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Figure 6. The loss of DG makes C2C12 cells more responsive to senescence induction. (A)WT, DG-KO1,
and DG-KO2 cell cultures were treated with sodium butyrate (NaBu) for 5 or 10 days to induce
senescence, and senescent cells were identified by SA β-gal activity; typical images were acquired by
light-field microscopy. Bar = 50 μM. Right: graph shows the percentage of senescent cells obtained from
three independent assays (n = 100 cells for each cell culture). Significant differences were determined
by one-way ANOVA followed by Dunnett´s multiple comparison test; * p < 0.05 compared to WT.
Data correspond to the mean ± SEM.

Figure 7. Mitotic failure activates a p53-dependent DNA damage response in DG-null cells. (A) WT,
DG-KO1 and DG-KO2 cells cultured on coverslips were arrested in S phase by double treatment with
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thymidine and further release into cell cycle for 4 h to progress into mitosis. Afterwards, cell preparations
were immunolabeled for α-tubulin and γ-tubulin to decorate mitotic spindles and centrosomes,
respectively, and counterstained with DAPI to visualized nuclei, prior to CLSM analysis. Right.
The percentage of multipolar mitotic spindles was determined from three separate experiments (n = 50
cells from each cell culture). Significant differences were calculated using one-way ANOVA and
Dunnett´s multiple comparison test; * p < 0.05 compared to WT. Data indicate the mean ± SEM.
(B) WT, DG-KO1 and DG-KO2 cells were cultured on coverslips and treated with thymidine as per
panel A. Cell preparations were then immunolabeled for γ2HAX and counterstained with DAPI to
decorate nuclei, prior to CLSM analysis. Right: the fluorescence intensity of γ2HAX foci was calculated,
and significant differences were determined by non-parametric Kruskal–Wallis tests followed by
Dunn´s post hoc analysis. Data correspond to the mean ± SEM from three separate experiments;
* p <0.05 compared to WT. Far right: the number of cells with micronuclei was calculated and significant
differences were obtained by one-way ANOVA and Dunnett´s post hoc analyses. Data correspond to
the mean ± SEM from three independent assays (n = 100 cells for each cell culture); * p < 0.05 compared
to WT. (C) and (D) Lysates from WT, DG-KO1 and DG-KO2 cells cultures, previously treated with
thymidine as per panel A, were analyzed by SDS-PAGE/WB, using specific antibodies against p53 (C),
p21 (D) and the loading control, and representative blots from two independent experiments are shown.

Because DNA damage response can induce telomerase shortening irrespective of telomerase
activity [35], we were prompted to estimate telomerase length in DG-deficient and WT cells of
similar culture passage (6–8 passage) by in situ hybridization (FISH), using a telomere oligonucleotide
fluorescein-labeled probe (Figure 8). It is assumed that the probe hybridizes quantitatively to telomeric
repeats, and hence the integrated telomere foci fluorescence intensity of a single nucleus is directly
related to the length of their telomeres [36,37]. We observed that the fluorescence intensity of telomere
foci was significantly less intense in DG-null cells, compared with WT cells (Figure 8A).

 
Figure 8. DG-KO cells exhibit telomere shortening. (A)WT, DG-KO1 and DG-KO2 cells grown on
coverslips were processed for FISH using a specific telomere probe (see Methods), and nuclei were
decorated by staining with DAPI. Representative CLSM images are shown; bar, 10 μM. The right graph
shows the relative telomere length determined by the telomere mean intensity divided by DAPI sum
intensity. Significant differences were determined by non-parametric Kruskal–Wallis tests, followed by
post hoc Dunn´s analysis. Data indicate the mean ± SEM from three separate experiments (n = 75 cells
per cell culture); * p < 0.05 compared to WT).
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3. Discussion

In this study, we generated a C12C12 myoblasts-based model with no expression of DG (α-DG and
β-DG) using CRISPR-Cas9 technology to provide insights into the nuclear function of β-DG. In earlier
studies, we showed that β-DG is involved in maintaining the structure and function of the NE [20,21];
nevertheless, the specific mechanisms underlying its role in these nuclear processes remains to be
determined. We isolated two DG-knockout clones (DG-KO1 and DG-KO2) that were generated from
two different gRNAs. We used this strategy in order to validate that the phenotypes observed were
not due to off-target cleavage by the CRISPR-Cas9 system. DG-KO cells were intentionally sorted
from the glycosylated α-DG negative population and, accordingly, expanded DG-KO clones showed
no expression of β-DG and decreased levels of dystrophin Dp71, α-dystrobrevin and β2-syntrophin,
three well characterized partners of β-DG [38], which validated our DG-deficient cell system.

We focused our research on the previously observed interaction between β-DG and lamin
B1 [20]. Lamin B1 belongs to a group of type V intermediate filament proteins known as the
lamins. These proteins are the main component of the nuclear lamina, which provides stability to
the nuclear structure, and regulates nuclear processes such as transcription, chromatin organization,
cell cycle, among others [39]. The abnormalities in the nuclear lamina observed in DG-KO cells
confirmed previous observations suggesting a key role for β-DG in maintaining the integrity of this
compartment [21]. Moreover, the decreased levels of lamin B1 in the absence of DG is particularly
relevant as the downregulation of lamin B1 is a key event mediating premature senescence [22,40].
This has been attributed to the plethora of nuclear processes that lamin B1 regulates, such as
heterochromatin architecture, cell cycle progression, nuclear morphology, gene expression and
splicing [41,42]. Therefore, we assessed whether DG-KO cells would acquire a senescent phenotype.
Consistently, DG-KO cells exhibited several senescent marks in the absence of any senescence-inducing
stimuli, including reduced cell proliferation with arrest at G0/G1, elevated SA-β-gal activity, nucleolar
disaggregation, senescent cell morphology and loss of heterochromatin. The cellular transition
to senescence is associated with extensive chromatin reorganization and gene expression changes.
Specifically, lamin B1 downregulation occurring during senescence facilitates the spatial relocalization
of perinuclear H3K9me3-positive heterochromatin [43]. Furthermore, downregulation of SUV39H1
during the establishment of senescence may promote DNA repair, leading to genome destabilization
due to deheterochromatinization of repetitive DNA, which in turn results in cell cycle arrest [44]. Thus,
lamin B1 may contribute to senescence by the spatial reorganization of chromatin and through gene
repression [43]. In this scenery, characterization of the DG-KO cell gene expression profile, including
the genomic DNA methylation pattern, will help to determine the epigenetic regulation occurring in
response to the loss of DG. It is worth noting that treatment with the histone deacetylase inhibitor
NaBu induced senescence in proliferating myoblasts and that this effect was exacerbated in DG-KO
cells. A possible explanation is that β-DG is required to stabilize lamin B1 at the nuclear lamina so
that it can attenuate induced senescence. Indeed, perturbation of β-DG nuclear trafficking causes
both mistargeting and reduced protein levels of lamin B1, leading ultimately to aberrant nuclear
architecture [21]. Thus, tight control of nuclear β-DG content is physiologically relevant to preserve
β-DG-lamin B1 interaction, thereby allowing the cell to finely tune nuclear activity in response to
cellular stimuli. While increased susceptibility to senescence might be a consequence of lamin B1
alteration in the absence of β-DG, it remains to be explored whether additional mechanisms related to
β-DG functions (e.g., signaling) are also contributing to this process.

Cellular senescence is induced by different damaging stimuli, including extended replication,
DNA damage, oxidative stress, telomere shortening and oncogenic signaling [45,46]. In an attempt
to further understand how the lack of DG results in senescence, we invoked an earlier study that
might connect DG with DNA damage. We previously demonstrated that DG downregulation
resulted in over-duplicated centrosomes in C2C12 cells [20], an aberrant characteristic associated
with multipolar mitosis [47,48]. Supporting our assumption, multipolar mitotic spindles were
frequently found in DG-null cells, compared with WT culture. Consistent with mitotic defects
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driving chromosome instability and DNA damage response [49], DG-KO cells exhibited an increased
number of micronuclei-containing cells and apparent shortening of telomeres, compared with WT cells.
The formation of micronuclei occurred to a much greater extent when DG-null cells were subjected
to thymidine-mediated DNA damage. Thymidine treatment evokes a DNA damage response by
slowing the progression of replication forks [32]. Furthermore, numerous intensely stained foci of
phosphorylated H2AX histone (γH2AX) were found in DG-KO cells after thymidine exposure. γH2AX
orchestrates DNA repair by recruiting repair factors to the surrounding of double-strand break (DSB)
sites, including MRE11/NBS1/RAD50, MDC1, 53BP1 and BRCA1 [33,50]. Supporting the idea that DG
deficiency makes the cell more prone to DNA-damage response, upregulation of the p53 pathway
(p53 and p21 proteins) was found in DG-KO cells upon thymidine treatment. p53 plays a pivotal
role for senescence induction; the DNA damage response activates ataxia telangiectasia (ATM) and
Rad3-related (ATR) kinases, which in turn activate the p53/p21 axis by phosphorylation of both p53
and its ubiquitin ligase Mdm2, leading to the stabilization of p53 levels [51]. However, differences in
p53 pathway activation between DG-KO1 and DG-KO2 cells due to inter-clonal heterogeneity cannot
be ruled out. This issue deserves further investigation.

How DG-KO cells acquire multiple centrosomes, a hallmark of cancer cells [52], is unknown.
Centrosome amplification could result from altered centrosome replication and/or cytokinesis failure.
Numerous proteins that regulate the centrosome duplication cycle have been identified, including
Polo-like kinase-4, cyclin-dependent kinase 2, and SPD-2 [53]; however, none of them has been
linked with DG so far. It is worth noting that β-DG localized to the cleavage furrow and midbody
in cytokinesis [54]; thus, DG deficiency might lead centrosome amplification through impaired
cytokinesis. Nonetheless, the fact that no binucleated cells were observed in DG-KO cultures opposes
this hypothesis. On the other hand, considering that B-type lamins have been involved in the assembly
and maintenance of mitotic spindles in Xenopus [55], it is possible that aberrant multipolar spindles
in DG-KO cells emerge, at least in part, due to depleted lamin B1 levels exhibited by DG-null cells.
Clearly, further research is required to elucidate a role for DG, if any, on centrosome duplication/mitosis
organization. Although CRISPR-Cas9 genome editing ablates the expression of both α- and β-DG,
we believe that the senescent phenotype of DG-KO cells is mechanistically linked to the nuclear
deficiency of β-DG, because lamin B1, the central hub of cellular senescence, is a β-DG interacting
partner [20,21]. Nonetheless, the possibility that the lack of α-DG drives the cell to senescence by
perturbing the outside-in signaling pathway across the ECM-cytoskeleton-nucleus axis [56] cannot
be ruled out. Furthermore, the rescue of DG expression in DG-KO cells is required to undoubtedly
demonstrate the contribution of β-DG to cellular senescence.

In summary, overall our data are consistent with the paradigm that interfering with DG function
results somehow in aberrant multipolar mitoses, which in turn evokes a p53-dependent DNA-damage
response, arresting cell cycle progression and thereby inducing senescence, to avoid propagation of
damaged genomes.

4. Materials and Methods

4.1. Cell Culturing and Treatments

Mouse C2C12 myoblasts were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Invitrogen, Carlsbad, CA, USA) supplemented with 10% (v/v) fetal bovine serum, 50 U/ml penicillin,
50 μg/ml streptomycin, and 1 mM sodium pyruvate at 37 ◦C, in a humidified 5% CO2 cell incubator.
For senescence induction, cells were treated for 5 or 7 days with sodium butyrate (NaBu 5 mM,
Sigma-Aldrich, St Louis) diluted in PBS 1X or vehicle alone. To analyze mitosis, cells were blocked at
the S phase using double treatment with thymidine (2 mM) and then released from arrest by washing
with PBS and plating in fresh culture medium on glass coverslips for 3–4 h (metaphase-anaphase).
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4.2. Generation of DG-KO C2C12 Cell Lines by CRISPR-Cas

Two different single guide RNAs were designed to target the first coding exon of Dag1 gene,
using the crispr.mit.edu online tool: gRNA1 (5’ CCGACAACAGCCGTACCGTC 3’) and gRNA2 (5’
CCAGACGGTACGGCTGTTGT 3’) gRNAs were cloned into pSpCas9(BB)-red fluorescent protein
(RFP) plasmid (modified from pSpCas9(BB)-2A-GFP, a gift from Feng Zhan–Addgene plasmid #
48138; http://n2t.net/addgene:48138;RRID:Addgene_48138), Addgene (Watertown, MA, USA). C2C12
cells were transfected with gRNA1- or gRNA2-Cas9-RFP plasmids using lipofectamine (LTX) with
plus reagent (Thermo Fisher Scientific, Waltham, MA, USA). Forty-eight hours post transfection,
RFP positive cells were sorted using FACSAria (BD Biosciences, Woburn, MA, USA). After expansion,
cells were collected with enzyme-free cell dissociation buffer (Gibco–Thermo Fisher Scientific, Waltham,
MA, USA) and incubated with anti-CD16/CD32 antibody (Mouse BD Fc Block, 2.4G2; BD Biosciences,
Woburn, MA, USA) on ice for 5 minutes, and subsequently with anti-α-DG antibody (IIH6C4) on ice
for 30 minutes. Following PBS washes, cells were incubated with goat anti-mouse IgG-Alexa Fluor
488 secondary antibody on ice for 20 minutes. Cells were then washed with PBS and resuspended in
FACS buffer (10% FBS in PBS). Cells negative for α-DG staining were sorted by FACS and expanded.
WT cells incubated with or without IIH6C4 were used to set the gates for positive or negative α-DG
staining, respectively. Upon expansion, sorted cells had a second round of sorting for α-DG negative
staining and single cells were collected in a 96-well plate for clonal expansion. DG-KO clones were
screened for β-DG by Western blotting using anti-β-DG antibodies (MANDAG2). Two clones, DG-KO1
and DG-KO2, were expanded and characterized by sequencing the DNA region targeted by the
gRNAs, to confirm Dag1 gene disruption. Cell cultures between passage six and twelve were used for
all analyses.

4.3. Antibodies

The following primary antibodies were used. Mouse monoclonal antibodies againstα-dystrobrevin
(α-DB; BD Transduction Laboratories, Becton Dickinson, Franklin Lakes, NJ, USA), α-DG (IIH6C4
(IIH6, 05-593; Millipore, Sigma-Aldrich, St. Louis, MO, USA), β-DG (MANDAG2 [57]), α-tubulin
(sc-32293; Santa Cruz Biotechnology, CA, USA), p53 (#2524; Cell Signaling Technology, MA, USA),
p21 (#2946; Cell Signaling Thecnology, MA, USA), and GAPDH (sc-32233; Santa Cruz Biotechnology,
CA, USA). Rabbit polyclonal antibodies against B23 (sc-6013-R; Santa Cruz Biotechnology, CA, USA),
dystrophin Dp71 (+78Dp71; Genemed Synthesis Inc., San Francisco, CA, USA), lamin B1 (Ab16048;
Abcam, Cambridge, UK), γ-tubulin (sc10732; Santa Cruz Biotechnology, CA, USA), H3K9me3 (ab8898;
Abcam, Cambridge, UK) and γ-H2AX (#07-164; Millipore, Sigma-Aldrich, St. Louis, MO, USA).
Goat polyclonal antibody against β2-syntrophin (SC-13766; Santa Cruz Biotechnology, CA, USA) was
also used.

4.4. Western Blotting

C2C12 cell culture lysates were electrophoresed on 10% SDS-polyacrylamide gels and transferred
onto nitrocellulose membranes (Bio-Rad Laboratories Inc., Berkeley, CA, USA). Membranes were
blocked in TBST (100 mM Tris-HCL pH 8.0, 150 mM NaCL, 0.5% (v/v) Tween-20) with low fat-dried milk
and then incubated overnight at 4 ◦C with the appropriate primary antibodies. The specific protein
signal was developed using the corresponding secondary antibodies and enhanced chemiluminescence
western blotting detection system (ECL TM; Amersham Pharmacia, GE Healthcare), according to
the manufacturer´s instructions. Images were acquired for densitometric analysis with a Gel Doc
EZ System (Bio-Rad Laboratories Inc., Berkeley, CA, USA), using Image Lab 6.0.1 software (Bio-Rad
Laboratories Inc., Berkeley, CA, USA). To normalize protein expression from the same sample and
on the same blot, the band intensity of the target protein was divided by the band intensity of the
loading protein.
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4.5. Immunofluorescence and Confocal Microscopy Analysis

Cells cultured on coverslips were fixed with 4% paraformaldehyde in PBS for 10 min, permeabilized
with 0.2% Triton X-100-PBS, blocked with 0.5% fetal bovine serum and 3% bovine serum albumin (BSA)
in PBS and then incubated overnight at 4 ◦C with the corresponding primary antibodies. The following
day, cells were washed with 0.05% Triton-X-100-PBS for 5 min and then with PBS alone three times,
prior to be incubated for 1 h at room temperature with the appropriate fluorochrome-conjugated
secondary antibody. For double immunolabeled samples, this was followed by overnight incubation
at 4 ◦C with corresponding primary antibodies and the next day, cells were incubated with secondary
fluorochrome-conjugated antibodies. Where indicated, F-actin was labelled using TRITC-conjugated
Phalloidin (Sigma-Aldrich St. Louis, MO, USA) diluted 1:500 in PBS for 10 min at room temperature.
Finally, coverslip preparations were incubated for 20 min at room temperature with 0.2 μg/mL
diamidino-2-phenylindole (DAPI; Sigma Aldrich) for nuclei visualization, mounted on microscope
slides with VectaShield (Vector Laboratories Inc., Burlingame, CA, USA) and further analyzed by
confocal laser scanning microscopy (CLSM; Eclipse Ti Series, Nikon Corporation Healthcare Business
Unit, Japan) using a 63× (NA = 1.2) oil-immersion objective. The analysis of digitized images
was carried out using ImageJ, 1.49 software (Wayne Rasband National Institutes of Health, USA.
http://imageJ.nih.gov.ij). For morphometric analysis of nuclei, raw images were calibrated and
converted to 8-bit gray scale, to set up a threshold for nuclei selection. Then, nuclear area and circularity
parameters were calculated, as described previously [58]. The nucleolar area (μm2) was calculated
on maxima projection images, using a 3D objects counter, as described previously [59]. To quantify
the fluorescence intensity of γ-H2AX (DNA-damage marker and H3K9me3 (heterochromatin marker)
foci, the Find Maxima function from ImageJ was used, as previously described [60]. Data were plotted
using Prism6 software.

4.6. Flow Cytometry and Cell Proliferation Assays

Cells were trypsinized and washed twice with PBS prior to being fixed with 80% ethanol for 30 min,
stained for DNA with 1 μg/mL DAPI (Sigma-Aldrich) for 20 min and transferred to flow cytometry
tubes for cell cycle analysis in a BD LSR-Fortessa flow cytometer (BD Biosciences, San Jose, CA,
USA), using the ModFit LT software (Verity Software House, Topsham, ME). For proliferation assays,
cells were harvested and plated in triplicate onto 12-well microplates at (Corning, Costar), at a density
of 1 × 103 cells/mL. Cell proliferation was assessed for 10 days using the MTT [3-(4,5-dimethylthiazole)-
2-5-diphenyl tetrazolium bromide] commercial kit (Sigma-Aldrich) and following the manufacturer’s
instructions. Absorbance was measured at 570 nm on a Molecular Devices Spectra Max Plus384
microplate reader (Molecular Devices, Sunnyvale, CA, USA).

4.7. Fluorescence in Situ Hybridization (FISH) and Relative Telomere Length Determination

Cells grown on coverslips were fixed with 4% paraformaldehyde in PBS 1× for 10 min, washed
three times in PBS 1X and permeabilized with Triton 0.2% in PBS 1X for 12 min. Cell preparations were
treated for 20 min at 37 ◦C with 100 μL of RNase (1 μg/mL), washed three times with PBS 1X and dried.
Afterwards, coverslips were incubated in hybridization buffer (20 mM Na2HPO4 [Ph 7.4], 20 mM Tris
[pH 7.4], 60% formamide, 10% BSA) with 1ng/μL Cy3-conjugated telomere probe (Cy3 conjugated
G-strand probe [5´-GGGTTAGGGTTAGGGTTA-3´]) added. Coverslips were then incubated at 80 ◦C
for 2 h in the dark for denaturation, prior to incubation at room temperature overnight for hybridization.
Next day, coverslips were washed twice with SSC 2×/1% Tween 20, for 10 min at 60 ◦C; twice with SSC
1×/0.1% Tween 20 and once with SSC 0.5×/0.1% Tween 20. Finally, cells preparations were incubated
for 10 min at room temperature with DAPI (0.2 μg/μL, Sigma-Aldrich Inc.) for nuclei visualization,
washed with PBS 1×, and mounted on microscope slides with VectaShield (Vector Laboratories, Inc.,
Burlingame, CA, USA) for confocal microscopy analysis. The analysis of the number of telomere foci
and its relative length of the Q-FISH technique was performed using the Find Maxima function of

160



Int. J. Mol. Sci. 2020, 21, 4961

ImageJ software, 1.49 version image analysis (Wayne Rasband National Institutes of Health, USA.
http://imageJ.nih.gov.ij). Raw images were converted to 8-bit gray scale to set up a binary mask that
allowed the analysis of fluorescence intensity of the foci within a DAPI-positive region. The relative
telomere length was calculated as follows: the telomere mean intensity was divided by the sum
intensity of the DAPI signal, as described previously [61].

4.8. Senescence-Associated β-Galactosidase (SA-β-Gal) Assay

Cells seeded on coverslips were stained with SA-β-Gal following manufacturer’s instructions
(Senescent Cell Histochemical Staining Kit, Sigma-Aldrich, St. Louis, MO, USA). Blue stained cells
expressing β-galactosidase (senescent cells) were observed under bright-field microscopy using
differential interference contrast.

5. Conclusions

In summary, overall our data are consistent with the paradigm that interfering with DG function
results somehow in aberrant multipolar mitoses, which in turn evokes a p53-dependent DNA-damage
response, arresting the cell cycle progression and thereby inducing senescence, to avoid the propagation
of damaged genomes.
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NaBu Sodium butyrate
PM Plasma membrane
NE Nuclear envelope
DAPs Dystrophin-Associated Proteins
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SA-β-gal Senescence associated β-galactosidase
FACs Fluorescence-activated cell sorting
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Abstract: People are living longer than ever. Consequently, they have a greater chance for developing
a functional impairment or aging-related disease, such as a neurodegenerative disease, later in
life. Thus, it is important to identify and understand mechanisms underlying aging as well as the
potential for rejuvenation. Therefore, we used next-generation sequencing to identify differentially
expressed microRNAs (miRNAs) in serum exosomes isolated from young (three-month-old) and
old (22-month-old) rats and then used bioinformatics to explore candidate genes and aging-related
pathways. We identified 2844 mRNAs and 68 miRNAs that were differentially expressed with age.
TargetScan revealed that 19 of these miRNAs are predicated to target the 766 mRNAs. Pathways
analysis revealed signaling components targeted by these miRNAs: mTOR, AMPK, eNOS, IGF,
PTEN, p53, integrins, and growth hormone. In addition, the most frequently predicted target
genes regulated by these miRNAs were EIF4EBP1, insulin receptor, PDK1, PTEN, paxillin, and
IGF-1 receptor. These signaling pathways and target genes may play critical roles in regulating
aging and lifespan, thereby validating our analysis. Understanding the causes of aging and the
underlying mechanisms may lead to interventions that could reverse certain aging processes and
slow development of aging-related diseases.

Keywords: exosomes; aging; serum; functional enrichment analysis; ingenuity pathway analysis;
miRNA-mRNA networks; aging-related disease

1. Introduction

Aging is a highly complex biological process that is often accompanied by a general decline
in tissue function and an increased risk for aging-related diseases, such as cardiovascular disease,
stroke, cancer, and neurodegenerative diseases. Indeed, as average lifespan continues to increase,
aging-related functional decline, such as cognitive impairment, will likely become a health care
priority [1]. For example, the most common form of dementia is Alzheimer’s disease (AD), but a
large proportion of cognitive impairment cases in the aged population is not due to AD but rather to
normal aging process. Thus, it is important to identify ways to maintain functional integrity during
aging [2]. Many theories have been proposed to explain why we age [3]. Recently, we proposed
a new theory positing that aging is the process of continuous impairment of microcirculation in
the body [4]. Indeed, compelling evidence indicates that systemic factors in the blood profoundly
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reverse aging-related impairments [5–7], which are influenced by specific rejuvenating or deteriorating
factors, e.g., proteins, microRNAs (miRNAs), and mRNAs [8]. Thus, many circulating factors have
been identified as attractive biomarkers for tissue-specific diseases and aging [9,10]. However, the
mechanisms underlying the contributions of blood-derived factors to aging remain unclear.

Research over the last two decades has demonstrated that cells mainly communicate by releasing
extracellular vesicles (EV) that can act on nearby cells (paracrine signaling) or end up in circulating
body fluids, with possible effects at distant sites (endocrine signaling) [11]. Exosomes are small
EVs (approximately 50–150 nm in diameter) of endosomal origin that initially form as intraluminal
vesicles inside late endosomal compartments. Indeed, exosomes contain many specific proteins,
mRNAs, miRNAs, and long noncoding RNAs [12] and play a vital role in cell communication
by transferring their cargo between source and target cells, which is also important in aging and
aging-related disease [13]. For example, injection of serum exosomes from young mice into old mice
could alter the expression pattern of aging-associated molecules to mimic that of young mice [14].
In addition, studies have documented that exosomes from brain cells can cross the blood-brain barrier
(BBB) and serve as peripheral circulating biomarkers of cognitive impairment in AD [15–17], and,
blood exosomes can also cross the BBB to target brain cells and affect brain function [18–21]. Thus,
peripheral circulating exosomes have diagnostic and therapeutic potential. However, most studies
have focused on establishing exosomal protein or miRNA profiles for comparing disease states and
matched controls, and few studies have focused on characterizing proteins and miRNAs in peripheral
circulating exosomes during normal aging [22]. Therefore, it is critical to define the profiles for
exosomal proteins and miRNAs that can be transferred from exosome to recipient cells. Importantly,
it has been estimated that miRNAs regulate ~31% of all eukaryotic genes by promoting degradation
of their mRNAs or inhibiting their translation [23,24]. Indeed, miRNA-mediated regulation governs
metabolism, immunity, lifespan, cell proliferation, apoptosis, and development [25–27], as well as
pathological processes such as cancer and cardiovascular and neurodegenerative disease [28–30].
Therefore, among the exosomal cargo that is transferred to recipient cells, miRNAs likely have the
greatest downstream impact on cell functions. To explore the role of circulating exosomes in aging
processes, exosomal miRNAs must be more broadly characterized. In addition, recent evidence
suggests that numerous signaling pathways regulate normal aging processes. However, research is
lacking concerning how aging affects co-expression profiles for exosomal miRNAs and mRNAs and
how miRNA-mRNA regulatory networks systematically influence aging processes.

To address shortcomings in our knowledge of exosomal miRNA functions, we used next-generation
sequencing to establish miRNA and mRNA profiles for circulating exosomes isolated from young
and old rats. We also investigated the possible role of exosomal miRNAs in aging by analyzing
the biological importance of the miRNA targets and in major signaling pathways associated with
aging using bioinformatic tools including Gene Ontology (GO) enrichment, Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment and pathways, eukaryotic orthologous groups (KOG)
function classification, and Ingenuity Pathway Analysis (IPA). Our findings may provide a basis for
understanding the physiological consequences of aging-related changes in the makeup of circulating
miRNAs and could lead to potential interventions for aging-related diseases.

2. Results

2.1. Characterization of Serum Exosomes

We first characterized the protein content of serum exosomes isolated from young and old rats
using Western blotting. Serum exosomes from each of young and old rats were positive for the exosome
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markers, CD63 and CD9 (Figure 1A). Nanoparticle tracking analysis (NTA) (Figure 1B) verified a
strong enrichment of particles in the range 40–120 nm, with mean size of 82 +/− 0.8 nm, supporting a
multimodal size distribution of exosomes with a peak diameter of 70–120 nm, consistent with previous
reports [31,32]. In addition, transmission electron microscopy (TEM) was used to confirm that the
purified particles were membrane bound, round and heterogeneous in size (40–120 nm) (Figure 1C).

Figure 1. Characterization of serum exosomes. (A) Western blotting for CD63 and CD9 in serum
exosomes isolated from young and old rats. (B) Average overall size distribution of exosomes from
serum of old rats using the Nanoparticle Tracking Analysis. (C) Representative transmission electron
microscopy image showing the typical morphology and size range of exosomes from serum of old rat.
Y, serum exosomes from young rats; O, serum exosomes from old rats.

2.2. Differentially Expressed RNAs in Serum Exosomes with Age

To determine whether aging affects the levels of serum exosomal RNAs, RNA profiles were
determined by next-generation RNA Sequencing. After quality control and filtering, a total of
35117 RNAs, including mRNA, miRNAs and other type of RNAswere identified in exosomes from
serum of young and old rats (Supplementary data). Following application of thresholds for significance,
2736 (17.9%) were down-regulated and 108 (7%) were up-regulated in serum exosomes from old rats
(p < 0.05, >1.5-fold change; Figure 2A), among identified 15272 mRNA. In addition, 600 miRNAs were
identified after quality control, among which 68 were relatively abundant in old rats, including 28
that were down-regulated and 40 that were up-regulated serum exosomes from old rats (p < 0.05,
>1.5-fold change; Figure 2B). A volcano plot (Figure 2C) and cluster analysis (Figure 2D) revealed the
overall distribution of differentially expressed mRNAs and miRNAs of serum exosomes with age after
analysis with TargetScan.
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Figure 2. Profiles for mRNAs and miRNAs of serum exosomes from young and old rats. (A,B) Venn
diagram of all differentially expressed mRNAs (A) and miRNAs (B) identified in serum exosomes.
(C) Volcano plot for comparing the differentially expressed exosomal mRNAs and miRNAs in serum
from young and old rats after analysis with TargetScan (fold change > 1.5 and p < 0.05). (D) Heatmap
of the differentially expressed mRNAs and miRNAs in serum exosomes from young and old rats (n = 6
each group) after TargetScan (fold change > 1.5 and p < 0.05). Young, serum exosomes from young rats;
Old, serum exosomes from old rats.

2.3. Identification of miRNA-Targeted mRNAs

MiRNAs regulate expression of specific genes via hybridization to mRNAs to promote their
degradation in order to inhibit their translation or both [33]. A volcano plot revealed the overall
distribution of the exosomal miRNAs we identified in this study (Figure 3A). To study the possible
functional roles of the differentially expressed miRNAs, their potential mRNA targets were analyzed
with Targetscan. Among the 68 miRNAs, only 19 were associated with 766 of the 2844 mRNAs
that were differentially expressed with age (Figure 3B), suggesting that these miRNAs contribute to
the age-dependent regulation of specific mRNAs. Among them, 5 mRNAs were down-regulated
and 14 were up-regulated in serum exosomes from old rats compared with those from young rats
(Figure 3C). MiRNA-483-3p and miRNA-489-3p were detected only in exosomes from young rats, and
miRNA-187-3p, miRNA-202-3p, miRNA-450b-5p, miRNA-501-3p, miRNA-511-5p, and miRNA-598-3p
were detected only in exosomes from old rats (Table 1). Figure 3D presents results of a cluster analysis
of differentially expressed miRNAs for each sample.
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Figure 3. Profiles for differentially expressed miRNAs of serum exosomes from young and old rats.
(A) Volcano plot showing the differentially expressed miRNAs (fold change > 1.5 and p < 0.05). (B) Venn
diagram showing the differentially expressed mRNAs. (C) Venn diagram of the differentially expressed
miRNAs. (D) Heat map of hierarchical clustering of 19 miRNAs that were identified in serum exosomes
from young and old rats (n = 6 each group).

Table 1. List of circulating miRNAs for which expression differed with age.

ID p-Value Fold Change Expression Level (Old vs. Young)

rno-miR-101b-3p 0.0295919 3.0300921 Up
rno-miR-122-5p 0.005130112 10.50495019 Up

rno-miR-133a-3p 0.000973173 −3.631787956 Down
rno-miR-143-3p 0.033831212 2.469145377 Up
rno-miR-145-5p 0.032740298 17.04524832 Up
rno-miR-150-3p 0.016694482 −3.404719964 Down
rno-miR-181c-5p 0.006634803 −2.79454293 Down
rno-miR-187-3p 0.001 64 Up
rno-miR-194-5p 0.042745612 16.8112814 Up

rno-miR-199a-5p 0.009166599 3.06058214 Up
rno-miR-202-3p 0.001 64 Up

rno-miR-203b-3p 0.03954997 9.395112765 Up
rno-miR-378a-3p 0.043871243 1.797380304 Up
rno-miR-450b-5p 0.001 64 Up
rno-miR-483-3p 0.001 −64 Down
rno-miR-489-3p 0.001 −64 Down
rno-miR-501-3p 0.001 64 Up
rno-miR-511-5p 0.001 64 Up
rno-miR-598-3p 0.001 64 Up
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2.4. GO Enrichment Analysis of miRNA-Targeted mRNAs

To gain a better understanding of the potential role of these exosomal miRNAs in aging, we used
Blastp to carry out functional annotation and enrichment analysis of their target genes identified in
the GO enrichment analysis. Functional annotation was categorized by biological process, cellular
component and molecular function, and only the top 10 GO terms having the smallest p-value were
considered. These categories represent the annotation of the functional enrichment of targeted genes,
and a lower p-value represents a greater functional enrichment of a relative term. Notably, almost
all the genes listed under these GO terms were downregulated in serum exosomes from old rats.
This analysis revealed several enriched functional categories and target genes, including genes involved
in the posttranslational modification of proteins, metabolic processes, cell communication, molecular
function, and intracellular signal transduction (Figure 4A).

2.5. KOG and KEGG Enrichment and Analyses

KOG was used to functionally classify mRNAs (766) regulated by the 19 exosomal miRNAs
that were differentially expressed between young and old rats. Among the resultant 25 KOG
classifications, genes involved in “signal transduction mechanisms” were the ones most commonly
targeted (151 genes), followed by “general function prediction only” (119 genes), “transcription”
(56 genes), “posttranslational modification and protein turnover” (55 genes), and “intracellular function
and secretion and vesicular transport “(40 genes) (Figure 4B).

KEGG is a comprehensive knowledge base for both functional interpretation and practical
application of genomic information [34]. KEGG pathway analysis identified 20 pathways that differed
significantly (p < 0.05) between exosomes of young and old rats (Figure 4C). Among these pathways,
the following were found to be involved in aging and lifespan: insulin resistance, mitogen-activated
protein kinase (MAPK) signaling, PI3 kinase (PI3K)–Akt signaling, mammalian target of rapamycin
(mTOR) signaling, toll-like receptor signaling, FoxO signaling, ErbB signaling, longevity-regulating
signaling, and resistance to inhibitors of epidermal growth-factor receptor (EGFR) tyrosine kinase
(Figure 4C).

2.6. Analysis of Pathways and Interaction Networks

We then carried out IPA for molecular pathways associated with serum exosomal miRNAs during
aging. The results showed that 163 IPA canonical pathways were predicted to be significantly related to
the expression of serum exosomal miRNAs, based on p< 0.05. The top 22 most strongly aging-associated
pathways targeted by miRNAs are shown in Figure 5A. Those discovered aging-related signaling
pathways included insulin, integrin, ErbB, neuregulin, mTOR, opioid, telomerase, phosphatase and
tensin homolog 10 (PTEN), insulin-like growth factor-1 (IGF-1), adenosine monophosphate-activated
protein kinase (AMPK), growth hormone, endothelial nitric oxide synthase (eNOS), nitric oxide,
fibroblast growth factor (FGF), cyclic adenosine monophosphate (cAMP), sphingosine, platelet-derived
growth factor (PDGF), docosahexaenoic acid (DHA), triggering receptor expressed on myeloid cells 1
(TREM1), and p53, suggesting that miRNAs target multiple biological pathways that modulate aging.

Figure 5B presents the IPA network results, and Table 2 lists the miRNAs involved in the nine
pathways. Similar to IPA results, the networks contained genes predicted to be involved in metabolism,
growth hormone signaling, and oxidative stress. As shown in Figure 5B, each pathway was linked with
several gene transcripts, and individual genes could be regulated by several miRNAs. This suggested
that the serum exosomal miRNAs that regulate crosstalk between pathways differ among young
and old rats. The most common proteins in the networks were eukaryotic translation initiation
factor 4E binding protein 1 (EIF4EBP1), insulin receptor (INSR), phosphoinositide dependent protein
kinase 1 (PDPK1), PTEN, paxillin (PXN), and IGF-1 receptor (IGF-1R) that were targeted by the most
prominent miRNAs (Figure 6A). Overall, the results establish putative functions between miRNAs
and their target mRNAs, molecular networks, and biological pathways that modulate the makeup
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of serum exosomal miRNAs in young versus old animals. Figure 6B shows one such example of
miRNA-mediated regulation.

Figure 4. Gene Ontology (GO) analysis, eukaryotic orthologous groups (KOG) functional classification,
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of target genes (mRNAs)
regulated by the 19 miRNAs that were differentially expressed between young and old rats. (A) GO
annotation of predicted targets. The top 10 most enriched GO terms are listed in terms for biological
process (BP), cellular component (CC), and molecular function (MF) based on p-values. (B) KOG
functional classification of target genes. The vertical axis represents the frequency of target genes
classified into the specific categories, and the horizontal axis represents the KOG functional classification.
(C) The top 20 most common KEGG pathways of the differentially expressed mRNAs regulated by the
19 miRNAs. Fold change > 1.5 and p < 0.05. GO, gene ontology; KOG, eukaryotic orthologous groups;
KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Figure 5. Ingenuity Pathway Analysis (IPA) of the differentially expressed miRNAs in serum exosomes
from young and old rats. (A) IPA showing the 22 most significant aging-related pathways involving
mRNAs, whose expression is regulated by differentially expressed miRNAs in serum exosomes from
young and old rats. Each Z score represents the upregulation or downregulation of gene expression
based on young vs. old. The black curve denotes the ratio between the number of the differentially
expressed target genes and the total number of genes in each of these pathways. (B) IPA-predicted
network for the differentially expressed miRNAs showing predicted targets and their association with
biological functions in aging-related signaling pathways governed by the following factors: growth
hormone signaling, mammalian target of rapamycin (mTOR) signaling, endothelial nitric oxide synthase
(eNOS) signaling, integrin signaling, insulin-like growth factor-1 (IGF-1) signaling, AMP-activated
protein kinase (AMPK) signaling, insulin receptor signaling, p53 signaling, and phosphatase and tensin
homolog 10 (PTEN) signaling.
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Figure 6. The most common target genes and mTOR pathway regulated by the differentially expressed
exosomal miRNAs. (A) EIF4EBP1, INSR, PDPK1, PTEN, PXN, and IGF-1R are the most common network
genes targeted by the prominent circulating exosomal miRNAs including miR-187-3p, miR-203b-3p,
miR-202-3p, miR-378a-3p, miR-199a-5p, and miR-145-5p. (B) IPA networks showing the regulatory
effects of the differentially expressed miRNAs from rat serum on mTOR signaling.
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Table 2. IPA of genes targeted by 19 miRNAs that were differentially expressed with age.

Ingenuity
Canonical
Pathways

−log (p-Value)
Related
miRNA

Target Genes Full Name

Insulin
receptor
signaling

4.48

miR-378a-3p PDK1 3-phosphoinositide-dependent protein kinase 1

miR-187-3p INSR insulin receptor

miR-202-3p 4E-BP1 Eukaryotic translation initiation factor 4E-binding protein 1

miR-101b-3p AKT RAC-alpha serine/threonine-protein kinase

miR-199a-5p STX4 Syntaxin-4

miR-203b-3p PTEN phosphatase and tensin homolog deleted on chromosome

mTOR
signaling 3.77

miR-378a-3p PDK1 3-phosphoinositide-dependent protein kinase 1

miR-187-3p INSR insulin receptor

miR-202-3p eIF4E-BP1 Eukaryotic translation initiation factor 4E-binding protein 1

miR-101b-3p AKT RAC-alpha serine/threonine-protein kinase

miR-194-5p RAC Aryl-hydrocarbon-interacting protein-like 1

AMPK
signaling 2.84

miR-378a-3p PDK1 phosphoinositide-dependent kinase-1

miR-187-3p INSR insulin receptor

miR-202-3p eIF4E-BP1 Eukaryotic translation initiation factor 4E-binding protein 1

miR-101b-3p AKT RAC-alpha serine/threonine-protein kinase

eNOS
signaling 2.37

miR-378a-3p PDK1 phosphoinositide-dependent kinase-1

miR-187-3p CASP8 caspase-8

miR-101b-3p AKT RAC-alpha serine/threonine-protein kinase

miR-122-5p CAT1 cationic amino acid transporter 1

miR-143-3p CASP8 caspase-8

IGF-1
signaling 2.94

miR-378a-3p PDK1, IGF-1R phosphoinositide-dependent kinase-1,
Insulin-like growth factor 1 receptor

miR-202-3p IGF-1R Insulin-like growth factor 1 receptor

miR-101b-3p AKT RAC-alpha serine/threonine-protein kinase

miR-145-5p IGF-1R, PXN insulin-like growth factor 1 receptor, Paxillin

miR-199a-5p PXN paxillin

PTEN
signaling 3.31

miR-378a-3p PDK1 phosphoinositide-dependent kinase-1

miR-101b-3p BCL2L11, AKT bcl-2-like protein 11, RAC-alpha serine/threonine-protein kinase

miR-203b-3p PTEN phosphatase and tensin homolog deleted on chromosome

miR-532-5p NF-κB Nuclear factor NF-kappa-B

p53
signaling 2.13

miR-202-3p MDM4 protein Mdm4

miR-101b-3p AKT RAC-alpha serine/threonine-protein kinase

miR-203b-3p PTEN phosphatase and tensin homolog deleted on chromosome

miR-532-5p MDM4, Slug Protein Mdm4, Zinc finger protein SNAI2

miR-450b-5p MDM4 Protein Mdm4

miR-194-5p PAI-1 Glia-derived nexin

miR-199a-5p HIPK2 Homeodomain-interacting protein kinase 2

miR-143-3p HIPK2, Chk2 Homeodomain-interacting protein kinase 2,
Serine/threonine-protein kinase Chk2

Integrin
signaling 4.13

miR-378a-3p PARVIN-α parvin alpha

miR-101b-3p ASAP1,
PARVIN-α, AKT

arf-GAP with SH3 domain, ANK repeat and PH domain-containing
protein 1, parvin alpha, RAC-alpha serine/threonine-protein kinase

miR-145-5p PXN, CRKL Paxillin, Crk-like protein

miR-122-5p PDGFβ Platelet-derived growth factor subunit B

miR-203b-3p PTEN phosphatase and tensin homolog deleted on chromosome

miR-598-3p PARVIN-α parvin alpha

miR-199a-5p PXN Paxillin

Growth
hormone
signaling

2.44

miR-378a-3p PDK1 phosphoinositide-dependent kinase-1

miR-202-3p IGF-1R Insulin-like growth factor 1 receptor

miR-145-5p IGF-1R Insulin-like growth factor 1 receptor
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3. Discussion

The past two decades have witnessed the use of heterochronic blood exchange techniques,
including heterochronic parabiosis, heterochronic blood or plasma transfer, or heterochronic apheresis,
as tools for studying the biology of aging. Indeed, heterochronic blood exchange from a young to an
old animal resulted in rejuvenation, whereas accelerated aging in a young animal was observed after
heterochronic blood exchange from an old animal [5]. To explore the underlying mechanism, we used
Exo-NGS analysis to compare the expression profiles for mRNAs and miRNAs in serum exosomes
isolated from young and old rats. We Identified 68 miRNAs and 2844 mRNAs in serum exosomes that
were differentially expressed between young and old rats. In contrast to mRNAs, little is known about
changes in miRNA abundance in the aging process. For this reason, we focused on circulating miRNAs,
which serve as potential biomarkers and therapeutic targets for aging-related disease. To determine
how these circulating miRNAs affect aging, it is important to identify the targets for each miRNA. Our
data revealed that, of the 68 differentially expressed serum exosome miRNAs we identified, 19 were
predicated to target 766 differentially expressed mRNAs based on TargetScan analysis. Among the
19 miRNAs, 14 were more abundant in exosomes from old rats than from young rats, and five were
less abundant. These results are consistent with reports that the abundance of the majority of these
14 miRNAs including miR-150-3p, miR-378-3p, miR-199a-5p, miR-145-5p, miR-598-3p, miR-122-5p,
miR-194-5p, miR-203a-3p, miR-202-3p, miR-145-5p, and miR-532-5p, was elevated in blood or tissue
samples from older humans, mice and rats [17,35–41]. Our data also confirmed that miR-181a-5p and
miR-133a-3p decreased with age [40,42]. These 14 miRNAs have been linked with aging, and the
expression of some of them has been associated with cancer, longevity, inflammatory responses, and
aging-related neurodegenerative and cardiac diseases [17,36–46]. Collectively, the abundance of the
majority of our differentially expressed miRNAs has been previously reported to be altered with age,
suggesting roles for these miRNAs in lifespan. Interestingly, downregulation of miR-181a-5p in serum
exosomes from old rats correlates negatively with the expression of pro-inflammatory cytokines IL-6
and TNFα and correlates positively with that of the anti-inflammatory cytokines TGFβ and IL-10 in
the serum of rhesus monkeys [42]. Notably, the abundance of IL-6 and TNF-α has been correlated
with aging [47]. Therefore, certain exosomal miRNAs may contribute to aging by regulating systemic
inflammation, and the makeup of these miRNAs may serve as a biological signature of aging.

We used Blastp and GO to functionally annotate miRNA-regulated genes and, identified biological
processes that are altered by changes in exosomal miRNAs abundance changes with age. Among
these processes, the most highly represented and enriched terms were protein posttranslational
modification, metabolic process, cell communication, molecular function, and intracellular signal
transduction, implying that these miRNAs may provide a significant link between aging and multiple
biological processes through their regulation of target genes [48]. KEGG pathway analysis revealed
that the mRNAs targeted by these miRNA targets were enriched in known aging-related signaling
pathways [49–51]. The GO and KEGG analysis also revealed that most of the miRNA-targeted mRNAs
are involved in signaling pathways and biological processes, that are critical for aging, suggesting that
circulating miRNAs may help regulate the rate of aging and therefore are potential biomarkers for
aging. Any individual miRNA may have the potential to act on numerous target genes, and therefore,
multiple miRNAs have the potential to modulate numerous biological pathways. Hence, the impact of
miRNAs on any particular pathway(s) can be assessed most effectively by examining any synergism
between the miRNAs [52]. To further investigate how any single miRNA-mRNA interaction regulates
aging-related pathways, we performed IPA and found that the altered circulating miRNAs target the
signaling pathways governed by insulin, integrin, mTOR, AMPK, PTEN, IGF-1, growth hormone,
eNOS and p53, which are crucial pathways in aging and lifespan [49–51]. For example, we found that
miRNA-187-3p can regulate INSR mRNA and that miRNA-378a-3p andmiRNA-202-3p can regulate
IGF-1R mRNA. Studies have documented an inverse correlation between cellular miRNA-187 levelss
and glucose-stimulated insulin secretion [53] and that miRNA-378a may play a role in insulin resistant
and the consequent of obesity [54]. It is well documented that the insulin/IGF-1 pathway plays a
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critical role in aging and longevity across a wide spectrum of species [55–57]. Evidence includes
that either reducing the level of circulating IGF-1 or reducing the expression of IGF-1R increases
longevity [57]; moreover, the loss of one allele of the Igf-1 receptor increases the lifespan of mice by
33% [58]. We also found that miR-187-3p, miR-202-3p, and miR-378a-3p regulate the mRNA levels of
INSR, EIF4EBP1 and PDK1, the genes for which are targeted by) mTOR signaling pathway. The mTOR
pathway integrates both intracellular and extracellular signals and serves as a central regulator of cell
metabolism, proliferation and survival, and it also controls lifespan by regulating translation through
activation of p70S6K and inhibition of the translation repressor eIF4EBP [59]. For example, knocking
down three translational regulators, namely eIF4E, eIF4G, and eIF2B homologs, in C. elegans extends
worm lifespan [60–62], and modulation of the translation of their mRNAs by a dominant-negative
form of TOR extends lifespan [63]. Recent studies have shown that the lifespan of different mouse
strains can be extended significantly when mTOR inhibitor of rapamycin is administrated [64,65].
There is no clear explanation how a reduction in signaling via mTOR or insulin/IGF-1 affects lifespan.
However, one potential explanation is that global mRNA translation is reduced after inhibiting either
of these signaling pathways, which may reduce the burden and energetic demands associated with
protein folding, repair, and degradation, thus maintaining better overall protein homeostasis [51].
Our findings support this hypothesis.

In addition to the insulin/IGF-1 and mTOR pathways, many other signaling pathways, such as
the PTEN pathway, also modulate lifespan [66]. Indeed, PTEN has significant implications for
extending human longevity through its antioxidant activity and contribution to the benefits of caloric
restriction as well as its involvement DNA-damage reduction, inhibition of DNA replication, and
tumor suppression [67]. We found that miR-203b-3p can target PTEN. Notably, signaling pathways,
such as the insulin/IGF-1, mTOR and PTEN pathways, may individually regulate aging and lifespan.
However, these signaling networks are not autonomous but connected through some specific mediators.
For instance, mTOR has two complexes, namely mTOR complex 1 (mTORC1) and mTOR complex
2 (mTORC2) [59]. mTORC1 is regulated by Akt, and mTORC2 is an Akt activator [68]. PI3 kinase
signaling activates mTORC2, which in turn activates a number of other kinases, including PKCα.
Consistently, we found that the EIF4EBP1, INSR, PDPK1, PTEN, PXN, and IGF1R overlap and are
regulated by at least two circulating miRNAs, and each of these pathways may play a unique role in
aging [49–51].

Taken together, our findings suggest that changes in the makeup of circulating exosomal miRNAs
with age not only can be considered as a potential predictor of animal age but also may contribute
to aging via several key signaling pathways that regulate aging and lifespan. It will be important to
identify and understand the mechanisms of rejuvenation and accelerated aging, because the findings
concerning rejuvenation can potentially reverse deleterious processes of aging, whereas the findings
concerning accelerated aging may pinpoint potential pathways for interventions that may slow the rate
of aging and the incidence of aging-related disease. The challenge for the future will be to determine
how these mediators map onto the different pathways and interact with each other, and to decipher
how they contribute to the molecular mechanisms in aging.

4. Materials and Methods

4.1. Isolation of Serum Exosomes

Whole blood was collected from young (three-month-old) or old (22-month-old) rats (n = 6
per group) via cardiac puncture into BD Vacutainer®Plus Glass Serum blood collection tubes
(Becton Dickinson, NJ, USA). Whole blood samples were allowed to clot by standing at room
temperature for 30 min, and the clots were removed by centrifugation for 10 min at 1000× g at 4 ◦C.
The isolated serum samples were aliquoted and stored at −80 ◦C.

Serum exosomes from young or old rats were isolated using the ExoQuick Exosome precipitation
kit (System Biosciences, CA, USA). Briefly, serum (500 μL) was centrifuged at 3000× g for 15 min at
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4 ◦C to eliminate cells and cell debris. The supernatant was transferred to a sterile micro-tube, and an
appropriate volume of exosome precipitation solution from the kit was added, with incubation for
30 min at 4 ◦C. The mixture was then centrifuged at 1500× g for 30 min at 4 ◦C, and the exosome pellet
was re-suspended in sterile phosphate-buffered saline at 4 ◦C.

4.2. Characterization of Serum Exosomes

Both the concentration and average size of the isolated serum exosomes were determined by
nanoparticle-tracking analysis (NTA) using the Exosome Nanosight Analysis Service of System
Biosciences (Palo Alto, CA, USA). The serum exosomes were also observed using transmission electron
microscopy (TEM, FEI Tecnai G2 Spirit BioTwin, OR, USA) to determine morphology and the extent
of dispersion, this analysis was performed at the Electron Microscopy Core Facility at the University
of Texas Southwestern Medical Center, TX, USA. The enrichment of exosomes was determined by
Western blotting using antibodies against exosomes components such as CD63 andCD9.

4.3. Western Blotting

Serum exosomes were lysed in RIPA buffer and the protein concentration was determined using
the Quick Start Bradford protein assay (Pierce™ BCA Protein Assay kit, Thermo Fisher Scientific, MA,
USA). The lysates (10 μg) were electrophoresed through 8–12% SDS-PAGE gels, and the separated
proteins were transferred to a nitrocellulose membrane. The membrane was incubated in blocking
buffer (5% milk in Tris-buffered saline with 0.05% w/v Tween-20) for 1 h at room temperature and
then incubated overnight at 4 ◦C with mouse antibody against rat CD63 (1:1000, BD Pharmingen,
CA, USA) and CD9 (1:1000, BD Pharmingen). Immunopositivity was detected with a horseradish
peroxidase (HRP)—conjugated secondary antibodies and the Pierce enhanced chemiluminescence
(ECL) substrate (Thermo Fisher Scientific, MA, USA). The data were recorded and analyzed using the
ChemiDoc Imaging System (Bio-Rad).

4.4. Isolation of Total RNA fromEexosomes and Next-Generation RNA Sequencing

Total RNA was isolated from serum exosomes using the SeraMir Exosome RNA Purification
Column kit (System Biosciences, CA, USA). For each sample, 1 μL of the final RNA eluate was used
for measurement of RNA concentration with the Agilent Bioanalyzer Small RNA Assay using the
Bioanalyzer 2100 Expert instrument (Agilent Technologies, Santa Clara, CA, USA). Serum exosomal
RNAs (N = 6 each group) were sent to the Exo-NGS™ (Exosomal RNA-Seq) services for next-generation
RNA sequencing (System Biosciences, CA, USA) using small RNA libraries. Next-generation RNA
sequencing was performed on an Illumina NextSeq instrument (Illumina, CA, USA) with 1 × 75 bp
single-end reads at an approximate depth of 10–15 million reads per sample.

4.5. Data Processing

Raw data were analyzed using an integrated UCSC genome browser on the Banana Slug analytics
platform (UCSC, CA, USA). Briefly, the exosome Small RNA-seq Analysis kit was initiated with a data
quality check of each input sequence using FasQC (Wellcome Sanger Institute, UK) an open-source
quality control tool for analyzing high-throughput sequence data. Following the quality-control step,
the RNA-seq reads were processed to detect and remove unknown nucleotides at the ends of reads,
trim sequencing adaptors, and filter reads for quality and length, using FastqMcf, which is part of the
EA-utils package (ExpressionAnalysis, NC, USA) and PRINSEQ (http://prinseq.sourceforge.net/, USA).
FastQC was then repeated to analyze the trimmed reads, thus allowing a before and after comparison.
Sequence reads in the improved set were mapped to the reference genome using Bowtie, an ultrafast,
memory-efficient short-read aligner. Expression analyses, including computation of read coverage and
noncoding RNA abundance, were performed using the open-source software SAMtoolsand Picard
(Github, CA, USA).
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4.6. Bioinformatics Analysis

After data processing, expression statistics for the normalized reads were evaluated using analysis
of variance to identify differentially expressed genes. Differentially expressed genes were selected
if the fold changes (FC) in expression was > 1.5 with a p-value < 0.5. From the data set of miRNAs
and mRNAs for which expression was significantly altered between serum exosomes isolated from
young and old rats, the potential regulation of a mRNA by a particular miRNA was predicted with
TargetScan (http://www.targetscan.org/, MIT, MA, USA). The paired miRNAs and mRNAs were used
for further analysis.

Hierarchical cluster analysis (HCA) is an algorithmic approach to identify groups with varying
degrees of (dis)similarity in a data set represented by a (dis)similarity matrix. This analysis was
carried out with the Pheatmap package (https://CRAN.R-project.org/package=pheatmap, Estonia).
The volcano plot is a type of scatter-plot that can quickly identify changes in individual data in large
data-sets composed of replicate data; ggplot2 package (http://ggplot2.org, New Zealand) was used for
this purpose.

4.7. Gene Ontology (GO) and Pathway Enrichment Analysis

The biological function of each protein was annotated with Blastp (Blast2GO version 5, BioBam
Bioinformatics, Spain) using the entire gene-expression database, and subsequent mapping was
carried out with the GO database (www.geneontology.org/, Gene ontology resource, USA). To further
understand the biological significance of differentially expressed exosome proteins, pathway analysis
was carried out with the KEGG Orthology-Based Annotation System (http://kobas.cbi.pku.edu.cn,
China). The association of proteins with different pathways was computed using the KEGG database
(www.genome.jp/kegg, Japan). EuKaryotic Orthologous Groups (KOG) Analysis was based on
the phylogenetic classification of proteins encoded in the complete genomes (www.ncbi.nlm.nih.
gov/COG/, NCBI, MD, USA) project. IPA (QIAGEN, Germany) was used for additional functional
annotation, including top canonical pathway, top disease and function and molecular and cellular
functions, prediction of upstream, regulator effectors, and miRNA–mRNA relationship and interaction
network analysis.

4.8. Statistical Analysis

For the GO analysis, statistically significant alterations in functions of differentially expressed
exosome proteins were assessed with Fisher’s exact test in Blast2GO with an adjusted p-value
(false discovery rate, FDR) of <0.05 and fold change > 1.5. The statistical significance of changes in
pathways identified with IPA was assessed with the right-tailed Fisher’s Exact test. A p-value of < 0.05
implies that the relationship of a set of targeted molecules and a process/pathway/transcription was
randomly matched. A Z score of ≥ 2 or ≤ −2 indicated significant activation or significant inhibition,
respectively. For all analysis, the difference was considered significant for p < 0.05.
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Abstract: Exceptionally long-lived individuals (ELLI) who are the focus of many healthy longevity
studies around the globe are now being studied in Israel. The Israeli Multi-Ethnic Centenarian
Study (IMECS) cohort is utilized here for assessment of various DNA methylation clocks. Thorough
phenotypic characterization and whole blood samples were obtained from ELLI, offspring of ELLI,
and controls aged 53–87 with no familial exceptional longevity. DNA methylation was assessed using
Illumina MethylationEPIC Beadchip and applied to DNAm age online tool for age and telomere
length predictions. Relative telomere length was assessed using qPCR T/S (Telomere/Single copy
gene) ratios. ELLI demonstrated juvenile performance in DNAm age clocks and overall methylation
measurement, with preserved cognition and relative telomere length. Our findings suggest a favorable
DNA methylation profile in ELLI enabling a slower rate of aging in those individuals in comparison
to controls. It is possible that DNA methylation is a key modulator of the rate of aging and thus the
ELLI DNAm profile promotes healthy longevity.

Keywords: healthy aging; DNA methylation; epigenetic clocks; telomere length; centenarians

1. Introduction

Healthy aging is usually characterized by preserved cognitive and motor functions. A unique
group of aging individuals termed centenarians serves as a healthy aging model, outliving the age of
100, with mostly intact cognition and physical health [1–3]. Such exceptionally long-lived individuals
(ELLI) are the focus of many studies around the world [4–12], and this group is now being studied in
Israel as well. Our newly established cohort of ELLI is part of the Israeli Multi-Ethnic Centenarian
Study (IMECS), which aims to elucidate the mechanisms of their healthy aging process.

Two of the most-studied hallmarks of aging [13] are DNA methylation and telomere attrition.
Telomere shortening has long been documented to have inverse correlation with age [14–17], with mean
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telomere length (TL) considered a marker for cellular senescence and aging [18–20]. Alongside this
inverse correlation, mean TL has also been strongly correlated with several age-associated diseases [21–25],
adding significance to the negative outcomes of telomere shortening. That said, longer TL has been
associated with exceptional longevity [2,26] through several potential mechanisms [27]. Telomere
length is commonly measured by southern blot or by quantitative PCR. The latter method has gained
popularity for its ease of use and robustness [2,28–34].

The other hallmark of aging, DNA methylation, increases with age, mostly through a phenomenon
termed epigenetic drift [35]. The DNA methylation of centenarians, however, seems to be slightly lower,
hinting at a mechanism promoting healthy aging. A study performed on semi-supercentenarians
(ages 105–109 years) and their offspring demonstrated that the semi-supercentenarians and their
offspring displayed younger “epigenetic age” (calculated on DNA methylation values) with
age-matched controls (to the offspring) displaying same “epigenetic age” as actual age [36]. There are
several such “epigenetic age” estimators which are mostly developed and utilized using standardized
DNA methylation data [35,37–41]. There are various methods for measuring DNA methylation,
with the most recently developed Illumina MethylationEPIC beadchip array serving as a thorough,
genome-wide, standardized method. Recently, Lu et al. developed two clocks, one for telomere
length and one for age, based on DNA methylation levels measured using the Illumina arrays [42,43].
To this date, the DNAmTL or DNAmGrimAge have not been used on DNA methylation data of
ELLI. DNAmTL uses 140 CpG sites to estimate telomere length in Kb, while DNAmGrimAge uses
12 sub-DNAm-measures, alongside age and gender, to estimate physiological age with an addition of
an estimate of time-to-death termed DNAmAccelGrim. Prior to the development of DNAmGrimAge,
the same team developed DNAmPhenoAge, a DNA methylation-based aging biomarker that utilizes
513 CpGs to predict the phenotypic age of an individual [44].

The current study utilizes the IMECS cohort (consisting of ELLI, offspring of ELLI, and controls
aged 53–87 with no familial exceptional longevity) to compare between the different DNAm clocks and
actual phenotypic measures (such as relative telomere length measurements, cognitive performance,
and actual age) from the IMECS cohort. We hypothesize that the DNAm age biomarkers and molecular
phenotype of ELLI do not differ from those measures in the much younger offspring and control
populations. These efforts aim to add knowledge on the phenotype of exceptional longevity and perhaps
point at potential therapeutic avenues that might aid in cognitive and physical health preservation or
even improvement (as suggested by Fahy et al. [45]).

2. Results

2.1. DNA Methylation

DNA methylation raw data of all 70 IMECS participants (described in Tables A1 and A2) were
normalized using Noob normalization, and beta values of all CpG sites passing QC filtering were used
to calculate mean beta for each sample, as a measure for global DNA methylation. As can be seen
in Figure 1A, the mean beta value for the centenarian group is slightly lower than that of the control
group, however this difference was not significant. Lack of significance in this value surprisingly
shows great similarity in whole-genome methylation percentage between the groups, hinting at a
juvenile methylation profile for ELLI, seeing as global DNA methylation is known to increase with
age [35,46]. This similarity is continued, as expected, in the offspring group, demonstrating slightly
lower average beta value compared to control as well. In Figure 1B the decrease in methylation with
age is easily visible, and contradicting the increase reported by Hannum et al. [35].
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Figure 1. Mean methylation by group. Methylation levels measured via Illumina MethylationEPIC
beadchip, converted to beta values with preprocessNoob to remove background read signal through
Minfi R package. Ncontrol = 28, NELLI = 24, and Noffspring = 17 (one outlier removed). Difference
between groups found non-significant by one-way Kruskal–Wallis analysis. (A) Mean beta values
per group, meancontrol = 0.596 ± 0.012, meanELLI = 0.593 ± 0.008, and meanoffspring = 0.592 ± 0.011.
(B) Linear regression of mean beta values over age, non-significant.

2.2. DNAm Age Clocks

We used two recently developed epigenetic clocks, DNAmPhenoAge [44] and DNAmGrimAge [42],
both developed by the Horvath group at UCLA. In short, DNAmPhenoAge is an age clock based on
beta values of 513 CpG sites established via correlation with clinical markers, and DNAmGrimAge,
the more recent and accurate clock, relies on 12 different sub-DNAm-estimators alongside actual age
and gender. Both clocks aim to describe health and lifespan predictions through clinical and phenotypic
measurements. Both clocks predict younger age of our groups (Figure 2), with DNAmGrimAge
outperforming DNAmPhenoAge, and the ELLI estimations are the most juvenile (differences between
actual age and clocks is largest). The differences between chronological age and DNAmGrimAge in
the control and offspring groups were very slight (Tables A3 and A4), whereas the DNAmPhenoAge
consistently underestimated the ages of control and offspring participants. This performance is
consistent with the DNAmGrimAge performance in the validation data used by the developers, yet is
the first to be reported in ELLI, whose ages were calculated to be younger by DNAmGrimAge.

Figure 2. Comparison of actual age and two age clocks. DNAmGrimAge and DNAmPhenoAge
calculated by applying methylation beta values to DNAm online tool [37]. Ncontrol = 28, NELLI = 24,
and Noffspring = 18.
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Further, there is a high correlation between chronological age and both DNAm clocks
(Figure 3), with DNAmGrimAge outperforming DNAmPhenoAge in actual age prediction.
Though DNAmGrimAge is more closely related to chronological age (especially due to the use
of actual age as a parameter of DNAmGrimAge), DNAmPhenoAge was originally designed to capture
a phenotypic age (rather than chronological age). As depicted by our results, the phenotypic age
prediction was lower than the chronological age especially for ELLI, indicating a juvenile phenotype of
this group. With this high correlation in mind, we proceeded to examine correlation between age and
DNAm clocks with cognitive state of IMECS participants. For this extent, we used the Mini-Mental
State Exam (MMSE) questionnaire score as a measure for the cognitive impairment of participants.
This assessment revealed no significant correlation between MMSE score and age in neither group
(Figure 4).

Figure 3. Chronological age vs. DNAm epigenetic age clocks. Ncontrol = 28, NELLI = 24, and
Noffspring = 18. (A) DNAmPhenoAge as a function of chronological age, R2 = 0.716, p < 0.001.
(B) DNAmGrimAge as a function of chronological age, R2 = 0.919, p < 0.001. Linear regressions
performed and plotted using JMP 14 (SAS Institute Inc., Cary, NC, USA).

R2 = 0.006 R2 = 0.155 

A B C 

R2 = 0. 113 

Figure 4. Cognition vs. age. Mini-Mental State Exam scores used for measuring cognitive impairment.
(A) MMSE score of controls as a function of chronological age, N = 28, p = 0.7021. (B) MMSE score of
ELLI as a function of chronological age, N = 21, p = 0.0776. (C) MMSE score of offspring as a function
of chronological age, N = 16, p = 0.2021.

2.3. Telomere length

Finally, we turned to telomere length measurement using qPCR and the DNAm estimator of
telomere length, DNAmTL. Our qPCR results did not demonstrate different T/S ratios between the
three groups (Figure 5 and Table A5). However, the DNAmTL estimator found the telomeres of
ELLI to be approximately 500 bp shorter compared to the control and offspring groups (Figure 6 and
Table A6). When comparing T/S ratio and DNAmTL (Figure A1), there is no correlation between the
two TL measures. Interestingly, when T/S ratio is tested between ELLI and controls with adjustment
by DNAmGrimAge, it approaches significant correlation (p = 0.0508), hinting at a masking effect of the
physiological age (representing juvenile methylation levels of centenarians) on the T/S ratio obtained
with qPCR.
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Figure 5. Average T/S ratio as measured by qPCR. T/S ratio obtained by dividing concentration of
telomeric reaction by concentration of SCG (Single Copy Gene) reaction, as calculated using standard
curve reactions. NELLI = 12, Ncontrol = 17, and Noffspring = 12. All pair comparison (Dunn Joint
Ranking) non-significant.

Figure 6. DNAmTL calculated using the online tool. DNAmTL was calculated by applying methylation
beta values of 140 CpGs to online tool [37]. Ncontrol = 28, NELLI = 24, and Noffspring = 18. * Significant
differences, p <0.05.

3. Discussion

Many studies are aimed at biomarker discovery and improvement for aging [38,41,42,44,47–52].
The need for such characterization is of upmost importance in light of efforts to achieve longer health
and lifespans across the world. Such biomarker detection would enable tracking and even reversal [45]
of aging processes and allow for drug targeting and development to benefit the already graying
population. Molecular and genomic biomarkers for aging are still sparse and inaccurate with the
exception of the very recent development of DNAmGrimAge [42]. This DNA methylation biomarker
outperforms all previously reported methylation age estimators and serves as a very accurate estimate
of chronological age. Although this is expected due to the use of chronological as a surrogate for the
age prediction, DNAmGrimAge, as DNAmPhenoAge, also serve as an evaluation of health status,
indicative of the rate of epigenetic aging. Use of such biomarkers as indication of rate of age acceleration
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could promote better understanding of the processes underlying progression of aging and replace use
of chronological age in clinical assessments relating to those conditions.

That said, the centenarian DNAm still remains elusive, even to the most accurate DNAmGrimAge.
We show here that although accurate in offspring of ELLI and unrelated controls, DNAmGrimAge,
along with DNAmPhenoAge, underestimates the chronological age of our IMECS ELLI participants,
predicting a younger epigenetic age. We believe that this represents a slower rate of aging processes
occurring in ELLI, and enabling them to reach such exceptional chronological age. This is in
agreement with the methylation profile of semi-supercentenarians and their offspring, described by
Horvath et al. [36], and replicates their results in our independent cohort.

The juvenile DNAm profile demonstrated in our cohort together with mostly intact cognition
add support to the idea that ELLI age at a slower rate. Even though there was a small decline in the
MMSE scores of the ELLI, this decline was not statistically significant, indicating intact cognition in the
majority of the ELLI participants.

Further, DNAmTL estimated telomere length compared to T/S ratio of qPCR measurement showed
no correlation with each other, until adjusted by DNAmGrimAge, at which the correlation approached
significance. This masking effect of the physiological age (measured by DNAmGrimAge) adds support
to the slower rate of aging. Telomere length has long been argued for and against use as an age
indicator, but it is well-established to be decreased with age. Our qPCR measurements are consistent
with previous observations of longer telomeres in ELLI [2]. While T/S ratio of the ELLI was expected
to shorten in respect to offspring and controls because of their relatively advanced age, it remained
unchanged, indicating a similar telomere length despite almost 30 years average age difference between
group participants, demonstrating once again, a decreased aging rate. Taken together with the juvenile
methylation rates in ELLI, we suggest that ELLI age slower than the general population through
a beneficial methylation profile that may affect telomere length and other aspects of the hallmarks
of aging.

To further draw conclusions, there is a need for bigger sample size and thorough molecular
validation. We acknowledge that these are limitations in our current study and are already planning to
pursue various directions for validation of our results. In addition, since the work presented here is
part of an ongoing study, new IMECS participants are recruited and new recruitment centers should be
established to increase ease and rate of recruitment. We believe that with adequate sample size and
further validation in primary cells from participants we will be able to obtain more information on the
juvenile epigenetic profile of ELLI and their offspring.

4. Materials and Methods

4.1. Ethics Statement

All IMECS participants gave their informed consent for inclusion prior to participation and blood
collection. The study was conducted in accordance with the Declaration of Helsinki, and the protocol
was approved by the Ethics Committee of Clinical Trials Department, Ministry of Health, Israel (project
109-2014) and by the Institutional Review Board at the Rambam Health Care Center in Haifa, Israel
(project RMB 0312-14). Any person over 95 years of age was included in the study with the exclusion
of persons cognitively unable to sign informed consent and cognitively impaired persons with no legal
guardian. For the offspring group, people with one or more parent outliving the age of 95, either alive
or deceased at the time of recruitment, and cognitively able to sign informed consent were included.
For the control group any person in the range of 50–90 years of age both of whose parents did not
reach 95 years of age and cognitively able to sign informed consent were included.

4.2. Sample Collection and Preparation

All IMECS participants (for demographic information see Tables A1 and A2) underwent physical
and cognitive assessment including family history, general health questions, functional assessment
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including Instrumental Activities of Daily Living (IADL) and Basic Activities of Daily Living (BADL),
Mini-Mental State Examination (MMSE), and the 12-item Short Form Health Survey (SF-12). Following
this assessment, 20 mL whole blood was drawn from each participant. White blood cells were separated
using lymphocyte separation medium (LSM, MP Biomedicals, LLC, CA, USA) and DNA extracted
using High Pure PCR Template Preparation Kit (Roche Diagnostics GmbH, Mannheim, Germany)
according to manufacturer instructions and quantified using dsDNA High Sensitivity Kit for Qubit
(Life technologies Corporation, Eugene, OR, USA) and Qubit (Life Technologies Corporation, Carlsbad,
CA, USA).

4.3. DNA Methylation Analysis

For detection of DNA methylation, 500 ng DNA were subjected to bisulfite sequencing and
hybridized to Illumina MethylationEPIC beadchip at the Technion Biomedical Core Facilities,
Rappaport Faculty of Medicine, Haifa, Israel. Raw data underwent an analysis pipeline using
Minfi [53] and BumpHunter [54] (Bioconductor R packages) for quality control and statistical
analyses. PreprocessNoob was used for background correction through dye-bias normalization.
DNAmTL and all age estimators were obtained using the online tool developed by Lu et al.
(https://dnamage.genetics.ucla.edu/home) [37].

4.4. Quantitative PCR for Relative Telomere Length Assessment

Average relative telomere length was measured as previously described [2,28,31,32] with
modifications. IFNB1 was used as a single copy gene as published by Vasilishina et al (primer
sequences detailed in Table A7). qPCR reactions mixes were prepared according to Table A8 with a
standard curve performed for each run. qPCR run in LightCycler 480 II (Roche Diagnostics International
Ltd, Rotkreuz, Switzerland) under following conditions: pre-incubation at 95 ◦C for 10 min, 35 cycles
of 95 ◦C for 15 s, 60 ◦C for 60 s, and 72 ◦C for 10 s, followed by melting curve at 95 ◦C for 5 s, and 65 ◦C
for 60 s. Triplicates for each sample were performed and concentration of sample calculated according
to same-run standard curve and averaged for each sample. Relative telomere length (T/S ratio) of each
sample was calculated as the ratio between average concentration of telomere reactions to the average
concentration of the single copy gene reactions.

4.5. Statistical Analyses

All analyses and plots generated and analyzed using JMP 14 (SAS Institute Inc., Cary, NC, USA).
For all analyses, p-values < 0.05 were considered significant.
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Abbreviations

IMECS Israeli Multi-Ethnic Centenarian Study
ELLI Exceptionally Long-Lived Individuals
DNAm DNA methylation
qPCR Quantitative Polymerase Chain Reaction
MMSE Mini-Mental State Exam
CpG Cytosine Guanine dinucleotide
TL Telomere Length

Appendix A

Table A1. Age distribution of Israeli Multi-Ethnic Centenarian Study (IMECS) participants.

Group Number of Participants Mean Age STDEV Min Age Max Age

ELLI 24 97.1 2.04 95 102
Offspring 18 70.4 6.25 60 82
Control 28 69.7 9.1 53 87

Table A2. IMECS demography.

Group
Gender

% Smokers
Education level

F M Elementary High School College Degree NA

ELLI 12 12 57% 4 10 7 3
Offspring 12 6 37% 1 3 12 2
Control 20 8 39% 0 7 21 0

Table A3. One-way analysis of each age measurement through groups.

Age Measure Group Pairs Kruskal-Wallis P-Value Wilcoxon Post-Hoc

DNAm PhenoAge

ELLI—Offspring

<0.0001

<0.0001

ELLI—Control <0.0001

Control—Offspring 0.5969

DNAm GrimAge

ELLI—Offspring

<0.0001

<0.0001

ELLI—Control <0.0001

Control—Offspring 0.9731

Table A4. Repeated measures test within and among groups.

Measurement Pairs Within Pairs P-Value Among Pairs P-Value

DNAmPhenoAge—actual age <0.0001 <0.0001
DNAmGrimAge—actual age <0.0001 <0.0001

DNAmGrimAge—DNAmPhenoAge 0.7812 <0.0001

Table A5. Distribution of average T/S ratio.

Group Median Average T/S Minimum Average T/S Maximum Average T/S

ELLI 1.01 0.61 5.91
Offspring 1.11 0.33 4.23
Control 0.95 0.39 2.73
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Table A6. One-way analysis of DNAmTL measurements.

Group Pairs ANOVA P-Value Tukey Post-Hoc

ELLI—Offspring

<0.0001

0.0003

ELLI—Control <0.0001

Control—Offspring 0.3388

Table A7. Telomere length qPCR primer information.

Primer Name Primer Sequence Working Concentration

Telo-F CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT 10 μM
Telo-R GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT 10 μM

IFNB1-F GGTTACCTCCGAAACTGAAGA 7.5 μM
IFNB1-R CCTTTCATATGCAGTACATTAGCC 7.5 μM

Table A8. Telomere length qPCR reaction volumes per 1 reaction.

Reagent Telo Reaction IFNB1 Reaction

Ultra-Pure Water (Bio-Lab ltd, Jerusalem, Israel) 6 μL 4 μL

SYBR green (Thermo Fisher Scientific Baltics, Vilnius, Lithuania) 10 μL 10 μL

F primer (Sigma-Aldrich Israel ltd, Rehovot, Israel) 0.2 μL 0.6 μL

R primer (Sigma-Aldrich Israel ltd, Rehovot, Israel) 1.8 μL 1.4 μL

Genomic DNA (5 ng/μL) 2 μL 4 μL

Figure A1. T/S ratio vs. DNAmTL. DNAmTL as a function of T/S ratio (telomeric concentration divided
by SCG concentration).
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