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Abstract
Blood circulating microRNAs (c-miRs) are potential biomarkers to trace aging and lon-
gevity trajectories to identify molecular targets for anti-aging therapies. Based on a 
cross-sectional study, a discovery phase was performed on 12 donors divided into 
four groups: young, old, healthy, and unhealthy centenarians. The identification of 
healthy and unhealthy phenotype was based on cognitive performance and capa-
bilities to perform daily activities. Small RNA sequencing identified 79 differentially 
expressed c-miRs when comparing young, old, healthy centenarians, and unhealthy 
centenarians. Two miRs, that is, miR-19a-3p and miR-19b-3p, were found increased 
at old age but decreased at extreme age, as confirmed by RT-qPCR in 49 donors of 
validation phase. The significant decrease of those miR levels in healthy compared to 
unhealthy centenarians appears to be due to the presence of isomiRs, not detectable 
with RT-qPCR, but only with a high-resolution technique such as deep sequencing. 
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1  |  INTRODUC TION

Demographic projections report a worldwide increase in human 
life expectancy over the last few decades. The age-related strati-
fication of population demography emphasizes the critical impor-
tance of identifying new strategies able to counteract or slowdown 
aging process with the aim of combating the onset of almost all age-
related diseases and geriatric syndromes (ARD-GS), as suggested by 
Geroscience (Kennedy et al., 2014). In this perspective, a thorough 
comprehension of molecular and cellular aspects underlying human 
aging is of primary importance to improve quality of life and to pro-
mote healthy longevity according with WHO (https://www.who.int/
agein​g/decad​e-of-healt​hy-ageing).

As highlighted by our team, aging is not only the major risk fac-
tor for ARD-GS, but it shares the same molecular mechanisms with 
the above mentioned diseases, as a sort of continuum (Collura 
et al., 2020; Franceschi et al., 2018; Morsiani et al., 2019). Thus, 
the study of underpinning mechanisms would favor the discovery 
of molecular targets for both anti-aging therapies and for associ-
ated pathologies.

In order to follow this strategy, we here chose to study circulat-
ing microRNAs (c-miRs) and their targets as a basis for understanding 
molecular mechanisms of aging in centenarians. They are an extraor-
dinary model for the study of healthy aging and longevity, since 
centenarians largely avoid or postpone major age-related diseases 
and are characterized by decelerated aging (Giuliani et al., 2017). 
Moreover, we propose an improved model, considering healthy and 
unhealthy centenarians with the aim of grasping the differences in 
terms of blood circulating molecules, as previously published (Teo 
et al., 2019). Here, the same cross-sectional study was performed 
analyzing the four groups composed of young, old, and two cohorts 
of centenarians divided into healthy and unhealthy individuals. 
Healthy centenarians have both optimal cognitive and physical sta-
tus, while unhealthy are in opposite extreme conditions.

This new model allows us to reveal the spreading of aging 
signals in the blood (Franceschi et al., 2017), including c-miRs 

(Olivieri et al., 2017). MiRs are a highly conserved class of small 
non-coding RNAs (18–25 nt) and are key regulators of gene ex-
pression at post-transcriptional level. C-miRs have been shown 
to impact on various biological processes, such as proliferation, 
differentiation, and apoptosis. Furthermore, they are recognized 
as mediators of “inflammaging,” a term used to describe the age-
associated chronic inflammation, and they can be considered 
as important members of the senescence-associated secretory 
phenotype (SASP) (Franceschi et al., 2017; Olivieri et al., 2013a; 
Terlecki-Zaniewicz et al., 2018). In fact, some c-miRs are aber-
rantly regulated upon aging and during ARD-GS (Fehlmann et al., 
2020; Hackl et al., 2017; Heilmeier et al., 2016; Jung & Suh, 2014; 
Olivieri et al., 2013b); thus, they are powerful epigenetic biomark-
ers to trace aging/ARD-GS and longevity, as recently suggested 
by our team (Olivieri et al., 2017).

The current study aimed to investigate the differential abundance 
of c-miRs in non-fractionated plasma samples derived from different 
aged groups by small RNA-seq and RT-qPCR in order to identify po-
tential/novel biomarker and regulators of gene expression.

2  |  RESULTS

2.1  |  Quality control and normalization of deep 
sequencing data

The profiling of small RNAs was performed on plasma samples of 
12 individuals with different ages and health conditions: 3 young 
donors, 3 old donors, 3  healthy, and 3 unhealthy centenarians. 
Summaries of total reads obtained from sequencing and reads 
mapped on human genome are reported in Table S1 and Figure S1, 
respectively. Expression counts were defined as Tags Per Million 
(TPM), and after normalization, 420 miRs were found as commonly 
expressed in all samples. About 1000 miRs with TPM ≥1 and about 
300 with TPM ≥20 were identified as shown in Figure S2. For subse-
quent analyses, miRs with TPM ≥20 were used.

Bioinformatically, three main common targets of miR-19a/b-3p were identified, that 
is, SMAD4, PTEN, and BCL2L11, converging into the FoxO signaling pathway, known 
to have a significant role in aging mechanisms. For the first time, this study shows the 
age-related increase of plasma miR-19a/b-3p in old subjects but a decrease in cente-
narians. This decrease is more pronounced in healthy centenarians and was confirmed 
by the modified pattern of isomiRs comparing healthy and unhealthy centenarians. 
Thus, our study paves the way for functional studies using c-miRs and isomiRs as 
additional parameter to track the onset of aging and age-related diseases using new 
potential biomarkers.

K E Y W O R D S
aging, extreme phenotypes, isomiRs, longevity, microRNAs, miR-19a/b-3p
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2.2  |  Discovery phase: c-miRs by small RNA-seq in 
aging and longevity

In order to identify age-associated changes, miR abundance analysis 
was performed according to a classical cross-sectional study design 
(young “Y” vs old “O” individuals vs centenarians “C”) for discovery 
phase. In addition, we compared healthy and unhealthy centenarians 
(“HC” vs. “UHC”) to identify miRs associated with health status at 
extreme ages. Applying small RNA-seq, we obtained 79 miRs dif-
ferentially expressed among “Y,” “O,” “HC,” and “UHC” groups. The 
results are shown in Table 1, and TPM values for each group are re-
ported in Table S2. MiR-19a-3p and miR-19b-3p turned out to be the 
most highly significant miRs identified comparing healthy and un-
healthy centenarians, also having a significant modification through 
the different age groups. The sequencing data are shown in Figure 1. 
The miR-19 family comprises miR-19a and miR-19b where the ma-
ture miRs differ solely in a single base; thus, we will further use the 
annotation miR-19a/b-3p. Those two miRs were further selected for 
the validation phase by RT-qPCR using samples obtained from 49 
donors.

2.3  |  Validation phase of small RNA-seq results by 
RT-qPCR

MiR-19a/b-3p sequencing data were validated by RT-qPCR in plasma 
samples obtained from 49 different aged donors, that is, 16 young 
donors, 16 old donors, 11  healthy centenarians, and 6 unhealthy 
centenarians, as detailed in methods section.

RT-qPCR validation results are reported in Figure 2 (panels a and 
b), showing miR-19a/b-3p data in all age groups. In addition, healthy 
and unhealthy centenarians were compared. Validation analysis con-
firmed data obtained with small RNA-seq along with the age groups. 
MiR-19a/b-3p increases in old group and decreases in centenarians. 
However, the different levels of both miRs in healthy versus un-
healthy centenarians were not confirmed by qPCR.

Validation data were also analyzed according to sex within the 
groups when the number of male and females was balanced. In the 
young group, a significant difference between male and females was 
found in both miR-19a/b-3p, as reported in Figure 3 (panels a and 
b), being the expression higher in males. Further analysis was per-
formed in all groups considering only females being the number of 
subjects comparable. The results are shown in Figure 3 (panels c and 
d), and this stratification highlighted the increase in old compared 
to young females, showing a greater similarity between young and 
centenarian females.

RT-qPCR miR-19a/b-3p levels were correlated with hematobio-
chemical parameters in all centenarians, and the matrix correlation is 
reported in Figure S3. Seven significant correlations were found as 
follows: miR-19a-3p negatively correlates with creatinine (p = 0.02), 
while miR-19b-3p negatively correlates with RDW-CV (p = 0.053), 
with eosinophils (p  = 0.032), with creatinine (p = 0.046) and miR-
19b-3p positively correlates with WBC (p = 0.044), with neutrophils 

(p = 0.02), and with GPT (p = 0.031). Comparing healthy and un-
healthy centenarians, only a few hematobiochemical parameters 
resulted significant (mean corpuscolar hemoglobin concentration, 
albumin, and total protein p < 0.05) as shown in Table S4.

2.4  |  IsomiRs contribution in aging and longevity

The contribution of isomiRs, that is, the variations of the base se-
quence annotated in miRBase, in the sequencing results were evalu-
ated. Sequencing data show that the most abundant isoform of 
miR-19a/b-3p in plasma is a truncated form at 3′ (iso_3p) lacking the 
last two nucleotides (Figure S4). Both the annotated base sequences 
in miRBase and the most abundant sequences of miR-19a-3p and 
miR-19b-3p, reported as TPM mean value for each group, are shown 
in Figure 4. The most abundant sequence of both miRs is signifi-
cantly decreased in centenarians compared with old donors (pan-
els a and b). Centenarians’ group was further analyzed according to 
health status; results show an increase of the miRBase sequence in 
unhealthy compared to healthy centenarians (panels c and d), but 
only isomiR-19a-3p differs significantly.

2.5  |  Pathway analysis

Target gene network analysis of the differentially expressed miRs 
was determined via miRTargetLink (https://ccb-web.cs.uni-saarl​
and.de/mirta​rgetl​ink/), and shared molecular targets between miR-
19a-3p and miR-19b-3p with experimentally validated publications 
were raised up. In particular, the thirteen most significant common 
targets of both miRs have been found, as reported in Figure 5.

KEGG analysis via mirPath (http://snf-515788.vm.okean​os.grnet.
gr/) was performed considering all validated targets of miR-19a-3p 
and miR-19b-3p. Using pathway intersection testing, 28 pathways 
turned out to be significantly regulated. The most significant path-
way (p < 10−325) is related to proteoglycans in cancer, while at 5th 
position the FoxO signaling pathway was found (p = 3.19 × 10−07). 
This pathway contains the highest number of shared targets, that 
is, SMAD4, PTEN, and BCL2L11, among those identified by miRTar-
getLink analysis. Table S5 shows the list of all the 28 pathways with 
the related level of significance.

3  |  DISCUSSION

The work has been performed on plasma c-miRs by means of deep 
sequencing technique using a discovery design based on a cross-
sectional study with differently aged individuals. A cohort of 3 do-
nors for each group, that is, young, old, healthy centenarians, and 
unhealthy centenarians, was investigated. A subsequent valida-
tion phase was conducted by RT-qPCR in plasma samples obtained 
from 16 young donors, 16 old donors, 11  healthy centenarians, 
and 6 unhealthy centenarians. This up-graded model, which takes 

https://ccb-web.cs.uni-saarland.de/mirtargetlink/
https://ccb-web.cs.uni-saarland.de/mirtargetlink/
http://snf-515788.vm.okeanos.grnet.gr/
http://snf-515788.vm.okeanos.grnet.gr/
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into account two extreme and very rare phenotypes of centenar-
ians, was recently proposed by our team (Teo et al., 2019). In this 
respect, healthy centenarians have both optimal cognitive (SMMSE 
24–30) and physical status (ADL = 5), while unhealthy are at the op-
posite condition (bedridden and not able to reply to the interview). 
Surprisingly, hematobiochemical parameters did not greatly differ 
between the two groups. In particular, mean corpuscolar hemo-
globin concentration, albumin, and total protein resulted decreased 
in unhealthy compared to healthy centenarians, probably due to 
anemia and organ disfunction more pronounced in unhealthy status.

Sequencing data analysis was performed comparing young, old, 
healthy, and unhealthy centenarians, and 79 c-miRs were found 
differentially expressed. Among these, there are several miRs with 
a known role in aging/ARD-GS. An example is miR-31, found in-
creased in plasma microvesicles of elderly and patients with oste-
oporosis, possibly involved in the pathogenesis of age-related and 
impaired bone formation (Weilner et al., 2016) and identified as 
markers of aging in human liver (Capri et al., 2017). In particular, the 
comparison between healthy and unhealthy centenarians revealed 

11 significantly changed miRs, and 8 out of 11 resulted increased in 
unhealthy centenarians, thus suggesting a general trend of increased 
miRs upon unhealthy conditions.

Notably, the most significantly different miRs are miR-19a-3p 
and miR-19b-3p. These miRs belong to the miR-17/92 cluster that 
maps to human chromosome 13 and encodes for six individual miRs, 
(i.e., miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1, and miR-92a) 
(Mendell, 2008). The organization and sequences are highly con-
served among vertebrates, and the human genome contains two 
paralogues, the miR-106b/25 and the miR-106a/363  cluster. In 
addition to miR-19a/b-3p, sequencing analysis revealed miR-106a/
b-5p, miR-18b-5p, and miR-20b-5p, belonging to these paralogues, 
significantly modified with age. In particular, miR-19a-3p and miR-
19b-3p share the same seed region (Concepcion et al., 2012) and 
are involved in many processes such as cell cycle, proliferation, and 
apoptosis, having as main targets PTEN and BCL2L11 (Mogilyansky 
& Rigoutsos, 2013). Interestingly, PTEN is also a target of miR-21, 
an inflamma-miR found decreased in centenarians when compared 
with old group (Olivieri et al., 2012) as miR-19a/b-3p.

Currently, limited data are available on the age-related changes 
of c-miRs and/or at human extreme ages (Dluzen et al., 2017; Olivieri 
et al., 2017). Unifying conclusions are difficult due to the presence 
of several variables, such as biological sample, method, and nor-
malization procedure. Some studies have already explored various 
components of peripheral blood for different analyses, such as the 
genome-wide miR screening performed in whole blood of centenar-
ians and nonagenarians versus younger individuals (ElSharawy et al., 
2012); the miR-profile obtained from B cells of individuals aged 
50–90 and centenarians (Gombar et al., 2012); and the analysis of 
miR-expressions achieved in mononuclear cells from centenarians, 
octogenarians, and young individuals (Serna et al., 2012). As far as 
plasma is concerned, only two studies explore c-miRs. A recent paper 
showed a significant decrease of three miRs, that is, miR-425-5p, 
miR-21, and miR-212 in centenarians compared with controls aged 
from 30 to 50 years (Balzano et al., 2017). However, authors did not 
explore miRs level with a profiling technique, but a priori selection 
applying RT-qPCR was performed. Olivieri et al. (2012) investigated 
miR-profiling in individuals aged from 20 to 100 years and among the 
significantly increased miRs in octogenarians compared to centenar-
ians, two resulted in common with our data, that is, miR-19b-3p and 
miR-186-5p. In this perspective, the current data extend the signifi-
cant increase of miR-19b-3p and miR-186-5p also in the 70-year-old 
group compared to centenarians.

As far as miR-19a-3p is concerned, we previously showed an up-
regulation in the adipose tissue obtained by postmenopausal in com-
parison with premenopausal younger women (Kangas et al., 2017). 
We did not find changes of miR-19a-3p in the plasma, but the current 
results suggest an age-related increase in the plasma detectable at 
older ages than previously investigated.

Serum miR-19a/b-3p were described to be significant discrim-
inators of patients with idiopathic and postmenopausal osteopo-
rotic low-traumatic fractures (Kocijan et al., 2016), and miR-19b-3p 
was confirmed significantly up-regulated in older women with 

F I G U R E  1 Expression of miR-19a/b-3p by small RNA-seq. 
Expression level is reported as TPM counts for miR-19a-3p 
(panel a) and miR-19b-3p (panel b). Data are shown as box plots 
(with median) for each group, that is, 3 young donors (Y), 3 old 
donors (O), and 6 centenarians (C). Centenarians are also analyzed 
according to their health status, that is, 3 healthy (HC) and 3 
unhealthy centenarians (UHC) as reported on the right. Statistical 
analysis was assessed applying the glmQLFTest implemented by 
EdgeR statistical software package in R v3.6.3. In this analysis, 
both p value thresholds were considered and indicated as follows: 
**<0.01; *<0.05. Particularly, in panel a for miR-19a-3p: Y vs. HC 
p = 4.79E-05; O vs. C p = 0.0035; O vs. HC p = 1.16E-06; HC vs. 
UHC p = 0.0001. In panel b for miR-19b-3p: Y vs. C p = 0.0021; Y 
vs. HC p = 4.79E-07; O vs. C p = 6.29E-05; O vs. HC p = 1.84E-08; 
O vs. UHC p = 0.045; HC vs. UHC p = 7.06E-05
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osteoporotic vertebral fractures (Zarecki et al., 2020), showing their 
potential to be marker of age-related conditions.

MiR-19b-3p was previously described as a pivotal player in 
human aging. MiR profiling of four different cell types in repli-
cative senescence and three different types of ex vivo tissue was 
achieved (Hackl et al., 2010). Thereby, a common down-regulation 
of miR-17, miR-19b, miR-20a, and miR-106a was found. The decrease 
in these miRs correlated with the increased transcript levels of cdk 
inhibitor p21/CDKN1A. In a recent study, the changes of circulat-
ing miRs after resistance exercise were investigated (Margolis et al., 
2017). The analysis performed at the baseline of the study showed 
that serum miR expression profiles were significantly predictive of 
chronological aging through a stepwise discriminant analysis, based 
on miR-19b-3p, miR-206, and miR-486 able to correctly classify the 
participants by age. Serna et al. found downregulated miR-19b-3p in 
blood peripheral mononuclear cells from octogenarians in respect 
to both young donors and centenarians (Serna et al., 2012). It is rea-
sonable that the level of intracellular expression of these miRs may 
be different from the level found in circulation, and it would be in-
teresting to evaluate the expression of miRs and their targets in the 
various blood cells and cell tissue, even if quite complex in humans, 

aiming at deepening the contribution of expression and function of 
those miRs.

The impact of the age-related changes of miR-19a/b-3p may be 
explored in their molecular targets. Figure 5 shows the most signif-
icant common targets of miR-19a-3p and miR-19b-3p, backed up by 
powerful experimental methods as resulted from the miRTargetLink 
analysis. All of them are involved in crucial processes, such as PTEN 
described as promoter of longevity (Ortega-Molina & Serrano, 2013). 
SMAD4 is a mediator of TGF-β signal transduction, a pathway import-
ant in senescence and aging (Tominaga & Suzuki, 2019). BCL2L11 be-
longs to the BCL-2 protein family with apoptotic regulator function 
(Tower, 2015). SOCS1, known as suppressor of cytokine signaling, acts 
via the JAK/STAT pathway inhibiting JAK directly, and senescence-
associated secretory phenotype (SASP) can be suppressed by inhibit-
ing the JAK pathway in senescent cells (Xu et al., 2015). Noteworthy, 
both miR-19a/b-3p and their targets, that is, SMAD4, PTEN, and 
BCL2L11, converge on FoxO signaling pathway and are also relevant 
for IGF-mTOR (Hay, 2011), thus two well-known pathways associated 
with aging and longevity.

MiR-19a/b-3p resulted differentially expressed when young do-
nors were stratified according to sex, being increased in young male 
compared to female subjects. Analyzing all groups and considering only 
women, differences emerged highlighting the increase of miR-19a-3p 
in old compared to young subjects, suggesting a specific, inhibitory, 
and likely estrogen-dependent effect in old women. In fact, miR-19a/
b-3p are also common regulator of ESR1 and are in turn controlled by 
estrogen levels in a regulatory circuit with a negative feedback and is 
thus proposed to be sexually dimorphic miRs (Dai & Ahmed, 2014). 
MiR-19b-3p has a precursor in the miR-106a/363 cluster located on 
the X chromosome, even if this cluster is normally expressed at lower 
levels (Mogilyansky & Rigoutsos, 2013) and highlights possible gender 
differences in human aging (Kangas et al., 2017; Matarrese et al., 2019). 
Thus, the unexpected decrease of miR-19a/b-3p at extreme ages could 
also be considered a biomarker associated with female longevity.

The validation phase, performed by RT-qPCR, did not confirm 
the differences of miR-19a/b-3p between the healthy and un-
healthy centenarians obtained by sequencing data. MiR-19a/b-3p 
resulted correlated with WBC, RDW-CV, neutrophils, eosinophils, 
creatinine, and GPT in all centenarians, suggesting their possible 
involvement in the regulation of health status parameters and im-
mune system.

To better disentangle the unexpected results obtained by 
RT-qPCR, we investigated the presence of isomiRs-19a/b-3p in 
sequencing data. IsomiRs are not rare and were estimated to con-
tribute to half of the miRs profile in human cells (Zhao, 2020). 
They are classified into 5′, 3′, or polymorphic (internal) isomiRs, 
depending on the site of variation, and can be derived from alter-
native Drosha or Dicer processing, RNA editing, or non-templated 
nucleotide addition (Gebert & MacRae, 2019). IsomiRs also 
showed gender or race specific expression patterns (Guo et al., 
2016), and some specific isoforms have been found useful in dis-
tinguishing different types of cancer representing potential bio-
markers (Telonis et al., 2017; Zhao, 2020). However, up to date, 

F I G U R E  2 Validation of miR-19a/b-3p by RT-qPCR. RT-qPCR 
results of miR-19a-3p (panel a) and miR-19b-3p (panel b) are 
shown as box plots (with median) of relative expression for each 
group, that is, 16 young donors (Y), 16 old donors (O), and 17 
centenarians (C). Centenarians are also analyzed according to their 
health status, that is, 11 healthy (HC) and 6 unhealthy centenarians 
(UHC) as reported on the right. Statistical analysis was assessed 
by nonparametric Kruskal–Wallis test, and significant p values are 
indicated as follows: **<0.01; *<0.05. Particularly, in panel a for miR-
19a-3p: Y vs. C p = 0.032; O vs. C p = 0.001; Y vs. HC p = 0.029; O 
vs. HC p = 0.001. In panel b for miR-19b-3p: Y vs. C p = 0.009; Y vs. 
O p < 0.0001; Y vs. HC p = 0.020; O vs. HC p = 0.001; O vs. UHC 
p = 0.005
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the function and biological significance of the majority of these 
isomiRs remain unclear.

Our first evidence is that the two selected miRs, -19a/b-3p and 
-19b-3p, reveal a variety of isoforms, up to 38 and 76, respectively, 
and the most abundant sequence does not correspond to the 
current miRBase reference sequence, as already described from 
the first annotation of isomiRs (Morin et al., 2008). PCR based as-
says, microarrays, and northern blots do not normally discriminate 
among highly similar sequences, and they are constructed on the 
base sequence annotated on miRBase. As isomiRs are at least as 
prevalent as their canonical sequences or even more abundant, 
this suggest that miR detection studies published using these 
assays may have based their conclusions on partial data (Karlsen 
et al., 2019). Furthermore, this could be the reason why we were 
unable to validate small RNA-seq results by RT-qPCR comparing 
healthy and unhealthy centenarians. In fact, comparing healthy 
and unhealthy centenarians, results suggest the increase of the 
base sequence of miR-19a-3p in unhealthy condition and similarly, 

a trend is observed for miR-19b-3p. Moreover, the most abundant 
sequences of both miRs were significantly decreased in cente-
narians compared to old donors. These crucial findings open new 
questions and pave the way for a new perspective on the role and 
function of the different isomiRs-19a/b-3p on health conditions 
and aging. IsomiRs have not yet a recognized biological function, 
but early data from literature suggest an impact on gene expression 
regulation and a cytokine-mediated increase of isomiR patterns 
(Haseeb et al., 2017). In this respect, specific 3’ isomiRs having a 
shorter length, as well as those identified here, were found not 
able to control molecular pathways as the base sequence does 
(Yu et al., 2017) and their expression was modulated by Interferon 
type I (Nejad et al., 2018). These findings may be considered as a 
general effect of 3′ short length isomiRs with a powerful potential 
for gene expression regulation, but further studies are needed to 
confirm this hypothesis.

One limitation of the current study is the lack of information on 
miRs-19a/b-3p expression level during the whole life of centenarians. 

F I G U R E  3 miR-19a/b-3p analyzed according to gender in the validation phase cohort. RT-qPCR data were analyzed in young subjects 
according to gender, dividing in 8 young female Y (F) and 8 young male Y (M), for miR-19a-3p (panel a) and miR-19b-3p (panel b). Analysis 
for female counterpart was applied among 8 young women Y (F), 8 old women O (F), 8 healthy women centenarians HC (F), and 6 unhealthy 
women centenarians UHC (F). Data are shown as box plots (with median) of relative expression for each group. Statistical analysis 
was assessed by nonparametric Mann–Whitney and Kruskal–Wallis test. Significant p values are indicated as follows: **<0.01; *<0.05. 
Particularly, in panel a for miR-19a-3p p = 0.015 and in panel b for miR-19b-3p p = 0.028. In panel c for miR-19a-3p Y vs. O p = 0.050; O vs. 
HC p = 0.002; O vs. UHC p = 0.032. In panel d for miR-19b-3p: O vs. HC p = 0.015; O vs. UHC p = 0.020
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The model used in this study was a cross-sectional, being not feasi-
ble a longitudinal study until extreme human ages.

Overall, miR-19a/b-3p were found decreased at blood/systemic 
level in centenarians compared with old subjects, and a different pat-
tern of isomiRs-19a-3p was associated with aging process and with 
health status at extreme age. In this perspective, the functional role 
of isomiRs on aging mechanisms deserves additional studies with the 
aim of identifying new levels of regulation, such as those abrogating 
miR inhibitory effects, as valuable key factors for aging and age-
related diseases onset.

4  |  E XPERIMENTAL PROCEDURES

4.1  |  Experimental design and study participants

Twelve donors were included in the discovery phase for the small 
RNA sequencing, divided in 4  groups of study as follows: 3 young 
donors with 25 year-old ±0.5 (SD) (Y), 3 old donors with 71 year old 
±1.6 (O), 3 healthy centenarians (HC), and 3 unhealthy centenarians 
(UHC) being 101.8 year old ±1.1. In all groups, the F:M ratio was 2:1, 
except for unhealthy centenarians that consisted of all females. All 
subjects included in the study were recruited in Bologna, the Ethical 
Committee of Sant’ Orsola-Malpighi Hospital (Bologna, Italy) ap-
proved the protocol (EM/26/2014/U with reference to 22/2007/U/

Tess). A detailed questionnaire describing their lifestyle, physical, 
and cognitive status was administrated to centenarians. The healthy 
centenarians were defined by good cognitive performance, that is, 

F I G U R E  4 IsomiRs of miR-19a-3p and miR-19b-3p in aging and longevity. The base and the most abundant sequences of miR-19a-3p 
(panels a and c) and of miR-19b-3p (panels b and d), obtained by small RNA-seq, are shown as TPM mean value for each group. Panels a and 
b show data from 3 young donors (Y), 3 old donors (O), and 6 centenarians (C). Panels c and d show centenarians according to their health 
status, that is, 3 healthy (HC) and 3 unhealthy centenarians (UHC). Statistical analysis was assessed by wilcox.test function implemented in 
R; p < 0.05 (*)

F I G U R E  5 Target network analysis of miR-19a/b-3p. Common 
validated targets of miR-19a-3p and miR-19b-3p obtained with 
experimental strong evidence. Target network interactions have 
been determined via miRTargetLink
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MMSE (Mini-Mental State Examination), ability to walk and a high 
ADL (Activities of Daily Living) score. The unhealthy centenarians 
were demented without the possibility to perform the MMSE and 
bedridden. Young and old subjects are representative of the general 
population and realistic aging. Hematobiochemical parameters are 
reported in Table S3. These twelve subjects were previously investi-
gated in terms of circulating cell-free DNA by our team and described 
in details for health conditions and drugs therapies (Teo et al., 2019).

Validation phase was conducted on 49 volunteers, including those 
previously selected for discovery phase, divided as follows (average 
age ± standard deviation): (i) 16 young donors, 8 females and 8 males 
(30.1 ± 3.4); (ii) 16 old donors, 8 females and 8 males (70.8 ± 1.9); 
(iii) 17 centenarians, that is, 11 healthy centenarians, 8 females and 
3 males, and 6 unhealthy centenarians, only females (101.4 ± 1.3).

Hematobiochemical parameters were collected from all subjects 
recruited for the validation phase (Table S3). Differences between 
healthy and unhealthy centenarians were considered (Table S4). 
Nonparametric Kruskal–Wallis and Mann–Whitney tests were applied 
using IBM SPSS Statistics, version 26 (IBM Corp., Armonk, NY, USA).

4.2  |  Sample processing for sequencing

Total RNA was isolated from 2 ml of plasma samples with the miRNe-
asy Mini kit (Qiagen), and the protocol was adapted for the extraction 
from plasma. As circulating RNA is present in very low amount, RNA 
quantification was not possible; therefore, exogenous controls, that is, 
UniSp2, UniSp4, and UniSp5 (RNA Spike-In, Qiagen), were introduced 
at the beginning of RNA extraction and their recovery was used as 
indicator of RNA isolation quality.

4.3  |  cDNA library preparation

For cDNA library preparation, CleanTag Ligation Kit (TriLink 
BioTechnologies) was used. Each sample was associated with a differ-
ent Index Primer (Primers #1-12) from the Set 1 for Illumina technol-
ogy (TriLink BioTechnologies) to run for the sequencing all 12 samples 
in one lane. A purification step after PCR reaction was performed using 
QIAquick PCR Purification Kit (Qiagen) to remove primers, nucleotides, 
enzymes, mineral oil, salts, and other impurities from DNA samples. 
cDNA libraries were quantified by Agilent DNA 1000 Kit using Agilent 
2100 Bioanalyzer (Agilent). A gel purification step is required to run am-
plified cDNA library and select only miRs library according to the size, 
cutting the corresponding miR band (~130–140 bp). cDNA library was 
quantified again after the purification by Agilent DNA 1000 chip.

4.4  |  Sequencing data analysis

The sequencing was completed by Exiqon A/S Company on the 
NextSeq500 Illumina platform, using single-end read and 50 nt as 
number of sequencing cycles.

Data preparation and analysis was based on Cap-miRSeq pipeline 
(Sun et al., 2014) following these steps: (i) FASTQC and Cutadapt were 
applied to verify the quality of the data before and after the adapt-
ers’ trimming. The samples showed overall good data quality with the 
vast majority of the data obtained, presenting higher Q-score than 
Q30, when a score of 30 equals an accuracy of 99.9% for the base-
calling (Cock et al., 2010); (ii) miRDeep2 was used to identify miR ex-
pression profiling where the sequencing reads were mapped to the 
reference human genome in miRBase v.21; (iii) normalization process 
was performed by Tags Per Million (TPM) method according to the 
total tag count in each sample. Data were filtered for count threshold, 
≥20 TPM to achieve a robust validation using a different technique 
as RT-qPCR; (iv) differential expression analysis was implemented by 
EdgeR statistical software package in R v3.6.3, applying the glmQLFT-
est and data were considered significant with a p value <0.01.

4.5  |  Validation and statistics

Total RNA was isolated from 100 μl of plasma using the Total RNA 
purification kit (Norgen Biotek Corporation). The protocol was 
modified adding 20 fmol of cel-miR-39 (Qiagen) at the lysis step as 
spike-in control to monitor RNA isolation. RT-qPCR was performed 
through TaqMan technologies (Thermo Fisher Scientific) following 
the manufacturer's protocol.

Data were normalized to cel-mir-39 measured in each sample, 
and relative expression was calculated with the delta Ct method. 
Nonparametric tests were used to perform statistic evaluation, 
using SPSS software, and p value < 0.05 was considered statistically 
significant.

Validation data were correlated with hematobiochemical param-
eters in centenarians by Spearman's correlation test performed with 
GraphPad Prism software v.9, and p value ≤0.05 was considered 
significant.

4.6  |  Pathway analysis

Identification of common target genes was determined via miRTar-
getLink, a tool for automating analysis on human miR-mRNA inter-
actions in the form of interaction networks (Hamberg et al., 2016). 
Targets with strong experimental evidence, like reporter gene assay, 
were selected and filtered only those in common between the two 
selected miRs. The identification of the pathways was determined 
via Kyoto encyclopedia of genes and genomes (KEGG) with p values 
< 0.05, using the mirPath software on DIANA tools (Vlachos et al., 
2015).

4.7  |  IsomiRs analysis

On the selected miRs, isoform sequences and their abundances 
were investigated with IsomiR-SEA v.1.6 (Urgese et al., 2016). This 
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tool performs reads alignment based on miRs databases by consider-
ing the miRNA:mRNA interaction pairing aspects. Statistical analy-
sis was performed using the wilcox.test function implemented in R 
(using default parameters and setting continuity correction to false) 
and considering a p value < 0.05.
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