/�-catenin signaling
pathway both in human cancer and normal cells (Diala et al.,
2013). Overall, the Wnt/�-catenin pathway seems to play a crit-
ical role in aging (Zhang et al., 2011; Tsaousi et al., 2011).
Interestingly, endothelial inflammation is regulated by �-catenin-
independent Wnt  signaling, suggesting an involvement of this
pathway also in modulating inflammation (Kim et al., 2010). Recent
studies describe deregulated Wnt  signaling in degenerative and
inflammatory CNS disorders, suggesting an involvement of Wnts
in inflammation-driven brain damage and inflammation-directed
brain repair (Marchetti and Pluchino, 2013).

1.2. MiRs targeting the NF-�B pathway: new potential
biomarkers of inflamm-aging, cellular senescence and cancer

MiRs are a broad class of small, non-coding RNAs that have
revolutionized our understanding of gene transcription and trans-
lation. More than 1000 human miRs have been identified, making
them one of the most abundant classes of regulatory molecules
(Park and Kim, 2013; Neilsen et al., 2012). MiRs were thought to
act mainly as negative regulators of gene expression by binding to
3′-UTR regions of their target protein-coding mRNAs in a sequence-
dependent manner (Nilsen, 2007; Baek et al., 2008). However,
recent data show that miR  regulation entails a far more complex
post-transcriptional control, both repressing and activating gene
expression, by interacting with complementary sequences in cod-
ing and non-coding regions of their mRNA targets (Breving and
Esquela-Kerscher, 2010). Since the specificity of miR  targeting is
mediated only by 6–11 nucleotides, a single miR  can target hun-
amm-aging, cellular senescence and cancer. Ageing Res. Rev. (2013),

dreds of mRNAs (Park and Kim, 2013). However, groups of miRs
can induce regulation of specific biological processes by acting in
a co-ordinated manner on pathways of functionally related genes
(Cloonan et al., 2011). Thus, miRNAs have been proposed as the
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ain players in the evolution of organismal complexity (Berezikov,
011). Not surprisingly, miRs have recently been indicated also as
egulators of organismal aging (Inukai and Slack, 2013).

MiRs have been reported to act through autocrine and/or
aracrine mechanisms (Raitoharju et al., 2011; Kumarswamy et al.,
011). In addition, circulating miRs can act as hormones, eliciting

 systemic response (Wahlgren et al., 2012). Recent studies show
hat transfer of nucleic acids, including miRs, can be an important

eans of intercellular communication. Transfer of information can
ccur by direct cell–cell contact, for instance via gap junctions,
r by cell-contact-independent mechanisms, including release of
icrovesicles into surrounding tissue (Collino et al., 2010; Hosoda

t al., 2011) or the blood stream; for example, plasma exosomes
an deliver exogenous short interfering RNA to monocytes and
ymphocytes (Wahlgren et al., 2012).

Discovery of the important role of miRs as gene expression reg-
lators has shed light on a number of biological processes. Notably,
everal miRs contribute to the complex molecular mechanisms
nvolved in cell growth, differentiation and survival, all processes
elated to cancer development and progression (Tacutu et al., 2011;
ovat et al., 2011; Keller et al., 2012). However they also play an
mportant role in modulating inflammation and cellular senescence
Bhaumik et al., 2009; Tacutu et al., 2010), and miRs specifically
nvolved in the inflammatory response have been shown to be mod-
lated in both senescent and cancer cells (Paik et al., 2011; Schetter
t al., 2010, 2009).

Most of the miRs targeting the NF-�B pathway and its modula-
ors affect NF-�B signaling dynamics primarily through a negative
eedback loop aimed at restraining the excessive proinflammatory
esponse induced by signaling activation (Olivieri et al., 2012a,b;
hao et al., 2011; Boldin and Baltimore, 2012; Vaz et al., 2011).
n altered expression of the miRs targeting this pathway may

hus contribute to the dysregulation of the inflammatory/anti-
nflammatory balance, promoting carcinogenesis (Kundu and Surh,
012). Moreover, it has recently been observed that miRs can act
s agonists of single-stranded RNA-binding TLRs, inducing NF-
B signaling activation and interleukin secretion, thus triggering

 proinflammatory response that can promote the creation of a
icroenvironment favorable to cancer development and growth

Fabbri et al., 2012, 2013). Therefore it is possible that senescent
ells contribute to inflammation not only by producing proin-
ammatory and proangiogenic molecules typical of SASP, but also
y transferring miRs into other proinflammatory cells, namely
acrophages. This evidence raises a number of questions on the

otential involvement of miRs in modulating two  opposite phe-
omena, the irreversible growth arrest observed in replicative/OIS
nd carcinogenesis (Martinez et al., 2011a,b; Wang et al., 2012). It
s therefore essential to identify the gene targets of these miRs and
larify how their products promote or inhibit senescence and/or
ancer development.

Several miRs exert pleiotropic effects in controlling a number of
mportant biological functions via well-connected networks, thus

odulating shared target pathways. It is conceivable that secretion
f SASP-associated miRs could be a component of the SASP signa-
ure, and that these miRs are deregulated both in cancer and in
amaged and aged tissues (Wang et al., 2011; Rodier and Campisi,
011). Here we discuss some miRs exerting pleiotropic effects on
athways related to inflammation, senescence, and carcinogene-
is. Quite a large number of miRs have been reported to play a
ole in modulating cellular senescence and inflammatory responses
SA-miRs and inflamma-miRs, respectively). The most extensively
tudied SA-miRs and inflamma-miRs are listed in Tables 2 and 3.
Please cite this article in press as: Olivieri, F., et al., MicroRNAs linking infl
http://dx.doi.org/10.1016/j.arr.2013.05.001

iven the interest elicited by this new area of research, more and
ore miRs are expected to be identified in the near future; some

f them are likely to be regulators of inflammation and senes-
ence. We  selected a subset of miRs belonging to SA-miRs and
 PRESS
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inflamma-miRs that includes miR-9, -19b, -20a, -21, -29, -126, -
145a, -155, -181a and let-7 (in bold in Tables 2 and 3). Interestingly,
all these miRs, which we have identified on the basis of our exper-
imental work and of literature data as being both SA-miRs and
inflamma-miRs, are modulated in human cancers (Table 4).

Here we review and discuss in detail the role of miR-21 and
-146a on NF-�B pathway modulation in aging and age-related
diseases, because there is considerable evidence that they act as
SA-miRs and inflamma-miRs and play a role in modulating NF-�B
signaling (Anad and Cheresh, 2011; Zhou et al., 2011; Kumarswamy
et al., 2011; Olivieri et al., 2013). MiR-126 is also included because
it is involved in vascular function and inflammation by targeting
adhesion molecules and members of NF-�B signaling, two phe-
nomena that are related to cancer development and progression
(Tetè et al., 2012; Oglesby et al., 2012). The complex scenario of the
pleiotropic and cross-linked functions of miR-21, -126 and -146a in
relation to the main processes and diseases associated with inflam-
mation and cancer is illustrated using Ingenuity Pathway Analysis
(Fig. 1).

2. MiR-21

MiR-21 is a well-known cancer-associated miR  (onco-miR) that
is overexpressed in most human tumors; it promotes malig-
nant growth and progression by acting on multiple targets
(Kumarswamy et al., 2011). Global miR expression analysis has dis-
closed that it is overexpressed in highly aggressive tumors. MiR-21
targets phosphatase and tensin homolog PTEN, an upstream nega-
tive regulator of mTOR. By targeting PTEN miR-21 leads to mTOR
activation and consequently to tumor progression (Cingarlini et al.,
2012); it also induces tumor angiogenesis and through it activation
of the AKT and ERK1/2 signaling pathways, thereby enhanc-
ing hypoxia-inducible factor 1, alpha subunit (HIF-1�)  and VEGF
expression (Liu et al., 2011). Interestingly, miR-21 overexpression
and NF-�B activation have been described in cancer, even though
further evidence is needed to dissect the role of miR-21 in NF-�B
signaling and inflammation (Ma  et al., 2011).

Recent data support a critical role for DNA damage-induced NF-
�B activation in promoting metastasis in breast cancer following
genotoxic treatment, and miR-21 seems to contribute to this induc-
tion (Niu et al., 2012). Cell-type specificity may  cause differences of
miR-21 expression in NF-�B activity: in epithelial cells, miR-21 acts
to down-regulate PTEN, activate AKT, and increase NF-�B activa-
tion; in LPS-stimulated macrophages, miR-21 negatively regulates
programmed cell death 4 (PDCD4), which activates NF-�B through
a still unknown mechanism (Ma  et al., 2011).

An additional pro-tumorigenic effect of miR-21 is the formation
of ROS, which mediate tumorigenesis and modulate EMT  and the
presence of cancer stem cells in the tumor, factors that contribute
to tumor invasion and metastasis formation (Han et al., 2012).

Intriguingly, MiR-21 is also involved in promoting inflam-
mation. Its overexpression enhances the inflammatory response
by augmenting the expression of adhesion molecules in vascu-
lar cells, hence monocyte adhesion. Furthermore miR-21 is able
to reduce the expression of potent human anti-inflammatory
molecules such as interleukin (IL)-10 and TGF-� (Merline et al.,
2011). In line with these findings we  have recently identified
increased circulating levels of miR-21 as a biomarker of inflamm-
aging (Olivieri et al., 2012a,b). MiR-21 constitutes a direct link
between the tumor-associated-inflammatory status and cancer
development/progression: on the one hand, increased miR-21 lev-
amm-aging, cellular senescence and cancer. Ageing Res. Rev. (2013),

els in cancer and other age-related diseases could impair the
anti-inflammatory response by making the cytokine profile more
proinflammatory, on the other miR-21 could promote endothelial
activation, enhancing the proinflammatory response. These data
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Table 2
Main senescence-associated miRNAs (SA-miRs).

MicroRNAs Cell types mRNA Targets References

MiR-9 Mouse embryonic fibroblasts SIRT1 Saunders et al. (2010)
MiR-10A* Bone marrow-derived EPCs from mouse Hmga2 Zhu et al. (2013)
MiR-17 Replicative cell aging models Hackl et al. (2010)
MiR-19b Replicative cell aging models Hackl et al. (2010)
MiR-20◦ Replicative cell aging models Hackl et al. (2010)
MiR-21 Human endothelial cells, bone

marrow-derived EPCs from mouse
NFIB, CDC25A, Hmga2 Dellago et al. (2013), Zhu et al.

(2013)
MiR-22 Human fibroblasts CDK6, SIRT1, Sp1 Xu et al. (2011)
MiR-29◦ HeLa cell lines B-Myb Martinez et al. (2011a,b)
MiR-30 HeLa cell lines B-Myb Martinez et al. (2011a,b)
MiR-34◦ Rat bone marrow-derived EPCs, HUVECs,

Primary human TIG3 fibroblasts, Mesangial
cells

SIRT1,
MYC,
Txnrd2

Zhao et al. (2010), Ito et al. (2010),
Christoffersen et al. (2010), Bai
et al. (2011)

MiR-101 Human diploid fibroblasts Ezh2 Greussing et al. (2013)
MiR-106 Human mammary epithelial cells, Replicative

cell aging models
p21 Borgdorff et al. (2010),  Hackl et al.

(2010)
MiR-126 HAECs VCAM-1 Rippe et al. (2012)
MiR-138 ATC hTERT Mitomo et al. (2008)
MiR-146a,
miR-146b

Bone marrow derived DCs, Dermal fibroblasts,
HUVECs, Trabecular meshwork cells,
Fibroblasts, Primary human TIG3 fibroblasts

IRAK-1, TRAF-6 Park et al. (2012), Olivieri et al.
(2011), Li et al. (2010a,b), Bhaumik
et al. (2009), Christoffersen et al.
(2010)

MiR-152 Dermal fibroblasts integrin �5, collagen
XVI

Mancini et al. (2012)

MiR-155 Bone marrow-derived DCs,
HDFs

DC-SIGN
c-Jun

Park et al. (2012), Song et al. (2012)

MiR-181◦ Dermal fibroblasts, CD4(+) T cells integrin �5, collagen
XVI

Mancini et al. (2012), Li et al.
(2012a,b)

MiR-191 Keratinocytes SATB1, CDK6 Lena et al. (2012)
MiR-217 HUVECs, HAECs, HCAECs SIRT1 Menghini et al. (2009)
MiR-221 HAECs eNOS Rippe et al. (2012)
MiR-222 HAECs eNOS Rippe et al. (2012)
MiR-299-3p Endothelial cells IGF1 Jong et al. (2013)
MiR-335 Mesangial cells SOD2 Bai et al. (2011)
MiR-519 WI-38 human diploid fibroblasts HuR Marasa et al. (2010)
Let-7 MEFs

Premalignant cancer cells
EZH2
RB1/E2F

Toledano (2012), Tzatsos et al.
(2011), Benhamed et al. (2012)

ATC, anaplastic thyroid carcinoma; B-Myb, transcription factor involved in cell cycle progression; CDC25A, cell division cycle 25 homolog A; DCs, dendritic cells; HUVECs,
human  umbilical cord vein endothelial cells; HAECs, human aortic endothelial cells; HeLa, cervical carcinoma cells; Hmga2, high-mobility group AT-hook 2; HCAECs, human
coronary aortic endothelial cells; HDFs, human dermal fibroblasts; hTERT, human telomerase reverse transcriptase; HuR, an RNA-binding protein that regulates mRNA
turnover and/or translation; EPCs, endothelial progenitor cells; MEFs, primary mouse embryonic fibroblasts; SIRT1, silent information regulator 1; Txnrd2, thioredoxin reduc-
tase  2; SOD2, superoxide dismutase 2; SIRT1, silent information regulator 1; RB1/E2F, retinoblastoma (RB1)/E2F repressor complex; EZH2, Histone-lysine N-methyltransferase;
NFIB,  nuclear factor I/B; In bold miR  common to SA-miRs and inflamma-miRs.
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he  diseases related to cancer and inflammation where miR-21, -126 and -146a we

uggest that accumulation of dysfunctional circulating endothelial
Please cite this article in press as: Olivieri, F., et al., MicroRNAs linking infl
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rogenitor cells during aging may  contribute to miR-21 release into
he blood stream. As mentioned above, it has recently been reported
hat cancer cell-secreted miRs can be internalized via endocyto-
is by macrophages close to the tumor interface and interact with
matory response. Diagram generated by Ingenuity Pathway Analysis summarizing
orted to be involved. Has: human.

TLRs (Fabbri et al., 2012). In particular, miR-21 binds to TLR-8,
amm-aging, cellular senescence and cancer. Ageing Res. Rev. (2013),

and induces secretion of proinflammatory cytokines such as tumor
necrosis factor (TNF)-� and IL-6.

A clinical model where inflammation and cancer are closely
linked is inflammatory bowel disease (IBD), which includes
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Table 3
Main inflammation-associated miRNAs (inflamma-miRs).

MiRs Cell types mRNA targets Signaling References

MiR-9 Polymorphonuclear neutrophils
and monocytes

NFK-B1 TLRs Bazzoni et al. (2009)

MiR-10a HAECs HOXA1 TLRs Fang et al. (2010)
MiR-19a
MiR-19b

FLCs ASK TLRs Philippe et al. (2012)

MiR-20◦ FLCs ASK TLRs Philippe et al. (2012)
MiR-21 Monocytes

Myofibroblasts,
HUVECs

TLR-8
PDCD4
PPAR�

TLRs
TLRs

Fabbri et al. (2012), Yao et al.
(2011), Zhou et al. (2011)

MiR-29a Immune cells TLR-8 TLRs Fabbri et al. (2012)
MiR-125a
MiR-125b

Diffuse large B-cell lymphoma TNFAIP3 TLRs Kim et al. (2012)

MiR-126 ECs, ECs, Human colon-derived
myofibroblasts, Renal
microvascular ECs

VCAM-1
TOM1
VCAM-1
VCAM-1

Vascular inflammation
TLRs
vascular inflammation
“. . .”

Harris et al. (2008), Oglesby et al.
(2012), Angel-Morales et al. (2012),
Asgeirsdóttir et al. (2012)

MiR-146a Intestinal epithelial cells,
Astrocytes, HUVECs, HUVECs,
Myofibroblasts

IRAK-1
IRAK-1
IRAK-1
SMAD4

TLRs
TLRs
TLRs
TGF-�

Chassin et al. (2012), Iyer et al.
(2012), Olivieri et al. (2012a,b), Liu
et al. (2012)

MiR-155 MSCs
Macrophages
Macrophages

TAB2
BCL6
SOCS1

iNOS
TLRs
TLRs

Xu et al. (2013), Nazari-Jahantigh
et al. (2012), Sun et al. (2012a)

MiR-181a Monocytes and macrophages,
Cultured bone marrow-derived
DCs

IL-1◦

c-Fos
ox-LDL-inflammation
responses

Xie et al. (2013), Wu et al. (2012)

MiR-181b Ecs Importin-�3 NF-�B Sun et al. (2012b)
MiR-187 Primary human monocytes TNF-�

I�B�
TLRs Rossato et al. (2012)

MiR-195 Hepatocellular carcinoma Cultured
microglia

IKK�, TAB3
ATG14

TLRs
LPS-induction of inflammatory
cytokines

Ding et al. (2013), Shi et al. (2013)

MiR-199◦ Endometrial stromal cells IKK� TLRs Dai et al. (2012)
MiR-223 Macrophages NLRP3 Inflammasome Ismail et al. (2013), Haneklaus et al.

(2012)
MiR-517a/c Cell lines TNIP1 TLRs Olarerin-George et al. (2013)
Let-7
Let-7i

Primary cultured T cells,
Biliary epithelial cells

TLR-4 IL-13
TLRs

Kumar et al. (2011),  Chen et al.
(2007)

ASK, apoptosis signal-regulating kinase 1; DCs, dendritic cells; ECs, endothelial cells; FLSs, fibroblast-like synoviocytes; HAECs, human aortic endothelial cells; HOXA1,
Homeobox A1; HUVECs, human umbilical vein endothelial cells; IRAK-1, interleukin-1 receptor-associated kinase 1; IKK, I�B kinase; iNOS, inducible NO synthase; MSCs,
mesenchymal stem cells; PDCD4, programmed cell death 4; PPAR�, peroxisome proliferator-activated receptor-�; TNIP1, TNFAIP3-interacting protein 1; SOCS, suppressor
of  cytokine signaling; SMAD4, SMAD family member 4; TAB2, TAK1-binding protein 2; TNIP1, TNFAIP3 interacting protein1; TOM1, target of Myb1; VCAM-1, vascular cell
adhesion molecule 1. In bold miR  common to SA-miRs and inflamma-miRs.

Table 4
Common SA-miRs and inflamma-miRs involved in human malignancies.Q6

MiRs Cancers References

MiR-9 NPC Gao et al. (2013)
MiR-19b DLBCL Fassina et al. (2012)
MiR-20a DLBCL Fassina et al. (2012)
MiR-21 Virtually all human cancers Ma et al. (2013)
MiR-29a Breast cancer Wang et al. (2013)
MiR-126 NSCLC OSCC Yang et al. (2012), Jusufović et al. (2012), Sasahira et al. (2012)
MiR-146a NSCLC Gastric cancer Chen et al. (2013), Yao et al. (2013)
MiR-155 Various carcinomas He et al. (2013a,b), Yang et al. (2013)
MiR-181a Hematological malignancies Lin et al. (2013)
Let-7 Various carcinomas Wang et al. (2012)
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SCLC, non-small cell lung cancer; OSCC, oral squamous cell carcinoma; NPC, nasop

onditions such as ulcerative colitis and Crohn’s colitis. IBD creates
he pathological conditions for colorectal cancer (CRC) develop-

ent (Ludwig et al., 2012); the PDCD4 tumor suppressor gene is
nvolved in colon carcinogenesis and its down-regulation is signifi-
antly associated with miR-21 up-regulation. These data document

 direct link among miRs, inflammation and CRC development
Please cite this article in press as: Olivieri, F., et al., MicroRNAs linking infl
http://dx.doi.org/10.1016/j.arr.2013.05.001

Okayama et al., 2012).
A recent paper has documented that miR-21 links senes-

ence/replicative life span and angiogenesis in normal human
ndothelial cells (Dellago et al., 2013). Transfection of early
geal carcinoma; DLBCL, diffuse large B-cell lymphoma.

passage endothelial cells with miR-21 resulted in reduced angio-
genesis and cell proliferation rates, while its overexpression
reduces the replicative life span while stable knockdown extends
the replicative life span (Dellago et al., 2013).
amm-aging, cellular senescence and cancer. Ageing Res. Rev. (2013),

3. MiR-126

Functional in vitro studies have shown that some miRs are crit-
ical for gene expression and endothelial cell function. Mir-126,
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 human miR  whose expression has been found to be typical of
ndothelial cells of capillaries and larger blood vessels, is con-
idered as a master regulator of physiological angiogenesis. It
cts on various transcripts by modulating vessel stabilization and
aturation (Wang et al., 2008; Sessa et al., 2012). Among its
ain protein targets, the epidermal growth factor-like domain

 (EGFL7) gene is involved in cell migration and blood ves-
el formation (Sun et al., 2010a). MiR-126 has recently been
eported to be expressed in hematopoietic stem cells (HSCs) and
o play a pivotal role in restraining HSC cell-cycle progression
y targeting multiple genes belonging to the phosphatidylinosi-
ol 3-kinase (PI3K)/serine/threonine protein kinase AKT/glycogen
ynthase kinase 3 (PI3K/AKT/GSK3) pathway (Lechman et al., 2012).
hese data indicate that miR-126 sets a threshold for HSC activa-
ion, controlling their pool size. MiR-126 has also been assigned

ajor developmental roles in the heart through activation of sur-
ival kinases ERK1/2 and AKT and enhancement of proangiogenic
ignaling (Shi et al., 2012).

Interestingly, tissue inflammation is critically regulated by miR-
26 both in vitro and in vivo, via modulation of the expression
f cell adhesion proteins such as VCAM-1 (Harris et al., 2008;
sgeirsdóttir et al., 2012; Qin et al., 2011). In a renal inflamma-

ion model, the inflammatory challenge unleashed VCAM-1 protein
xpression in the glomeruli of mice with knockdown of miR-126
unction, suggesting that it has a major role in the response of
enal microvascular endothelial cells to systemic inflammatory
timuli (Asgeirsdóttir et al., 2012). Accordingly, miR-126 is also
eregulated in several disorders characterized by endothelial cell
ctivation in response to systemic inflammatory stimuli, includ-
ng CVD, diabetes mellitus and inflammatory diseases (Mocharla
t al., 2013; Feng et al., 2012; Zampetaki et al., 2012). Interest-
ngly, miR-126 can play an important role in the modulation of
nflammatory activity by down-regulating the expression of IKBA,
n important inhibitor of the NF-�B signaling pathway (Feng et al.,
012). MiR-126 was also reported to target TOM1 (target of Myb1),
hich has been shown to interact with toll-interacting proteins

n TLR-2/-4 signaling pathways, forming a complex to regulate
ndosomal trafficking of ubiquitinated proteins (Oglesby et al.,
012).

Altered miR-126 expression has been documented in various
ancers, acting as a tumor suppressor or as an oncogene depending
n cancer type (Yang et al., 2012; Otsubo et al., 2011).

It is a tumor-suppressor gene in non-small cell lung cancer
NSCLC), repressing the activity of the PI3K-AKT pathway by target-
ng binding sites in the 3′-UTR region of PI3KR2 mRNA (Yang et al.,
012). Accordingly, NSCLC patients with low miR-126 expression
ad significantly shorter survival time than those with high miR-
26 expression (Yang et al., 2012; Jusufović et al., 2012). EGFL7,
hich is involved in cell responses such as cell migration and blood

essel formation, was identified as miR-126 target in NSCLC cells
Sun et al., 2010b).

In gastric cancer, aberrant over-expression of miR-126 and
own-regulation of its target SRY (sex-determining region Y)-box

 (SOX2) contributes to carcinogenesis (Otsubo et al., 2011). SOX2
s a crucial transcription factor with important roles in growth
nhibition through cell cycle arrest and apoptosis. Over-expression
f miR-126 was also induced in oral squamous cell carcinoma
OSCC) cells, showing an association with tumor progression, nodal

etastasis and vessel density (Sasahira et al., 2012). Interestingly,
ecreased miR-126 expression strongly correlated with disease-
ree survival in OSCC patients (Sasahira et al., 2012).

MiR-126 therefore has a dual role: as an oncosuppressor it
nhibits cell proliferation, migration, invasion and survival; as an
Please cite this article in press as: Olivieri, F., et al., MicroRNAs linking infl
http://dx.doi.org/10.1016/j.arr.2013.05.001

ncogene it supports cancer progression by promoting blood vessel
ormation and inflammation at the site of endothelial cell activation
Meister and Schmidt, 2010).
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4. MiR-146a

It has recently been documented that miR-146a plays a key
role as a modulator of the innate immune response (Labbaye and
Testa, 2012). Such response is induced through TLRs, and two  key
adapter molecules in the TLR/NF-�B pathway, TRAF6 and IRAK1,
have been identified as miR-146a direct targets (Hou et al., 2009).
This suggests a negative regulatory loop where NF-�B activation
up-regulates the miR-146 gene, which upon processing down-
regulates IRAK1 and TRAF6 to reduce NF-�B activity. Macrophages
are the main cell type involved in inflammatory response modula-
tion, mainly through TLR pathway activation. However, our group
has recently described increased in vitro expression of miR-146a
in human umbilical vein cells (HUVECs) and in aortic and coronary
endothelial cells (respectively HAECs and HCAECs) during replica-
tive senescence, thus demonstrating that endothelial cells may  play
an important role in this process (Olivieri et al., 2012a,b). Sim-
ilar to macrophages and fibroblasts all three cell types acquired
the SASP during replicative senescence despite the fact that miR-
146a overexpression should physiologically prevent its acquisition
by promoting an anti-inflammatory response. Surprisingly, several
studies have shown the pathological relevance of NF-�B/miR-146a
dysregulation in human cancers, including breast and pancreatic
cancer, anaplastic thyroid carcinoma, and brain tumors (Bhaumik
et al., 2008; Lukiw et al., 2008; Hurst et al., 2009; Li et al., 2010a,b;
Pacifico et al., 2010). A contribution of miR-146a deregulation to
the development and maintenance of neoplastic processes has
been documented by several researchers (Labbaye et al., 2012;
Hurst et al., 2009; Li et al., 2010a,b). However, its mechanism of
action remains unclear, since both increased and decreased lev-
els have been described in different type of cancers: up-regulation
in papillary thyroid carcinoma and cervical, breast, and pancre-
atic cancer, and down-regulation in prostate cancer (Williams
et al., 2008). Since miR-146a participates in a negative feedback
loop modulating inflammation, dynamic changes in its expres-
sion can be expected in tissues exhibiting different degrees of
inflammation.

Interestingly, mice with miR-146a deletion spontaneously
developed subcutaneous flank tumors (Zhao et al., 2011). More-
over miR-146a has been reported to suppress metastatic activity
(Hwang et al., 2012; Hou et al., 2012). In particular, its up-regulation
inhibits cancer cell invasion and metastasis in vitro and in vivo (Hou
et al., 2012).

Low miR-146a expression in NSCLC correlated with advanced
clinical TNM stages and distant metastasis, whereas high miR-146a
levels in the tumor was associated with longer progression-free
survival (Chen et al., 2013).

Altogether these findings show that by counteracting the proin-
flammatory status associated with cellular senescence, miR-146a
can exert anti-inflammatory effects and a general tumor suppressor
action by inhibiting tumor development and cancer cell invasion
and metastasis.

4.1. SA-miRs and inflamma-miRs modulation in centenarians

Cancer incidence and mortality increase exponentially with age,
peaking at 80–85 years (Fulop et al., 2010). Quite surprisingly they
then decline; accordingly, cancer is relatively uncommon as a dis-
ease and as a cause of death among the very old (Pavlidis et al.,
2012; Salvioli et al., 2009).

A number of genetic variants predisposing to cancer have been
described in healthy centenarians, who also displayed high levels
amm-aging, cellular senescence and cancer. Ageing Res. Rev. (2013),

ings seem to contradict the data regarding the interconnection of
cancer and inflammation discussed above. To reconcile these con-
flicting notions it has been proposed that the large amounts of
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roinflammatory modulators found in centenarians are offset by
igh levels of anti-inflammatory molecules such as IL-10 and TGF-

 (Vasto et al., 2007; Franceschi et al., 2007). According to another
ypothesis the levels of proinflammatory molecules are not criti-
al in themselves, but are more or less dangerous depending on the
issue where they are produced (muscle, adipose tissue, epithe-
ia, etc.) (Salvioli et al., 2012). The latter concept has not yet been
ested, since the capacity of different tissues and cells to produce
roinflammatory molecules has not been compared in centenari-
ns and young or younger (70–80 year olds) individuals. Similarly,
o data are available on the body composition (total amount of

at mass, lean and fat mass ratio, etc.) of centenarians. Nonetheless
hese individuals seem to be endowed with a resistance to can-
er whose underlying mechanisms are still unclear (Bonafè et al.,
011). Given the involvement of miRs in gene expression regula-
ion, a peculiar modulation of their expression might contribute
o efficient homeostasis in centenarians. To date only four stud-
es have compared the miR  expression profile of centenarians and
ounger subjects. Although they examined different samples from
idely different individuals, i.e. peripheral blood mononuclear cells

PBMCs) from Spanish donors (Serna et al., 2012); B lymphocytes
rom Ashkenazi Jews (Gombar et al., 2012); plasma from Italian
ubjects (Olivieri et al., 2012a,b), and whole blood from German
ndividuals (ElSharawy et al., 2012), all four studies found a signifi-
ant overlap between the miR  profiles of centenarians and of young
ndividuals, and a different profile in octogenarians. These find-
ngs lend support to the hypothesis that achievement of extreme
ongevity probably requires a special gene expression regulation
Serna et al., 2012; Olivieri et al., 2012a,b).

Notably, age-related changes have been demonstrated in circu-
ating miR-19b, miR-21, miR-126 and miR-146a, which are among
he more common SA-miRs, inflamma-miRs and onco-miRs (Olivieri
t al., 2012a,b; our unpublished data). Different miR-19b levels were
lso reported in PBMCs from octogenarians compared with cente-
arians and young individuals (Serna et al., 2012).

Significant modulation of miR-20a, -106a, -126 and -155, but not
f miR-19b, was reported in whole blood of old subjects (ElSharawy
t al., 2012). Interestingly, miR-21 was deregulated in all studies
omparing the miR  expression profile of centenarians and younger
ubjects. Significant modulation of miR-21 expression in circulat-
ng cells and plasma of centenarians is not surprising to those

ho advocate that miR-21 lies at the intersection of senescence,
nflammation and age-related diseases. However, its expression

as significantly higher in PBMCs (Serna et al., 2012) and B lympho-
ytes (Gombar et al., 2012) from centenarians compared to 20-year
lds and octogenarians, whereas its levels in plasma (Olivieri et al.,
012a,b) and whole blood (ElSharawy et al., 2012) were higher in old

ndividuals than in 20-year olds, and higher in octogenarians than in
entenarians. Only whole blood showed miR-21 down-regulation
n centenarians compared to younger subjects (ElSharawy et al.,
012). Since whole blood is a combination of plasma and PBMCs,
uch discrepancies could be related to different age-related expres-
ion profiles in different biological samples. A direct comparison
f the miRNome of whole blood and of serum and hematopoi-
tic subpopulations (e.g. lymphocytes, monocytes and circulating
rogenitor cells) from subjects with different malignant and non-
alignant diseases is clearly warranted.

. Conclusions

MiRs are indisputably opening a new era in the fields of sys-
Please cite this article in press as: Olivieri, F., et al., MicroRNAs linking infl
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emic and tissue-specific biomarkers, intercellular and perhaps
nter-organ communication mechanisms, and therapeutic strate-
ies. Recent evidence suggests that a number of miRs, including
iR-21, -146a and -126, modulate some pathways (e.g. NF-�B)
 PRESS
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related to cellular senescence, inflammation, angiogenesis, phys-
iological aging and development of age-related diseases, including
cancer.

Cancer development is largely avoided or delayed in cente-
narians, subjects who have reached the extreme boundaries of
the human life span. In these individuals changes in some miRs
involved in cancer, like miR-21, are found both in plasma and leuko-
cytes, further suggesting that a peculiar modulation of this family
of small regulators may have a role in preventing development of
aggressive cancer disease. It is therefore conceivable that strate-
gies aimed to regulate their expression could help treat a number
of age-related conditions (Nana-Sinkam and Croce, 2013; Zhong
et al., 2013; Bao et al., 2012; Zhu et al., 2012; Bader, 2012). Given the
complexity of in vivo miRNA targeting, including toxicity and tar-
get specificity issues, few studies using this approach have reached
the clinical trial stage; the most advanced among them currently
involves miR-122 targeting in hepatitis C (Machlin et al., 2012).

Modulation of miR-21, -126 and 146a to inhibit cancer cell
growth and enhance the cytotoxicity of antitumor agents is being
investigated. Some of the miR-21 protein targets modulate TNF-
related apoptosis-inducing ligand (TRAIL) resistance both in human
glioblastoma primary cells and in lung cancer cells (Quintavalle
et al., 2012). High miR-21 expression levels are needed to maintain
the TRAIL-resistant phenotype, making this miR a promising ther-
apeutic target. The combination of miR-21 knockdown with neural
precursor cells that secrete a recombinant TRAIL (TNF ligand super-
family, member 10) protein sensitizes gliomas to cytotoxic therapy
in vitro and in vivo (Corsten et al., 2007; Leal et al., 2013).

A greater understanding of miR  sources and regulation, iden-
tification and validation of their target genes and target tissue
specificity, and development of safe and effective delivery strate-
gies would considerably enhance their therapeutic potential.
Coupling engineered exosomes to nanotechnology would promote
the development of immunotherapy approaches and cancer vac-
cines; eventually, the insertion of specific miRs (or antagomiR)
directed against specific cells or tissues could be decisive to achiev-
ing therapeutic advances (Tan et al., 2010; Ohno et al., 2013).

Lowering the threshold of cellular senescence through inhi-
bition of CDK regulators has recently been suggested as a new
potential approach to cancer treatment (Ling et al., 2012) as has
the use of strategies aimed at controlling NF-�B-related inflam-
mation during normal and pathological aging (Osorio et al., 2012).
However, modulation of cellular senescence and age-associated
inflammation to destroy cancer cells requires further investigation.
To do this, in vivo strategies to eliminate senescent cells or the
effects of SASP acquisition from cancer-prone tissues need to be
developed. MiR-21, miR-146a and miR-126 emerge as promising
candidates for the development of new direct and indirect ther-
apeutic strategies against several cancers and other age-related
diseases.
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Košnik, M.,  2012. let-7b and miR-126 are down-regulated in tumor tissue and
correlate with microvessel density and survival outcomes in non-small-cell lung
cancer. PLoS One 7, e45577, http://dx.doi.org/10.1371/journal.pone.0045577.

Kapoor, P., Deshmukh, R., 2012. VEGF: a critical driver for angiogenesis and subse-
quent tumor growth: an IHC study. Journal of Oral and Maxillofacial Pathology
16, 330–337, http://dx.doi.org/10.4103/0973-029X.;1; 102478.

Karin, M.,  2006. NF-kappaB and cancer: mechanisms and targets. Molecular Car-
cinogenesis 45, 355–361.

Keller, A., Leidinger, P., Bauer, A., Elsharawy, A., Haas, J., Backes, C., Wendschlag,
A.,  Giese, N., Tjaden, C., Ott, K., Werner, J., Hackert, T., Ruprecht, K., Huwer,
H.,  Huebers, J., Jacobs, G., Rosenstiel, P., Kundu, J.K., Surh, Y.J., 2012. Emerging
avenues linking inflammation and cancer. Free Radical Biology and Medicine 52,
2013–2037, http://dx.doi.org/10.1016/j.freeradbiomed.2012.02.035.

Khokhlov, A.N., 2013. Does aging need its own program, or is the program of devel-
opment quite sufficient for it? Stationary cell cultures as a tool to search for
anti-aging factors. Current Aging Science.

Kim, S.W., Ramasamy, K., Bouamar, H., Lin, A.P., Jiang, D., Aguiar, R.C., 2012. MicroR-
NAs  miR-125a and miR-125b constitutively activate the NF-�B pathway by
targeting the tumor necrosis factor alpha-induced protein 3 (TNFAIP3 A20). Pro-
ceedings of the National Academy of Sciences of the United States of America
109, 7865–7870, http://dx.doi.org/10.1073/pnas.1200081109.

Kim,  J., Kim, J., Kim, D.W., Ha, Y., Ihm, M.H., Kim, H., Song, K., Lee, I.,
2010. Wnt5a induces endothelial inflammation via beta-catenin-
independent signaling. Journal of Immunology 185, 1274–1282,
http://dx.doi.org/10.4049/jimmunol.1000181.

Kim, W.,  Kim, M.,  Jho, E.H., 2013. Wnt/�-catenin signalling: from
plasma membrane to nucleus. Biochemical Journal 450, 9–21,
http://dx.doi.org/10.1042/BJ20121284.

Kuilman, T., Michaloglou, C., Vredeveld, L.C., Douma, S., van Doorn, R., Desmet,
C.J.,  Aarden, L.A., Mooi, W.J., Peeper, D.S., 2008. Oncogene-induced senes-
cence relayed by an interleukin-dependent inflammatory network. Cell 133,
1019–1031, http://dx.doi.org/10.1016/j.cell.2008.03.039.

Kumar, M.,  Ahmad, T., Sharma, A., Mabalirajan, U., Kulshreshtha, A., Agrawal, A.,
Ghosh, B., 2011. Let-7 microRNA-mediated regulation of IL-13 and allergic air-
way inflammation. Journal of Allergy and Clinical Immunology 128, 1077–1085,
http://dx.doi.org/10.1016/j.jaci.2011.04.034 e1-10.

Kumarswamy, R., Volkmann, I., Thum, T., 2011. Regulation and function of miRNA-
21 in health and disease. RNA Biology 8, 706–713.

Labbaye, C., Testa, U., 2012. The emerging role of MIR-146A in the control of
hematopoiesis, immune function and cancer. Journal of Hematology & Oncology.

Laberge, R.M., Awad, P., Campisi, J., Desprez, P.Y., 2012. Epithelial-mesenchymal
transition induced by senescent fibroblasts. Cancer Microenvironment 5, 39–44,
http://dx.doi.org/10.1007/s12307-011-0069-4.

Leal, J.A., Feliciano, A., Lleonart, M.E., 2013. Stem cell MicroRNAs in senescence and
immortalization: novel players in cancer therapy. Medicinal Research Reviews
amm-aging, cellular senescence and cancer. Ageing Res. Rev. (2013),

33, 112–138, http://dx.doi.org/10.1002/med.20246.
Lai,  C.C., Lin, P.M., Lin, S.F., Hsu, C.H., Lin, H.C., Hu, M.L., Hsu, C.M.,

Yang, M.Y., 2013. Altered expression of SIRT gene family in head
and neck squamous cell carcinoma. Tumour Biology (Epub ahead of
print).

1033

1034

1035

1036

1037

dx.doi.org/10.1016/j.arr.2013.05.001
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0225
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0230
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0230
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0230
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0230
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0230
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0230
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0230
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0230
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0230
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0230
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0230
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0230
dx.doi.org/10.1073/pnas.1002120107
dx.doi.org/10.1371/journal.pone.0052782
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0245
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0245
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0245
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0245
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0245
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0245
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0245
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0245
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0245
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0245
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0245
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0245
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0245
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0245
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0245
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0245
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0245
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0245
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0245
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0250
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0250
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0250
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0250
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0250
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0250
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0250
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0250
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0250
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0250
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0250
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0250
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0250
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0250
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0250
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0250
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0250
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0250
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0250
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0250
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0250
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0250
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0250
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0250
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0250
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0255
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0255
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0255
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0255
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0255
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0255
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0255
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0255
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0255
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0255
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0255
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0255
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0255
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0255
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0255
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0255
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0255
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0260
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0260
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0260
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0260
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0260
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0260
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0260
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0260
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0260
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0260
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0260
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0260
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0260
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0260
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0260
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0260
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0265
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0265
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0265
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0265
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0265
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0265
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0265
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0265
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0265
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0265
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0265
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0265
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0265
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0265
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0265
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0265
dx.doi.org/10.1016/j.tig.2011.03.005
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0275
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0275
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0275
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0275
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0275
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0275
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0275
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0275
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0275
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0275
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0275
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0275
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0275
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0275
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0275
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0275
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0275
dx.doi.org/10.1016/j.bbrc.2012.12.097
dx.doi.org/10.1111/j.1474-9726.2010.00549.x
dx.doi.org/10.1016/j.transproceed.2008.10.009
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0295
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0295
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0295
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0295
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0295
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0295
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0295
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0295
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0295
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0295
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0295
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0295
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0295
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0295
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0295
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0295
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0295
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0295
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0295
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0295
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0295
dx.doi.org/10.4049/jimmunol.1200312
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0305
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0305
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0305
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0305
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0305
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0305
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0305
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0305
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0305
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0305
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0305
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0305
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0305
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0305
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0305
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0305
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0305
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0305
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0305
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0310
dx.doi.org/10.1038/aps.2012.188
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0320
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0320
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0320
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0320
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0320
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0320
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0320
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0320
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0320
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0320
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0320
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0320
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0320
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0320
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0320
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0320
dx.doi.org/10.1161/CIRCULATIONAHA.110.982918
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0330
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0330
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0330
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0330
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0330
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0330
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0330
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0330
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0330
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0330
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0330
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0330
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0330
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0330
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0330
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0330
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0330
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0330
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0330
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0330
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0330
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0330
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0330
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0330
dx.doi.org/10.3892/mmr.2012.946
dx.doi.org/10.1158/0008-5472.CAN-08-3559
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0345
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0345
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0345
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0345
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0345
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0345
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0345
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0345
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0345
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0345
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0345
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0345
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0345
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0345
dx.doi.org/10.1371/journal.pone.0044789
dx.doi.org/10.1016/j.jmb.2013.01.023
dx.doi.org/10.1182/blood-2011-08-374793
dx.doi.org/10.1016/j.bbrc.2010.07.012
dx.doi.org/10.1111/j.1474-9726.2012.00871.x
dx.doi.org/10.1016/j.mad.2006.11.008
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0380
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0380
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0380
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0380
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0380
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0380
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0380
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0380
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0380
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0380
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0380
dx.doi.org/10.1371/journal.pone.0045577
dx.doi.org/10.4103/0973-029X.;1; 102478
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0395
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0395
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0395
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0395
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0395
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0395
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0395
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0395
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0395
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0395
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0395
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0395
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0395
dx.doi.org/10.1016/j.freeradbiomed.2012.02.035
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0405
dx.doi.org/10.1073/pnas.1200081109
dx.doi.org/10.4049/jimmunol.1000181
dx.doi.org/10.1042/BJ20121284
dx.doi.org/10.1016/j.cell.2008.03.039
dx.doi.org/10.1016/j.jaci.2011.04.034 e1-10
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0435
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0435
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0435
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0435
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0435
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0435
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0435
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0435
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0435
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0435
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0435
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0435
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0435
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0435
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0435
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0435
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0440
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0440
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0440
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0440
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0440
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0440
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0440
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0440
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0440
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0440
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0440
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0440
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0440
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0440
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0440
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0440
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0440
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0440
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0440
dx.doi.org/10.1007/s12307-011-0069-4
dx.doi.org/10.1002/med.20246
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0455
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0455
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0455
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0455
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0455
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0455
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0455
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0455
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0455
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0455
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0455
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0455
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0455
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0455
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0455
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0455
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0455
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0455
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0455


 ING Model

A

arch R

L

L

L

L

L

L

L

L

L

L

L

L

L

L

L

L

L

L

L

M

M

M

M

M

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

1110

1111

1112

1113

1114

1115

1116

1117

1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

1136

1137

1138

1139

1140

1141

1142

1143

1144

1145

1146

1147

1148

1149

1150

1151

1152

1153

1154

1155

1156

1157

1158

1159

1160

1161

1162

1163

1164

1165

1166

1167

1168

1169

1170

1171

1172

1173

1174

1175

1176

1177

1178

1179

1180

1181

1182

1183

1184

1185

1186

1187

1188

1189

1190

1191

1192

1193

1194

1195

1196

1197

1198

1199

1200

1201

1202

1203
ARTICLERR 455 1–13

F. Olivieri et al. / Ageing Rese

echman, E.R., Gentner, B., van Galen, P., Giustacchini, A., Saini, M.,  Boccalatte, F.E.,
Hiramatsu, H., Restuccia, U., Bachi, A., Voisin, V., Bader, G.D., Dick, J.E., Naldini, L.,
2012. Attenuation of miR-126 activity expands HSC in vivo without exhaustion.
Cell Stem Cell 11, 799–7811.

ee, B.Y., Han, J.A., Im, J.S., Morrone, A., Johung, K., Goodwin, E.C., Klei-
jer,  W.J., DiMaio, D., Hwang, E.S., 2006. Senescence-associated beta-
galactosidase is lysosomal beta-galactosidase. Aging Cell 5, 187–195,
http://dx.doi.org/10.1111/j.1474-9726.2006.00199.x.

ena, A.M., Mancini, M.,  Rivetti di Val Cervo, P., Saintigny, G., Mahé, C., Melino G.,
Candi, E., 2012. MicroRNA-191 triggers keratinocytes senescence by SATB1 and
CDK6 downregulation. Biochemical and Biophysical Research Communications
423, 509–514, http://dx.doi.org/10.1016/j.bbrc.2012.05.153.

i,  G., Luna, C., Qiu, J., Epstein, D.L., Gonzalez, P., 2010a. Modulation of inflammatory
markers by miR-146a during replicative senescence in trabecular mesh-
work cells. Investigative Ophthalmology and Visual Science 51, 2976–2985,
http://dx.doi.org/10.1167/iovs.09-4874.

i,  N., Grivennikov, S.I., Karin, M.,  2011. The unholy trinity: inflammation, cytokines,
and STAT3 shape the cancer microenvironment. Cancer Cell 19, 429–431,
http://dx.doi.org/10.1016/j.ccr.2011.03.018.

i,  Y., Vandenboom 2nd, T.G., Wang, Z., Kong, D., Ali, S., Philip, P.A., Sarkar, F.H., 2010b.
miR-146a suppresses invasion of pancreatic cancer cells. Cancer Research 70,
1486–1495, http://dx.doi.org/10.1158/0008-5472.CAN-09-2792.

i,  G., Yu, M.,  Lee, W.W.,  Tsang, M.,  Krishnan, E., Weyand, C.M., Goronzy, J.J.,
2012a. Decline in miR-181a expression with age impairs T cell receptor
sensitivity by increasing DUSP6 activity. Nature Medicine 18, 1518–1524,
http://dx.doi.org/10.1038/nm.2963.

i,  X.D., Chen, J., Ruan, C.C., Zhu, D.L., Gao, P.J., 2012b. Vascular endothe-
lial growth factor-induced osteopontin expression mediates vascular
inflammation and neointima formation via Flt-1 in adventitial fibrob-
lasts. Arteriosclerosis, Thrombosis, and Vascular Biology 32, 2250–2258,
http://dx.doi.org/10.1161/ATVBAHA.112.255216.

in, H., Hua, F., Hu, Z.W., 2012a. Autophagic flux, supported by toll-like recep-
tor 2 activity, defends against the carcinogenesis of hepatocellular carcinoma.
Autophagy 8, 1859–1861, http://dx.doi.org/10.4161/auto.22094.

in, S., Yang, J., Elkahloun, A.G., Bandyopadhyay, A., Wang, L., Cornell, J.E.,
Yeh,  I.T., Agyin, J., Tomlinson, G., Sun, L.Z., 2012b. Attenuation of TGF-
�  signaling suppresses premature senescence in a p21-dependent manner
and promotes oncogenic Ras-mediated metastatic transformation in human
mammary epithelial cells. Molecular Biology of the Cell 23, 1569–1581,
http://dx.doi.org/10.1091/mbc.E11-10-0849.

in,  S., Pan, L., Guo, S., Wu,  J., Jin, L., Wang, J.C., Wang, S., 2013. Prognostic role of
microRNA-181a/b in hematological malignancies: a meta-analysis. PLoS One 8,
e59532, http://dx.doi.org/10.1371/journal.pone.0059532.

ing, H., Samarasinghe, S., Kulasiri, D., 2012. Computational experiments
reveal the efficacy of targeting CDK2 and CKIs for significantly lower-
ing cellular senescence bar for potential cancer treatment. Biosystems,
http://dx.doi.org/10.1016/j.biosystems.2012.12.001.

isanti, M.P., Martinez-Outschoorn, U.E., Pavlides, S., Whitaker-Menezes, D., Pestell,
R.G., Howell, A., Sotgia, F., 2011. Accelerated aging in the tumor microen-
vironment: connecting aging, inflammation and cancer metabolism with
personalized medicine. Cell Cycle 10, 2059–2063.

iu, E.Y., Ryan, K.M., 2012. Autophagy and cancer – issues we  need to digest. Journal
of  Cell Science 125, 2349–2358, http://dx.doi.org/10.1242/jcs.093708.

iu, L.Z., Li, C., Chen, Q., Jing, Y., Carpenter, R., Jiang, Y., Kung, H.F., Lai, L., Jiang, B.H.,
2011. MiR-21 induced angiogenesis through AKT and ERK activation and HIF-1�
expression. PLoS One 6, e19139.

iu, Z., Lu, C.L., Cui, L.P., Hu, Y.L., Yu, Q., Jiang, Y., Ma,  T., Jiao, D.K., Wang, D., Jia,
C.Y., 2012. MicroRNA-146a modulates TGF-�1-induced phenotypic differentia-
tion in human dermal fibroblasts by targeting SMAD4. Archives of Dermatology
Research 304, 195–202, http://dx.doi.org/10.1007/s00403-011-1178-0.

ovat, F., Valeri, N., Croce, C.M., 2011. MicroRNAs in the patho-
genesis of cancer. Seminars in Oncology 38, 724–733,
http://dx.doi.org/10.1053/j.seminoncol.2011.08.006.

udwig, K., Fassan, M.,  Mescoli, C., Pizzi, M.,  Balistreri, M.,  Albertoni, L., Pucciarelli,
S., Scarpa, M., Sturniolo, G.C., Angriman, I., Rugge, M.,  2012. PDCD4/miR-21 dys-
regulation in inflammatory bowel disease-associated carcinogenesis. Virchows
Archiv.

ukiw, W.J., Zhao, Y., Cui, J.G., 2008. An NF-kappaB-sensitive micro RNA-
146a-mediated inflammatory circuit in Alzheimer disease and in stressed
human brain cells. Journal of Biological Chemistry 283, 31315–31322,
http://dx.doi.org/10.1074/jbc.M805371200.

a,  X., Becker Buscaglia, L.E., Barker, J.R., Li, Y., 2011. MicroRNAs in NF-
kappaB signaling. Journal of Molecular and Cellular Biology 3, 159–166,
http://dx.doi.org/10.1093/jmcb/mjr007.

a,  X., Choudhury, S.N., Hua, X., Dai, Z., Li, Y., 2013. Interaction of the oncogenic
miR-21 microRNA and the p53 tumor suppressor pathway. Carcinogenesis.

achlin, E.S., Sarnow, P., Sagan, S.M., 2012. Combating hepatitis C virus by targeting
microRNA-122 using locked nucleic acids. Current Gene Therapy 12, 301–306.

ancini, M.,  Saintigny, G., Mahé, C., Annicchiarico-Petruzzelli, M.,  Melino, G., Candi,
E., 2012. MicroRNA-152 and -181a participate in human dermal fibroblasts
senescence acting on cell adhesion and remodeling of the extra-cellular matrix.
Please cite this article in press as: Olivieri, F., et al., MicroRNAs linking infl
http://dx.doi.org/10.1016/j.arr.2013.05.001

Aging (Albany NY) 4, 843–853.
arasa, B.S., Srikantan, S., Martindale, J.L., Kim, M.M.,  Lee, E.K., Gorospe, M., Abdel-

mohsen, K., 2010. MicroRNA profiling in human diploid fibroblasts uncovers
miR-519 role in replicative senescence. Aging (Albany NY) 2, 333–343.
 PRESS
eviews xxx (2013) xxx– xxx 11

Marchetti, B., Pluchino, S., 2013. Wnt  your brain be inflamed?
Yes, it Wnt! Trends in Molecular Medicine 19, 144–156,
http://dx.doi.org/10.1016/j.molmed.2012.12.001.

Martinez, I., Cazalla, D., Almstead, L.L., Steitz, J.A., DiMaio, D., 2011a. miR-29 and
miR-30 regulate B-Myb expression during cellular senescence. Proceedings of
the  National Academy of Sciences of the United States of America 108, 522–527,
http://dx.doi.org/10.1073/pnas.1017346108.

Martinez, I., Almstead, L.L., DiMaio, D., 2011b. MicroRNAs and senescence. Aging
(Albany NY) 3, 77–78.

Meister, J., Schmidt, M.H., 2010. miR-126 and miR-126*: new players in cancer.
Scientific World Journal 10, 2090–2100.

Menghini, R., Casagrande, V., Cardellini, M.,  Martelli, E., Terrinoni, A., Amati,
F.,  Vasa-Nicotera, M.,  Ippoliti, A., Novelli, G., Melino, G., Lauro, R.,
Federici, M., 2009. MicroRNA 217 modulates endothelial cell senes-
cence via silent information regulator 1. Circulation 120, 1524–1532,
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.864629.

Merline, R., Moreth, K., Beckmann, J., Nastase, M.V., Zeng-Brouwers, J., Tralhão, J.G.,
Lemarchand, P., Pfeilschifter, J., Schaefer, R.M., Iozzo, R.V., Schaefer, L., 2011.
Signaling by the matrix proteoglycan decorin controls inflammation and cancer
through PDCD4 and MicroRNA-21. Science Signaling 4, ra75.

Michaloglou, C., Vredeveld, L.C., Soengas, M.S., Denoyelle, C., Kuilman, T., van
der Horst, C.M., Majoor, D.M., Shay, J.W., Mooi, W.J., Peeper, D.S., 2005.
BRAFE600-associated senescence-like cell cycle arrest of human naevi. Nature
436,  720–724.

Minamino, T., Yoshida, T., Tateno, K., Miyauchi, H., Zou, Y., Toko, H., Komuro, I., 2003.
Circulation 108, 2264–2269.

Mitomo, S., Maesawa, C., Ogasawara, S., Iwaya, T., Shibazaki, M.,  Yashima-Abo,
A.,  Kotani, K., Oikawa, H., Sakurai, E., Izutsu, N., Kato, K., Komatsu, H.,  Ikeda,
K.,  Wakabayashi, G., Masuda, T., 2008. Downregulation of miR-138 is associ-
ated  with overexpression of human telomerase reverse transcriptase protein
in human anaplastic thyroid carcinoma cell lines. Cancer Science 99, 280–286,
http://dx.doi.org/10.1111/j.1349-7006.2007.00666.x.

Mocharla, P., Briand, S., Giannotti, G., Dörries, C., Jakob, P., Paneni, F.,
Lüscher, T., Landmesser, U., 2013. AngiomiR-126 expression and secre-
tion from circulating CD34+ and CD14+ PBMCs: role for proangio-
genic effects and alterations in type 2 diabetics. Blood 121, 226–236,
http://dx.doi.org/10.1182/blood-2012-01-407106.

Morris, B.J., 2013. Seven sirtuins for seven deadly diseases
ofaging. Free Radical Biology and Medicine 56, 133–171,
http://dx.doi.org/10.1016/j.freeradbiomed.2012.10.525.

Nana-Sinkam, S.P., Croce, C.M., 2013. Clinical Applications for
microRNAs in Cancer. Clin Pharmacology Theraphy 93, 98–104,
http://dx.doi.org/10.1038/clpt.2012.192.

Nazari-Jahantigh, M.,  Wei, Y., Noels, H., Akhtar, S., Zhou, Z., Koenen, R.R., Heyll, K.,
Gremse, F., Kiessling, F., Grommes, J., Weber, C., Schober, A., 2012. MicroRNA-155
promotes atherosclerosis by repressing Bcl6 in macrophages. Journal of Clinical
Investigation 122, 4190–4202, http://dx.doi.org/10.1172/JCI61716.

Neilsen, C.T., Goodall, G.J., Bracken, C.P., 2012. IsomiRs – the overlooked
repertoire in the dynamic microRNAome. Trends in Genetics 28, 544–549,
http://dx.doi.org/10.1016/j.tig.2012.07.005.

Olarerin-George, A.O., Anton, L., Hwang, Y.C., Elovitz, M.A., Hogenesch, J.B., 2013.
A functional genomics screen for microRNA regulators of NF-kappaB signaling.
BMC  Biology 11, 19.

Olivieri, F., Lazzarini, R., Recchioni, R., Marcheselli, F., Rippo, M.R., Di Nuzzo, S.,
Albertini, M.C., Graciotti, L., Babini, L., Mariotti, S., Spada, G.,  Abbatecola, A.M.,
Antonicelli, R., Franceschi, C., Procopio, A.D., 2012a. MiR-146a as marker of
senescence-associated pro-inflammatory status in cells involved in vascular
remodelling. Age (Dordr).

Olivieri, F., Spazzafumo, L., Santini, G., Lazzarini, R., Albertini, M.C., Rippo, M.R.,
Galeazzi, R., Abbatecola, A.M., Marcheselli, F., Monti, D., Ostan, R., Cevenini,
E.,  Antonicelli, R., Franceschi, C., Procopio, A.D., 2012b. Age-related differ-
ences in the expression of circulating microRNAs: miR-21 as a new circulating
marker of inflammaging. Mechanism of Ageing and Development 133, 675–685,
http://dx.doi.org/10.1016/j.mad.2012.09.004.

Olivieri, F., Rippo, M.R., Prattichizzo, F., Babini, L., Graciotti, L., Recchioni, R., Procopio,
A.D., 2013. Toll like receptor signaling in “inflammaging”: microRNA as new
players. Immunity and Ageing 10, 11.

Osorio, F.G., López-Otín, C., Freije, J.M., 2012. NF-�B in premature aging. Aging
(Albany NY) 4, 726–727.

Otsubo, T., Akiyama, Y., Hashimoto, Y., Shimada, S., Goto, K., Yuasa, Y., 2011.
MicroRNA-126 inhibits SOX2 expression and contributes to gastric carcinogen-
esis. PLoS One 6, e16617.

Pacifico, F., Crescenzi, E., Mellone, S., Iannetti, A., Porrino, N., Liguoro, D., Moscato,
F.,  Grieco, M.,  Formisano, S., Leonardi, A., 2010. Nuclear factor-{kappa}B
contributes to anaplastic thyroid carcinomas through up-regulation of miR-
146a. Journal of Clinical Endocrinology and Metabolism 95, 1421–1430,
http://dx.doi.org/10.1210/jc.2009-1128.

Paik, J.H., Jang, J.Y., Jeon, Y.K., Kim, W.Y., Kim, T.M., Heo, D.S., Kim, C.W.,
2011. MicroRNA-146a downregulates NF�B activity via targeting TRAF6
and functions as a tumor suppressor having strong prognostic implica-
tions in NK/T cell lymphoma. Clinical Cancer Research 17, 4761–4771,
amm-aging, cellular senescence and cancer. Ageing Res. Rev. (2013),

http://dx.doi.org/10.1158/1078-0432.CCR-11-0494.
Park, S., Kang, S., Min, K.H., Woo  Hwang, K, Min, H., 2012. Age-associated changes

in  microRNA expression in bone marrow derived dendritic cells. Immunological
Investigations 42, 179–190, http://dx.doi.org/10.3109/08820139.2012.717328.

1204

1205

1206

1207

dx.doi.org/10.1016/j.arr.2013.05.001
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0460
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0460
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0460
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0460
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0460
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0460
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0460
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0460
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0460
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0460
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0460
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0460
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0460
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0460
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0460
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0460
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0460
dx.doi.org/10.1111/j.1474-9726.2006.00199.x
dx.doi.org/10.1016/j.bbrc.2012.05.153
dx.doi.org/10.1167/iovs.09-4874
dx.doi.org/10.1016/j.ccr.2011.03.018
dx.doi.org/10.1158/0008-5472.CAN-09-2792
dx.doi.org/10.1038/nm.2963
dx.doi.org/10.1161/ATVBAHA.112.255216
dx.doi.org/10.4161/auto.22094
dx.doi.org/10.1091/mbc.E11-10-0849
dx.doi.org/10.1371/journal.pone.0059532
dx.doi.org/10.1016/j.biosystems.2012.12.001
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0520
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0520
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0520
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0520
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0520
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0520
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0520
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0520
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0520
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0520
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0520
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0520
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0520
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0520
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0520
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0520
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0520
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0520
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0520
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0520
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0520
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0520
dx.doi.org/10.1242/jcs.093708
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0530
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0530
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0530
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0530
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0530
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0530
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0530
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0530
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0530
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0530
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0530
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0530
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0530
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0530
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0530
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0530
dx.doi.org/10.1007/s00403-011-1178-0
dx.doi.org/10.1053/j.seminoncol.2011.08.006
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0545
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0545
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0545
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0545
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0545
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0545
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0545
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0545
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0545
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0545
dx.doi.org/10.1074/jbc.M805371200
dx.doi.org/10.1093/jmcb/mjr007
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0560
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0560
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0560
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0560
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0560
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0560
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0560
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0560
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0560
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0560
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0560
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0560
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0560
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0565
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0565
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0565
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0565
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0565
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0565
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0565
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0565
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0565
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0565
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0565
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0565
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0565
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0565
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0565
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0565
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0565
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0565
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0570
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0570
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0570
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0570
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0570
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0570
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0570
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0570
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0570
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0570
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0570
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0570
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0570
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0570
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0570
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0570
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0570
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0570
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0570
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0570
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0570
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0570
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0570
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0570
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0570
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0570
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0575
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0575
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0575
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0575
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0575
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0575
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0575
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0575
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0575
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0575
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0575
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0575
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0575
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0575
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0575
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0575
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0575
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0575
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0575
dx.doi.org/10.1016/j.molmed.2012.12.001
dx.doi.org/10.1073/pnas.1017346108
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0590
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0590
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0590
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0590
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0590
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0590
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0590
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0590
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0590
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0590
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0595
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0595
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0595
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0595
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0595
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0595
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0595
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0595
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0595
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0595
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0595
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0595
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0595
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0595
dx.doi.org/10.1161/CIRCULATIONAHA.109.864629
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0605
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0605
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0605
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0605
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0605
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0605
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0605
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0605
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0605
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0605
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0605
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0605
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0605
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0605
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0605
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0605
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0605
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0605
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0610
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0610
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0610
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0610
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0610
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0610
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0610
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0610
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0610
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0610
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0610
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0610
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0610
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0615
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0615
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0615
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0615
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0615
dx.doi.org/10.1111/j.1349-7006.2007.00666.x
dx.doi.org/10.1182/blood-2012-01-407106
dx.doi.org/10.1016/j.freeradbiomed.2012.10.525
dx.doi.org/10.1038/clpt.2012.192
dx.doi.org/10.1172/JCI61716
dx.doi.org/10.1016/j.tig.2012.07.005
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0650
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0650
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0650
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0650
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0650
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0650
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0650
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0650
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0650
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0650
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0650
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0650
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0650
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0650
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0655
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0655
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0655
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0655
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0655
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0655
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0655
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0655
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0655
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0655
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0655
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0655
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0655
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0655
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0655
dx.doi.org/10.1016/j.mad.2012.09.004
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0665
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0665
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0665
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0665
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0665
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0665
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0665
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0665
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0665
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0665
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0665
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0665
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0665
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0665
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0665
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0670
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0670
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0670
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0670
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0670
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0670
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0670
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0670
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0670
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0670
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0670
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0670
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0670
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0675
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0675
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0675
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0675
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0675
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0675
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0675
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0675
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0675
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0675
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0675
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0675
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0675
http://refhub.elsevier.com/S1568-1637(13)00023-8/sbref0675
dx.doi.org/10.1210/jc.2009-1128
dx.doi.org/10.1158/1078-0432.CCR-11-0494
dx.doi.org/10.3109/08820139.2012.717328


 ING Model

A

1 arch R

P

P

P

P

Q

Q

Q

R

R

R

R

R

S

S

S

S

S

S

S

S

S

S

S

1208

1209

1210

1211

1212

1213

1214

1215

1216

1217

1218

1219

1220

1221

1222

1223

1224

1225

1226

1227

1228

1229

1230

1231

1232

1233

1234

1235

1236

1237

1238

1239

1240

1241

1242

1243

1244

1245

1246

1247

1248

1249

1250

1251

1252

1253

1254

1255

1256

1257

1258

1259

1260

1261

1262

1263

1264

1265

1266

1267

1268

1269

1270

1271

1272

1273

1274

1275

1276

1277

1278

1279

1280

1281

1282

1283

1284

1285

1286

1287

1288

1289

1290

1291

1292

1293

1294

1295

1296

1297

1298

1299

1300

1301

1302

1303

1304

1305

1306

1307

1308

1309

1310

1311

1312

1313

1314

1315

1316

1317

1318

1319

1320

1321

1322

1323

1324

1325

1326

1327

1328

1329

1330

1331

1332

1333

1334

1335

1336

1337

1338

1339

1340

1341

1342

1343

1344

1345

1346

1347

1348

1349

1350

1351

1352

1353

1354

1355

1356

1357

1358

1359

1360

1361

1362

1363

1364

1365

1366

1367

1368

1369

1370

1371

1372

1373

1374
ARTICLERR 455 1–13

2 F. Olivieri et al. / Ageing Rese

ark, K., Kim, K.B., 2013. miRTar hunter: a prediction system for identi-
fying human microRNA target sites. Molecules and Cells 35, 195–201,
http://dx.doi.org/10.1007/s10059-013-2165-4.

arvani, J.G., Taylor, M.A., Schiemann, W.P., 2011. Noncanonical TGF-� signaling dur-
ing mammary tumorigenesis. Journal of Mammary Gland Biology and Neoplasia
16, 127–146, http://dx.doi.org/10.1007/s10911-011-9207-3.

avlidis, N., Stanta, G., Audisio, R.A., 2012. Cancer prevalence and mortality in cen-
tenarians: a systematic review. Critical Reviews in Oncology/Hematology 83,
145–152.

hilippe, L., Alsaleh, G., Pichot, A., Ostermann, E., Zuber, G., Frisch, B., Sibilia, J., Pfef-
fer,  S., Bahram, S., Wachsmann, D., Georgel, P., 2012. MiR-20a regulates ASK1
expression and TLR4-dependent cytokine release in rheumatoid fibroblast-like
synoviocytes. Annals of Rheumatic Diseaes.

in, B., Yang, H., Xiao, B., 2011. Role of microRNAs in endothelial inflammation and
senescence. Molecular Biology Reports 39, 4509–4518.

uinn, S.R., O’Neill, L.A., 2011. A trio of microRNAs that control Toll-
like receptor signaling. International Immunology 23, 421–425,
http://dx.doi.org/10.1093/intimm/dxr034.

uintavalle, C., Donnarumma, E., Iaboni, M.,  Roscigno, G., Garofalo, M.,  Romano,
G., Fiore, D., De Marinis, P., Croce, C.M., Condorelli, G., 2012. Effect of miR-
21  and miR-30b/c on TRAIL-induced apoptosis in glioma cells. Oncogene,
http://dx.doi.org/10.1038/onc.2012.410.

aitoharju, E., Lyytikäinen, L.P., Levula, M.,  Oksala, N., Mennander, A., Tarkka, M.,
Klopp, N., Illig, T., Kähönen, M.,  Karhunen, P.J., Laaksonen, R., Lehtimäki, T.,
2011. miR-21, miR-210, miR-34a, and miR-146a/b are up-regulated in human
atherosclerotic plaques in the Tampere Vascular Study. Atherosclerosis 219,
211–217.

en, J.L., Pan, J.S., Lu, Y.P., Sun, P., Han, J., 2009. Inflammatory sig-
naling and cellular senescence. Cell Signaling 21, 378–383,
http://dx.doi.org/10.1016/j.cellsig.2008.10.011.

ippe, C., Blimline, M.,  Magerko, K.A., Lawson, B.R., LaRocca, T.J., Donato, A.J., Seals,
D.R., 2012. MicroRNA changes in human arterial endothelial cells with senes-
cence: relation to apoptosis, eNOS and inflammation. Experimental Gerontology
47,  45–51, http://dx.doi.org/10.1016/j.exger.2011.10.004.

odier, F., Campisi, J., 2011. Four faces of cellular senescence. Journal of Cell Biology
192, 547–556.

ossato, M.,  Curtale, G., Tamassia, N., Castellucci, M.,  Mori, L., Gasperini, S., Mar-
iotti, B., De Luca, M.,  Mirolo, M.,  Cassatella, M.A., Locati, M.,  Bazzoni, F.,
2012. IL-10-induced microRNA-187 negatively regulates TNF-�, IL-6, and IL-
12p40 production in TLR4-stimulated monocytes. Proceedings of the National
Academy of Sciences of the United States of America 109, E3101–E3110,
http://dx.doi.org/10.1073/pnas.1209100109.

alminen, A., Kaarniranta, K., Kauppinen, A., 2012. Inflammaging: disturbed inter-
play between autophagy and inflammasomes. Aging (Albany NY) 4, 166–175.

alminen, A., Kauppinen, A., Kaarniranta, K., 2012a. Emerging role of NF-�B signaling
in the induction of senescence-associated secretory phenotype (SASP). Cellular
Signalling 24, 835–845, http://dx.doi.org/10.1016/j.cellsig.2011.12.006.

alvioli, S., Monti, D., Lanzarini, C., Conte, M.,  Pirazzini, C., Bacalini, M.G., Garag-
nanin, P., Giuliani, C., Fontanesi, E., Ostan, R., Bucci, L., Sevini, F., Lukas
Yani, S., Barbieri, A., Lomartire, L., Borelli, V., Vianello, D., Bellavista, E., Mar-
tucci, M.,  Cevenini, E., Pini, E., Scurti, M.,  Biondi, F., Santoro, A., Capri, M.,
Franceschi, C., 2012. Immune system, cell senescence, aging and longevity
–  inflamm-aging reappraised. Current Pharmaceutical Design (Epub ahead of
print).

alvioli, S., Capri, M., Bucci, L., Lanni, C., Racchi, M.,  Uberti, D., Memo,  M., Mari, D., Gov-
oni, S., Franceschi, C., 2009. Why  do centenarians escape or postpone cancer?
The role of IGF-1, inflammation and p53. Cancer Immunology Immunotherapy
58, 1909–1917.

asahira, T., Kurihara, M.,  Bhawal, U.K., Ueda, N., Shimomoto, T., Yamamoto, K., Kirita,
T., Kuniyasu, H., 2012. Downregulation of miR-126 induces angiogenesis and
lymphangiogenesis by activation of VEGF-A in oral cancer. British Journal of
Cancer 107, 700–706, http://dx.doi.org/10.1038/bjc.2012.330.

aunders, L.R., Sharma, A.D., Tawney, J., Nakagawa, M.,  Okita, K., Yamanaka, S., Wil-
lenbring, H., Verdin, E., 2010. miRNAs regulate SIRT1 expression during mouse
embryonic stem cell differentiation and in adult mouse tissues. Aging (Albany
NY)  2, 415–431.

chetter, A.J., Heegaard, N.H., Harris, C.C., 2010. Inflammation and cancer: inter-
weaving microRNA, free radical, cytokine and p53 pathways. Carcinogenesis
31, 37–49, http://dx.doi.org/10.1093/carcin/bgp272.

chetter, A.J., Nguyen, G.H., Bowman, E.D., Mathé, E.A., Yuen, S.T., Hawkes, J.E.,
Croce, C.M., Leung, S.Y., Harris, C.C., 2009. Association of inflammation-
related and microRNA gene expression with cancer-specific mortality
of colon adenocarcinoma. Clinical Cancer Research 15, 5878–5887,
http://dx.doi.org/10.1158/1078-0432.CCR-09-0627.

enturk, S., Mumcuoglu, M.,  Gursoy-Yuzugullu, O., Cingoz, B., Akcali, K.C., Ozturk,
M.,  2010. Transforming growth factor-beta induces senescence in hepatocel-
lular carcinoma cells and inhibits tumor growth. Hepatology 52, 966–974,
http://dx.doi.org/10.1002/hep.23769.

erna, E., Gambini, J., Borras, C., Mohammed, K., Belenguer, A., Sanchis, P.,
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