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Centenarians exhibit extreme longevity and a remarkable compression of morbidity. They have a unique
capacity to maintain homeostatic mechanisms. Since small non-coding RNAs (including microRNAs)
are implicated in the regulation of gene expression, we hypothesised that longevity of centenarians may
reflect alterations in small non-coding RNA expression. We report the first comparison of microRNAs
expression profiles in mononuclear cells from centenarians, octogenarians and young individuals
resident near Valencia, Spain. Principal Component Analysis of the expression of 15,644 mature
microRNAs and, 2,334 snoRNAs and scaRNAs in centenarians revealed a significant overlap with
profiles in young individuals but not with octogenarians and a significant up-regulation of 7 small
non-coding RNAs in centenarians compared to young persons and notably 102 small non-coding RNAs
when compared with octogenarians. We suggest that the small non-coding RNAs signature in
centenarians may provide insights into the underlying molecular mechanisms endowing centenarians
with extreme longevity.

T
he study of centenarians is important not only because they reach a very old age but also because they are an
example of successful ageing. They show a remarkable compression of age associated morbidity to such an
extent that their health span approximates their life span1.

A classical characteristic of (unsuccessful) ageing is that homeostatic, regulatory mechanisms are impaired or
even lost2. Our aim was to determine the molecular mechanisms by which centenarians maintain a highly efficient
homeostasis.

Some recent studies have searched of mutations (especially single nucleotide polymorphisms) that may be
characteristic of human extreme longevity3–5. However, to our knowledge few studies have dealt with the regu-
lation of RNA expression. One report analysed the whole human microRNome. This study, however compared
young with middle aged people and no attempts were made to study extreme longevity6.

The small non-coding RNAs include various classes of regulatory RNAs, of which, microRNAs are the best
studied. MicroRNAs (miRNAs) are small single-stranded RNAs that regulate gene expression by partial
complementary base pairing to specific messenger RNAs7. The ability to regulate many targets at the same
time, makes miRNAs good candidates to control many physiological processes, specially multifactorial ones
like ageing8.

The aim of this work was to study miRNAs expression profiles in centenarians and compare them with
octogenarians and with young individuals.

A global analysis of miRNAs expression (miRNome) indicates that there are striking similarities between their
expression in centenarians and in young people. On the contrary octogenarians express miRNAs differently from
centenarians and from young people.

Moreover, we have found that centenarians up-regulate the expression of miRNAs even when compared with
young people. Their up-regulation of the expression of miRNAs is vastly superior that than of octogenarians. This
may be a specific characteristic of centenarians that explains their striking maintenance of homeostatic mechan-
isms and their healthy ageing.

A consequence of these studies is that those octogenarians that up-regulate the expression of miRNAs are
candidates to become centenarians. This intriguing hypothesis remains to be tested in longitudinal studies now
under way in the Spanish Centenarian Study Group.
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Results
Principal component analysis of small non-coding RNAs in
centenarians. The principal component analysis (PCA) of all small
non-coding RNAs obtained in the Genechip miRNA 2.0 Array shows
that their expression in centenarians is similar to young people.
Octogenarians show a very different pattern of expression of small
non-coding RNA when compared with young people or with
centenarians (Fig. 1).

Up-regulation of small non-coding RNAs in centenarians. When
we performed a restrictive statistical analysis with two variables: fold
change j1.8j and P value # 0.05 comparing the combination of the
three groups (centenarians, octogenarians and young people) (see
Fig. 2), we identified six miRNAs and one scaRNA that change
specifically between centenarians and young people. Of those
RNAs, all were up-regulated and none was down-regulated. Of the
six miRNAs which we found to be relevant we did not further study
one of them (miR-4281) because its expression was not different in
centenarians and in octogenarians. The rest, i.e, five miRNAs and
one scaRNA showed differences in centenarians versus young

individuals and between centenarians versus octogenarians.
Interestingly, all the RNAs that we have found are over-expressed
and none is under-expressed in centenarians when compared with
young people. The miRNAs found were miR-21, miR-130a, miR-
494, miR-1975 and miR-1979. SCARNA17 (also called U91) was also
up-regulated.

In clear contrast, when we compared the miRNome of octogenar-
ians vs young, using the same selection criteria as for centenarians,
we found that 50 small non-coding RNAs were down-regulated and
only one miRNA was up-regulated. The situation was even more
remarkable when we compared centenarians with octogenarians:
102 small non-coding RNAs were up-regulated in centenarians
and only one was up-regulated in octogenarians. (Fig. 2). The list
of all small non-coding RNAs that change in centenarians, octogen-
arians and young people is in Table S1, (see supplementary material).

Validation of up-regulated small non-coding RNAs in centenarians.
We used qPCR to validate changes of RNA expression that we had
observed using microarrays, and confirmed the over-expression of
SCARNA17, miR-21, and miR-130a. In the case of miR-494 we

Figure 1 | Principal component analysis (PCA) of the small non-coding RNA profiles in mononuclear cells from centenarians, octogenarians and
young people. The small non-coding RNA expression profiles of mononuclear cells were analyzed by PCA. Each of our samples was assayed using an array

(Genechip miRNA 2.0 Array) that is defined by 1,105 mature miRNAs, 1.105 pre-miRNAs, 32 scaRNA and 2,302 snoRNA from the miRBASE (v.15)). The

ellipsoids (in red, octogenarian; in blue centenarian and in green young group) show a distinct directionality in different groups based on similarities and

differences with age. The axes correspond to principal component 1 (PC1, x-axis), PC2 (y-axis), and PC3 (z-axis).
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found a tendency to increase but it was not statistically significant
(Fig. 3).

The two remaining genes, i.e., miR-1975 and miR-1979 were not
further studied because there is, to our knowledge, not a single ref-
erence to their biological function in vivo. Since this paper was not
concerned with identifying new functions of miRNAs, we only pro-
ceeded studying the genes of which some function was known.

We further tested the validity of our microarray analysis by deter-
mining by qPCR the expression of a miR19b, a microRNA known to
be down-regulated in normal aging (i.e. octogenarians)9. Figure 4
shows that miR19b expression in octogenarians was 11% of the
young controls. The expression of this miRNA did not change in
extreme longevity, i.e. it was the same in young individuals and in
centenarians.

Figure 2 | Number of small non-coding RNAs that are significantly modified when comparing the different groups, centenarians, octogenarians and
young individuals. Panel A Representation of 1-way ANOVA analysis between different contrasts: centenarians versus young individuals (C vs Y),

octogenarians versus young individuals (O vs Y) and centenarians versus octogenarians (C vs O). Statiscally significant miRNAs were filtered using

P value # 0.05 and fold-change $ | 1.8 | . Panel B Venn diagram displaying the number of small non-coding RNAs are that commonly regulated in the

different groups.

Figure 3 | Validation by qPCR of the small non-coding RNAs that are uniquely over-expressed in centenarians (when compared with octogenarians
and with young individuals). Expression of SCARNA17, miR-21, miR-130a and miR-494 in young individuals (white column), octogenarians (gray

column) and centenarians (black column) measured by qPCR. (*) P value ,0.05 and (**) P value ,0.01 versus young people. (##) P value ,0.01 versus

octogenarians. In all cases, changes in miRNA expression observed by expression profiles were confirmed by qPCR.
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Discussion
The incidence of centenarians in the US and Western European
population is one in 10.000. Moreover, an interesting study shows
that centenarians (and even more so, supercentenarians) show a
compression of morbidity and thus their health span approximates
their life span1.

Efforts by the scientific community are centred in finding genetic
traits that may be specific for extreme human longevity. The majority
of the studies, both in Europe3 and in the US4 have been focused in
finding single nucleotide polymorphisms (SNPs) that may be char-
acteristic of the centenarian population. For instance Franceschi and
co-workers3 showed that there are polymorphisms in the p21
(CDKN1A) gene that correlate with longevity in an Italian popu-
lation. Perls and colleagues in the New England Centenarian Study
have also studied the frequency of 281 SNPs in a population of
centenarians4.

Basic gerontological work2 showed that an important character-
istic of unsuccessful ageing is that homestatic mechanisms are
impaired. Thus one could expect that in very successful ageing
homeostatic, regulatory mechanisms might be maintained.

Since small non-coding RNAs are involved in regulatory pro-
cesses, we studied their expression in peripheral cells from centenar-
ians. To our knowledge previous studies have dealt with the
differential expression of the whole miRNome in relation of ageing
(not in extreme longevity). In one report, authors studied the
miRNome in two young people (aged 30) and two mature ones
(age 65)6. Two further studies have determined that four miRNAs
(miR-17, miR-19b, miR-20a, and miR-106a)9 and the miR 17–92
cluster are down regulated in normal aging10.

We studied the whole miRNome in young, octogenarians and
centenarians with a view of finding specific characteristics of the
centenarians.

The first finding reported here is that the Principal Component
Analysis of small non-coding RNAs in centenarians and in young
people are almost overlapped whereas that of octogenarians is com-
pletely different from either young or centenarians (See Fig. 1). This
may be taken to indicate that the regulation of genetic expression in
centenarians is similar to young people but very different from that of
octogenarians.

In our opinion, however, the most puzzling finding reported here
is that centenarians up-regulate the expression of small non-coding
RNAs whereas octogenarian down-regulate it (when compared to
young people). Of course, when we compared the expression of the
miRNome in centenarians and octogenarians the centenarians vastly

beat octogenarians in that the former over-express 102 small non-
coding RNAs and the latter only one (see Fig. 2).

Of all the small non-coding RNAs that we have found that are
specifically over-expressed in centenarians, only four had a known
function. These were SCARNA17, miR-21, miR-130a, and miR-494.
The function of two more (miR-1975 and miR-1979) is so far
unknown. Thus we focused our attention on the four whose function
is known and we confirmed by qPCR that their expression is up-
regulated in cells from centenarians (when compared with octogen-
arians and with young people).

SCARNA17 is a small nuclear RNA which accumulates specif-
ically in Cajal bodies11. Cajal bodies have been involved in RNA-
related metabolic processes and in telomere maintenance12.
Telomeres and telomerase are involved in ageing and we found that
over-expression of telomerase increases life span of mice13.

miR-21, a mature miRNA, has been implicated in different cell
processes such as cell proliferation, mitochondrial damage, cell
growth, chemosensitivity, cell cycle, genome instability, response to
stress, mRNA cleavage, cell invasion and translation. The over-
expression of miR-21 has been related with a neuroprotective effect
from ischemic death14, and cardiac protection15,16. Up-regulation of
miR-21 may decrease cell death17 and inhibit mitochondrial
damage18. The dysregulation of miR-21 occurs in diseases like can-
cer19 and in metabolic disorders20.

We have also found that miR-130a is up-regulated in centenarians.
The major known function of this miRNA is the regulation of FOG-2
protein expression thus suggesting that miR-130a may play a role in
the regulation of cardiac development21. Finally, over-expression of
miR-494 results in an inhibition of apoptosis and cardioprotection22.

The major findings reported in this paper are that small non-
coding RNAs expression in centenarians is similar to that of young
people but very different from octogenarians and that centenarians
up-regulate the expression of regulatory small non-coding RNAs
whereas octogenarians down-regulate it.

Methods
Study population. The Spanish Centenarian Study Group at RETICEF, began in
2007 as a population-based study of all centenarians living within an area near of
Valencia called La Ribera (11th Health Department of the Valencian Community,
Spain), which is composed of 29 towns (240.000 inhabitants). Potential subjects were
selected from the population data system of the 11th Health Department. We found 31
centenarians of whom 20 met the inclusion criteria. Then we randomly recruited 20
octogenarians of whom 16 met the inclusion criteria and 20 young people of whom
14 fulfilled the inclusion criteria. The inclusion criteria were: to be born within the
dates indicated in the study (before 1908 for centenarians, between 1928 and 1938 for
octogenarians and between 1968 and 1988 for young individuals), to live in the 11th

Health Department for at least the last 6 years and to sign the informed consent. The
exclusion criterion was to be terminally ill for any reason.

All experimental procedures were approved by the Committee for Ethics in
Clinical Research of the Hospital de la Ribera, Alzira. All patients or their relatives
were fully informed of the aims and scope of the research and signed an informed
consent.

Peripheral blood mononuclear cells isolation. Whole blood collected in one
VACUTAINERH CPTTM (Cell Preparation Tube) (BD, Franklin Lakes, NJ)
containing sodium heparin as the anti-coagulant, was taken from each subject at each
site. The CPT were processed at the collection site, according to the manufacturer’s
instructions, by centrifugation at 3000 3 G for 15 minutes at room temperature
within half an hour of blood collection23. After centrifugation the CPT were gently
inverted several times to separate plasma, mononuclear cells, and erythrocytes. We
collected the white ring containing mononuclear cells. Mononuclear cells were
washed twice in PBS and frozen at 280uC for subsequent RNA isolation.

Isolation of RNA from peripheral blood mononuclear cells. Total RNA containing
small RNA was isolated using a mirVana miRNA Isolation Kit (Ambion, Austin, TX,
USA) according to manufacturer’s directions. The purity and concentration of RNA
were determined from OD260/280 readings using a Genequant Pro Classic
spectrophotometer (GE Healthcare). RNA integrity was determined by capillary
electrophoresis using the RNA 6000 Nano Lab-on-a-Chip kit and the Bioanalyzer
2100 (Agilent Technologies, Santa Clara, CA, USA). Only RNA extracts with RNA
integrity number values $ 6 underwent in further analysis.

Figure 4 | Validation by qPCR of the miR-19b which are uniquely under-
expressed in octogenarians (when compared with centenarians and with
young individuals). Expression of miR-19b in young individuals (white

column), octogenarians (gray column) and centenarians (black column)

measured by qPCR. (*) P value ,0.05 versus young people. (#)

P value ,0.01 versus centenarians.
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Expression profiling of small non-coding RNAs. Small non-coding RNA
expression profiling was performed by using GeneChip miRNA 2.0 Array
(Affymetrix, Santa Clara, CA, USA). The array compromised of 15,644 mature
microRNA sequences from the miRBASE (v15) encoded miRNA coverage of 131
organisms, 2,334 encompassed snoRNAs and scaRNAs and 2,202 probe sets unique
to pre-miRNA hairpin sequences.

Microarray experiments were conducted according to the manufacturer’s
instructions. Briefly, 200 ng total RNA was labeled with FlashTag Biotin HSR RNA
Labeling Kit from Genisphere. The labeling reaction was hybridized on the miRNA
Array in Affymetrix Hybridization Oven 640 (Affymetrix) at 48uC for 18 h. The
arrays were stained with Fluidics Station 450 using fluidics script FS450_0003
(Affymetrix), and then scanned on GeneChip Scanner 3000 7G (Affymetrix, Santa
Clara, CA, USA). GeneChipH Command ConsoleH Software supplied by Affymetrix
was used to perform gene expression analysis. miRNA probe outliers were defined as
per the manufacturer’s instructions (Affymetrix) and further analyzed for data
summarization, normalization and quality control by using the web-based miRNA
QC Tool software (www.affymetrix.com).

All raw data regarding small non-coding RNA expression has been deposited in
ArrayExpress, a public accessible database.

Real time PCR validation. RT was performed with random hexamers using
MultiScribeTM Reverse Transcriptase (Applied Biosystems). First-strand cDNA
synthesis was performed at 42uC for 30 min.

The reaction was stopped by heating the mixture at 95uC for 5 min and stored at
220uC until further use.

Pre-developed Taqman primers specific for SCARNA17, miR-21, miR-130a, miR-
494 and miR19b (Hs03298712_s1, REF: 000397, REF: 00454, REF: 002365 and REF:
000396) were purchased from Applied Biosystems. The transcript levels of were
detected by the 7900HT Fast Real-Time PCR System (Applied Biosystems). Each
PCR reaction contains 1 ml of RT product, 5 ml Taqman Universal Maxter Mix or
Gene Expression Master Mix (Applied Biosystems), and 0, 5 ml probes in a final
volume of 10 ml. The PCR conditions were as follows: 50uC for 2 min, 95uC for
10 min, followed by 40 cycles of 95uC for 15 s and 60uC for 1 min. All PCR reactions
were cycled in the linear region of amplification. Results were normalized according
to RNU66 (housekeeping control for miRNAs, REF. 001002, Applied Biosystems)
and RPLPO (housekeeping control for small RNA, SCARNA17), REF: 4333761F,
Applied Biosystems) quantification in the same sample reaction. The threshold cycle
(CT) was determined, and then the relative miRNA and gene expression was
expressed as follows:

Relative amount 5 22D (DCT),
where DCT 5 CT target 2 CT Housekeeping control, and D (DCT) 5 DCT studied
group 2 DCT baseline.

miRNA and small RNA levels in young group was chosen as the baseline.

Data analysis of microarrays. Data (.CEL files) were analyzed and statistically
filtered using software Partek Genomic Suite 6.4 (Partek Inc., St. Louis, MO). Input
files were normalized with the RMA algorithm for gene array on core meta probesets
or miRNAs. A 1-way ANOVA was performed with the Partek Genomics Suite across
all samples. Statistically significant small non-coding RNAs between different groups
studied were identified using a model analysis of variance of P value # 0.05. Fold-
change values , j6 1.8j were removed.

The imported data were analyzed by Principal Components Analysis to determine
the significant sources of variability in the data.

PCA reduces the complexity of high-dimensional data and simplifies the task of
identifying patterns and sources of variability in a large data set24. The samples (fifty
biological replicates, each hybridized to a separate Genechip) are represented by the
spheres in the three-dimensional plot (Fig. 1). The distance between any pair of points
is related to the similarity between the two samples in high-dimensional space (in this
case, each variable correspond a one dimensional space). Samples that are near each
other in the plot are similar in a large number of variables. Conversely, samples that
are far apart in the plot are different in a large number of variables.

Finally, the selected small non-coding RNAs were imported into Pathway Studio
v8 (Ariadne software) to classify the molecular function and biological processes
represented by the miRNAs differentially expressed between centenarian and young
samples.

Statistical analysis of validation results. All experiments were performed three times
in triplicate. Data were represented by mean 6 SEM. Comparison between groups
was performed with a one-way ANOVA and a two-tailed t-test. P values of less than
0.05 were considered to be statistically significant.
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The authors have noticed that the original version of this Article, the author Kheira M. Abdelaziz was incorrectly
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Article.
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