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SUMMARY 

Aging is characterized by a gradual functional decline resulting from a complex interaction 

between genetic, epigenetic, stochastic factors and the rate of aging is recognized as the most 

important risk factor for the development of the most common age-related diseases (ARDs). 

Research on aging process is currently focused on understanding the molecular mechanisms 

underlying age-related features accompanying on one hand, the onset of ARDs and on the other 

hand, the chances to reach a successful aging. A chronic, systemic, low-grade, age-related pro-

inflammatory status, called “Inflammaging” is correlated with ARDs development. The two 

main culprits of inflammaging are the repeated stimulation of immune system over time and 

the increased burden of senescent cells. Senescent cells are able to modify the 

microenvironment acquiring a senescence-associated secretory phenotype (SASP). In patients 

affected by ADRs, the rate of aging process in increased, as well as the burden of senescent cells 

with SASP.  

In this scenario, a better understanding of the molecular mechanisms that promote cellular 

senescence is of basic and clinical relevance. A number of mechanisms promoting senescence 

have been well characterized. Increasing evidence suggest that nuclear DNA fragility and a sub-

functional DNA damage response (DDR) is associated with an increase release of nucleic acids 

in cytoplasm, including RNA:DNA hybrids. However, only few studies have tempted to assess 

the pro- or anti-inflammatory effects of this misplaced nucleic acid pool in different cellular 

models. 

In this framework, we have analysed the cytoplasmic pool of misplaced nucleic acids in a model 

of human endothelial cells (HUVECs), in two prototypical stress conditions related to 

inflammaging, such as “replicative cell senescence” and “hyperglycemic condition”. 
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A significant increased amount of misplaced nucleic acids was observed in the cytoplasm of 

senescent cells compared to the younger ones, and in young cells cultured for 1-week in 

hyperglycemic condition compared to young cells cultured in normoglycemic medium. The 

cytosolic pool of misplaced nucleic acids is composed of dsDNA, including micronuclei, bubbles 

and telomere sequences, dsRNA and hybrids. A reduced expression of RNaseH2, the enzyme 

involved in the degradation of RNA moiety of RNA:DNA hybrids was observed in senescent cells 

compared to the younger ones and in young cells treated with hyperglycemic medium. The 

amounts of mis-incorporated ribonucleotides, biomarkers of genome instability, were 

inversely related to RNaseH2 expression level, suggesting that both “senescence” and 

“hyperglycemic condition” are associated with increased genomic instability.  

Since the presence of nucleic acids in cytoplasm can activate a number of cytosolic receptors 

inducing the antiviral response, characterized by increased release of IFN-1, we analysed 

cGAS/STING/IRF3 axis and IFN-1 expression in “senescence” and “hyperglycemic condition”. 

Surprisingly, a strong reduction of cGAS expression was observed in senescent cells in normo 

and hyperglycemic conditions, in association with the absence of IFN-1 modulation, whereas 

the expression of proinflammatory cytokines, such as IL-1beta, IL-6 and IL-8 was significantly 

increased. Overall, our results suggest an imbalance between antiviral and proinflammatory 

response in senescent cells and in young cells under hyperglycemic conditions. 

Increasing evidence suggest that senescent cells have an enhanced susceptibility to viral 

infections. We hypothesized that such imbalance between antiviral and proinflammatory 

responses could be, almost in part, a direct consequence of their ability “to tolerate” a high 

cytosolic nucleic acids load. 

Overall, our results pave the way to explain why old subjects, especially the elderly patients 

affected by diabetes, are more susceptible to adverse outcomes of infectious diseases. 
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1  INTRODUCTION  

1.1  Aging process 

Despite a standardized definition of “aging” has still to be achieved, there is a clear awareness 

on the pathophysiological role of increasing age in modulating human organ and system 

functions and on its role as the major risk factor for the development of the common ARDs. 

Aging is therefore a complex and dynamic phenotype, resulting from the continuous interaction 

between genetic make-up and environmental factors. As a consequence, the spectrum of 

possible aging phenotypes varies from successful aging (e.g. centenary and over 100-year-old 

subjects) to un-successful aging, characterized by disabilities and increased risk of develop 

diseases and to die.  

Not only in animals but also in humans, syndromes related to premature aging can be induced 

by specific genetic mutations or by the accumulation of cellular and molecular modifications 

resulting from the exposure to a plethora of both endogenous and exogenous damages. 

Extensive efforts were devoted to identifying the main hallmarks of aging, that should have the 

following characteristics:  

1.  should occur during normal aging;  

2.  the experimental induction of these mechanisms should accelerate the rate of the aging 

process; 

3.  the attenuation of these mechanisms should delay the physiological senescence process 

and thus slow down the rate of aging. 

Based on the above mentioned criteria, nine key mechanisms have been yet identified and 

characterized, such as: genomic instability, telomere attrition, epigenetic alterations, loss of 

proteostasis, deregulated nutrient-sensing, mitochondrial dysfunction, cellular senescence, 

stem cell exhaustion, and altered intercellular communication (López-Otín et al., 2013).  
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Among them, “cellular senescence” was extensively investigated in the contexts of aging 

process and ARDs development, but the molecular mechanisms underpinning this cellular 

condition were not completely clarified. 

 

 

Figure 1. Senescent cells accumulation in age and age-related disease (Olivieri F. et al., 2015). 

1.2  Cellular senescence 

The definition of "cellular senescence" dates to 1965 when it was demonstrated that normal 

cells have a limited replicative capacity (Hayflick; in 1965). Extensive studies on this issue 

suggested that this phenomenon could explain, almost in part, human aging at the cellular level. 

The numerous studies aimed at characterizing senescent phenotype (Suram A. et al., 2012; 

Chen J.H. et al., 2004; Courtois-Cox S. et al., Braig M. et al., 2005; Haigis K.M. and Sweet-Cordero 

A., 2011) showed that cellular senescence was basically characterized by the progressive loss 

of replicative capacity, as a result of two fundamental processes, such as:  

1.  repeated cellular divisions (replicative cellular senescence)  

2.  exposure to potentially dangerous/stressogenous stimuli (stress-induced cellular 

senescence) 
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The acquisition of senescent phenotype was well studied in vitro, whereas in vivo it is more 

complex to quantify the number of senescent cells and to identify the roles played by senescent 

cells. 

Even if senescent cells are characterized by a stable arrest of the cell cycle, they show 

stereotyped phenotypic changes and an increased metabolic activity (Campisi J. and d’Adda di 

Fagagna F., 2007; Collado et al., 2007; Kuilman et al., 2010). Senescent cells increase the 

expression and release of numerous pro-inflammatory factors, including growth factors, 

proteases, cytokines and chemokines, which have potent autocrine and paracrine activities 

(Coppé et al., 2010), thus acquiring a phenotype known as senescence associated secretory 

phenotype (SASP). SASP can modify the microenvironment, since the intracellular signals 

induced by the response to DNA damage (DDR) in senescent cells, converge on the activation 

of nuclear factor NF-kB, which in turn activates the transcription program for a numerous pro-

inflammatory cytokines, such as IL-1, IL-6, TNF-alpha, chemokines, metalloproteases and 

others nuclear factors, i.e. CCA AT/enhancer–binding protein beta (C/EPBβ) (Passos J.F. et al., 

2010; Kuiman T. et al., 2010; Kuiman T. et al., 2008; Acosta J.C. et al., 2010). 

NF-kB pathway is the key signalling in the activation of innate immune responses. Innate 

immunity is the first line of defense against a plethora of non-self and modified-self antigens. 

Innate immunity is activated by a limited set of receptors, defined as pattern recognition 

receptors (PRRs), that sense molecular patterns associated to pathogens, also known as 

pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns 

(DAMPs) (Janeway C.A. and Medzhitov R., 2002).  

Probably the release of pro-inflammatory signals by senescent cells have the function of 

activate immune cells involved in the clearance of senescent cells (Campisi J. and d’Adda di 

Fagagna F., 2007; Xue W. et al., 2007; Krizhanovsky V. et al., 2008). However, the accumulation 

of senescent cells during aging, observed in the tissues of animal models and in humans, 
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suggests that with aging the immune system's ability to eliminate senescent cells is reduced, a 

phenomenon named as “immunosenescence” (Franceschi et al., 2000; Shaw et al., 2010; Hall 

B.M. et al., 2016).  

The relationship between aging and cell senescence is reinforced by the evidence that some 

hallmarks of aging are also involved in the induction of cellular senescence (McHugh and Gil, 

2018). Telomeres shortening, genomic instability, DNA damages epigenetic modifications, 

alterations in protein metabolism, mitochondrial dysfunction, increased levels of ROS (reactive 

oxygen species), lysosomal dysfunctions, among others can be considered as features of aging 

and cellular senescence (Collin G. et al., 2018). 

The increased activity of lysosomal SA–β-galactosidase (β-gal) (Dimri et al., 1995), which partly 

reflects the expansion of the lysosomal compartment, giving rise to an increase in β-gal activity 

that can be measured at suboptimal pH 6 (Kurz et al., 2000), is the well characterized biomarker 

of cellular senescence. In addition, distinctive enlarged flat morphology was also identified as 

senescence feature (Campisi J. et al., 2011; Rodier F. and Campisi J., 2011; De Cecco M. et al., 

2011). In addition, senescent cells reorganize chromatin, with a substantial increase in hetero-

chromatin, associated with extensive changes in gene expression and accumulation of SA 

heterochromatic foci (SAHF) (Salminen et al., 2012). These foci contain activated DDR proteins, 

including phospho-ATM and phosphorylated ATM/ataxia telangiectasia and Rad3 related 

(ATR) substrates (d’Adda di Fagagna et al., 2003). This leads to the local phosphorylation of 

multiple ATM substrates in the chromatin surrounding the DNA lesion, usually including a 

variant of histone H2AX, γH2AX.  
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Figure 2. Cellular senescence characterization 

Recent evidences suggest that also an increase cytoplasmic DNA can be correlated with cellular 

senescence (Franceschi C. and Campisi J., 2014). In fact, the accumulation of cytoplasmic DNA 

could play a role in promoting SASP, thus contributing to propagate aging signals locally and 

systemically (Bonafè M. et al., 2012). Nevertheless, cytoplasmic DNA accumulates even in the 

absence of senescence, for example in cells that are not yet in the replication phase, reinforcing 

the hypothesis that it is a more generalized phenomenon (Paulsen T. et al. 2018).  

The physiological role of cytoplasmatic sensors for nucleic acid is to detect viral DNA and/or 

RNA and activate the antiviral response, characterized by increased release of interferon (IFN) 

type 1. Very low constitutive levels of IFN1 are produced in the absence of infections 

(Lienenklaus S. et al., 2009). This implies that, in order to prevent the accumulation of 

cytoplasmic DNA and maintain its levels below a certain threshold value, an efficient clearance 

of misplaced DNA is needed (Dempsey A. and Bowie A.G., 2015). The best characterized 

mechanism of cytoplasmic DNA degradation is based on the combined activity of DNase2 and 

TREX1, enzymes that degrade cytoplasmic DNA both single-stranded and double-stranded with 

a 3' excess. A recent study showed that in senescent cells the reduced levels of expression of 

DNase2/TREX1 would result in an accumulation of cytoplasmic DNA molecules capable of 
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activating DNA sensors, such as cGAS and STING, thus leading to the activation of antiviral 

response (Takahashi A. et al., 2018).  

The presence of misplaced nucleic acid pool in cytoplasm has been proven in several cells from 

accelerated aging syndromes i.e. Ataxia Telangiectasia (Härtlova A. et al., 2015), Werner 

syndrome (Marabitti V. et al., 2019) and Amyotrophic Lateral Sclerosis (ALS; Giannini M. et al., 

2020).  

Different mechanisms could be involved in the accumulation of misplaced nucleic acids during 

physiological and pathological aging. Nuclear DNA, through mechanisms not yet well 

delineated, could be released into the cytosol, acting as DAMPS, thus activating DNA sensing 

receptors such as cGAS/STING pathway (Loo T.M. et al., 2020; Glück S. et al., 2017; Yang H. et 

al., 2017).  

Recently, it has been shown that cGAS/STING axis is also activated by RNA:DNA hybrid 

(Mankan A.K. et al., 2014), an R-loop/triple helix structures in which the nascent RNA strand is 

complexed into the DNA duplex as soon as it is generated by the RNA polymerase (Aguilera A. 

and García-Muse T., 2012; Costantino L. and Koshland D., 2018; Crossley M.P. et al., 2019).  

 

Figure 3. RNA:DNA hybrids activates cGAS/STING pathway (Mankan Arun K. et al., 2014). 
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Cytoplasmic DNA could be modified, as the result a variety of oxidative stress-related 

mechanisms such as inflammation (Radak Z. and Boldogh I., 2010). A substantial amount of 

cytoplasmic DNA with modified guanosine can derive from mitochondrial DNA (mtDNA), 

released as a result of mitochondrial dysfunction. MtDNA is considered a marker of cellular 

senescence, reinforcing the notion that mitochondrial alterations constitute the greatest source 

of oxidative stress within cells (Shimada K. et al., 2012). Oxidized DNA, enriched in 8-

oxoguanine instead of guanine, has also been shown to be resistant to degradation by 

DNase2/TREX1. 

Further data on the biochemical characteristics of cytoplasmic DNA are provided by studies on 

pathologies in which the IFN pathway is constitutively activated, demonstrating the crucial role 

of RNase H2 in the control of innate immunity (Crow Y.J. et al., 2015). RNase H2 degrades the 

RNA component in RNA:DNA hybrids and allows the TREX/DNase2 complex to degrade the 

remaining single-stranded DNA molecule. Instead, RNA:DNA hybrids are resistant to DNase 

activity, thus emerging as resistant and powerful cytoplasmic activation of the immune 

response (Shen Y.J et al., 2015: Koo C.X. et al., 2015).  

Regarding the origin of cytoplasmatic hybrids, a number of hypothesis were suggested. 

RNA:DNA hybrids can result from the loss of genomic regions where one RNA molecule and 

complementary single-strand DNA forms a stable triple helix called R-loop in which the other 

strand of DNA is displaced (Santos-Pereira J.M. and Aguilera A., 2015). They can also derive 

from mtDNA released by dysfunctional or stressed mitochondria or from telomere sequences 

(Pohjoismaki J.L. et al., 2010).  

However, the study of hybrid sequences is a recent issue, due to the technical challenges. 

Increasing studies are currently ongoing due to the recent commercialization of the antibody 

hybridoma S9.6 antibody, capable of recognize the specific structure of RNA:DNA hybrids 

(Zhang et al., 2015). The S9.6 antibody recognizes RNA:DNA hybrids with a subnanomolar 
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affinity, making it a broadly used tool to detect and study RNA:DNA hybrids. However, S9.6 also 

binds double-stranded RNA in vitro with significant affinity. 

This discovery gave the opportunity to study and identify hybrid sequences in the cell 

cytoplasm and evaluate their possible contribution to a number of mechanisms including cell 

senescence and development and progression of all diseases associated with aging.  

1.3  Cellular senescence and hyperglycemic damage  

1.3.1  Endothelial cellular senescence  

All cell types can acquire a senescent phenotype characterized by SASP, contributing to the 

increase inflammatory condition and loss of all tissues and organs functionality. 

Endothelial cells represent a cell type with wide diffusion in all tissues. There are approximately 

2–10 trillion (2–10 × 1012) endothelial cells in the human body and they form the endothelial 

surface of 500 m2 of blood vessels. Endothelial senescence, associated with endothelial 

dysfunction represents to date, one of the main risk factors for the development of the most 

common ARDs (Olivieri F. et al., 2015). 

Endothelial dysfunction is a pathological state of the endothelium and can be defined as an 

aberration of the normal endothelial function of vascular relaxation, blood clotting and immune 

function. In general, impaired endothelium-dependent vasodilation can result from the 

imbalance between vasodilating and vasoconstricting substances produced by or acting on the 

endothelium.  

1.3.2  Endothelial senescence induced by hyperglycemic condition 

Glucose is a major source of energy in our body, and a number of homeostatic mechanisms are 

activated to maintain stable the glucose levels in blood. However, the increase of glycemia over 

a specific threshold, condition clinically defined as diabetes, even if in absence of evident clinical 

effects on the short term, can cause serious long-term complications. Endothelial cells absorb 
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glucose from the blood through the insulin-independent glucose transporter 1 (GLUT1). 

Therefore, the endothelial cells are particularly sensible to variation of glycemic conditions, 

especially to hyperglycemic injury. Hyperglycemia is associated with the activation of various 

ROS-producing pathways and increased oxidant production was described in endothelial cells 

(Giacco F. and Brownlee M., 2010; Quijano C. et al., 2007). Oxidants play a significant role in the 

destruction of nitric oxide and other signaling molecules and result in impaired vasoreactivity 

(De Vriese A.S. et al., 2000; Coppey L. J. et al., 2001; Haj-Yehia A. I. et al., 1999). Hyperglycemia 

induced an increased amount of ROS, thus stimulating the production of inflammatory 

cytokines, which characterizes the early stages of the injury, activating endothelial function 

(Ceriello A. and Testa R., 2009). Oxidative stress also induces DNA damage and triggers 

endothelial cell senescence that have an impact on vascular function in the later stages of the 

injury (Maeda M. et al., 2015). In fact, it has been shown that in age-related pathologies such as 

diabetes and cardiovascular disease (CVD), a slowdown in the turnover of stem cells together 

with cellular senescence characterizes later hyperglycemic damage stages (Loomans C.J.M. et 

al., 2004; Rogers S.C. et al., 2013).  

Hyperglycemia has different effects on different cell types. Mesangial cells in the kidney, 

neurons and Schwann cells in peripheral nerves have hyperglycemia-dipendent dysfunction 

but only a subset of endothelial cells, microvascular and arterial endothelial cells show 

impairment (Brownlee M., 2005). Differences in the pressure, blood flow or vessel function, 

protein and RNA expression patterns, including the non-coding RNA, i.e. miRNA, expression 

profiles, and the different responses of microvascular and macrovascular endothelial cells to 

various metabolic stimuli may be attributed to this difference (McCall M.N. et al., 2011). Another 

difference could be due to the inability of endothelial cells and mesangial cells to decrease the 

transport rate during glucose uptake (Heilig C.W. et al., 1995, Kaiser N. et al., 1993). 
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1.3.3  Mitochondrial dysfunction in hyperglycemic condition  

Glucose overload causes an increase in mitochondrial membrane potential due to increased 

production of reactive oxygen species (ROS). Endothelial cells can express uncoupling protein 

2 (UCP2) that create proton leak across the inner mitochondrial membrane, uncoupling 

oxidative phosphorylation from ATP synthesis and decreasing the amount of ATP generated in 

the mitochondria. As result it dissipates energy in the form of heat and protect against 

mitochondrial hyperpolarization. These transport channels are regulated by oxidative stress: 

high levels of oxygen species open the channels on the contrary low levels result in its closure 

(Mailloux R.J. and Harper M.E., 2011; Mailloux R.J. and Harper M.E., 2012). While in venous 

endothelial cells the efficiency of this regulation mechanism has been demonstrated, in the 

microvascular endothelial cells the expression of UCP2 does not appear to increase in response 

to mitochondrial hyperpolarization caused by increased glucose concentration (Gerö D.s and 

Szabo C., 2016).  

In vitro experiments have shown that the damage induced by hyperglycemia is not immediate, 

in fact it takes days to induce a significant increase in the mitochondrial membrane potential 

and oxidant production (Gerö D.s and Szabo C., 2016; Davidson S.M. and Yellon D.M. 2006). 

Concentrations including 20–30 mmol/L can damage cells after several weeks or within a few 

months (Engerman R. et al., 1977). It has also been shown that hyper/hypo-blood glucose 

conditions reduce the replication capacity of endothelial cells and after several replication steps 

can also induce senescence (Rogers S.C. et al., 2013). On the contrary, patients with type 2 

diabetes develop vascular complications even after years from confirmed diagnosis (American 

Diabetes Association, 2019) although retinopathy and nephropathy were often present (in 10–

37% of patients) at the time of clinical diagnosis or within the first year after diagnosis (Cheng 

A.Y.Y. and Leiter L.A., 2010).  
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Glucose-induced endothelial damage is not only caused by constantly high glucose 

concentration but also by transiently elevated glucose levels. In experimental models, damage 

induced by intermittent high glucose is comparable or more severe than the injury induced by 

constantly high glucose concentration. Glycemic swings caused at least as severe tissue damage 

as constant hyperglycemia and persistence of high-glucose memory was postulated in cells and 

animals that were exposed to normoglycemic conditions following hyperglycemic exposure 

(Horváth E.M. et al., 2009; Ihnat M.A. et al., 2007a; Ihnat M.A. et al., 2007b). Thus, the endothelial 

cell continues to produce ROS because their pathways are kept active even after the restoration 

of normoglycemic conditions. In fact, even when endothelial cells return to basal glucose 

concentrations, they continue to produce ROS and activate poly (ADP-ribose) polymerase 

(PARP; Ihnat M.A. et al., 2007b). Thus, led to the thought that endothelial cells should have 

glucose memory. To date we do not know what its duration is, but the implication of 

inflammatory pathways and the persistence of the response to damage not limited to the life 

cycle of a single cell but also to generations of subsequent cells, suggests a lasting nature. 

Oxidative stress is the key feature of the changes induced by hyperglycemia, and “metabolic 

memory” is another term referring to these characteristic metabolic changes (Ihnat M.A. et al., 

2007a).  

1.3.4  Hyperglycemic perturbation of endothelial cells metabolism 

Endothelial cells use glucose as a source for ATP production through glycolysis. Glycolytic flux 

exceeds the rate of oxidative phosphorylation (OXPHOS) by two orders of magnitude in 

endothelial cells in vitro and similar ratio is suspected in vivo (Krützfeldt A. et al., 1990; Harjes 

U. et al., 2012). Thus, excess glucose is not converted to glycogen for storage in endothelial cells 

but is pushed toward glycolysis (Noyman I. et al., 2002). The combined action between 

hyperglycemia and increased ROS production also produces the inhibit endothelial nitric-oxide 

(NO) synthase (eNOS) activity, which leads to vascular dysfunction (Cosentino F. et al., 1997). 
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The activity of the enzyme is strictly regulated by the amount of ROS present in the cell, 

determined by both the rate of formation and the detoxify ability of the cell. If superoxide 

anions accumulate in the cell, an imbalance between NO and O2− may occur and inactivation of 

NO by O2− may contribute to vascular dysfunction as reduction of available NO leads to impaired 

endothelium-dependent relaxation (McVeigh G.E. et al., 1992). 

Glutamine is another energy source for endothelial cell. Through glutaminolysis, GTP is 

produced and later converted to ATP. Further five ATP molecules from NADH+ and FADH2 are 

synthetized via oxidative phosphorylation OXPHOS. Glutamine is the most abundant amino acid 

in the plasma and represents an energy resource for the endothelial cell if glycolytic output is 

low. In addition, each glutaminolysis strep occurs in the mitochondria via tricarboxylic acid 

(TCA) cycle or OXPHOS, this implies that mitochondrial impairment may affect the energy 

efficacy of glutaminolysis (Goveia J. et al., 2014). Perturbations in TCA cycle flux have been 

widely demonstrated in diabetic subjects, where it has been observed that the metabolic change 

associated with the hyperglycemic condition does not only affect carbohydrate and lipid 

metabolism but also the catabolism of proteins and amino acids (Sas K.M. et al., 2015).  

The high glycolytic input and low OXPHOS capacity may gradually block the main metabolic 

steps and shunt the metabolism to alternative pathways such as methylglyoxal, hexosamine 

and polyol pathways. 

Dihydroxyacetone phosphate (DHAP) is diverted to the methylglyoxal pathway and leads to 

protein kinase C (PKC) activation, and fructose-6-phosphate (F6P) increases the flux through 

the hexosamine pathway and excess glucose enters the polyol pathway when converted to 

sorbitol (Goveia J. et al., 2014; Brownlee M., 2001). Moreover, suppressed expression of the 

gluconeogenetic enzyme glucose-6-phosphate dehydrogenase (G6PDH) prevents shunting of 

glucose to the pentose phosphate pathway that further increases the glycolytic load (Leopold 

J.A. et al., 2003; Zhang Z. et al., 2012). All these alterations involve an overexpression of ROS and 
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the generation of advanced glycation end products (AGEs), the products of nonenzymatic 

glycation and oxidation of proteins and lipids that accumulate in diabetes. AGEs signal through 

the receptor of AGE (RAGE), a cell surface receptor that is also activated by HMGB1 (high-

mobility group box 1) and S100 proteins (Ramasamy R. et al.,2011; Scavello F. et al., 2019) 

activates transcription factor NF-kB and controls several inflammatory genes, thus links 

hyperglycemia to inflammation.  

Conditions of hyperglycemia in endothelial tissue implies a long-lasting suppression of two 

enzymes involved in the metabolic balance between glycolysis and OXPHOS, Sirtuin 1 (SIRT1) 

and MP-activated protein kinase (AMPK). Thus, it results in enhanced glycolysis, inhibition of 

gluconeogenesis and decreased mitochondrial biogenesis and OXPHOS, states that remain 

unchanged even after the restoration of the normoglycemic conditions (Zheng Z. et al., 2012; 

Houtkooper R.H. et al., 2012). 

One further molecule that possibly takes part in the maintenance of oxidative stress in 

hyperglycemic endothelial cells is 66-kDa Src homology 2 domain-containing protein (p66SHC; 

Camici G.G. et al., 2007). p66SHC is a redox enzyme associated with heat shock protein (Hsp70) 

and is predominantly present in the mitochondria intermembrane space. Its depletion on 

diabetic animal models involves a diminution of oxidative stress while hyperglycemia induces 

its expression. Under these conditions, the molecule is phosphorylated, and this involves its 

translocation from the cytoplasm to the mitochondria, where the production of hydrogen 

peroxide (H2O2) increases and transferring electrons of the transport chain to molecular 

oxygen. The activity of p66SHC is also regulated by acetylation: it is a direct target of SIRT1 and 

diminished SIRT1 activity increases the acetylation and activity of p66SHC in hyperglycemia 

(Kumar S. et al., 2017). 

Many studies have been carried out to understand exactly whether superoxide itself or the 

steps leading to its increased production result in oxidative damage, but the issue remains 
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controversial. To date, in fact, we do not know whether the high TCA flux and elevated glycolytic 

dysfunctional state in hyperglycemia a cause of mitochondrial ROS production or of 

dysfunctional OXPHOS a consequence are (Nishikawa T. et al., 2000). However, various 

pharmacological interventions aimed at reducing ROS production have yielded expected 

results, not all substances used to increase the flux through the electron transport chain to 

reduce the accumulation of glycolytic worked. All studies, however, agree in recognizing 

mitochondrial superoxide generated by the electron transport chain is responsible for the 

initiation of hyperglycemic endothelial damage (Brownlee M., 2005; Nishikawa T. et al., 2000). 

1.3.5  Mitochondrial ROS generation  

Ros production in the mitochondria can take place:  

1.  nonenzymatically via multiple respiratory complexes in the electron transport chain; 

2.  enzymatically via the mitochondrial xanthine oxidase (Murphy M.P., 2009; Turrens J.F., 

2003; Rus D.A. et al., 2007). 

The nonenzymatic production of superoxide occurs when a single electron is directly 

transferred to oxygen by prosthetic groups of the respiratory complexes or by reduced 

coenzymes that act as soluble electron carriers. 

The leak of electrons during the various phases of transport chain and its oxygen binding is a 

potential source of di superoxide in hyperglycemia. The electron transport chain may produce 

superoxide by multiple mechanisms but electron leakage before Complex III is suspected to 

represent the main source of superoxide in hyperglycemic endothelial cells (Brownlee M., 

2005; Nishikawa T. et al., 2000). Complexes I and III can produce large quantities of ROS under 

specific conditions. Complex I may produce superoxide by two mechanisms: 

1.  the reduced flavin mononucleotide (FMN) can transfer electrons to oxygen instead of 

CoQ when the NADH/NAD+ ratio is high 
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2.  by reverse electron transfer (RET) from the CoQ binding site if there is high electron 

supply from Complex II and the electrons are forced back to Complex I instead of 

proceeding to Complex III (Murphy M.P., 2009; Treberg J.R. et al., 2012). 

In complex III, ROS can be produced by semiquinone anionic state of CoQ (semiubiquinone) 

that directly reacting with oxygen instead of completing the Q-cycle (Murphy M.P., 2009; Bleier 

L. and Dröse S., 2013). 

 

Figure 4. Oxidant production by the mitochondrial electron transport chain (Gerö D., 2018). 
CoQ: coenzyme Q, ubiquinone; Cyt C: cytochrome C; FAD+/FADH2 : flavin adenine dinucleotide; H2 O2 : hydrogen peroxide; 
MnSOD: manganese-dependent superoxide dismutase; NO•: nitric oxide; O2 •−: superoxide, ONOO•−: peroxynitrite; PARP: 

poly(ADP-ribose) polymerase; p66SHC: 66-kDa Src homology 2 domain-containing protein; SQR: sulfide:quinone oxidoreductase 
and UCP: uncoupling protein. 

Superoxide can be produced by enzymes interacting with NADH or CoQ respectively in the 

mitochondrial matrix and inner membrane. These include:  

1.  α-ketoglutarate dehydrogenase that may produce superoxide if its substrate (α-

ketoglutarate) concentration and the NADH/NAD+ ratio increase in the matrix; 

2.  α-glycerophosphate dehydrogenase may produce superoxide partly via RET and 

Complex II, which transfer electrons from succinate to CoQ (Murphy M.P., 2009). 
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In endothelial cells cultured in hyperglycemic condition, superoxide has been shown to be 

increased by reduced CoQ pool, before it gives electrons to complex III (Brownlee M., 2001; 

Nishikawa T. et al., 2000). The high electron donor input from glycolysis and the TCA cycle may 

increase the membrane potential and inhibit the electron transfer at Complex III, thus increase 

the concentration of reduced and free radical intermediates of CoQ. The failure to transport 

electrons to molecular oxygen in fact involves a longer period of CoQ intermediates in the lipid 

double layer and their binding to Complex III or via RET through Complex I. Superoxide 

generation is also promoted by the increased and proton concentration gradient through the 

inner membrane (Korshunov S.S. et al., 1997; Gerö D. and Szabo C., 2016; Suzuki K. et al., 2011].  

1.3.6  Cell damaging responses to ROS production in hyperglycemia 

Hyperglycemia-induced mitochondrial superoxide production is a functional change of the 

respiratory chain and membrane potential. These changes are reversible: normalization of the 

membrane potential suppresses the ROS production in endothelial cells (Brownlee M., 2005; 

Gerö D. and Szabo C., 2016; Nishikawa T. et al., 2000; Suzuki K. et al., 2011; Gerö D. et al., 2016). 

Moreover, overexpression of either uncoupling protein 1 (UCP1) or uncoupling protein 2 

(UCP2) normalizes the membrane potential and reduces the ROS production (Brownlee M., 

2005; Gerö D. and Szabo C., 2016; Nishikawa T. et al., 2000) in hyperpolarized mitochondrial 

membranes. 

The mitochondrial matrix also has antioxidant enzymes, superoxide dismutase 2 (SOD2) that 

converts superoxide to H2O2 which is subsequently converted to water by glutathione 

peroxidase and catalase. It represents the most important antioxidant protein in mitochondria. 

Overexpression of SOD2 prevents hyperglycemic injury in endothelial cells, confirming that the 

respiratory chain is the source of oxidants in hyperglycemia (Brownlee M., 2005; Nishikawa T. 

et al., 2000). 
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Hydrogen sulfide (H2S), is an inorganic molecule that acts as an endogenous electron donor. It 

reduces the mitochondrial potential and promote ATP synthesis, but hyperglycemia reduces 

the mitochondrial H2S pool and the plasma concentration of H2S, (Suzuki K. et al., 2011; Jain S.K. 

et al., 2010; Suzuki K. Et al., 2017). The above-mentioned reactions represent the preliminary 

stage of the damage caused by hyperglycemia. These damage responses are accompanied by 

mitochondria morphological changes. Hyperglycemia stimulates the fission of mitochondria 

that can reduce the mitochondrial membrane potential but also helps dissociate the respiratory 

complexes and decrease the chance of assembly of various proteins within a complex (Wang W. 

et al., 2012; Yu Ti. Et al., 2011; Yu Ti. Et al., 2006; Makino A., et al., 2010; Shenouda S.M. et al., 

2011). Mitochondrial ROS production results in DNA damage in the mitochondria that activates 

the mitochondrial DNA repair enzymes (Larsen N.B. et al., 2005). PARP1 adds ADP-ribose 

polymers (PARs) to the mitochondrial base excision repair (BER) enzymes, exo/endonuclease 

G (EXOG) and DNA polymerase gamma (Polγ) and activates the mitochondrial DNA repair 

(Szczesny B. et al., 2014). However, the activation of mitochondrial PARP1 is inversely 

proportional to nuclear one and may decrease the DNA repair and slow down the mitochondrial 

biogenesis. 

Oxidative stress causes oxidative damage to nuclear DNA as well as its rupture and subsequent 

activation of nuclear PARP1 leading to ATP depletion and necrosis or apoptosis (Gerö D. and 

Szabó C., 2008). 

There are further changes in the cellular metabolism that reduce the ATP output. High 

extracellular glucose immediately stimulates glucose uptake, but at the same time reduce the 

expression of GLUT1 resulting in diminished glucose uptake, and it may contribute to the low 

ATP output (Alpert E. et al., 2005; Cohen G. et al., 2007). The reduction of glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) activity and the promotion of anaerobic glucose 

metabolism is also a consequence of hyperglycemic stimulus in endothelial cells, finalized to 
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reduce the ATP generation in the cells and block the anaerobic compensation for the diminished 

mitochondrial activity. Finally, oxidative stress will induce DNA strand breaks in the 

mitochondria and promote mutations and senescence of endothelial cells. Accelerated aging of 

endothelial cells and the lack of endothelial progenitor cells decrease the functional endothelial 

cell pool in hyperglycemia (Jarajapu Y.P.R. and Grant M.B., 2010). 

 

1.4  Misplaced nucleic acids in cellular senescence and hyperglycemic conditions  

DNA damage has been postulated to be a major cause of cellular aging and cumulative damages 

may generate misplaced nucleic acids leading to persistent inflammation in senescent cells. 

Unrepaired or persistent double‐stranded breaks (DSBs) can be found in senescent cells (Le et 

al., 2010) and aged human and animal tissues (Rube et al., 2011; Sedelnikova et al., 2004; Wang 

et al., 2009). The nuclei of senescent cells also undergo dramatic chromatin changes with 

increased fragments budding. Nucleic acids are a well-recognized class of molecules that can 

activate the innate immune response. For example, accumulation of mitochondrial and nuclear 

DNA in cytoplasm and/or extracellular space is a powerful stimulus for inflammaging (Storci G. 

et al. 2018). Proper DNA replication and repair are crucial aspects for maintaining genomic 

stability and to reduce inflammatory and antiviral responses. In fact, misplaced nucleic acids 

can activate the type 1 IFN pathway. Notably, the overactivation of this pathway contributes to 

the phenotype of the progeria in murine model causes cognitive decline (Yu Q. et al. 2015; 

Baruch K. Et al. 2014). 

A wide variety of nucleic acids molecules can contribute to cytoplasmic pool, such as dsDNA, 

dsRNA and molecules that hybridize with complementary RNA, leading to the formation of 

RNA:DNA hybrids. 
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1.4.1  RNA:DNA hybrids (R-loop) 

R-loops have been described for the first time in 1976 and they consist of a three stranded 

structure composed of a RNA:DNA hybrid and a ssDNA (Thomas M.et al.1976). These triple 

helix structures are mainly formed during transcription in areas rich in guanidine residues 

present in the RNA filament. According to this most accepted model (thread back model), the 

nascent RNA must thread back into the DNA duplex upstream from the complex (Deepankar R. 

and Lieber M.R., 2009). An alternative model proposes R-loop might form as a continuous 

extension from the short RNA-DNA duplex within the transcription complex, by conceding an 

elongation of the RNA:DNA hybrid (Belotserkovskii B.P. et al., 2018). However, this co-

transcriptional model for R-loop formation does not explain why hybrids are elevated in 

mutants that affect RNA post-transcriptionally, like RNA export and degradation (Costantino L. 

and Koshland D., 2015). A post-transcription formation of RNA:DNA is one of the hypothesized 

explanations in which RNA increases its stasis in the nucleus and then hybridize homologous 

DNA even after transcription is completed. Indeed, the formation of R-loop in trans involves 

RNA transcription in a locus other than the one where hybridization with complementary DNA 

takes place (Wahba L. et al., 2013).  

 

Figure 5. R-loop structure (Allison D.F. and Wang G.G., 2019). 

 

There are also conditions that can favour hybrids formation. The presence of negative 

supercoiling, as well as the presence of distortions in the non-template DNA filament slows 

down the passage of trailing fork of the transcription bubble, increasing the possibility of 
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annealing between neo-synthetized RNA and DNA (Allison D.F. and Wang G.G., 2019). Once they 

are formed, R-loops are very stable since RNA:DNA interactions are stronger than those 

between DNA:DNA (Roberts R.W. and Crothers D.M., 1992).  

Hybrids make up 5% of the human genome and are involved in many physiological processes 

such as transcription and DNA replication where RNA primers, synthesized by DNA polymerase 

α, are used by DNA polymerase δ to polymerize mature Okazaki fragment (Strzyz P., 2016). 

Hybrids are present at the switch (S) region during immunoglobulin class switching 

recombination and at DNA damage/repair sites (García-Muse T. and Aguilera A., 2019). 

Moreover, these structures are fundamental for mitochondrial DNA replication (Xu B. and 

Clayton D.A., 2017) and are also binding sites for telomerase, during the telomere elongation 

process (Graff M. et al. 2017). There are hybrids that are not R-loop considerate because they 

don't have a misplaced DNA strand. They are constituted by incorporation of ribonucleotides 

monophosphates (rNMPs) into genomic DNA during DNA replication and represent the site for 

nonhomologous end-joining (NHEJ) and homology recombination (HR) repair systems 

(Cerritelli S.M. and Crouch R.J., 2016).  

R-loops also have a different role in regulating transcription (Santos-Pereira J.M. and Aguilera 

A., 2015). It has been shown that the co-transcriptional formation of R loop in downstream CpG 

island promoter regions promote gene expression by the inhibition of DNA methyltransferases 

(Ginno P.A. et al., 2012) and they also can facilitate the binding of transcription factors to 

regulatory elements on DNA (Boque-Sastre R., 2015).  

R-loop are also associated to epigenetic modifications and chromatin remodeling. At promoter 

regions, R-loops associate with higher levels of histone marks characteristic of active 

transcription (H3K4me1, H3K4me3, H3 acetylation) and transcription elongation (H3K36me3; 

Sanz Lionel A., et al., 2016; Chédin F., 2016). It has been showed that R loops are tightly linked 
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to histone H3 S10 phosphorylation (H3S10P), a mark of chromatin condensation (Castellano-

Pozo M. et al., 2013; García-Pichardo D. et al., 2017). 

They can also activate the protective histone H3K4 or demethylation complexes (Chen P.B. et 

al., 2015; Chong S.Y. et al., 2020).  

1.4.2  RNA:DNA hybrids threat genome stability 

Although R-loops are important for many cellular processes, these nucleic acid species can also 

lead to genome instability and DNA damage. ssDNA is more exposed to the action of nucleases, 

genotoxics and transcription-associated mutagenesis (TAM) or transcription-associated 

recombination (TAR; Skourti-Stathaki K. and Proudfoot N.J., 2014). However, the mechanism 

leading from an R-loop to genomic instability remains largely unknown. One of the proposed 

mechanisms provides that the ssDNA may be subject to spontaneous deamination of dC to dU, 

leading to DSBs and recombination (Aguilera A., 2002; Li X. and Manley J.L., 2006; Aguilera A. 

and Garcia-Muse T., 2012). Another mechanism provides that this replacement will be carried 

out by activation-induced deaminase (AID) protein, that selectively binds R-loop causing DNA 

rapture. This mutation can be maintained in subsequent replication cycles or resolved by base 

excision repair (BER). The uracil removal creates a distortion or a site without nucleobases 

which may cause DSB or the pairing of any other nitrogen base, respectively (Su X.A. and 

Freudenreich C.H., 2017). Genetic stress and changes or mutations in gene expression of 

proteins involved in the regulation of R-loops could threat genome integrity due to their 

accumulation. The mechanism by which the accumulation of R-loops involves a blockage of the 

replication fork, due to RNA polymerase (RNAP) block causing it to stall, has been well 

characterized. The RNAP might pause or stall when encountering an RNA-DNA hybrid within 

an R-loop. This involves creating a synthesized DSB and formation of common fragile sites (CFS; 

Sanchez A. et al., 2020). In contrast to the collision-mediated mechanism, an R-loop “intrinsic” 

mechanism is also proposed. Studies in vitro suggest that transcription can also become 
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blocked by R-loop formation in the wake of the RNAP, in other words transcription blocking 

can occur even when the R-loop is behind RNA polymerase. An explanation for this intrinsic R-

loop mediated blockage is that the hybridization between the nascent RNA and the DNA 

template strand within an R-loop could destabilize the transcription complex; for example, by 

partial disruption of interactions between the nascent RNA and the RNAP, or by deformations 

within the transcription complex similar to those caused by hairpin formation within the 

nascent RNA (Belotserkovskii B.P. et al., 2013; Artsimovitch I. and Belogurov G.A., 2018; Kang 

J.Y. et al., 2018).  

R-loop can act as a transcription termination in eukaryotes, in fact during transcription of most 

eukaryotic genes part of the nascent RNA is cleaved and becomes involved in other 

transactions. The site of cleavage is usually defined by a polyadenylation (poly A) signal 

sequence within the nascent RNA. An R-loop-prone (G-rich) sequence immediately forms from 

the poly A cleavage site causes transcription termination, thus the formation of R-loops in 

transcriptional pause regions is essential in causing Pol II to pause downstream of the poly(A) 

site prior to termination (Skourti-Stathaki K. et al., 2011). 

1.4.3  Enzymatic degradation of RNA:DNA hybrids 

By establishing the ability of RNA:DNA hybrids to cause genomic stability (Halász L. et al., 

2017), the researchers began to study the molecular mechanisms through which their 

accumulation is controlled. Enzymes involved in the homeostatic control of RNA:DNA hybrids 

can act both by avoiding the formation of RNA:DNA hybrids during transcription or degrading 

and solving formed hybrids.  

The most relevant enzymes able to modulate hybrids content in cells are:  

1) ribonucleases H (RNases H), enzyme that hydrolyse the RNA portion of RNA:DNA hybrids 

(Stein H. and Hausen P., 1969). There are two types of RNase H, RNase H1 presents two 

isoforms that are localized in the nucleus and mitochondria (Cerritelli S.M. et al., 2003) 
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confirming the presence of RNA:DNA hybrids at the mitochondrial level in human and mouse 

models. (Lima W.F. et al., 2016; Posse V. et al., 2019) and RNase H2 with more nuclear activity 

than RNase H1 (Hyjek M. et al., 2019). Mutations in any these of subunits cause the Aicardi–

Goutieres syndrome, a neuroinflammatory disease associated with the chronic activation of the 

immune system in response to an excessive accumulation of nucleic acids hybrids (Crow Y.J. et 

al., 2006). Very recently, RNase H2 was also shown to regulate RNA:DNA hybrid levels at 

telomeres (Graf M. et al., 2017) and to recruit HR proteins (BRCA1/BRCA2/RAD51) in the 

resolution of the DSB. Specifically, RNase H2 mediates BRAC1 and BRAC2 localization to DSBs 

in the S/G2 cell-cycle phase, and controls RNA:DNA hybrid levels through Fanconi Anemia (FA) 

mediated DSB repair pathway (D’Alessandro G. et al., 2018; Ceccaldi R. et al., 2016). 

2) DEAD/DEXH-box RNA and Senataxin, enzymes with helicase activity, able to unwind 

dsRNA and dsDNA as well as noncanonical polynucleotide structures, such as G-quadruplex and 

R-loop structures in ATP-dependent way (Chakraborty P. and Grosse F., 2011). Human 

senataxin (SETX), the mammalian Sen1 homolog, was initially identified when mutations 

causing ataxia oculomotor apraxia 2 (AOA2) and amyotrophic lateral sclerosis type 4 (ALS4) 

were mapped to the senataxin gene (James P.A. and Talbot K., 2006; Palau F. and Espinós C., 

2006). The enzyme is involved in the resolution of R-loops in transcription termination 

systems. It has been shown that the depletion of senataxin in Hela cells involves R-loops 

stabilization downstream of the poly(A) signal, preventing nascent RNA degradation and 

efficient termination (Skourti-Stathaki K. et al., 2011). ChIP experiments followed by high 

throughput sequencing (ChIP-seq), they also showed that senataxin is recruited at DSBs when 

they occur in transcriptionally active loci where it removes RNA:DNA hybrids forming in cis 

regulating γH2AX signaling, to promote Rad51 loading and to avoid abnormal re-joining of 

distant DNA ends (Cohen S. et al., 2018); 
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3) THO/TREX (DNase III) complex, that binds ssRNA to initiate mRNP maturation, and these 

interactions prohibit R-loop formation (Li X. and James L.M., 2005; Gómez-González B. et al., 

2011; Allison D.F. and Wang G.G., 2019). Biogenesis of messenger ribonucleo-protein particles 

(mRNP) also prevents R-loop accumulation. During mRNP biogenesis, RNA-binding proteins 

(RBP) interact with nascent mRNA to promote mRNA processing and export from the nucleus. 

Human depletion of THO/TREX complex implies impairs transcription elongation and mRNA 

export and increases instability associated with DNA breaks, leading to hyper-recombination 

and γH2AX and 53BP1 foci accumulation (Domínguez-Sánchez M.S. et al., 2011). The 

mechanism of action of the complex is not yet clear, but recent studies have proposed that 

human THO interacts with the Sin3A histone deacetylase complex to suppress co‐

transcriptional R‐loops, DNA damage, and replication impairment (Salas-Armenteros I. et al., 

2017). 

4) Topoisomerase TOP1 and TOP2, a class of enzymes that releases the supercoiling and 

torsional tension of DNA introduced during the DNA replication and transcription by 

transiently cleaving and rejoining one strand of the DNA duplex (El Hage A. et al., 2010; 

Promonet A. et al., 2020). Topoisomerase 1 (TOP1) and Topoisomerase 2 (TOP2) have both 

been shown to relieve torsional stress and prevent R-loop accumulation at the rDNA locus (El 

Hage A. et al., 2010). Moreover, topoisomerase 3B (TOP3B) reduces R-loop formation at highly 

expressed genes like the protooncogene MYC (Yang Y. et al., 2014). 

1.4.4  RNA:DNA hybrids and immune system activation 

The PRR able to sense PAMP and DAMP, can be activated by different types of molecules, 

including nucleic acids. It has been shown that TLR9, a member of TLR able to detect nucleic 

acids and cGAS-STING axis are able to bind also RNA:DNA hybrids and trigger the antiviral 

response, characterized mainly by the production of type I IFN (Samuel C.E., 2001; Mankan A.K. 

et al., 2014; Rigby R.E. et al., 2014). TLR9 resides in the endolysosome where it is transported 
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by the chaperon protein UNC93B1 (protein unc-93 homolog B1; Kim Y. et al., 2008). Once TLR9 

reaches endolysosome it undergoes a proteolytic cleavage of the ectodomain by proteases and, 

therefore, the full-length TLR9 is only found in the endoplasmic reticulum. This cleavage is 

fundamental since it increases binding to unmethylated CpG motifs and allows the recruitment 

of the myeloid differentiation primary response 88 (Myd88), starting the signal transduction. 

Myd88 is an adaptor protein that leads to the nuclear ttransfer of NF-κB, or interferon response 

factor IRF-1, IRF-5, and IRF-7 (McKelvey K.J. et al., 2011; Ewald S.E. et al., 2008; Park B. et al., 

2008). 

More recent is the discovery of cGAS, a cytoplasmic sensor of nucleic acids, able to induce a type 

I IFN response (Sun L. et al., 2013) following its specific non-sequence bond with dsDNA or 

RNA:DNA hybrids (Ma R. et al., 2020; Luecke S. et al., 2017). 

cGAS uses ATP and GTP to synthesize a cyclic dinucleotide (CDN) molecule, known as cGAMP, 

as the second messenger for the activation of STING which is in the endoplasmic reticulum 

(Ishikawa H. and Barber G.N., 2008). Once activated, STING activates two protein kinases, IKK 

and TBK1, which activate the transcription factors NF-κB and IRF3, respectively. As previously 

described in the TLR9 signalling cascade, NF-kB and IRF3 translocate inside the nucleus in 

order to promote the expression of type I IFNs and other cytokines (Gao D. et al., 2015). An 

aberrant accumulation of endogenous nucleic acids has been observed in senescent cells or in 

cells of patients affected by age-related diseases (Lan Y.Y. et al., 2019; Yang H. et al., 2017; 

Gentili M. and Manel N., 2016; Dou Z. et al., 2017).  



28 

 

Figure 6. TLR9 pathway activation (Rigby R.E. et al., 2014). 
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2  AIM OF WORK 

Research on aging process is focuses on understanding the cellular and molecular mechanisms 

underlying the key functional changes that yields the onset of persistent inflammation , i.e. 

inflammaging. In this context, the ceaseless stimulation of the innate immune system over time 

and the increased burden of “molecular garbage” have been proposed as major triggers. Along 

these accumulating molecules of nucleic acids have been regarded as major players. Moreover, 

these phenomena may occur systemically at cellular level, in particular in senescent cells. 

Indeed, the accumulation of senescent cells during aging, observed in the tissues of animal 

models and in humans, suggests that with aging the immune system's ability to eliminate 

senescent cells is reduced and this may fuel inflammaging. 

In this scenario, a better understanding of the molecular mechanisms that activate the innate 

immune responses in senescent cells and under stress condition, i.e. hyperglycemia, could help 

to disentangle the mechanisms underlying the development of ARDs, including T2DM. 

In this framework, with the aims to better clarify the molecular culprits of inflammaging and to 

identify potential new biomarkers of ARDs, we have analysed the cytoplasmic pool of misplaced 

nucleic acids in a model of human endothelial cells (HUVECs), in two prototypical stress-

conditions, both related to the rate of the aging process, such as “replicative cell senescence” 

and “hyperglycemic condition”. 
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3.2  Hyperglycemia induces senescence in HUVEC cells 

Ctr and sen HUVEC cells were cultured for 1 week in 25 mM glucose medium, a concentration 

5-folds higher than that present in normoglycemic medium (5.5 mM). The kinetic of telomere 

shortening was analyzed in ctr cells to assess whether week-long hyperglycemic stress was able 

to induce the senescent phenotype in young cells (ctr). Significant telomere shortening was 

observed at day 7; after 6 days of culture in hyperglycemic medium ctr cells exhibit a telomere 

attrition comparable to that of sen cells (Figure 8a).  

The replicative capacity of ctr cells cultured in hyperglycemia was not increased compared to 

that of ctr cells cultured in normoglycemic medium, suggesting that telomere shortening was 

due to the hyperglycemic condition “per se” rather than to an increase in the proliferation rate 

(ctr NG, PD=2.5±0.4; ctr HG, PD=2.2±0.3). 

The detection of telomere DNA sequences through FISH technique showed, as expected, the 

presence inside the nucleus, of a number of telomere sequences; surprisingly it was observed 

also a cytoplasmic localization of some telomere sequences in ctr cells treated with 

hyperglycemia (Figure 8b). Ctr cells cultured in hyperglycemia showed increased levels of a 

number of senescence biomarkers, such as: SA β-gal activity (Figure 8c), cell cycle regulator 

p16 both at the transcriptional (CDKN2A) and at the protein level (InK4A; Figure 8d), IL-6 

levels, both as mRNA and as protein released in the culture medium and IL-8 as mRNA (Figure 

8e), H2AX histone phosphorylation (Figure 8f). These results strongly suggest that ctr cells 

cultured 1 week in hyperglycemic medium acquire phenotypes similar to those of senescent 

cells.  

Notably, sen cells cultured 1 week in hyperglycemic medium showed no significant increase in 

any of the analyzed senescence biomarkers.  
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3.3  Accumulation of  cytoplasmatic  nucleic acids  in  ctr and  sen  cells  in normo and 

hyperglycemic conditions 

Based on a number of studies showing increased DNA damage in different types of senescent 

cells (i.e. endothelial cells, fibroblasts, immune cells), and the increasing evidence suggesting a 

cytosolic nucleic acid accumulation under stress conditions (i.e. UV treatment), we 

hypothesized that hyperglycemia and senescence could be two stress conditions able to induce 

an increased amount of cytosolic nucleic acids. To verify our hypothesis we analysed through 

immunofluorescence (IF) double-stranded DNA (dsDNA), double-stranded RNA (dsRNA), and 

hybrids (RNA:DNA) in ctr and sen cells cultured under normo- and hyper-glycemic conditions.  

Significant increased levels of cytosolic dsDNA were observed in normoglycemic sen vs ctr cells, 

and in ctr HG vs NG cells (Figure 9a). Immunofluorescence images confirmed the 2-folds 

increase of dsDNA sequences in NG sen vs ctr cells, and 1.6-folds increase in HG sen vs NG cells 

(Figure 9a1). Moreover, increased amounts of chromatin micronuclei and bubbles were 

observed in the same conditions (Figure 9b shows representative images).  

Hybrids (RNA:DNA) were detected using Ab S9.6, which is able also to detect dsRNAs. We 

observed increased fluorescence signals in NG sen vs ctr cells, and in both ctr and sen HG vs NG 

cells (Figure 9c shows representative images). Since S9.6 antibody can detect also dsRNAs, to 

disentangle the S9.6 IF signals related to hybrid sequences detectable in the cytoplasm, we 

treated cells with RNase III enzymes (that degrades specifically dsRNA) and with RNase T1 

(that degrades ssRNA) (Figure 9c). After RNase III and RNase T1 treatments, 

immunofluorescence images confirmed the persistence of increased levels of hybrid sequences 

in NG sen vs ctr cells, and in HG sen vs ctr cells (Figure 9c). 
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4  DISCUSSION 

The accumulation of senescent cells is considered a key hallmark of aging process and is 

believed to be one of the main risk factors for the development of the most common age-related 

diseases, including type two diabetes (T2DM). Senescent cells acquire a senescence associated 

pro-inflammatory secretory phenotype (SASP), characterized by increased release of soluble 

factors (pro-inflammatory cytokines and chemokines), growth factors and extracellular matrix 

(ECM) remodelling enzymes (Coppè J.P. et al., 2008; 2010; Song P. et al., 2020), thus 

contributing to maintain a systemic age-related proinflammatory status, named about 20 years 

ago as “inflammaging” (Franceschi C. et al., 2000) and recently defined as “senoinflammation” 

(Tchkonia T. et al., 2013; Chung H.Y. et al., 2019). Increasing evidence suggest that different 

stress conditions can converge on the induction of SASP; primarily the activation of a DNA 

damage response (DDR), triggered by genomic lesions, one of the first molecular mechanisms 

associated with cellular senescence (Rodier F. et al., 2009; Sulli G. et al., 2012; Olivieri F. et al., 

2015). In this scenario, a better understanding of the molecular mechanisms that activate SASP 

in senescent cells and under stress condition, i.e. hyperglycemia, could help to disentangle the 

mechanisms underlying the development of ARDs, including T2DM. 

Using HUVEC cells, human endothelial cells able to undergo replicative senescence in vitro, we 

analysed the modulation of some well-recognized senescence biomarkers and of potential 

innovative biomarkers, such as misplaced nucleic acids (dsDNA, dsRNA, ssRNA and RNA:DNA 

hybrids), in “senescence” and/or in “hyperglycemic condition”, considered as an in vitro model 

of T2DM.  

One of the most relevant results is the significant increased level of all the analysed senescence-

associated biomarkers in young cells cultured for 1-week in hyperglycemic medium. This result 

suggests that the acquisition of the senescent phenotype, observed in about 3 months of culture 
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in normoglycemic medium, can be acquired in only 1 week when young cells are cultured in a 

medium with 5-folds increased glucose level. Our results suggest that the accelerated rate of 

aging observed in diabetic patients could be due, almost in part, to the ability of hyperglycemic 

condition to increase the rate of senescence, thus promoting an increased burden of senescent 

cells. 

The most innovative result of this research is the observation that senescent cells have a 

significant increased amount of misplaced nucleic acids in cytoplasm compared to the younger 

ones, as well as young cells cultured for 1-week in hyperglycemic condition compared to young 

cells cultured in normoglycemic medium. We searched to identify the different types of 

misplaced nucleic acids in these cells, showing the presence of dsDNA, including micronuclei, 

bubbles and telomere sequences, of dsRNA and of hybrids. With the aim to identify the causes 

of this increased amount of misplaced nucleic acids, we treated the cells with RNase H2, an 

enzyme able to identify DNA damages and initiates the ribonucleotide excision repair (RER), 

resulting in error‐free removal of mis‐incorporated ribonucleotides. We observed reduced 

RNaseH2 expression in senescent cells compared to the younger ones and in young cells treated 

with hyperglycemic medium. The amounts of misincorporated ribonucleotides were inversely 

related to the amount of RNase H2, suggesting that both “senescence” and “hyperglycemic 

condition” are associated with increased genomic instability, marked by the increased amount 

of misincorporated ribonucleotides.  

Our results are in accordance with recent evidence suggesting that mis-spliced, intron-retained 

mRNAs can be an unexplored source of endogenous dsRNA. Therefore, alternative splicing is 

emerging as a critical contributor to senescence and aging. Spliceosomal perturbation, induced 

by pharmacologic and genetic inhibition of spliceosomal genes, is able to trigger cells to enter 

senescence, up-regulating the transcription factor Sp1 (Kwon S.M. et al., 2021).  
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DsRNA-sensing pathways could respond to global aberrations of RNA splicing (Bowling E.A. et 

al., 2021).  

Eukaryotic cells express a number of cytoplasmic nucleic acids receptor to sense microbial and 

viral DNA and RNA. However, these sensors can also be activated by endogenous DNA and RNA, 

including extranuclear chromatin resulting from genotoxic stress and DNA released from 

mitochondria, placing this signalling as important axis in autoimmunity, sterile inflammatory 

responses and cellular senescence. The cGAS-STING-IRF3 signalling axis, is the key signalling 

for cytoplasmic nucleic acids detection and IFN type 1 expression involved in antiviral 

response. 

Therefore, we analysed this signalling in “senescence” and “hyperglycemic condition”. 

Surprisingly, the expression of the cGAS-STING-IRF3 as well as the expression of IFN-1 were 

not significantly increased in such stress conditions, whereas the release of proinflammatory 

cytokines, such as IL-1β, IL-6 and IL-8 was significantly increased.  

These results suggest an imbalance between antiviral response and proinflammatory response 

in senescent cells and in young cells under hyperglycemic conditions. 

Notably, the elderly population is very susceptible to infection by the single-stranded RNA 

influenza virus (IV) infection and the reactivation of the double stranded DNA varicella zoster 

virus (VZV) (Wilhelm M. et al., 2018). Besides the reduced efficacy of the immune response, the 

increased susceptibility to viral infection could be fuelled by an enhanced viral replication in 

senescent cells. Recent evidence showed that primary human bronchial epithelial cells or 

human dermal fibroblasts undergoing replicative senescence present increased susceptibility 

to both IV and VZV as assessed by increased viral gene expression and virus titres compared to 

non-senescent cells (Kim J.A. et al., 2016).  

The enhanced susceptibility of senescent cells to viral infections may be a direct consequence 

of their ability to resist apoptosis and tolerate a high cytosolic nucleic acids load. 
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Our results suggest that endothelial senescent cells end young cell under hypeglycemic 

condition tolerate an increased load of misplaced-nucleic acids compared to younger cells. A 

strong reduction of cGAS expression was observed in senescent HUVEC cells in normo and 

hyperglycemic conditions, in association with the absence of IFN 1 modulation. 

Overall, when cells encounter stress conditions, such as senescence and hyperglycemic 

condition, the cytoplasmic load of nucleic acid increase, whereas the cytosolic sensors of this 

misplaced nucleic acids are not responsive to such stimulation, a condition that resembles a 

“tolerance status”. Such tolerant cells could be more susceptible to viral infections. These 

results could explain, almost in part, why old subjects, especially elderly patients affected by 

T2DM, with an increased burden of senescent cells, are more susceptible to adverse outcomes 

of infectious diseases, including SarS-Cov-2 infections (Bonafè M. et al., 2020).  

Hepatocytes do not produce type‐I IFNs in response to synthetic dsDNA or HBV infection 

because hepatocytes lack the cGAS/STING pathway (Pan S. et al., 2018). This may also be 

considered a reasonable explanation for HBV's ability to specifically adapt in hepatocyte cells 

and may contribute to these cells’ weak capacity to eliminate HBV infection.  

The current knowledge on the crosstalk between cellular senescence and infection is still in its 

infancy, but it highlights that senescence can exert a dual role in infection, either enhancing 

susceptibility to infection by promoting immunosenescence and favouring microbial or viral 

replication within the host cells (Humphreys D. et al., 2020). In this framework, to better clarify 

the origin of misplaced endogenous nucleic acids in senescent cells and in cells under 

hyperglycemic condition, cold help to understand the “increased tolerance” of such cells also to 

potential microbial or viral infections. 

Further studies will help to disentangle this complex issue. 
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5  MATERIALS AND METHODS  

5.1  Cell line and cell culture 

HUVECs (Human Umbilical Vein Endothelial cells) derived from donor pools were purchased 

from Clonetics (Lonza, Basel, Switzerland) and cultured in EGM-2, endothelial growth medium 

(CC-3162, Lonza, Walkersville, MD USA). Briefly, fresh cells were seeded in T25 flasks (Corning 

Costar, Sigma Aldrich, St. Louis MO, USA) and sub-cultured when they reached 70–80% 

confluence at a density of 5000/cm2 in humidified atmosphere of 5% CO2 at 37°C. The medium 

was changed at 48 h intervals. All cells tested were negative for mycoplasma infection. The 

passages of trypsinization and cell count are repeated until replicative senescence, in this way 

the replication senescence curve is obtained. Each step calculates population doubling (PD) 

which is given by the formula: (log10 F – log10 I)/log102 where I represents the number of 

plated cells and F the number of viable cells counted the following passage (F) and Cumulative 

population doubling (CPD) was calculated as the sum of all PD changes. When the value of I is 

equal to or less than the value of F, the cells are in replicative block and reach the plateau phase 

of the growth curve. In the experiments carried out, replicative senescence was obtained from 

18 replication cycles.  

5.2  Cell cultures in hyperglycemic conditions  

The condition of hyperglycemia was obtained by adding to the culture medium (5.5 mM) the 

glucose necessary to reach the concentration of 25 mM, concentrations employed had been 

applied in earlier studies by other authors (Karbach S. et al., 2012; Haspula D. et al., 2019; Chen 

X. et al., 2019). The properly cultivated cells after 3 washes in Phosphate Buffer Saline (PBS) 

1X, were maintained in hyperglycemic conditions for a week. Hyperglycemic and control 

conditions have been worked in parallel. 
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5.3  Analysis of senescence biomarkers  

5.3.1  Lysosomal SA–β-galactosidase activity 

The percentage of senescent cells has been evaluated using Senescence Detection Kit (Catalog 

#K320-BioVision Inc., Milpitas, CA, USA), which detects the activity of the enzyme β-

galactosidase to pH 6. Young, pre-senescent and quiescent cells have reduced enzymatic 

activity, while in senescent cells activity increases. The kit involves the use of an organic 

compound X-Gal, consisting of a galactose molecule bound by a replaced indole, which reacting 

with the enzyme, is split producing galactose and 5-bromo-4-chloro-3-hydroxylysis. The latter 

is then oxidized to 5,5'-dibromo-4,4'-dichloro-indigo, an insoluble blue molecule. Cultured cells 

are seeded in a 12 wells plate and then the medium is removed. After a washing in PBS 1X, 1 ml 

of "Fixative Solution" is added and 15 minutes later two more washes were carried out and 1 

ml of "β-Galactosidase Staining Solution" is added at room temperature. It was left to incubate 

at 37 °C overnight and proceeds with the display under an optical microscope. The percentage 

of β-gal-positive cells was determined by counting at least 500 cells per well. Cells were divided 

into young (SA-β-Gal < 10 %) and senescent (SA-β-Gal > 50%). 

5.3.2  Telomere length 

The telomere is the terminal region of a highly repeated DNA chromosome that protects the 

end of the chromosome itself from deterioration or fusion with neighbouring chromosomes. In 

vertebrates, the sequence of nucleotides in telomeres is TTAGGG. This TTAGGG sequence 

repeats about 2500 times in humans. It was thought to be a non-coding region, but recent 

discoveries have shown that it produces a long non-coding RNA transcribed TERRA (telomeric 

repeat-containing RNA), which are hypothesized to be involved in regulating telomerase. 

Telomere plays a decisive role in avoiding loss of information during chromosomal duplication, 

as DNA polymerase is unable to replicate the chromosome until its termination. DNA was 
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extracted from young and senescent HUVEC cell pellets derived from three independent 

experiments via RNA/DNA Purification kit, cat. No. 48700 Norgen Biotek Corporation Thorold, 

ON, Canada. Telomere length is measured as a T/S ratio where T indicates the telomere and S 

the single copy gene 36B4 via the RT-PCR described by Cawthton (Cawthton R.M., 2012), using 

5 µl of sample containing 15 ng of DNA and 10 µl of master mix for each sample. First you create 

a calibration line with serial dilutions of genomic DNA (human genomic DNA, Roche, Germany) 

from 10.08 ng to 0.13 ng (dilution factor 1.68) contained in a volume of 5 µl.  

The telomeres primers sequences are:                        

tel1: GGTTTTTGAGGTGAGGGTGAGGGTGAGGGTGAGGGT  

Tel2: TCCCGACTATCCCTATCCCTATCCCTATCCCTATCCCTA   

Those of the single copy 36B4 gene are:  

Fw: CAGCAAGTGGGAAGGTGTAATCC 

Rv: CCCATTCTATCATCAACGGGTACAA 

Master mix used is Sso Advanced Universal Syber-green supermix cat. No. 172-5271, BioRad, 

Inc, USA. Two mixes are prepared, one for the telomere and the other for the single copy gene. 

The telomeric mix contains: 7.5 µl Master Mix, 0.27 µl tel1 primer (270 nM), 0.9 µl tel2 primer 

(900 nM) and 1.33 µl H2O. 36B4 mix contains: 7.5 µl Master Mix, 0.3 µl Fw primer (10 nM), 0.3 

µl Rv primer (10 nM), 1.6 µl H2O. The thermal profile is: one cycle at 95°C for 3 minutes followed 

by 40 cycles consisting of two steps: at 95°C for 15 seconds and 60°C for 30 seconds. The 

samples were analyzed in duplicate and the respective Ct reported as T/S ratio. 

5.3.3  p16, IL-1β, IL-6, IL-8 and IFN1B mRNA expression level 

Total RNA from young and senescent HUVECs in the conditions of normo and hyperglycemia 

was isolated using the Norgen Biotek Kit (#37500, Thorold, ON, Canada), according to the 

manufacturer’s instructions. RNA was stored at −80 °C until use. For mRNA genes expression 1 

μg of purified RNA is reverse-transcribed following the protocol PrimeScript™ RT Reagent Kit 
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with gDNA Eraser (cat. NO. RR047A, Takara Bio Inc.). The retrotranscription reaction providers 

the preparation of a Master Mix consisting of the Reverse transcriptase enzyme (PrimeScript 

RT Enzyme Mix I), RT primer Mix, 5X PrimeScript Buffer and RNase Free H2O. The reaction 

requires a first step at 37°C for 15 minutes followed by 5 minutes at 85°C. The cDNA is stored 

at 4°C for 24 hours or -20°C for longer storage. qPCR reactions were conducted in a Rotor Gene 

Q 5plex HRM apparatus (Qiagen, Germany) in a 10 μl total reaction volume using TB Green 

Premix Ex Taq II (Tli Rnase H Plus; cat. NO. RR420 A, Takara Bio Inc.) according to the 

manufacturer’s instructions. Each reaction was run in triplicate and always included a no-

template control. The mRNA expression of the genes of interest was calculated using β-actin as 

reference gene, using the 2−DDCt method.  

The primers sequences (written 5ʹ-3ʹ) were:  

p16, Fw: CATAGATGCCGCGGAAGGT, Rv: CTAAGTTTCCCGAGGTTTCTCAGA; 

IL-1β, Fw: CCAGCTACGAATCTCCGACC, Rv: TGGGGTGGAAAGGTTTGGA;  

IL-6, Fw: CCAGCTACGAATCTCCGACC, Rv: CATGGCCACAACAATGACG;  

IL-8, Fw: TCTGCAGCTCTGTGTGTGAAGG, Rv: TGGGGTGGAAAGGTTTGGA; 

β-actin, Fw: TGCTATCCCTGTACGCCTCT, Rv: GTGGTGGTGAAGCTGTAGCC;  

IFN1, Fw: TGCTCTCCTGTTGTGCTTCT; Rv: CATAGATGGTCAATGCGGCG 

Primer concentration was 10 nM. 

5.3.4  Immunofluorescence analysis of H2A.X  

Cells are tripsinized and seeded on polylysine coated and autoclaved coverslips. Cells were 

washed twice with PBS and then fixed in 4% paraformaldehyde in PBS for 1 h at 4°C. After three 

washes in blocking buffer (5% BSA, 0.3% Tryton X-100 in PBS) they were incubated with anti- 

Phospho-Histone H2A.X (Ser139) antibody (dilution 1:200 in blocking buffer, #9718, Cell 

Signaling, USA) overnight at 4°C. Secondary antibody incubation was performed at room 

temperature for 1 hour (Alexa Fluor® 488-conjugated AffiniPure Goat anti-rabbit IgG, Cat. NO. 
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111-545-003, Jackson Immunoresearch Laboratories Inc., USA). After a wash in PBS, cells were 

stained with nuclear HOECHST 33,342 (cat. no. H-3570; Molecular Probes, USA) at 1:5000 

dilution in PBS for 15 min and coverslipped with Vectashield mounting medium (H-1200, 

Vector Laboratories). At least 100 nuclei have been assessed for each condition and each 

replicate using the using the CellProfiler image analysis software, version 3.1.9 (McQuin C. et 

al., 2018). 

5.4  Protein extraction and immunoblotting 

Cells were washed twice in cold phosphate buffered saline (PBS). Total protein was extracted 

using RIPA buffer (150 mM NaCl, 10 mM Tris, pH 7.2, 0.1 % SDS, 1.0 % Triton X-100, 5 mM 

EDTA, pH 8.0) containing a protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN, 

USA). Once lysed, it centrifuges at 1400g by 30' at 4 °C and takes the supernatant containing the 

proteins that is stored in ice. Protein concentration was determined using Bradford Reagent 

(Sigma-Aldrich, Milano, Italy). Total protein extracts (30 μg) were separated by SDS-PAGE and 

transferred to nitrocellulose membranes (Whatman, Germany). Membranes were blocked in 

phosphate-buffered saline (PBS) with 0.1% Tween 20 (PBS-T) containing 5% fat-free dry milk 

for 1 h and then incubated overnight at 4°C with primary antibodies targeting p16(Ink4a) 

(1:200; sc-377412, Santa Cruz Biotechnology), SIRT1 (1:1000; ab12193, Abcam), cGAS 

(1:1000; clone D1D3G #15102, Cell Signaling), STING (1:1000; clone D2P2F, #13647, Cell 

Signaling) IRF-3 (1:2000; Cat. NO. GTX133768, GeneTex), TLR-9 (1:1000; clone 26C593.2, Cat. 

NO. NBP2-24729, Novus Biologicals), RNase H2C (1:500; Cat. NO. 16518-1-AP, Proteintech). 

Subsequently they were incubated with a secondary antibody conjugated to horseradish 

peroxidase (HRP)-conjugated antibody (Vector, USA) for 1 h at room temperature. 

Immunoreactive proteins were visualized using ECL Plus chemiluminescence substrate (GE 

Healthcare, Pittsburgh, PA, USA); the autoradiographic films thus obtained were quantified 
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using ImageJ2 software (Rueden C.T. et al., 2017). Membranes were incubated with anti β-actin 

diluted 1:3000 (# 3700, Cell Signaling) as normalizer. Independent samples t-test was used to 

analyse the differences between samples. p values < 0.05 were considered significant. 

5.5  Cytoplasmic hybrids detection by immunofluorescence 

Controls and hyperglycemic treated cells, were tripsinized and seeded on polylysine coated and 

autoclaved coverslips. Cells were washed twice with PBS and then fixed in 4% 

paraformaldehyde in PBS for 1 h at 4°C. After three washes in blocking buffer (5% BSA, 0.3% 

Tryton X-100 in PBS) they were incubated with anti-DNA-RNA hybrid antibody (dilution 1:100; 

clone S9.6, Cat. No. MABE1095, MerckMillipore, CA, USA), overnight at 4°C. Cells were washed 

in staining buffer (TBST with 0.1% BSA (A9647-50G, Sigma)) and incubated with secondary 

Alexa Fluor™ 568 goat anti-mouse IgG (H+L; dilution 1:2000, Cat. NO. A11031, Invitrogen) at 

room temperature in staining buffer for 1 h in wet room. 

After a wash in PBS, cells were stained with nuclear HOECHST 33342 (cat. no. H-3570; 

Molecular Probes, USA) at 1:5000 dilution in PBS for 5 min, coverslipped with Vectashield 

mounting medium (H-1200, Vector Laboratories) and viewed in a fluorescence microscope. At 

least 200 nuclei have been assessed for each condition and each replicate using the using the 

CellProfiler image analysis software, version 3.1.9 (McQuin C. et al., 2018). 

5.5.1  RNase III and RNase T1 enzymatic treatment  

Formaldehyde-fixed samples were washed once with PBS, and then incubated in 

permeabilization buffer (PBS with 0.1% Triton X-100) for 10 minutes. Samples were then 

incubated in staining buffer (TBST with 0.1% BSA) for 10 minutes with rocking. Enzymatic 

treatments were done in staining buffer supplemented with 3 mM magnesium chloride with 

1:200 dilutions of RNase T1 (EN0541, Thermo Fisher), RNase III (ShortCut RNase III, M0245S, 

New England Biolabs) and incubated with rocking for 1 hour. Samples were subsequently 
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washed with staining buffer for 10 minutes with rocking and incubated overnight with primary 

antibody. 

5.6  Cytoplasmic dsDNA detection by immunofluorescence 

Cells were seeded and fixed as describe above. Immunofluorescence was performed according 

to the manufacturer’s instructions. Briefly, cells were incubating with 0.3% Triton X-100 

solution in PBS 1X with rocking. After three PBS washes for 5 min, cells were incubated with 

1% BSA, in PBST for 30 min to block unspecific binding of the antibody. The incubation of Anti-

dsDNA antibody (1:100, cat. NO. ab27156, clone 35I9 DNA, Abcam, UK) was performed in 1% 

BSA in PBST in a humidified chamber for 1 h overnight at 4°C. Cells were washed in PBS and 

incubated with secondary anti-mouse Alexa Fluor™ 568 goat anti-mouse IgG (H+L; dilution 

1:2000, Cat. NO. A11031, Invitrogen, Life Technologies Corporation), at room temperature in 

1% BSA in PBST for 1 h. The nuclear chromatin was stained with HOECHST 33,342 (cat. no. H-

3570; Molecular Probes, USA) at 1:5000 dilution in PBS for 15 min. At least 200 nuclei have 

been assessed for each condition and each replicate using the using the CellProfiler image 

analysis software, version 3.1.9 (McQuin C. et al., 2018). 

5.7  Visualization  of  cytoplasmatic  telomere  sequences  by  fluorescent  in  situ 

hybridization (FISH) 

A probe was used to detect the presence of telomere DNA at the cytoplasmic level, capable of 

tying the CCATTG telomere sequence and emitting fluorescence, Telomere PNA Fisch kit/Fitc 

(Dako, cat, NO. K5325, Agilent, CA, USA). The cells were fixed on slides by methanol passages 

for 10 minutes and acetone for 1 minute. The slides were treated following the procedure 

recommended by the product datasheet. 
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5.8  Statistical analysis 

Data are presented as the mean ± SD from three replicates. All data were processed by SPSS 

software (version 22.0). Student’s t test and one-way analysis of variance were used to 

determine the statistical differences among different treatments. A P-value <0.05 was 

considered statistically significant. 
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ABSTRACT 
 
The identification of diagnostic-prognostic biomarkers of dementia has become a global priority due to the 
prevalence of neurodegenerative diseases in aging populations. The objective of this study was to assess the 
diagnostic performance of cerebrospinal fluid (CSF) biomarkers across patients affected by either Alzheimer’s 
disease (AD), tauopathies other than AD (TP), or vascular dementia (VD), and cognitively normal subjects (CNS). 
One hundred fifty-three patients were recruited and tested for classical AD CSF biomarkers- Amyloid-ß42 and 
tau proteins - and novel candidate biomarkers - neurofilament (NF-) light and microRNA (miR) -21, -125b, -146a, 
and -222. 
 
All dementia patients had significantly higher concentrations of NF-light compared to CNS, with the TP group 
displaying the highest NF-light values. A significant inverse correlation was also observed between NF-light and 
cognitive impairment. Of the four miRNAs analyzed, miR-222 levels were significantly increased in VD patients 
compared to both CNS and AD. In addition, while NF-light showed a better diagnostic performance than miR-
222 and classical AD biomarkers in differentiating TP and VD from CNS, classical AD biomarkers revealed higher 
performance in discriminating AD from non-AD disorders.  
 
Overall, our results suggest that CSF NF-light and miR-222 are promising biomarkers that may help to diagnose 
non-AD disorders. 
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INTRODUCTION 
 
The constant rate of increase in global life expectancy and 
the consequent rise in the average age of the population 
have been accompanied by a significant surge in the 
incidence of the most common age-related diseases 
(ARDs), including neurodegenerative diseases [1]. The 
economic costs and social burden associated with 
neurodegenerative diseases have motivated efforts to 
identify innovative biomarkers for accurate and timely 
diagnosis and effective treatments. Neurodegenerative 
diseases include Alzheimer's disease (AD), the most 
common form of dementia, and non-Alzheimer’s diseases 
(NAD), a group of disorders that account for 
approximately 30-40 per cent of dementias worldwide 
[2]. Among NAD, Lewy Bodies (DLB), vascular (VD) 

and frontotemporal dementia (FTD) are the most 
prevalent types of dementia. 
 
AD diagnosis is currently based on clinical evaluation, 
neuropsychological testing, neuro-imaging techniques, 
and cerebrospinal fluid (CSF) classical biomarkers [3-6]. 
Three core CSF biomarkers, e.g. Amyloid-ß42 (Aß42), 
total tau (t-tau) and phosphorylated tau (p-tau) proteins, 
have been included in the diagnostic criteria of AD, and 
could be relevant for differential diagnosis [3]. A recent 
Cochrane review suggested that they have a better 
sensitivity than specificity, performing best in ruling out 
AD [5]. 
 
Tau is a microtubule-associated protein involved in 
microtubule assembly and stabilization that can form 

Table 1. Clinical and anthropometric characteristics of the studied subjects. 

 
 

CNS  
(n. 43) 

AD  
(n. 70) 

TP  
(n. 23) 

VD  
(n. 17) 

 
Age (yrs) 

 
66.9±12.0 

 
77.0±7.7* 

 
68.6±8.3 

 
79.4±6.2* 

Gender 
Male N (%) 

 
21 (48.8%) 

 
26 (37.1%) 

 
12 (52.2%) 

 
8 (47.1%) 

Aß42 
(pg/ml) 

 
657.0 (143.0-1238.0) 

 
384.5 (113.0-877.0) * 

 
713.0 (194.0-1006.0) 

 
645.0 (394.0-1107.0) 

T-tau 
(pg/ml) 

 
178.0 (57.0-2358.0) 

 
447.0 (117.0-2693.0) * 

 
247.0 (90.0-774.0) 

 
305.0 (66.0-673.0) 

P-tau 
(pg/ml) 

 
35.0 (6.0-81.0) 

 
64.0 (21.0-194.0) * 

 
48 (2.0-112.0) 

 
44.0 (25.0-91.0) 

 
MMSE 

 
25.3±3.1 

 
14.9±6.3 * 

 
18.2±7.7 * 

 
20.3±7.8 * 

 
IATI 

 
1.4 (0.3-3.1) 

 
0.5 (0.1-1.7) * 

 
1.1 (0.3-2.1) * 

 
1.3 (0.5-2.2) 

NF-light 
(pg/ml) 

 
796.7 (81.3-1584.3) 

 
1332.7 (424.7-5730.1) ** 

 
2071.0 (400.5-7864.9) ** 

 
1603.2 (370.1-6295.7) ++ 

 
MiR-21 

 
324.7±215.1 

 
369.7±236.9 

 
304.9±139.3 

 
286.1±177.5 

 
MiR-125b 

 
171.8±165.5 

 
166.6±151.2 

 
129.1±122.1 

 
167.0±199.9 

 
MiR-146a 

 
14.8±15.1 

 
14.4±11.2 

 
16.5±19.5 

 
16.4±18.9 

 
MiR-222 

 
11.2±12.1 

 
13.8±13.8 

 
23. ±58.8 

 
40.6±64.0++ 

Data are reported as mean ± SD or as median (Interquartile Range) as appropriate. Aß42: beta-amyloid (1-42) peptide. 
T-tau: Tau protein. P-tau: threonine-181 hyperphosphorylated tau protein. MMSE: Mini Mental State Evaluation. IATI: 
Innotest Amyloid Tau Index. CNS: cognitively normal subjects. AD: Alzheimer’s diseases. TP: the TP group was composed 
of 3 patients with progressive supranuclear palsy (PSP), 19 patients with frontotemporal dementia (FTD) and 3 patients 
with corticobasal degeneration (CBD). VD: vascular dementia. *p<0.05 vs. CNS group; ++ p<0.01 vs. CNS and AD group; ** 
p< 0.01 vs. CNS. 
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[27,28]. Given that the tau protein is expressed mainly in 
the axons of cortical neurons, an increase in CSF reflects 
a neuronal damage of cortical neurons [29]. Nevertheless, 
the increase in CSF t-tau levels remains a finding rather 
non-specific, since other pathologies, besides AD, are 
responsible for most of the cortical neuronal damage, i.e. 
Creutzfeld's-Jacob disease [30]. NF-light as representa-
tive of axonal injury, axonal pathology, and/or axonal 
dysfunction has been observed in various models of 
mouse [26-31]. Moreover, results from this study showed 
a significant inverse correlation between NF-light and the 
MMSE score, the best-known screening tool for 
providing an overall measure of cognitive impairment in 
clinical and research field [32]. However, as seen 
previously [33], CSF NF-light levels demonstrated worse 
diagnostic performance in discriminating between AD 
and non-AD dementia, suggesting that NF-light is a 
biomarker of neurodegeneration not specific for AD 
dementia  
 
On the other hand, IATI, a parameter combining Aß42 
and t-tau that, had the best performance in discriminating 
between AD and non-AD dementia. This result is in 
contrast with findings from a recent Cochrane systematic 
review on the clinical impact of CSF t-tau and p-tau for 
the diagnosis of Alzheimer’s and other dementias in 
people with mild cognitive impairment (MCI), which 
reported that the classical AD biomarkers showed better 
potential in ruling out AD rather than in ruling in [5]. 
Despite the large number of patients analysed in the 
above-mentioned systematic review, the diagnostic 
clinical utility of these biomarkers was not defined. 

Indeed, an increase in their levels is not a guarantee of a 
progression of MCI into dementia, suggesting that further 
efforts should be devoted to search for more specific and 
informative biomarkers. 
 
Regarding miRNAs levels as diagnostic biomarkers of 
dementia, our study showed a significant increase of CSF 
miR-222 levels in VD patients, suggesting a potential role 
in supporting the diagnosis of vascular dementia. MiR-
222 was previously defined as an anti-angiogenic miR, 
upregulated in vascular walls with neointimal lesion 
formation [34–36]. Notably, circulating miR-222 levels 
were recently proposed as promising and independent 
biomarkers for the risk of acute ischemic stroke [37]. 
However, miR-222 performed worse than NF-light in 
distinguishing VD from CNS.  The diagnostic relevance 
previously hypothesized for miR-21, miR-146a, and miR-
125b CSF expression levels was not confirmed in our 
study [21–23]. Methodological bias, lack of 
standardization procedures, or different inclusion- 
exclusion criteria for enrolled patients could explain these 
non-concordant results. 
 
The main limitation of our study is the small number of 
recruited patients. This is due to the fact that an invasive 
procedure is needed to collect CSF samples. Even if CSF 
biomarkers levels reflect the neuropathological alterations 
better than peripheral blood, applying routinely the 
invasive procedure needed for CSF collection in elderly 
patients can be difficult [38]. Therefore, the main effort in 
the future will be to measure NF-light in serum or plasma 
and compare the diagnostic performance of this 

Table 2. Correlation between classical and innovative (NF-light and miR-222) neurodegenerative biomarkers. 

 
NF-light 

 

 
MiR-222 

 Spearman’s rho  
coefficient 

 
P value 

Spearman’s rho  
coefficient 

 
P value 

 
Aß42 

 
-0.031 

 
0.692 

 
-0.011 

 
0.888 

 
T-tau 

 
0.360 

 
< 0.001 

 
-0.077 

 
0.319 

 
P-tau 

 
0.262 

 
0.001 

 
-0.016 

 
0.838 

 
IATI 

 
-0.210 

 
0.006 

 
0.040 

 
0.603 

 
MMSE 

 
-0.210 

 
0.022 

 
0.026 

 
0.786 

Aß42: beta-amyloid (1-42) peptide. T-tau: Tau protein. P-tau: threonine-181 hyperphosphorylated tau protein. MMSE: 
Mini Mental State Evaluation. IATI: Innotest Amyloid Tau Index. 
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innovative biomarker in CSF and in peripheral blood 
samples. 
 
Overall, our results suggest that, although the non-
specificity of NF-light CSF levels for the different types 
of dementia, CSF NF-light could be useful in supporting 
the diagnosis of non-AD dementia in combination with 
imaging and clinical data. 
 
MATERIALS AND METHODS 
 
Participants 
 
One hundred fifty-three patients (67 males and 86 
females) were consecutively admitted to the Neurology 
Unit of the Geriatric Hospital, IRCCS INRCA, of 
Ancona. The period of recruitment was from July 20, 
2010 to July 17, 2017. Participants with CSF sample 
available were included in the study. The Institutional 
Review Board of INRCA approved the study protocol 
and all study participants, or their next of kin, provided 
written informed consent in the case of relevant cognitive 
impairment. All recruited subjects were between 38 and 
90 years of age. 
 
Based on the cognitive assessments and clinical 
diagnosis, the patients were grouped into the following 
diagnostic categories: 70 AD, 23 TP, 17 VD, and 43 
defined as CNS. The TP group was composed of: 3 
patients with PSP, 19 FTD, and 3 patients with 
corticobasal degeneration (CBD). Tauopathies and 
vascular dementia are classified as NAD. 
 
All the participants underwent physical, neurological and 
neuropsychological assessments, including laboratory 
tests, brain imaging and the MMSE evaluation. MMSE 
values were recoded as: 24-30 = no cognitive impairment, 
19-23= mild cognitive impairment, 10-18 = moderate 
cognitive impairment and < 9 = severe cognitive 
impairment. 
 
The diagnosis of dementia was made according to 
consensus criteria (AD: [3,39,40]; PSP: [41]; FTD: 
[42,43]; VD: [44,45]; CBD: [46]). 
 
CNS were enrolled by Neurology Unit of the Geriatric 
Hospital, IRCCS INRCA, of Ancona. They did not meet 
criteria for mild cognitive impairment [47] and did not 
have any signs of inflammatory or neurodegenerative 
disorders, or family history of neurodegenerative disease. 
 
For the purpose of this study, patients with unidentified 
neurodegenerative disease or patients with different 
various diagnoses (e.g. psychiatric disorders, traumatic 
brain injury, alcoholism, metabolic encephalopathy) 
defined according to international criteria, were excluded. 

Cerebrospinal fluid collection and analysis 
 
CSF was obtained by lumbar puncture in the L3/L4 or 
L4/L5 intervertebral space. CSF samples were collected 
in polypropylene vials and centrifuged at 2000 x g for 10 
min to pellet residual cells and other insoluble material, 
then the supernatant was aliquoted and stored at -80 °C 
until use for biomarker determination. The CSF levels of 
Aß42, t-tau, and p-tau were determined using 
commercially available ELISA kits (Fujirebio Inc., Japan) 
according to the manufacturer’s instructions. Assay 
performance was monitored using internal and external 
quality control samples. All analyses were performed by 
the same investigators who were blinded to patients’ 
demographic, clinical, and cognitive data. The cutoff 
values of the CSF biomarkers considered as biochemical 
evidence of AD were determined in samples ran in the 
same laboratory as the CSF samples [48] and were Aß42 
< 500 pg/ml, t-tau > 350 pg/ml, and p-tau > 50 pg/ml. The 
IATI parameter was calculated as follows: Aβ42 / (240 + 
1.18 × t-tau). 
 
The CSF NF-Light concentrations were measured using a 
commercial ELISA kit (IBL, Hamburg, Germany) as 
described by the manufacturer. All samples were ran in 
duplicate and the mean value was considered for the 
analysis. Samples with an intra-assay coefficient of 
variation below 10.0% were included in this study. The 
lower limit of quantification is 32 pg/ml and the upper 
limit is 10000 pg/ml. 
 
RNA isolation 
 
Total RNA was isolated from CSF sample (100μl) using 
Total RNA Purification Kit (product #17200) by Norgen 
Biotek Corporation (Thorold, ON, Canada), according to 
the manufacturer’s specific recommendations. RNA was 
stored at − 80°C until use. 
 
Quantitative RT-PCR of mature miRNAs 
 
MiRNA relative expression was measured as reported in 
[49]. 
 
Statistical analysis 
 
Baseline characteristics were determined using 
descriptive statistics. Mean ± standard deviation (SD) or 
median (interquartile range (IQR)) were reported for 
continuous variables. To assess the normal distribution of 
the data, a Kolmogorov-Smirnov test was performed and 
non-normally distributed data were log10 transformed. 
Absolute frequencies or percentages were described for 
categorical variables. ANCOVA followed by 
Bonferroni’s post-hoc test for multiple comparisons was 
used to compare the mean differences in clinical variables 
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after adjustment for age and sex. Associations between 
the variables were tested using Spearman correlation test. 
 
To assess the diagnostic performance of each biomarker 
in distinguishing CNS from AD and NAD, a receiver 
operating characteristic (ROC) curve analysis was 
performed, and areas under the curve (AUC) were 
compared. 
 
All tests were two-sided, and significance was set at p< 
0.05. Statistical analyses were performed using IBM 
SPSS (IBM Corp, Armonk, NY, USA) version 25.0. 
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A B S T R A C T

Telomeres, the terminal nucleoprotein structures of eukaryotic chromosomes, play pleiotropic functions in
cellular and organismal aging. Telomere length (TL) varies throughout life due to the influence of genetic factors
and to a complex balancing between “shortening” and “elongation” signals. Telomerase, the only enzyme that
can elongate a telomeric DNA chain, and telomeric repeat-containing RNA (TERRA), a long non-coding RNA
involved in looping maintenance, play key roles in TL during life. Despite recent advances in the knowledge of
TL, TERRA and telomerase activity (TA) biology and their measurement techniques, the experimental and
theoretical issues involved raise a number of problems that should carefully be considered by researchers ap-
proaching the “telomere world”. The increasing use of such parameters – hailed as promising clinically relevant
biomarkers – has failed to be paralleled by the development of automated and standardized measurement
technology. Consequently, associating given TL values to specific pathological conditions involves on the one
hand technological issues and on the other clinical-biological issues related to the planning of clinically relevant
association studies. Addressing these issues would help avoid major biases in association studies involving TL
and a number of outcomes, especially those focusing on psychological and bio-behavioral variables. The main
challenge in telomere research is the development of accurate and reliable measurement methods to achieve
simple and sensitive TL, TERRA, and TA detection. The discovery of the localization of telomeres and TERRA in
cellular and extracellular compartments had added an additional layer of complexity to the measurement of
these age-related biomarkers. Since combined analysis of TL, TERRA and TA may well provide more exhaustive
clinical information than a single parameter, we feel it is important for researchers in the various fields to
become familiar with their most common measurement techniques and to be aware of the respective merits and
drawbacks of these approaches.

1. Introduction

Telomeres, the terminal nucleoprotein structures of eukaryotic
chromosomes, have a key role in protecting chromosomal DNA ends
(Blackburn, 1990). Mounting evidence suggests that they play pleio-
tropic functions that are not simply related to the maintenance of
chromosome homeostasis, but also to the regulation of gene expression
and the modulation of stress-related signaling pathways (Blackburn,
2005). Telomere length (TL) is species-specific and heritable (Chiang
et al., 2010); therefore, its value at any time depends on genetic char-
acteristics and on the balance between “shortening” and “elongation”
signals (Honig et al., 2015). Shortening signals come from a variety of

stressors like repeated cell division, nuclease activation, oxidative da-
mage, DNA replication, and transcriptional stress (Blackburn et al.,
2015). Elongation signals are capable of activating telomerase or al-
ternative lengthening of telomeres (ALT); the latter mechanism relies
on recombination-mediated telomere elongation and can be induced by
telomere-specific DNA damage (Hu et al., 2016). Telomerase is an RNA-
protein complex that extends telomeric DNA at the 3′ ends of chro-
mosomes through telomerase reverse transcriptase (TERT) and integral
template-containing telomerase RNA (TER) (Jiang et al., 2018). Telo-
merase is responsible for the preservation of replicative potential in
most eukaryotic cells and is involved in pleiotropic functions that range
from TL maintenance and genome stability to tissue renewal and
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mitochondrial protection (Li et al., 2018a, 2018b). TL is a marker of the
metabolic activity and pluripotency state of embryonic stem cells
(Wang et al., 2017a). In embryonic cell lines telomerase is activated and
keeps TL constant; in adult stem cells its limited activity and provides
only partial compensation for telomere shortening (TS); and in somatic
cells it is usually not activated. As a result, during somatic cellular and
organismal aging shortening outpaces elongation. Telomeres that have
reached a critical length become dysfunctional and activate a DNA
damage response which leads to a senescence phenotype characterized
by reduced proliferative ability and the acquisition of a secretory
proinflammatory phenotype (SASP) (d’Adda di Fagagna et al., 2003).

TL has long been known to be critically involved in cellular aging as
a consequence of replication and/or the action of a wide range of
stressors, but is also being extensively investigated in relation to orga-
nismal aging. Although cell senescence does not necessarily equate with
aging of an organism, TS has been observed in both conditions (re-
viewed in Zhu et al., 2018), and TL has been investigated as a bio-
marker of aging per se and as a risk factor for the development and
progression of the most common age-related diseases (ARDs) (Jose
et al., 2017).

Recent insights into telomere biology and function indicate that
telomeric repeat-containing RNA (TERRA), a long non-coding RNA, is
involved in the telomere looping maintenance mechanism (Graf et al.,
2017). An inverse correlation has been documented between TL and
TERRA both in vitro and in vivo. According to two hypotheses that have
been advanced to explain it, TERRA transcription could facilitate 5′-3′
nuclease activity at the chromosome ends (Pfeiffer and Lingner, 2012),
or TS could induce TERRA expression to coordinate telomerase mole-
cule recruitment and activity at the shortest telomeres (Cusanelli et al.,
2013).

Notably, telomere DNA, TERRA, and telomerase are not in-
dependent molecules; in fact, their structures and temporal relation-
ships are closely regulated by complexes such as shelterin, small nu-
cleolar RNAs (snoRNAs), and small nucleolar ribonucleoproteins
(snoRNPs), besides the transcription machinery (Blasco et al., 1999;
Gomez et al., 2012). Even though the latter molecules are capable of
affecting endpoint TL, the present work focuses on telomeres, TERRA,
and telomerase activity (TA).

Despite recent advances, there are a number of outstanding issues
related to the knowledge and measurement technology of TL, TERRA,
and TA. The most important are: i) the accuracy of the methods em-
ployed to measure TL, TERRA, and TA in biomedical research; ii) their
strengths and weaknesses; iii) the scope for their improvement; iv) the
chemical-clinical variables to be correlated with TL in association stu-
dies of aging and ARDs; and v) the need for human longitudinal studies
to evaluate the ability of specific approaches (pharmaceutical, nu-
traceutical) to reverse TS during aging.

Addressing these issues would help avoid major biases in associa-
tion studies addressing TL and a wide range of outcomes (Montpetit
et al., 2014).

This work describes the analytical caveats and criticisms regarding
the various TL, TERRA, and TA measurement methods. Since not all
protocols are appropriate (or recommended) for epidemiological and
longitudinal ARD studies, and some approaches may be applicable only
to tumor tissue, the paper focuses on the methods that are suitable for
clinical and epidemiological applications.

We will also describe and discuss the localization of telomere and
telomere-related sequences in the cellular and extracellular compart-
ment, since localization adds an additional layer of complexity to tel-
omere, TERRA, and TA measurement.

2. Localization of telomere and telomere-related sequences

Recent studies have highlighted a number of possible localizations
of telomeric sequences, including the cellular and extracellular com-
partment (Fig. 1). In cells, telomere sequences can be detected in the

nucleus, the chromosome ends and interstitial loci (Smith et al., 2018),
and the cytoplasm (Cohen et al., 2010; Zhang et al., 2017a). Localiza-
tions in the extracellular compartment include exosomes (Li et al.,
2008; Zinkova et al., 2017).

An increased number of telomeric sequences has been described in
the cytoplasm of stressed cells in physiological as well as pathological
conditions (Kuttler and Mai, 2007; Byrd et al., 2016). Telomeric circles
(t-circles or c-circles) are extrachromosomal duplex or single-stranded
circular DNA molecules composed of (CCCTAA)(n) sequences. In-
tegration of t-circles in telomere repeats at the chromosome ends results
in telomere elongation; circular DNA forms can also be involved in the
rapid elongation of DNA ends in rolling-circle replication processes
(Nabetani and Ishikawa, 2011).

T-circles, which can be found in human immortalized and cancer
cells, rely on ALT pathways or high TA (Tokutake et al., 1998). In fact,
in cells showing high TA, extrachromosomal telomeric DNA circles can
be excised from the overextended chromosomal ends and released
outside the nucleus (Pickett et al., 2009). T-circles have been detected
in blood from patients with ALT+ tumors; their analysis may have
clinical value for their diagnosis and management (Henson et al.,
2009). Importantly, t-circles are also found in healthy tissue (Tomaska
et al., 2009).

Recent evidence indicates that telomeric sequences are also found in
cell-free (cf)-DNA, including biofluids such as plasma and serum
(Zinkova et al., 2017). Most of the DNA found in such biofluids is as-
sociated to nanovesicles, mainly exosomes, (Fernando et al., 2017;
Németh et al., 2017).

TERRA, the long non-coding RNA molecules deriving from tran-
scription of telomeric/subtelomeric regions, is enriched with 5′-
(UUAGGG)-3′ repetitions that are complementary to AATCCC, the
strand opposite to TTAGGG sequences. TERRA can therefore combine
with AATCCC strands, generating three-stranded nucleic acid structures
that contain a DNA:RNA hybrid molecule and a displaced DNA strand
(Balk et al., 2014). These structures are localized at the level of R-loops
and are involved in telomere homeostasis (Toubiana and Selig, 2018).
In contrast, UUTCCC molecules, the RNA sequence complementary to
TTAGGG, are not related to telomere DNA:RNA hybrids in human cells.

Notably, cf-TERRA – which is shorter (measuring about 200 nt) and
more stable than TERRA associated to telomeric DNA in the nucleus –
has also been detected in extracellular vesicles. These characteristics
suggest that some extrachromosomal telomere-related sequences may
be RNA and/or DNA:RNA hybrids (Wang and Lieberman, 2016) (see
Fig. 1).

In eukaryotic cells, telomeres and TERRA can fold into G-quad-
ruplexes (G4s), which are characterized by four G combined through
non-canonical Hoogsten hydrogen bonding to generate planar struc-
tures called tetrads (Martadinata et al., 2011; Wang et al., 2018a) (see
Fig. 1). Two or more tetrads can overlap and interact with each other
via π-stacking, generating stable G4s. Experimental studies and bioin-
formatics predictions support the view that G4s are involved in several
cellular functions such as telomeric DNA elongation, recombination,
and transcription, and RNA post-transcriptional mechanisms (Cammas
and Millevoi, 2017).

Whereas the location of telomere sequences and TERRA in the nu-
cleus is well known, it is more difficult to describe the cytoplasmic
localization of telomere repeats and TERRA.

It has been hypothesized that a cytoplasmic location of TAGGG may
exert a suppressive effect on innate immune cells due to their ability to
form G4s (Gursel et al., 2003). Colocalization of CpG DNA with toll-like
receptor (TLR) 9 in endosomal vesicles is disrupted by TTAGGG telo-
meric repetitive elements, although cell binding and uptake remain
unchanged, suggesting that specific host-derived molecules can down-
regulate the innate immune response elicited by a TLR ligand.

While cytoplasmic (cy-) or cf-telomeric sequences seem to restrain
inflammation, TERRA found in extracellular fractions can stimulate
innate immune signaling (Wang et al., 2015). TERRA can be activated
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through a p53-response element embedded in a retrotransposon-like
repeat found in human subtelomeres. TERRA secretion in extracellular
vesicles serves as a danger signal, inducing the production of in-
flammatory cytokines in neighboring cells (Wang et al., 2017c). These
findings suggest that TERRA may be part of the innate immune re-
sponse to viral infection and that exosomes containing cf-TERRA carry a
telomere-associated molecular pattern and telomere-specific alarmin
from dysfunctional telomeres to the extracellular environment to elicit
an inflammatory response (Wang and Lieberman, 2016).

Recently, we have hypothesized that telomeric sequences may be
important components of the cy- and cf-DNA payload and that changes
in a variety of biochemical features of cy- and cf-DNA (e.g. the pro-
portion of DNA hybridized with RNA and the amount of 5-methyl-
deoxy-cytosine and 8-oxo-deoxy-guanosine) can affect the ability of
these DNA pools to ignite the innate immune system (Storci et al.,
2018).

Notably, the localization of telomeric sequences in the cellular and
extracellular compartment adds a further layer of complexity to telo-
mere measurement, because different extraction/separation procedures
may affect their reciprocal amounts (Komosa et al., 2015).

3. Telomeres and aging

A number of epidemiological studies have found a significant as-
sociation linking telomere attrition, aging, and several biological out-
comes including morbidity and mortality (Gorenjak et al., 2018; Gao
et al., 2018). Short leukocyte TL (LTL) has been identified as an in-
dependent risk factor for functional decline in elderly European popu-
lations (Montiel Rojas et al., 2018) and has been found to be associated
to altered fatty acid metabolism and increased oxidative stress in
human aging (Zierer et al., 2016). Epidemiological studies provide
support for a putative effect of dietary components and exercise on TL
and the aging process (Mundstock et al., 2015a; Freitas-Simoes et al.,
2018). An association has also been reported between telomere attrition
and body mass index gain, suggesting potential pathways linking
adiposity and aging outcomes (Müezzinler et al., 2016; Wulaningsih

et al., 2018). However, these associations have been described in works
performed with different methodological approaches, of which few
were prospective; adequately powered randomized controlled trials are
therefore warranted. For all these reasons, the causal relationships be-
tween important functional parameters and TL remain an open question
(Mundstock et al., 2015b; Pérez et al., 2017).

Recent evidence suggests that TL may not be a useful clinical marker
of functional aging in older adult populations, whereas it may play a
crucial role in longitudinal studies involving young and middle-aged
populations (Brown et al., 2018). Since the trajectories of aging begin to
diverge as early as in young adulthood (Belsky et al., 2015), it is critical
to assess the contribution of telomere-related variations to the diverse
aging pathways. Although telomeres shorten during aging, different cell
types may have a diverse telomere attrition rate (TAR), i.e. a different
rate of tissue and organ aging. A yearly TAR of ˜25 base pairs during
aging has been reported in blood leukocytes, mononuclear cells, and
isolated T and B lymphocytes (Müezzinler et al., 2013), whereas high
interindividual TAR variation has been described in some longitudinal
studies (Chen et al., 2011; Lin et al., 2015).

The marked heterogeneity of health outcomes seen in older in-
dividuals suggests that although “chronological” age is a major risk
factor for functional impairment, “biological” age may be a more ac-
curate predictor of the rate of aging (Lowsky et al., 2014). TL is cur-
rently the most extensively investigated biological age predictor, al-
though new predictors, e.g. the epigenetic clock, are emerging (Jylhävä
et al., 2017). Mounting evidence suggests that the various biological
age predictors may reflect different aspects of the aging process, even
though links between the various biomarkers are likely (Vetter et al.,
2018). At present, the most stimulating area in telomere research is the
study of how progressive TS induces epigenetic alterations and changes
in gene expression associated to human healthy and unhealthy aging
(Shay, 2018). In this scenario, combinations of the diverse predictors
may shed light on the complexity of the aging process and help to
improve the estimation of aging trajectories. Composite scores in-
tegrating molecular and physiological data have been proposed to
measure biological aging in humans (Khan et al., 2017; Belsky et al.,

Fig. 1. Telomere-related molecules in cells (nucleus and cytoplasm) and exosomes.
Telomeric sequences can have a number of possible localizations not only in cells (nucleus and cytoplasm) but also in nanovesicles.
DNA, TERRA, DNA:RNA hybrids, and telomerase are not independent molecules: their structures and temporal relationships are closely regulated by key complexes
such as shelterin and snoRNPs, besides the transcription machinery. However, these important parameters cannot be depicted here.
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2018).
Growing evidence also suggests that the association of LTL to

functional impairment, i.e. frailty, may be driven by the unfavorable
effect of having short telomeres, rather than reflect a linear dose-re-
sponse relationship. Short telomeres, rather than TL per se, may thus be
an informative biomarker of aging and ARDs (Montiel Rojas et al.,
2018; Haapanen et al., 2018). Several findings indicate that short tel-
omeres precede the clinical manifestation of the most common ARDs,
such as type 2 diabetes and atherosclerotic disease (Toupance et al.,
2017).

Overall, even though the factors involved in TAR and the pleiotropic
roles of telomeres are not entirely clear, TL is being widely used as a
biomarker of the aging process, and intense effort is being devoted to
translating TL values into information that can be employed in clinical
practice (Hastings et al., 2017). However, translation from the bench to
the beside is being hampered by a number of biological factors, in-
cluding the dependence of TL on genetic, epigenetic, environmental
and behavioral factors, as well as by technical aspects such as pre-
analytical issues and poor standardization of TL measurement techni-
ques (Danese and Lippi, 2018). With regard to the latter question, since
current measurement methods have been developed for use in mole-
cular biology laboratories, reliable and robust TL estimation requires a
high level of technical understanding and competence. Since re-
searchers involved in areas other than cell biology, including phy-
siology, psychology, evolution and ecology, have become interested in
telomere biology and dynamics (Nussey et al., 2014; Conklin et al.,
2018), we feel it is important for all those who work in these varied
fields to become familiar with the most common TL measurement
techniques and to be aware of their respective advantages and draw-
backs.

4. Measurement of telomere length: analytical caveats

A variety of techniques are employed to measure TL; they include: i)

Southern blot analysis of terminal restriction fragments (TRFs), which
measures the length distribution and average TL in biological samples;
ii) fluorescence in situ hybridization (FISH), including Q-FISH and flow-
FISH; iii) polymerase chain reaction (PCR)-based methods like quanti-
tative (q)PCR, Single TElomere Length Analysis (STELA), and Telomere
Shortest Length Assay (TeSLA); and iv) whole genome sequencing
(WGS)-based techniques.

Although Southern blotting is the gold standard technique for TL
measurement, the methods used most frequently in clinical and epi-
demiological studies are qPCR and FISH. Since the correlations among
Southern blotting, FISH, and qPCR data from different laboratories can
show different strength, laboratory-specific internal validation is clearly
essential (Khincha et al., 2017).

The most commonly used matrix for TL measurement is still venous
blood, although less invasive DNA collection methods are increasingly
used. However, too little is known about how TL values relate in dif-
ferent samples. A recent study of three matrices – whole venous blood,
finger-prick dried blood spot (DBS) and saliva – has shown that DBS and
saliva are viable alternatives to invasive venous blood draws (Stout
et al., 2017). Notably, TL values were higher in saliva than in whole
blood or DBS.

Notably, all TL measurement techniques have been developed at a
time when telomeric sequences were believed to be measureable only in
the nucleus of eukaryotic cells. Now that TL has been found to provide
much more complex biological information, it would be useful to dis-
tinguish between TL measured in the nucleus and in the other intra- and
extracellular compartments. The difficulty of applying some of the
techniques devised for the nucleus to sequences found in extra-
chromosomal compartments suggests the need for novel technical ap-
proaches.

Since all TL measurement methods suffer from considerable weak-
nesses, several analytical caveats must be resolved before they can be
put to routine use (Tarik et al., 2018; Lai et al., 2017, 2018).

The most commonly used methods and their technical drawbacks

Fig. 2. Most commonly used techniques employed to measure TL.
Schematic representation of the most common techniques employed to measure TL: 2a) Southern blotting-RTF; 2b) PCR-based methods; 2c) STELA; 2d) FISH.
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are briefly reviewed below and depicted in Fig. 2 (2a, Southern blot-
ting- TRF; 2b, PCR-based methods; 2c, STELA; 2d FISH).

4.1. Terminal restriction fragment (TRF) technique

This is a modified Southern blotting approach that measures the TL
range in a cell population using the TRF length distribution expressed in
kilobases (Fig. 2a) (Harley et al., 1990; Ouellette et al., 2000). It is one
of the earliest TL assessment tools and has become the gold standard in
telomere biology. DNA is extracted, digested, resolved by gel electro-
phoresis, transferred to a membrane, hybridized with labeled probes,
and quantified. Though precise and highly accurate, it requires a con-
siderable amount of intact genomic DNA and provides only an average
TL for a population of cells (Kimura et al., 2010). The use of this time-
consuming, expensive, and labor-intensive technique, which also re-
quires high DNA concentrations, is therefore generally limited to stu-
dies involving limited number of samples. Southern blot analysis has
recently been proposed to monitor the addition of telomeric sequences
to single, newly generated telomeres in vivo (Bonetti and Longhese,
2018).

4.2. qPCR technique

qPCR is widely used in epidemiological studies, because it quickly
provides mean relative TL (RTL) and requires small amounts of DNA
(about 20 ng/reaction) (Fig. 2b). Introduced by Cawthon (2009), it
achieves telomeric DNA detection through fluorescent signals (T) using
partially mismatched primers. Telomeric DNA is normalized to a single-
copy housekeeping gene (S) amplified in the same sample, and the T/S
ratio is computed as a measure of RTL. A successive, improved version,
Monochrome Multiplex Real-Time PCR (MMQPCR), requires a smaller
amount of DNA. Amplification of both telomeric DNA and the single-
copy gene in the same well of a plate reduce variability compared with
monoplex PCR. Since the use of single-copy genes does not ensure op-
timal data normalization in cancer DNA, new primer sets have been
developed to obtain a more precise evaluation of RTL (Dahlgren et al.,
2018).

The chief drawback of measuring TL by qPCR is primer design. The
repetitive nature of telomeres involves that primers can crosslink,
giving rise to dimers and non-specific PCR signal. The problem can be
overcome using samples with a good initial amount of template, since
low template concentrations may generate non-specific signal.
However, intra- and intersample variability can be high, and the wide
range of the coefficient of variation described by a number of studies
suggests limited reproducibility (Martin-Ruiz et al., 2015). Moreover,
certain methodological conditions are known to affect TL measurement.
For instance, some PCR master mixes can influence result specificity
and consistency (Jiménez and Forero, 2018). Given the availability of
different PCR mixes, the presence of stabilizers for the newly synthe-
sized double-stranded DNA should carefully be checked (Wang et al.,
2004). Another limitation of qPCR is that it provides a relative value
(RTL) per genome rather than an absolute value in kilobases. This is a
problem, given the limited number of comparative studies that have
been conducted to validate qPCR with the gold standard Southern
blotting. Although significant positive correlations have been reported
between TL measured by qPCR and Southern blotting, experimental
discrepancies do impact TL analysis, requiring optimization of PCR
conditions (Tarik et al., 2018). Notably, the difficulty of comparing RTL
values entails that only trends can be compared between studies.

Despite these important caveats, TL measurement by PCR is the
most widely used method in epidemiological studies, and blood and
saliva are the most common matrices in studies of large numbers of
samples. The Genetic Epidemiology Research on Adult Health and
Aging (GERA) has analyzed TL in 110,266 DNA specimens extracted
from saliva (Lapham et al., 2015) using a novel high-throughput robotic
system for TL and informatics analysis. Samples were run in triplicate

along with control samples; within-sample variability was limited by
employing thresholds to eliminate outlying measurements. Interest-
ingly about 99% of samples passed all quality control measures. An-
other common matrix used for TL measurement by qPCR is leukocytes.
LTL analyzed in 12,199 adults participating in two population-based
prospective cohort studies in Europe (ESTHER) and the United States
(Nurses' Health Study) was found to be associated to all-cause, cardi-
ovascular disease (CVD), and cancer mortality (Mons et al., 2017).

Notably, DNA extraction methods have a pronounced influence on
TL values, which in some circumstances can result in spurious or lost
associations in epidemiological studies (Raschenberger et al., 2016). A
recent meta-analysis of LTL and all-cause mortality suggests that the
accuracy of the TL measurement technique used affects risk assessment
(Wang et al., 2018b). Whereas qPCR provides reliable TL analysis in
blood and saliva, this is not true of cancer cell DNA, because use of
single-copy genes in conditions of genomic instability, which is typical
of cancer cells, may affect the accuracy of normalization. Dedicated
primer sets have recently been developed to achieve RTL measurement
in cancer cells (Dahlgren et al., 2018).

The discovery of cf-DNA/RNA has raised the problem of detecting
telomeric sequences in samples, such as microvesicles and exosomes,
that contain very diluted template sequences, since in these cases qPCR
efficiency may also be reduced. Moreover, no single-copy genes have
yet been validated for cf-telomere estimation.

A more detailed description is required for STELA (Fig. 2c), which
allows assessing the length of a chromosome subset, and TeSLA, which
enables TL measurement in the subset of the shortest telomeres, i.e.
those induced by sudden TS due not to cell replication but to breaks
resulting from the action of stressors (Lai et al., 2017). TeSLA has been
developed to overcome the problems posed by telomere repeat se-
quences (TRSs) in detecting abrupt TS in a single chromosome. STELA
is labor-intensive and unsuitable for testing large numbers of samples.
However, STELA data may have prognostic implications in the clinical
assessment of disease cells, e.g. to predict clinical outcome in patients
with chronic lymphocytic leukemia (Lin et al., 2014) or myelodys-
plastic syndrome (Williams et al., 2017).

4.3. Probe-based non-PCR methods

Probe-based TL assays, which involve the use of probes for telo-
meres (T) and a reference gene (R) for a given DNA sample, may pro-
vide a cost-effective approach to measure TL in extracted DNA samples
(Kibriya et al., 2014). A novel, accurate, high-throughput, pooled-
sample multiplex Luminex assay suitable for large-scale studies has
recently been described (Jasmine et al., 2018).

4.4. Fluorescence in-situ hybridization (FISH) techniques: Q-FISH and flow-
FISH

Q-FISH is a molecular cytogenetic method that can be employed to
obtain information from metaphase or interphase cells, depending on
the sequence of the fluorochrome-conjugated probe used. FISH methods
can be used to measure TL in subsets of cells separated from fresh blood
or from tissues (Fig. 2d) (Perner et al., 2003). Whereas the telomeres of
each chromosome arm can provide heterogeneous staining results due
to a different number of telomeric repeats, those found on the two sister
chromatids generally display nearly identical intensities. The use of
telomeric probes allows probe binding to its target to be identified by a
distinct fluorescent signal within the cell nucleus. Synthetic DNA/RNA
analogs capable of binding to DNA/RNA in a sequence-specific manner
have been proved to yield more sensitive and specific TL measurements
than DNA probes (Marchesini et al., 2016).

Since correct interpretation of the fluorescence signal requires a
fluorescence microscope, FISH techniques require expensive equipment
that may not be available at all laboratories.

Flow-FISH, first described in 1998 (Rufer et al., 1998), utilizes the
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quantitative properties of telomere-specific probe retention to quantify
median fluorescence in a population of cells via use of a flow cytometer
instead of a fluorescence microscope. TL measurement by flow-FISH
can have clinical relevance in specific clinical indications and selected
settings, e.g. patients with mutations in some inherited genes (Alder
et al., 2018). Flow-FISH has demonstrated excellent diagnostic sensi-
tivity in measuring TL in patients with short telomere syndrome (STS).
STSs are accelerated aging syndromes caused by heritable gene muta-
tions which result in TS. For instance, RTL measurement by qPCR is not
optimal to diagnose dyskeratosis congenital, an STS characterized by
inherited bone marrow failure and cancer susceptibility caused by
germline mutations in telomere biology genes (Gadalla et al., 2016); in
these patients LTL analysis by flow-FISH is the recommended molecular
diagnostic test (Gutierrez-Rodrigues et al., 2014). Flow-FISH can also
be applied to measure TL in stored samples.

4.5. Whole genome sequence (WGS)-based technique

WGS-based TL measurement supplies reliable sequencing reads
from telomeres (Castle et al., 2010; Parker et al., 2012). However, their
standard alignment to the reference sequence provides limited in-
formation on the region of origin, due to the repetitive nature of telo-
meric regions and to the fact that in the human reference sequence the
ends of most chromosomes are simply stretches of Ns, which stand for
unknown nucleotides. Methods have been developed to measure
average TL from whole genome or exome shotgun sequence data (Ding
et al., 2014) and to provide simultaneous TL measurement and global
transcriptome analysis in the same cell (Wang et al., 2017a). The chief
challenge for using next-generation sequences (NGSs) to measure TL is
the need for bioinformatics expertise and softwares to decipher massive
datasets. Several bioinformatics tools that adopt different approaches to
identify, quantify, and normalize telomeric reads – like Motif_counter,
TelSeq, Computel, qMotif, and Telomerecat – have been designed to
determine telomere content and TL from NGS data (Lee et al., 2017;
Farmery et al., 2018). Direct comparison of these WGS-based telomere
measurement tools has shown that their best motifs all yielded similar
performances when used to measure telomere content (Lee et al.,
2017). In contrast, calculations using the best motif for TelSeq and
Computel, the two tools that produce a TL estimate, were significantly
lower and did not correlate well with TL measurements by TRF analysis
(Lee et al., 2017).

Other important factors that should be considered when comparing
WGS-based telomere measurement techniques are tool accessibility,
ease of tool use, the time required to analyze one sample, and multi-
threading ability (Lee et al., 2017).

Telomere Dysfunction-Induced Foci (TIF) (Takai et al., 2003; de
Lange, 2002; Karlseder et al., 1999) and Extrachromosomal DNA
(Tokutake et al., 1998; Cohen and Méchali, 2002; Cesare and Griffith,
2004; Henson et al., 2009; Schvartzman et al., 2013; Komosa et al.,
2015; Moye et al., 2015; Henson et al., 2017) analysis are not quanti-
tative techniques and are not optimized for epidemiological studies.
Separation of extrachromosomal DNA depends on sample preparation,
DNA/RNA extraction procedures, and DNAse or RNase treatment, ac-
cording to the compartment being assessed.

4.6. TL heterogeneity

TL heterogeneity has been detected in various cell types, including
stem and cancer cells and can directly influence the frequency with
which chromosomes undergo telomeric fusion and subsequent
breakage-fusion-bridge cycles (Londoño-Vallejo, 2004). Single-cell
analysis technology has recently been developed and effectively em-
ployed to investigate TL heterogeneity. Single-cell analysis of TL, i.e.
STELA, where each amplicon is derived from a single telomeric mole-
cule from a single cell, can disclose the full detail of TL distribution.
Notably, STELA measures TL within the length ranges observed in

senescent cells (Garcia-Martin et al., 2017), providing a new tool to
explore the relationship between TL and the aging process.

5. TERRA and aging

The role of TERRA has been an outstanding issue in telomere
biology for the past decade, mainly due to lack of knowledge of its loci.
New insights suggest that TERRA molecules can be transcribed from
nearly all telomeres in mammalian cells, always in centromere to tel-
omere direction; they also suggest the involvement of subtelomeric
regions – transcriptionally active genomic regions that give rise to long
non-coding RNAs whose size ranges from 100 to 9 kb according to the
position of the transcription starting site (Diman and Decottignies,
2018). These transcripts often display a cap structure added at the 5′
end, and only 7% of these transcripts are polyadenylated (Oliva-Rico
and Herrera, 2017).

Cf-TERRA sequences have also been detected in human blood and
serum, especially as exosome-associated molecules: the secretory phe-
notype characterized by release of cf-TERRA has been called TASP
(TERRA-associated secretory phenotype) (Wang et al., 2015). Since
high TERRA levels may be detected in human tumor tissue, they may
prove to be innovative cancer biomarkers (Arora et al., 2014).

Notably, TERRA forms RNA:DNA hybrids at the chromosome ends
and can fold into G-quadruplexes (Balk et al., 2014). Experimental
evidence has shown that TERRA can also form higher-order structures
based on parallel G4 units (Martadinata et al., 2011).

A mounting number of human diseases are being associated to ab-
normal G4 RNA regulation, suggesting the potential relevance of G4s to
human health. Recent work supports the notion that G4s in the pro-
moter regions of oncogene and telomere DNA could be therapeutic
targets in cancer patients (Kaulage et al., 2018).

5.1. Measurement of TERRA: analytical caveats

The major problem in TERRA measurement is that transcription can
start from the subtelomeric regions of all chromosomes. A number of
primers specific for different subtelomeric regions have been used, in-
cluding primers matching the 1q, 2q, 3p, 7p, 10p, 10q, 12q 13q, 14q,
15q, 17p,17q, 18p, XqYq, and XpYp chromosome, (Feretzaki and
Lingner, 2017; Wang et al., 2015). However, some loci seem to be more
involved in TERRA transcription than others. Chromosomes 20q and Xp
have been suggested to be the main TERRA loci in human cells
(Montero et al., 2016).

The techniques used most commonly to quantify TERRA sequences
are briefly described below and are depicted in Fig. 3 (3a, RT-PCR; 3b,
Northern blotting; 3c, RNA dot blotting; and 3d, G-quadruplex detec-
tion with specific antibodies).

5.1.1. RT-qPCR
RT-qPCR is currently the fastest and most practical quantitative

analysis technique for TERRA measurement.
The initial reverse transcription that yields cDNA can require a

different amount of starting RNA, depending on the sample (Feretzaki
and Lingner, 2017). DNAse treatment is required after RNA extraction
(Iglesias et al., 2011), to ensure the quality and concentration of the
starting sample, which can greatly affect results. Contamination with
salt, ethanol, or proteins can strongly influence the performance of the
downstream application.

Reverse transcription primers can be five repetitions of the oligo-
nucleotide CCCTAA, random hexamers, or different set of primers.
Poly-T, which is frequently used for reverse transcription of mRNA, is
unsuitable due to the lack of TERRA transcript polyadenylation.
GAPDH, U6snRNA, 36B4, GUSB, actin, and 18S have been described as
suitable reference genes.
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5.1.2. Northern blotting
Northern blotting can detect the overall amount of TERRA tran-

scripts, but unlike RT-qPCR it cannot measure minor changes in tran-
scription or quantify TERRA levels in single chromosomes (Feretzaki
and Lingner, 2017).

RNA extracted from samples is denatured and electrophoresed on
agarose formamide gel, since the size of cf-TERRA is about 200 bp.
Next, RNA can be transferred onto a blotting membrane and cross-
linked to it using UV radiation. For RNA detection, the blot is hy-
bridized using labeled probes specific for TERRA sense and antisense
strands; 18S and U6 RNA have been used for normalization (Wang
et al., 2015).

5.1.3. RNA dot blotting
RNA dot blotting is a simplification of Northern blotting. It does not

require gel electrophoresis and it makes it possible to analyze different
samples with different concentrations in a single test.

Extracted RNA is denatured using high temperatures or denaturing
solutions, dotted on a charged nylon transfer membrane, and cross-
linked to it by UV radiation. Subsequent steps involve a radiolabeled
probe, washes in buffer to remove excess probe, and RNAse A treatment
to eliminate single-strand RNA. The most common probes for TERRA
detection are CCCTAA repeats labeled at their 5′ end with 32P-γ-ATP by
T4 polynucleotide kinase (Koskas et al., 2017).

5.1.4. RNA-FISH
RNA-FISH is used to analyze the cellular localization of TERRA by

hybridizing detergent-extracted nuclei with a fluorescently labeled
probe. It can even be used after immunofluorescence. Different probes,
including C-rich peptidonucleic acid (PNA) coupled with a cyanine 3
fluorochrome, a fluorescently labeled probe containing CCCTAA re-
peats, or a light switching pyrene probe, can be used for hybridization
to identify TERRA G4s in living cells (Koskas et al., 2017; Xu et al.,
2010).

5.1.5. Detection of G-quadruplexes
G4s can be detected using engineered antibodies, such as clones

1H6 and BG4, which have specificity for the structure, not the se-
quence. These antibodies are used to detect the cellular localization of
G4s by immunofluorescence. Since detection is based on structure,
different types of G4s, e.g. DNA:RNA (hybrids), RNA-RNA, and DNA-
DNA, can be identified.

Other critical aspects concern the labeling obtained with BG4 using
different fixatives. Cytoplasmic TERRA is preferentially detected by
fixation with PFA-Triton X-100, whereas nuclear quadruplexes (TERRA
or DNA-DNA) can be detected by MeOH fixation (Laguerre et al., 2016).
S9.6 is another monoclonal antibody with high affinity for DNA-RNA
G4s formed at R-loops, because it is both structure- and sequence-spe-
cific. Maximum affinity is obtained with 52% of GC in the target se-
quence, whereas weak or no binding is obtained with amounts lower

Fig. 3. Most commonly used techniques employed to quantify TERRA sequences.
Schematic representation of the three most common techniques employed to measure TERRA: 3a) RT-PCR; 3b) Northern blotting; 3c) RNA dot blotting (a sim-
plification of Northern blotting that does not require gel electrophoresis); 3d) G-quadruplex detection with specific antibodies. G-quadruplex can be detected using
engineered antibodies, such as clones 1H6 and BG4, which have specificity for the structure, or S9.6, which has specificity for structure and sequence.
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than 25% or higher than 75% (König et al., 2017). Unfortunately,
commercial kits including these antibodies are currently not available.

6. TA activity and aging

Telomerase is the only enzyme that can elongate a telomeric DNA
chain to compensate for TS. It is different from other polymerases,
because it involves a distinctive, reiterative reuse of an internal single-
stranded telomeric template (Wu et al., 2017). Notably, the human
TERT gene may be capable of autoregulation, because it is located very
close to the telomere end of the chromosome, ˜ 1.2 Mb from the 5p end.

Most somatic cells lack TA; exceptions include embryonic tissue,
stem cells, reproductive organs, and some rapidly regenerating tissues.
Since TA is seen in 80–90% of tumor cells, its value as a diagnostic/
prognostic tumor marker has prompted the development of reliable and
standardized assays. As noted above, in somatic cells TA usually de-
clines after birth; the successive cell divisions gradually lead to TS and
trigger cellular senescence (Kim and Shay, 2018).

Most studies have investigated cells that express high levels of
TERT, such as immortalized and cancer cells. However, TA regulation is
a dynamic process also in normal human cells, suggesting that active
telomere maintenance is required for the proliferation of normal cells
(Masutomi et al., 2003). However, the role of telomerase in normal
senescent cells has not been analyzed in depth. Reduced TERT protein
levels and reduced TA have been described in senescent primary cul-
tures of adult human dermal fibroblasts (HDFs) (Yehuda et al., 2017).

Telomerase activation/replacement has potential in treating pa-
tients with telomere maintenance deficiency syndrome as well as in
tissue engineering approaches designed to treat degenerative conditions
that are associated to normal aging. Telomerase-deficient mice have
been proposed as a model to study the adverse cellular and organismal
consequences of widespread DNA damage signaling activation in vivo.
Telomerase reactivation in such mice extends TL, reduces DNA damage
signaling, and eliminates degenerative phenotypes in multiple organs
(Jaskelioff et al., 2011). Conversely, clinical research work is focusing
on telomerase inhibition therapies to treat tumors, which induce telo-
merase overexpression by overcoming the short telomere barrier to
unrestricted proliferation (Fleisig and Wong, 2007). Since telomerase-
complex components are upregulated in most tumor cells, TERT re-
striction is a potential therapeutic option (Kim et al., 1994). Given that
most somatic cells show low TA, selective inactivation of telomerase
expression in cancer cells fails to influence most normal cells, sug-
gesting that telomerase is a good target for cancer therapy (Sprouse
et al., 2012).

TA is also considered as a biomarker for cardiovascular aging and
CVD. Recent studies suggest a link between statins and telomere
biology that may be explained by the anti-inflammatory actions of
statins (Strazhesko et al., 2016).

Overall, TL and TA regulation is a complex and dynamic process
that is impaired in patients with ARDs.

A greater understanding of the mechanisms underpinning telo-
merase regulation and the development of reliable TA assessment
technologies is essential to help research in therapeutic strategies for
telomerase modulation. A number of TA determination techniques,
including those devised most recently, are described below. However,
not all of them are suitable for epidemiological and clinical studies.

6.1. TA measurement: analytical caveats

TA detection assays can be divided into two main groups: those
based on direct detection of telomerase products and those based on
different systems of product amplification (Skvortsov et al., 2011). New
bioanalytical methods based on direct detection of telomerase products,
such as PCR-free assays, isothermal amplification, and Single Molecule
Stochastic Binding assay, have recently been applied to TA detection
not only in cells and tissues, but also in body fluids (Zhang et al., 2017a,

2017b; Su et al., 2017).
Multiple approaches have also been proposed to assess telomerase

gene activity, including engagement of TERT alternative splicing, TERT
gene amplification, and epigenetic changes (reviewed in Shay, 2016).
Interestingly, some human TERT mutations/deletions have been asso-
ciated to premature aging diseases, and patients carrying mutations in
genes crucial for telomere maintenance show accelerated aging phe-
notypes (Chu et al., 2016). Recently, alterations in the gene encoding
human TERT have been identified as points of interest for elucidating
the oncogenic mechanism of several different cancer types (Bollam
et al., 2018).

6.2. TA determination assays based on direct detection of telomerase
products

6.2.1. TA detection using direct incorporation of a radioactively labeled
substrate

The earliest TA detection method was based on the use of radio-
active labeling without additional amplification (Blackburn et al.,
1989). The method is still employed for qualitative determination of TA
in cell line extracts. Since radioactive substances are complex and
dangerous to use, new methods that do not use radioactive substances
have been developed. Some of these approaches are briefly described in
Table 1a.

6.3. TA detection assays based on telomerase product amplification

6.3.1. Telomere repeat amplification protocol (TRAP)
The Telomere Repeat Amplification Protocol (TRAP) is a widely

used assay to determine TA in mammalian cells, tissues, and other
biological samples (Kim et al., 1994). It involves three steps: extension,
amplification, and detection of telomerase products. In the extension
step, telomeric repeats are added to the telomerase substrate. In the
amplification step, the extension products are amplified by PCR using
specific primers (Wege et al., 2003). In the detection step, TA is esti-
mated by electrophoretic analysis of the extension products. However,
since amplification is often associated to poor reproducibility and high
background, it is unsuitable for diagnostic applications. The main
analytical challenges include throughput, the replacement of radio-
active labels with non-labeled compounds, the reduction of the amount
of side product, the elimination of primer-dimer artifacts and of false-
positive amplification products, and the reduction of intra- and inter-
sample variation (Wu et al., 2000; Skvortsov et al., 2011). Techniques
employed to quantify telomerase activity (TA) were depicted in Fig. 4.

The main changes made to the basic TRAP protocol are summarized
in Table 1b.

7. Biological variables related to TL, TERRA, and TA

Although TL is the area characterized by the largest number of
applications, it is likely that similar biological, disease-mediated pro-
cesses will be found to be relevant to TERRA and TA, which are in-
terconnected.

Age, gender, and ethnicity have been found to be significantly as-
sociated to TL; for instance, the female gender and an African or
Hispanic origin have been associated to a predisposition to have longer
telomeres compared to the male gender and a European origin (Gardner
et al., 2014; Hansen et al., 2016). Significant but weak correlations
have also been described between LTL and hematological parameters
(Meyer et al., 2016). A number of biomarkers related to a variety of
physiological processes are also strongly associated to accelerated TS;
however, the complex relationships between TL and the other chemical
and clinical biomarkers are only beginning to be understood (Barrett
et al., 2015).

The significant associations between inflammaging and telomere
attrition, reported by several studies, suggest that TS is related to an
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enhanced susceptibility to the development and progression of ARDs,
such as type 2 diabetes, CVD, and cancer (Bonfigli et al., 2016; Testa
et al., 2011; Wang et al., 2016; Jose et al., 2017). With regard to cancer,
long telomeres have been associated to an increased risk of several
cancers; however, emerging data suggest that short telomeres might
predict poor survival in cancer patients (Zhang et al., 2015;
Rachakonda et al., 2018). Association studies of TL and cancer have
identified significant, but not clinically relevant, differences in TL be-
tween cases and controls (Savage, 2018). A recent meta-analysis has
highlighted that the inconsistent effect of TL on cancer outcomes may
be due to different measurement methods (Adam et al., 2017; Wang
et al., 2017b). Therefore, standardization of TL measurement and re-
porting has the potential to enhance the prognostic value of TL in
human diseases.

A significant relationship, reported among exposure to factors pro-
moting inflammation or oxidative stress (smoking) and shorter telo-
meres (Astuti et al., 2017), has been confirmed in the offspring of

smoking mothers (Oerther and Lorenz, 2018). A recently described
association between accelerated telomere attrition and marked weight
gain in middle life suggests the importance of lifetime weight man-
agement to preserve functional telomeres (Hang et al., 2018). None-
theless, the inconsistent effects of weight loss on TL and DNA repair
indicate that interventions and assays should be reassessed (Himbert
et al., 2017).

Different age-related telomere attrition trajectories and circulating
inflammatory cytokine levels have been described in aging individuals
(Lustig et al., 2017). This is not unexpected, since a number of stressors,
including infectious agents, microbiota composition, cellular senes-
cence, and misplaced nucleic acids (DNA/RNA), can promote TS in
immune cells as well as in other somatic cells, fueling inflammation.
These stressors are so closely interconnected that the respective effects
are difficult to unravel. This could be one of the weakness of the studies
exploring the relationship linking stressors, inflammaging, and TL: only
the integrated analysis of a number of components in the same

Table 1a
Some of the most relevant modification of TA detection assays based on direct detection of telomerase products.

Modifications of TA detection assays based on direct
detection of telomerase products

Brief description of the protocol References

Surface Plasmon Resonance (SPR) Surface Plasmon Resonance (SPR) can be applied to measure small local changes
in refractive index on metal layers, linked directly to alterations in concentration
on the surface. Biotin-conjugated oligonucleotides containing telomeric repeats
can be immobilized on the surface of a sensor pretreated with streptavidin ().
The oligomers associated with the telomerase extracts can be elongated and TA
can be calculated by measuring the SPR signals. The main limiting factors are
reaction time and sample concentration.

Maesawa et al., 2003

Detection of telomerase activity using oligo-modified
magnetic particles and nuclear magnetic resonance
(NMR)

Another physical phenomenon employed for TA detection is nuclear magnetic
resonance (NMR). Through a complementary interaction, the magnetic particles
bind the telomeric sequences synthesized by telomerase. The spin-spin
relaxation time is measured by a relaxometer. Since the formation of an
organized nanoparticle ensemble involves a change in the magnetic relaxation
time of surrounding water molecules, the magnetic field increases in presence of
nanoparticle ensembles and decreases with non-ordered ones. Since the change
reaches half of the maximum after 30 seconds and plateaus after 40-60minutes,
the analysis is fast, sensitive, and high-throughput.

Grimm et al., 2004

Quartz crystal microbalance technique (QCM) This highly sensitive method involves microgravitometric analysis of TA based
on the piezoelectric effect of quartz. The application of an alternating current
promotes the oscillation of a quartz crystal, whose resonance frequency is then
determined. Ligands on the crystal surface in a liquid environment can induce a
reduction in resonance frequency. Telomerase induces oligonucleotide binding
to the sensor’s surface.

Pavlov et al., 2004.

Biobarcode assay This approach uses magnetic particles, i.e. gold spheres, and two types of
oligonucleotides, complementary and non complementary to telomerase-
synthesized DNA. Binding of the electroactive complex [Ru(NH3)6]3+ to the
non-complementary telomerase-synthesized DNA chain permits quantitative
detection. The method can measure TA in cell line extracts but is not used in
tissues.

Li et al., 2010; Skvortsov et al., 2011

Optical biosensor assay The assay is based on the change in the refraction index induced by the amount
of telomerase products detected on the surface of the optical biosensor in real
time. A three-oligonucleotide system, i.e. a “cassette system” including a
sequence complementary to the RNA template of telomerase modifies the sensor
surface to avoid steric impediments and to ensure process reversibility.

Buckle et al., 1996;
Schmidt et al., 2002; Kulla and Katz,
2008

Quantum dots Nanoparticles are conductor or semiconductor particles that represent quantum
dots (QDs) in quantitative TA detection. Similar to the way a photon can be
emitted during the transition of an atom between energy levels, a photon can be
emitted during a transition in a quantum blot. In this system, photon absorption
and emission occur at specific wavelengths that are related to QD size (smaller
nanoparticles correspond to higher wavelengths). A modification involving a
thio group at the end of the telomere oligonucleotide bound to the QD makes it
capable of fluorescence when it absorbs a quantum with a wavelength of 400 nm
and emits a quantum with wavelength of 560 nm. When a modified fluorescent
oligonucleotide, TR-dUTP, is incorporated into telomerase DNA products bound
to the QD, a fluorescence energy transfer occurs with a higher wavelength
(610 nm). This method is not recommended for clinical materials.

Patolsky et al., 2003; Zavari-
Nematabad et al., 2017; Li et al.,
2018a, 2018b

Graphene oxide (GO)-based fluorescent
nanosensor

A fluorescent DNA is adsorbed on a GO surface that can bind dye-labeled single-
stranded DNA (ssDNA) complementary to the telomeric repeated sequence and
efficiently quench the fluorescence of the dye via fluorescence resonance energy
transfer (FRET). It is a rapid, sensitive and specific approach to detect
telomerase activity.

Zhang et al., 2018

Brief description of NMR, SPR, QCM, Biobarcode assay, Optical biosensor assay, Quantum dots, Graphene oxide (GO)-based fluorescent nanosensor protocols.
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subjects/patients could clarify the issue. Moreover, the complex sig-
naling affecting telomere balance during life requires multivariate
analysis approaches to test for associations between TL and multiple
biological variables; bias should be minimized especially in association
studies involving TL and ARDs and TL and psychological and bio-be-
havioral variables.

TL measurement is also a useful approach to evaluate the patho-
genicity of the genetic variants associated to telomere-related disorders.
STSs are often caused by heritable gene mutations that result in de-
creased TL (Norberg et al., 2018). Their diverse clinical presentation –
like bone marrow failure and idiopathic pulmonary fibrosis associated
to gene mutations involving TERT, TERC, and other genes – make STSs
a diagnostic challenge (Mangaonkar and Patnaik, 2018). Large-scale
molecular epidemiological studies have uncovered novel associations
between ARDs such as CVD, cancer, and impaired mental health, and
both TL and common genetic variants in telomere biology genes
(Savage, 2018).

Finally, it is conceivable that RNA-dependent factors will constitute
additional biological variables for TERRA and TA measurement, both of
which are RNA-dependent.

Advantages and disadvantages (sensitivity, specificity, number of
samples that can be managed, ease to use and suitability for clinical
studies) are reported in Table 2 for telomere length (TL), telomeric
repeat-containing RNA (TERRA) and telomerase activity (TA) mea-
surement techniques.

8. Conclusion

The outstanding challenge in telomere research is the development
of accurate and reliable measurement methods ensuring simple and
sensitive TL, TERRA, and TA detection. Reaching these goals requires

guidelines for the development of standardized and automated mea-
surement procedures. Studies of the reproducibility, accuracy, relia-
bility, and sensitivity of the different TL, TERRA, and TA measurement
methods at independent laboratories should be encouraged. Bench to
bedside translation of biological metrics related to the telomere world
requires the establishment of normal range values as well as critical
values for interpretation. This is essential not only in studies of in-
dividual molecules, but also to shed light on the associations of TL,
TERRA, and TA with physiological, psychological, and bio-behavioral
phenomena and human pathological conditions. These tasks are com-
plex and the data provided by the latest studies are not always clear and
conclusive. For these reasons TL, TERRA, and TA are still not included
in everyday clinical practice. Nevertheless, considerable progress has
been made, and researchers are increasingly close to finding the solu-
tions for better and faster measurement. Importantly, researchers un-
dertaking the study of telomeres should be aware of the methodological
problems involved in TL, TERRA, and TA analysis. Careful considera-
tion is warranted when selecting measurement methods for research or
clinical studies.

Notably, most of the sample material used for epidemiological stu-
dies is extracted banked DNA and/or RNA. Since the results of TL and
TERRA measurement are affected by extraction methods and degrada-
tion, sample quality checks are critical for correct measurement and
data interpretation.

Furthermore, RNA species detection in cells depends on metabolic
activity, and although it may not be detectable in resting blood, it may
be detected in tumor samples.

What is essential for future studies of the “telomere world” is that
researchers publish full details of their methods and the quality control
thresholds they employ. Notably, it is critical to be familiar with the
relationships between telomeres and a number of other variables if

Fig. 4. Techniques employed to quantify telomerase activity (TA).
Schematic representation of the most common techniques employed to measure TA. The methods are grouped into two major categories: those based on direct
detection of telomerase products and those based on different systems of amplification of these products (TRAP-based methods).
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errors generated by confounding variables that are not controlled for
are to be avoided.

Starting from the most recent evidence in telomere biology, we
hypothesize that combined TL, TERRA, and TA analysis may provide
highly reliable information to estimate the rate of cell, tissue and or-
ganismal aging and the risk of ARD development (Kim and Shay, 2018).
TL, TERRA, and TA have been associated singly to aging and a number
of common ARDs, yet no studies have evaluated them in an integrated
way, either using cellular or organismal models.

Although red blood cells and platelets are a significant source of
exosomes from blood, different cell types can release exosomes into
human plasma/serum, including endothelial cells, monocytes and as-
trocytes (Goetzl et al., 2017; Goetzl et al., 2016; Halim et al., 2016).

Plasma exosomes released by endothelial cells and monocytes should be
extensively investigated for telomeres and TERRA content, especially in
patients with ARDs.

9. Future perspective

A new geriatric medicine branch, geroscience, postulates that it
should be possible to delay the aging process and the onset of the most
common chronic ARDs (Vaiserman and Lushchak, 2017), and mounting
evidence suggests that the human healthspan could be increased by
nutraceutical or pharmaceuticals approaches (Gurău et al., 2018;
Klimova et al., 2018). The hypothesis has prompted the organization of
geroscience-guided therapeutic trials, e.g. TAME (Targeting Aging with

Table 1b
Some of the most relevant modifications made to the basic TRAP protocol.

Modifications of TRAP protocol Brief description of the protocol References

TRAP with a post-PCR hybridization
protection protocol (TRAP-HPA)

TRAP-HPA uses a probe labeled with covalently bound chemiluminescent
acridine to detect DNA after amplification and provides high-throughput
semi-quantitative determination of TA.

Hirose et al., 1997; Fajkus, 2006

Scintillation proximity assay (TRAP-SPA) TRAP-SPA enables detection of amplification products thought the
conjugation of telomerase products with biotin and amplification in presence
of [3 H] TTP.
Semi-quantitative determination can be obtained in large series of tissue and
cell line extracts. The main drawbacks are the use of tritium and PCR
artifacts.

Savoysky et al., 1996; Fajkus,2006

TRAP with Fluorescence Resonance Energy
Transfer (FRET)

FRET uses two primers (amplifluors) whose hairpin structure contains a
donor (fluorescein) and an acceptor (4’-dimethylaminophenyl-azobenzoic
acid. Its main advantages include the absence of radioisotopes, the limited
volume of the elongation products, the elimination of post-PCR processing,
the reduction of carryover contamination risk, and fast analysis.

Uehara et al., 1999;
Ding et al., 2010;
Kawamura et al., 2014; Fajkus,2006

TRAP combined with Enzyme-Linked
Immunosorbent Assay (ELISA)

TRAP-ELISA is a colorimetric qualitative and semi-quantitative assay, where
biotin conjugation of telomere-imitating oligonucleotide (TS) primers
permits binding of amplified DNA to streptavidin-coated microplates. This
step is followed by DNA denaturation and hybridization with digoxigenin
(DIG)-labeled probes specific for telomeric sequences. The addition of
polyclonal DIG antibodies conjugated to horseradish peroxidase prompts the
colorimetric reaction and enables TA detection. Some commercial kits
include positive and negative internal standards.
Since TRAP-ELISA is fast and allows analyzing multiple samples in a single
run, it is the most commonly used assay for TA determination in screening
studies.

Fajkus, 2006; Wu et al., 2000;
Sue et al., 2014

In situ TRAP In in situ TRAP the cell suspensions are immobilized on silane-coated slides.
PCR commonly uses FITC-labeled primers, and the final analysis is made
under a fluorescence microscope. Fluorescence intensity and localization are
employed to determine TA in individual cells (cancer cells usually show
bright fluorescence). In situ TRAP can also be used to obtain a semi-
quantitative determination of TA in tissue sections.

Skvortsov et al., 2011; Fajkus, 2006

Droplet Digital Telomere Repeat
Amplification Protocol (ddTRAP)

This is a two-step assay where cell lysates are analyzed by droplet digital PCR
(ddPCR). It involves the same steps as a conventional TRAP assay, except that
the PCR products are detected by ddPCR. This system has improved the
throughput, sensitivity, and reproducibility of the TRAP assay. As a
consequence, it can test a variety of cell types, including cell lines and
primary adult human cells, without radioactive compounds but with
comparable sensitivity.

Ludlow et al., 2018; Fajkus, 2006

Real-time Quantitative TRAP
(RQ-TRAP)

Real-time Quantitative TRAP (RQ-TRAP) uses fluorescent dyes (e.g.
PicoGreen or SYBR Green) to quantify double-stranded DNA products in the
PCR elongation and amplification steps. Its main advantage is that TA
quantification is achieved without any additional time-consuming steps
besides sample extraction and real-time cycling. The assay provides accurate
TA measurement, hence highly effective TA monitoring in cultured cells, and
can be used to analyze multiple samples. Its main disadvantages are the
inhibitory effects of PCR contaminants, the possibility that PCR reaction
saturation in the final step may level small TA differences compared to the
results of conventional TRAP, and the risk of false-positive signals.

Wege et al., 2003; Gelmini et al., 1998; Hou et al.,
2001; Saldanha et al., 2003; Hou et al., 2001;
Skvortsov et al., 2011; Fajkus, 2006

TRAP with isothermic transcription-
mediated amplification (TMA/HPA)

This approach provides a semi-quantitative determination of TA based on the
presence of a polymerase that uses synthesized DNA as a matrix for RNA
synthesis. Telomerase-synthesized DNA contains an additional sequence
acting as a substrate for reverse primer hybridization. This tecnique also
avoids the necessity of performing and evaluating polyacrylamide gel
electrophoresis of reaction products and it is characterized by high sensitivity
(1-1000 cells). Its main advantage is that it does not require sample heating.
The assay is sensitive to the presence of RNase.

Saldanha et al., 2003; Skvortsov et al., 2011

Brief description of TRAP HPA, TRAP-SPA, FRET, ELISA, in situ TRAP, ddTRAP, RQ-TRAP and TMA/HPA protocols.
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MEtformin) (Justice et al., 2018). However, ongoing studies highlight
the scarcity of well-vetted “rate of aging” biomarkers for human studies
and the need for such biomarkers to move from the assessment of
chronological age to the evaluation of physiological age (Kohanski
et al., 2016; Sierra and Kohanski, 2017).

Cutting-edge technologies for TL, TERRA, and TA measurement are
still in their infancy, but they promise great future discoveries through
method improvements and the multiplication of laboratories offering
them. Technological advances are expected to provide fast, automated,
and standardized measurement of TL, TERRA, and TA in the same
sample not only in cells and tissues, but in all biological fluids and
circulating vesicles. These new technologies are expected to provide
more concordant data in association studies both with regard to aging
per se and to a number of ARDs.
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ABSTRACT
The role of epigenetics in endothelial cell senescence is a cutting-edge topic in ageing research.
However, little is known of the relative contribution to pro-senescence signal propagation
provided by microRNAs shuttled by extracellular vesicles (EVs) released from senescent cells.
Analysis of microRNA and DNA methylation profiles in non-senescent (control) and senescent
(SEN) human umbilical vein endothelial cells (HUVECs), and microRNA profiling of their cognate
small EVs (sEVs) and large EVs demonstrated that SEN cells released a significantly greater sEV
number than control cells. sEVs were enriched in miR-21-5p and miR-217, which target DNMT1
and SIRT1. Treatment of control cells with SEN sEVs induced a miR-21/miR-217-related impair-
ment of DNMT1-SIRT1 expression, the reduction of proliferation markers, the acquisition of a
senescent phenotype and a partial demethylation of the locus encoding for miR-21. MicroRNA
profiling of sEVs from plasma of healthy subjects aged 40–100 years showed an inverse U-shaped
age-related trend for miR-21-5p, consistent with senescence-associated biomarker profiles. Our
findings suggest that miR-21-5p/miR-217 carried by SEN sEVs spread pro-senescence signals,
affecting DNA methylation and cell replication.
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Introduction

Cellular senescence is considered as a hallmark of age-
ing and a major risk factor for the development of the
most common age-related diseases (ARDs) [1].
Senescent cells (SCs) are characterised by a signifi-
cantly reduced replicative potential and by the acquisi-
tion of a pro-inflammatory senescence-associated
secretory phenotype (SASP) [2], which involves the

paracrine induction of a senescent state in younger
cells through a “bystander effect” [3]. Since this effect
fuels inflammaging – the systemic, low-grade, chronic
inflammation that accompanies human ageing [4] – it
appears to be a critical step in SC accumulation during
organismal ageing [5]. The clinical relevance of inflam-
maging in ARD development and progression has
become clearly established [6]. SC clearance and
attenuation of the bystander effect have been proposed
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as innovative therapeutic approaches to address, ame-
liorate or prevent a range of human disorders [7–10].
In this framework, unravelling the contribution of the
epigenetic mechanisms involved in the senescence pro-
cess would be a major step forward [11]. Considerable
effort is being devoted to discriminating the effects of
several epigenetic mechanisms, including DNA methy-
lation and long and small non-coding RNA activity, on
the modulation of the transcriptional programme lead-
ing to cellular senescence [12,13]. Senescence-asso-
ciated (SA) genome-wide hypomethylation has been
described in SCs, whereas the expression and activity
of DNA methyltransferase 1 (DNMT1) decline with
ageing [14]. DNMT1 is involved in maintaining the
methylation pattern and works with Sirtuin 1
(SIRT1), an enzyme exerting mono-ADP ribosyltrans-
ferase or deacetylase activity, in ensuring genome
integrity and in exerting pro-longevity effects [15,16].
As a result, DNMT and SIRT activators/inhibitors are
being investigated as therapeutic agents against
ARDs [17].

Senescence modulation by microRNAs (miRNAs) is
a major senescence-related epigenetic mechanism. This
has been suggested, among other findings, by the iden-
tification of discrete miRNA signatures associated with
senescence in different cell types [18] and by the fact
that living cells can actively release extracellular vesicles
(EVs), which contain different species and amounts of
non-coding RNAs. EVs comprise large particles (lEVs;
also known as micro-vesicles) and small particles (sEVs
or exosomes) and differ both in their intra-cellular
origin and in the cargo they transport [19]. lEVs and
sEVs seem to reflect the molecular characteristics of
their cells of origin and to modulate the phenotype of
recipient cells both in a paracrine and in a systemic
manner [20,21]. Despite the major contribution to
organismal ageing demonstrated for EVs and their
miRNA cargo [22,23], too little is known of the effect
of ageing on human EV content, on the miRNA reper-
toire shuttled by SCs and their cognate EVs, and on
circulating EVs. Evidence from a variety of cellular
models suggests that the senescence phenotype is char-
acterised by increased EV secretion [24–26], although
circulating EV concentrations seem to decline with age,
possibly as a consequence of increased internalisation
by immune cells [27]. Notably, the pro-inflammatory
effects of EVs released from SCs seem to be related to
their DNA/RNA cargo, which suggests that EVs belong
to the SC secretome [25,26,28]. Recently, the effects of
EVs have been explored in relation to vascular ageing
[28]. EVs from the plasma of elderly subjects and from
senescent endothelial cells (ECs) promote vascular cal-
cification [29], reduce the bone formation rate [30] and

reprogram monocytes towards a pro-inflammatory
phenotype [31].

Altogether, our knowledge of the in vivo effects of
cellular senescence is quite limited. Moreover, the het-
erogeneous senescence phenotypes characterising liv-
ing animals entail that there are currently no wholly
reliable universal markers to identify senescent ECs in
vivo [32].

This study was devised to unravel the relative con-
tribution of EVs released from senescent ECs in
spreading pro-senescence signals to proliferating cells
via their miRNA cargo. Based on the evidence that the
in vitro replicative senescence of ECs substantially
mimics the progressive age-related impairment of
endothelial function described in vivo [33], we set out
to identify the miRNAs that are differentially expressed
in senescent and non-senescent human umbilical vein
endothelial cells (HUVECs) and their cognate EVs
(lEVs and sEVs). We then correlated the miRNA levels
with the methylation state of their genetic loci and
assessed their interactions with the enzymes involved
in the maintenance of the methylation pattern during
ageing. Finally, we compared the SA-miRNAs isolated
from EVs released from senescent HUVECs with the
miRNAs showing a differential expression in circulat-
ing EVs obtained from subjects of different ages.

Materials and methods

Cell lines and cell culture

An in vitro model of replicative cell senescence was estab-
lished using long-term cultured HUVECs and human
aortic endothelial cells (HAECs). Cryopreserved
HUVECs and HAECs obtained from pool of donors
were purchased from Clonetics (Lonza, Switzerland) and
cultured in endothelial basal medium (EBM-2, CC-3156,
Lonza) supplemented with SingleQuot Bullet Kit (CC-
4176, Lonza) containing 0.1% human recombinant epider-
mal growth factor (rh-EGF), 0.04% hydrocortisone, 0.1%
vascular endothelial growth factor (VEGF), 0.4% human
recombinant fibroblast growth factor (rh-FGF-B), 0.1%
insulin-like growth factor-1 with the substitution of argi-
nine for glutamic acid at position 3 (R3-IGF-1), 0.1%
ascorbic acid, 0.1% heparin, 0.1% gentamicin and ampho-
tericin-B (GA-1000) and 2% foetal bovine serum (FBS).
Cells were seeded at a density of 5000/cm2, sub-cultured
when they reached 70–80% confluence, and maintained in
a humidified atmosphere of 5% CO2 at 37°C. All cells
tested negative for mycoplasma infection. Before replating,
harvested cells were counted using a haemocytometer.
Population doublings (PDs) were calculated by the for-
mula: (log10F – log10I)/log102, where F is the number of
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cells at the end of the passage and I is the number of seeded
cells. Cumulative population doubling (cPD) was calcu-
lated as the sum of PD changes. Cells were cultured until
the arrest of replication and classified based on SA β-Gal
activity into control (CON, SA β-Gal < 5%) and senescent
(SEN, SA β-Gal > 60%) cells. For the drug-induced senes-
cence model, HUVECs and HAECs were treated with
doxorubicin hydrochloride (Sigma Aldrich, Italy) at 50
nM for 24 h and were harvested following a 72-h recovery
period with fresh medium.

Biomarkers of the HUVEC and HAEC senescent
phenotype

SA β-galactosidase staining
SA β-galactosidase (β-gal) activity was assessed using
Senescence Detection Kit (cat. no. K320, BioVision
Inc., USA) as described previously [34].

Telomere length
Telomere length was analysed by quantitative PCR
using Cawthon’s method [35]. Genomic DNA was iso-
lated from young and senescent HUVECs using
Norgen’s RNA/DNA Purification Kit (cat. no. 48,700,
Norgen Biotek Corporation, Canada).

p16, IL-1β, IL-6, IL-8, DNMT1 and SIRT1 mRNA
expression level
For mRNA gene expression, 1 μg of purified RNA was
reverse-transcribed with OneScript® cDNA Synthesis
Kit (Applied Biological Materials Inc., Canada) accord-
ing to the manufacturer’s instructions. qPCR reactions
were conducted in a Rotor Gene Q 5plex HRM appa-
ratus (Qiagen, Germany) in a 10 μl total reaction
volume using TB Green Premix Ex Taq II (Clontech
Laboratories, USA) according to the manufacturer’s
instructions. Each reaction was run in triplicate and
always included a no-template control. The mRNA
expression of the genes of interest was calculated
using GAPDH as the reference gene.

mRNA expression levels were analysed by the 2−ΔCt

method. The value of the relative expression of the
genes of interest is given as mean ± standard deviation
(SD) of three independent experiments.

The primers sequences (written 5ʹ-3ʹ) were: p16, Fw:
CATAGATGCCGCGGAAGGT, Rv: CTAAGTTTCCC
GAGGTTTCTCAGA; IL-1β, Fw: CCAGCTACGAATC
TCCGACC, Rv: TGGGGTGGAAAGGTTTGGA; IL-6,
Fw: CCAGCTACGAATCTCCGACC, Rv: CATGGCC
ACAACAATGACG; IL-8, Fw: TCTGCAGCTCTGTG
TGTGAAGG, Rv: TGGGGTGGAAAGGTTTGGA; β-a
ctin, Fw: TGCTATCCCTGTACGCCTCT, Rv:
GTGGTGGTGAAGCTGTAGCC; DNMT1, Fw: AGA

ACGCCTTTAAGCGCCG; Rv: CCGTCCACTGCCAC
CAAAT; SIRT1, Fw: AGGCCACGGATAGGTCCATA;
Rv: GTGGAGGTATTGTTTCCGGC. Primer concen-
tration was 200 nM.

p16, DNMT1 and SIRT1 protein quantification
In HUVECs, total proteins were purified using RIPA
buffer (150 mM NaCl, 10 mM Tris, pH 7.2, 0.1% SDS,
1.0% Triton X-100, 5 mM EDTA, pH 8.0) containing a
protease inhibitor cocktail (Roche Applied Science,
USA). Protein concentration was determined using
the Bradford method (Sigma-Aldrich, Italy). Total pro-
tein extracts (30 μg) were separated by SDS-PAGE and
transferred to nitrocellulose membranes (Whatman,
Germany). Membranes were blocked in phosphate-
buffered saline (PBS) with 0.1% Tween 20 (PBS-T)
containing 5% fat-free dry milk for 1 h and then
incubated overnight at 4°C with primary antibodies
targeting p16(Ink4a) (1:200; sc-377,412, Santa Cruz
Biotechnology, USA), pH2AX (1:1000; #9718, Cell
Signaling, USA), DNMT1 (1:1000; ab19905; Abcam,
UK) and SIRT1 (1:1000; ab12193, Abcam), using β-
actin (1:10,000; Santa Cruz Biotechnology) or α-tubulin
(1:1000; #2144, Cell Signaling) as normalizers. All pri-
mary antibodies were probed with a secondary horse-
radish peroxidase (HRP)-conjugated antibody (Vector,
USA). A chemiluminescence assay (ECL, Amersham,
USA) was used for detection; the autoradiographic
films thus obtained were quantified using ImageJ2 soft-
ware [36]. Independent samples t-test was used to
analyse the differences between samples. p values <
0.05 were considered significant.

Genome-wide DNA methylation analysis

Genomic DNA was extracted in triplicate from CON
and SEN HUVECs using Qiagen’s QiAmp mini kit
following the manufacturer’s recommendations.

Accordingly, 1 μg DNA was bisulphite-converted using
EZ DNA Methylation (Zymo Research, USA) and ana-
lysed by the Infinium HumanMethylationEPIC BeadChip
(Illumina Inc., USA) according to the manufacturer’s
instructions. The DNA methylation levels from the EPIC
kit [37] were quantified by applying the workflow
described for EPIC array analysis in the Minfi v1.28.3
vignette [38]. The IlluminaHumanMethylationEPICanno.
ilm10b2.hg19_0.6.0.tar.gzmanifest was employed to anno-
tate the EPIC probes.

Quality control of raw and normalised data was
performed with the ShinyMethyl v1.18 package, avail-
able in Bioconductor 3.8 [39]. Data normalisation
included noob background correction [40] followed
by functional normalisation implemented in the Minfi
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function “preprocess Funnorm” [41]. Probes matching
single nucleotide polymorphism (SNP) loci were not
deployed for downstream analysis and were removed
by running the Minfi function “dropLociWithSnps”.

DNA methylation polymorphisms (DMPs) were
assigned to a genomic category following the annota-
tion available in the IlluminaHumanMethylationEPIC
manifest under the column “UCSC_RefGene_Group”.
Probes not assigned to any category were classified as
“others”. DMPs were split into hyper- and hypo-
methylated sites and plotted using an in-house-devel-
oped R script.

The methylation state of differentially expressed
miRNAs (see below “Small RNAseq analysis [NGS] of
cells and EVs”) was inferred by evaluating the probes
within −2 kb of the miRNA annotation start and +2 kb
of their end in the hg19 genome assembly. DMPs
associated with each miRNA were deployed to build a
methylation state heatmap and linked to the miRNA
expression state using an in-house-developed R script.

The methylation landscape of the DNMT1 and
SIRT1 genes was characterised by estimating the nor-
malised beta values of all probes occurring within −2
kb of the TSS of the gene and +2 kb of the gene end
coordinate. Probes were classified by the
“UCSC_RefGene_Group”. Probes matching each geno-
mic window were then plotted in boxplot format using
an in-house-developed R script.

Electron microscopy analysis

HUVECs were plated on Aclar film (Ted Pella Inc.,
USA), sectioned tangential to the substrate and exam-
ined by TEM. HUVECs were fixed for 1 h at room
temperature in 2.5 glutaraldehyde solution in 0.1 M
cacodylate buffer (pH 7.4), post-fixed in 1% osmium
tetroxide in the same buffer for 30 min at room tem-
perature, dehydrated in an acetone series and
embedded in epoxy resin (cat. no. 43,359, Sigma-
Aldrich, Italy). Ultrathin (40 nm) sections were stained
with lead citrate and uranyl acetate and examined in a
Philips CM12 transmission electron microscope
(Philips, Netherlands) at 100 kV. Scanning electron
microscopy analysis was performed on HUVECs plated
on Aclar film fixed and dehydrated as described above,
critical point-dried (Balzers union cpd 020), gold-
coated and imaged using a Philips XL20 microscope
at 15 kV. The release of multi-vesicular bodies (MVBs)
was evaluated by counting their number/µm2 of cyto-
plasmic area in 24 CON and 22 SEN cells.

For TEM analysis of lEVs and sEVs, EVs were
adsorbed to formvar carbon-coated 200 mesh grids
(Agar Scientific Ltd., UK) for 2 min, gently washed

with filtered PBS and immediately fixed on the grids
with 2.5% glutaraldehyde for 1 min. The grids were
incubated with 2% (w/v) sodium phosphotungstate for
1 min and observed in a Philips CM10 transmission
electron microscope.

EV purification and characterisation (Nanosight
tracking analysis and western blotting)

When CON and SEN HUVECs reached 70% conflu-
ence in T75 flasks, they were thoroughly washed with
PBS and incubated in EGM-2 containing exosome-
depleted FBS (cat. no. A2720801, Thermo Fisher
Scientific, USA). Conditioned medium from 8ʹ000ʹ000
± 1ʹ000ʹ000 cells was collected after 18 h and EVs (lEVs
and sEVs) were purified by ultracentrifugation [42].

EVs released from SEN and CON cells were charac-
terised according to the Minimal Information for Studies
of Extracellular Vesicles guidelines, which were developed
by the International Society for Extracellular Vesicles
(ISEV) in 2018 [43]. Specifically, we (i) adopted the EV
nomenclature suggested by the ISEV position papers; (ii)
performed basic characterisation of the EV-releasing cells
before the collection of conditioned medium (culturing
condition details such as passage number, seeding den-
sity, confluence at harvest have been reported); (iii)
employed a variety of techniques such as size-exclusion
chromatography (SEC), serial ultracentrifugation or a
combination of ultracentrifugation and density gradient
separation to isolate EVs; (iv) characterised and quanti-
fied isolated EVs using nanoparticle tracking assay, trans-
mission electron microscopy and western blot analysis
using well-established markers (CD63, TSG101,
calnexin).

EVs were purified by centrifugation at 1ʹ000g for 15
min and then at 2ʹ000g for 15 min to eliminate cell
debris. Supernatants were further centrifuged at
18ʹ000g for 30 min to obtain the lEV pellet. The result-
ing supernatant was pelleted by ultracentrifugation at
110ʹ000g for 70 min. The sEV pellet was washed in 3
ml PBS, centrifuged again and resuspended in PBS.

EV amount and size was measured by NanoSight
tracking analysis (NTA). sEVs and lEVs were loaded
into the sample chamber of an LM10 unit (NanoSight,
Malvern Instruments Ltd, UK). Three 30 or 60 s videos
were recorded for each sample and analysed with
NanoSight NTA 3.1 software. Data were expressed as
mean ± SD of the three recordings. Samples containing
a large number of particles were diluted before the
analysis and the relative sEV and lEV concentration
was calculated according to the dilution factor. Control
beads (100 and 400 nm) were supplied by Malvern
Instruments. EV lysates were prepared in RIPA buffer
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containing a protease inhibitor cocktail (Roche Applied
Science) and quantified using the Bradford method.
Next, the lysates were subjected to SDS-PAGE and
transferred to nitrocellulose membranes (Whatman).
Membranes were then incubated with the primary
antibodies overnight at 4°C. The following primary
antibodies were used: calnexin (clone C4731, Sigma-
Aldrich; 1:2000 dilution), TSG101 (ab125011, Abcam;
1:1000 dilution) and CD63 (ab59479, Abcam; 1:1000
dilution). After incubation with the specific HRP-con-
jugated antibody (Vector; 1:10,000 dilution), the che-
miluminescent signal was detected using Clarity and/or
Clarity Max (Bio-Rad, Italy). The autoradiographic
films thus obtained were quantified using ImageJ2
software.

In order to exclude that protein-miRNA complexes
could co-precipitate with EVs during the isolation pro-
cedure, we used a combination of density gradient
separation and treatment of isolated vesicles with pro-
teinase K 20 μg/ml to confirm that miR-21-5p is truly
loaded into EVs. MiR-21-5p levels were not signifi-
cantly different between the two conditions (miR-21-
5p relative expression; control = 0.383 ± 0.050; protei-
nase K = 0.259 ± 0.063; n = 3; p = 0.185), confirming
the intra-vesicular presence of the miRNAs.

Data regarding the EV-related aspects of the experi-
ments conducted on HUVECs have been deposited to
the EV-TRACK knowledge base (http://evtrack.org)
[44] under accession number EV190105.

RNA extraction from HUVECs and EVs

Small RNAs (< 200 nucleotides) were extracted from
HUVECs and sEV and lEV pellets using, respectively
Norgen’s total RNA Purification Kit and Total
Exosome RNA & Protein Isolation Kit (Thermo
Fisher Scientific) according to the manufacturer’s pro-
tocol. Purified RNA was stored at −80°C until use.

Small RNA sequencing analysis (NGS) of HUVECs
and EVs

CON and SEN cells, their EVs (lEVs and sEVs) and 12
samples of sEVs purified from plasma of four young,
four elderly and four centenarian subjects were sub-
jected to small RNA sequencing. RNA for the analysis
was obtained from 6 ml of media from the culture of
2.000.000 CON cells and 1.600.000 SEN cells, in tripli-
cate. TruSeq Small RNA Library PrepKit v2 (Illumina;
RS-200-0012/24/36/48) was used for library prepara-
tion according to the manufacturer’s indications.
Briefly, 35 ng purified RNA was linked to RNA 3ʹ
and 5ʹ adapters, converted to cDNA, and amplified

using Illumina primers containing unique indexes for
each sample. Each library was quantified using Agilent
Bioanalyzer and High Sensitivity DNA Kit (cat. no.
5067-4626, Agilent Technologies, USA) and equal
amounts of libraries were pooled together. Size selec-
tion allowed keeping 130–160 bp fragments. After
ethanol precipitation, the library pool was quantified
with Agilent High Sensitivity DNA Kit, diluted to 1.8
pM and sequenced using NextSeq® 500/550 High
Output Kit v2 (75 cycles) (Illumina; FC-404-2005) on
the Illumina NextSeq500 platform.

Raw base-call data generated by the Illumina NextSeq
500 system were demultiplexed using Illumina BaseSpace
Sequence Hub (https://basespace.illumina.com/home/
index) and converted to FASTQ format. After a quality
check with FastQC (https://www.bioinformatics.babra
ham.ac.uk/projects/fastqc/), the adapter sequences were
trimmed using Cutadapt (http://cutadapt.readthedocs.io/
en/stable/index.html), which also removed sequences <
10 nucleotides. Reads were mapped using the STAR
algorithm (https://www.ncbi.nlm.nih.gov/pubmed/
23104886). The reference genome consisted of human
miRNA sequences from the miRbase 21 database [45].
Raw counts from mapped reads were obtained using the
htseq-count script from the HTSeq tools (http://www-
huber.embl.de/HTSeq/doc/overview.html).

Raw counts were further normalised using DESeq2
bioconductor package (http://bioconductor.org/packages/
release/bioc/html/DESeq2.html). NGS raw data are avail-
able through European Nucleotide Archive (http://www.
ebi.ac.uk/) under accession number PRJEB33703.

MiRNAs expressed in SEN cells and their EVs were
identified to obtain a normalised expression above the
40th percentile in at least one sample of the group.

Statistical analysis of NGS data

NGS data were analysed using Genespring GX software
v14.8 (Agilent Technologies). The miRNAs showing a
differential expression were identified by comparing
SEN and CON cells using a fold change ≥ 1.5 filter and
FDR 5% at moderated t-test with Benjamini-Hochberg
correction. A fold change ≥ 1.3 with FDR 20% or 30%
was used in lEV and sEV analysis, respectively. Cluster
analysis was performed using GeneSpring GX software
with Manhattan correlation as a similarity measure.

Quantitative PCR of mature miRNAs

MiRNA expression was measured by qPCR using the
TaqMan miRNA assay (Catalogue #4427012 Thermo
Fisher Scientific) as previously described [46].
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Methylome analysis of loci coding for SA miRNAs

The sequences and genomic coordinates (GRCh38) of
predicted hairpin precursor miRNAs were retrieved
from miRbase 21 (Supplementary Table 7). The CpG
nucleotide clusters (CpG islands) associated with
miRNA genes within a distance of 2 kb were identified
by visual inspection of the miRNA gene neighbour-
hood using the University of California Santa Cruz
(UCSC) Genome Browser. Putative proximal promoter
regions within 2 kb of the TSS were obtained from the
database http://bicresources.jcbose.ac.in/zhumur/pirna
quest/.

Computational prediction of SA miRNA targets

To gain further insights into the relationship between
SA miRNAs and the DNA methylation pattern of SEN
cells, we explored the ability of SA miRNAs to target
DNMT1 and/or SIRT1 using the StarBase v3.0 public
platform (http://starbase.sysu.edu.cn) [47]. TargetScan,
starBase and miRTarBase were used to predict poten-
tial miRNA-DNMT1/SIRT1 interactions. DIANA-
mirPath v3 and Ingenuity Pathway Analysis (IPA)
were used to identify the pathways targeted by SA
miRNAs.

Uptake of sevs released from SEN HUVECs

An amount of 2 × 1011 sEVs has been collected from
6ʹ000ʹ000 of SEN HUVECs. sEVs released from SEN
HUVECs were fluorescently labelled using PKH67
membrane dye (Sigma-Aldrich). Labelled sEVs were
washed in 10 ml PBS, collected by ultracentrifugation
and resuspended in PBS. Next, 109 sEVs were incu-
bated with 5 × 104 recipient CON HUVECs for 4, 12,
18 and 24 h. An incubation time of 18 h was estab-
lished to be optimal for sEV uptake by CON cells.
Then, 109 sEVs released from SEN cells were incubated
with 5 × 104 recipient CON HUVECs.

CON HUVECs were also treated for 18 h with sEVs
transfected with miR-217 and miR-21-5p inhibitors
(respectively, MH12774 and MH10206, Thermo
Fisher Scientific). The transfection process was pro-
moted by Exo-Fect kit (System Bio, USA) according
to the manufacturer’s recommendations. Briefly, sEVs
were prepared for transfection by combining Exo-Fect
solution, miRNA inhibitors, PBS and purified sEVs.
The transfection solution was incubated at 37°C for
10 min and then put on ice. To stop the reaction, the
EXoQuick-TC reagent supplied in the kit was added.
After centrifuging for 3 min at 140,000 rpm, the super-
natant was removed. The transfected sEVs pellet was

suspended in 300 μl PBS and 150 μl of transfected sEVs
were added to each well. The same method was used to
load non-human cel-mir-39 into sEVs to assess the
possibility of delivering miRNAs and their inhibitors
through sEVs.

Assessment of the effects induced by SEN sEVs on
CON cells

Immunofluorescence and western blot analysis of
SIRT1 and DNMT1
CON HUVECs were seeded in BD Falcon chamber
slides (cat. no. 354104; Falcon, USA) and treated with
SEN sEVs and SEN sEVs transfected with miR-217 and
miR-21-5p inhibitors as described above. Cells were
washed twice with PBS and then fixed in 4% parafor-
maldehyde in PBS for 15 min at room temperature.
After three washes in PBS they were incubated with
0.3% Triton X-100 in 2.5% bovine serum albumin
(BSA) for 1 h at room temperature and then with
KI67 antibody (dilution 1:150; Dako, Denmark), in
2.5% BSA overnight at 4°C. Cells were washed in PBS
and incubated with secondary anti-rabbit Alexa Fluor
488 antibody (cat. no. 111-545-003, Jackson
Laboratories, USA; dilution 1:200), at room tempera-
ture in 2% BSA for 1 h. After a wash in PBS, cells were
stained with nuclear HOECHST 33,342 (cat. no. H-
3570; Molecular Probes, USA) at 1:10,000 dilution in
PBS for 5 min, coverslipped with Vectashield mounting
medium (H-1200, Vector Laboratories) and viewed in a
fluorescence microscope. Omission of the primary
antibody resulted in lack of labelling, confirming the
specificity of the antibody. The presence of senescence-
associated heterochromatin foci (SAHF) was assessed
by measuring the coefficient of variation (CV) of the
HOECHST staining intensity in each nucleus. At least
200 nuclei have been assessed for each condition and
each replicate using the using the CellProfiler image
analysis software, version 3.1.9 [48].

The Ki67 proliferative index was expressed as a
percentage based on the number of Ki67-positive cells.

Expression levels of PCNA and cyclins A, B1, D1
OneScript® cDNA Synthesis Kit was used to reverse-
transcribe 1 μg of purified RNA according to the man-
ufacturer’s instructions. qPCR reactions were con-
ducted on the Rotor Gene Q 5plex HRM apparatus in
a 10 μl total reaction volume using TB Green Premix
Ex Taq II (Clontech Laboratories) according to the
manufacturer’s recommendations. Each reaction was
run in triplicate and included no-template controls.
The mRNA expression of the genes of interest was
calculated using GAPDH as the reference gene.
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Relative mRNA levels were calculated with the 2−ΔCt

method. Relative expression values were reported as
mean ± SD of three independent experiments.

Primer sequences (written 5ʹ-3ʹ) were: PCNA, Fw:
CGGATACCTTGGCGCTAGTA, Rv: CACAGCTGT
ACTCCTGTTCTGG; Cyclin D1, Fw: CCCTCGGT
GTCCTACTTCAA, Rv: AGGAAGCGGTCCAGGTAG
TT; Cyclin A, Fw: TTGAAGAAATATACCCCCCAG,
Rv: AATGATTCAGGCCAGCTTTG; Cyclin B1, Fw:
TTGGTGTCACTGCCATGTTT, Rv: TAAGCAAAAA
GCTCCTGCTG.

Annexin V assay
Apoptosis was evaluated by annexin V staining fol-
lowed by flow cytometry. Briefly, CON cells and
CON cells treated with 109 SEN sEVs were plated in
a 12-well plate at a density of 2 × 105 cells/well.
Apoptosis was evaluated by staining cells with
Annexin V and 7-AAD followed by fluorescence flow
cytometry as described in Giuliani et al. [46]. The
results were expressed as percentage of apoptotic cells
out of total live cells.

Methylation status of MIR21 locus
Quantitative analysis of DNA methylation of the MIR21
TSS200 region was performed using the EpiTYPER assay
(Agena). Briefly, genomic DNA was bisulphite converted
and the region chr17:57,918,197-57,918,709 (GRCh37/
hg19 assembly) was amplified using the following primers:
Fwd: aggaagagagTTTATATAAGTGAAAGGATATTGG
AGAGA; Rev: cagtaatacgactcactatagggagaaggctAAATAC
CAAAATATCAAACAACCCA. PCR products were
then processed according to standard EpiTYPER protocol.
Each sample was analysed in triplicate.

Plasma samples and EV isolation

Plasma samples were obtained from 12 healthy subjects
enrolled for the study. Subjects were considered healthy
if they did not present type 1 or 2 diabetes, liver
diseases, renal failure, history of cancer, neurodegen-
erative disorders, infectious or autoimmune diseases.
Samples were collected at IRCCS INRCA (Ancona) and
at Sant’Orsola University Hospital (Bologna). The pro-
cedure was approved by the respective ethics boards
(Prot. no. 2006061707, amended on 08/11/2011).
Written informed consent was collected from all parti-
cipants. EVs were purified from 500 μl of plasma by
qEVoriginal column (IZON, USA) according to the
manufacturer’s indications.

Statistical analysis

Principal component analysis (PCA) with varimax
orthogonal rotation and Kaiser normalisation was per-
formed to investigate possible common trends in the
miRNAs contained in circulating EVs. Only miRNAs
that were detected in at least one subject were included
in the analysis. Scree plots and the Kaiser-Meyer-Olkin
(KMO) test were applied to evaluate the suitability of
the correlation matrix. Anti-image-correlation was
assumed as adequate for KMO > 0.5. The number of
factors to be retained was determined by examining the
scree plots. Each retained factor was assigned a score,
determined as the linear combination of each miRNA
weighted by its respective PCA loading. Factor scores
were tested for normality using the Shapiro-Wilk test
and compared by one-way ANOVA followed by
Tukey’s multiple comparison test for pairwise compar-
isons. p values < 0.05 were deemed significant.

Results

Characterisation of the senescence status of
HUVECs

HUVEC senescence was characterised by analysing a
number of well-established senescence biomarkers in
non-senescent (control, CON) and senescent (SEN)
HUVECs.

Compared with CON cells, SEN cells were charac-
terised by growth arrest, which was documented by
reduced cumulative population doublings (cPDs)
(Figure 1(a)), progressive telomere shortening
(Figure 1(b)), increased SA β-gal activity (Figure 1
(c)), up-regulation of the cell cycle regulator p16
(INK4a) both at the transcriptional and the protein
level (Figure 1(d,d’)); up-regulation of phospho-his-
tone H2AX (pH2AX), a biomarker of persistent DNA
damage [49] (Figure 1(e)) and significantly increased
mRNA transcription of the pro-inflammatory SASP
components interleukin (IL)-1β, IL-6 and IL-8 (Figure
1(f–h)). A similar model of replicative senescence was
replicated also in HAECs. Moreover, we established a
model of drug-induced senescence by treating
HUVECs and HAECs with 50 nM doxorubicin for
24 h. The characterisation of these additional models
is reported in Supplementary Figure 1.

Human cell senescence is also marked by progres-
sive, widespread genomic hypomethylation and focal
hypermethylation at specific CpG sites [50]. Further
characterisation and comparison of the epigenetic pro-
file of SEN and CON cells demonstrated a differential
methylation state at 335ʹ495 CpG sites; in particular,
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Figure 1. Characterisation of replicative senescence in human umbilical vein endothelial cells (HUVECs). (a) Cumulative population
doubling (cPD) curves. (b) Telomere/single copy gene ratio (T/S) in DNA from HUVECs at different passages. (c) Representative
positivity and quantification of the SA β-Gal staining in control (CON, < 10%) and senescent (SEN, > 60%) cells. (d) mRNA relative
expression. (d’) Western blot and densitometric analysis of p16(Ink4a) in CON and SEN cells. Protein expression values are reported
as p16(Ink4)/β-actin ratio. (e) Western blot and densitometric analysis phospho-histone H2AX (pH2AX) in CON and SEN cells. Protein
expression values are reported as pH2AX/β-actin ratio. (f) mRNA relative expression of interleukin (IL)-1β, (g) IL-6, (h) IL-8. (i)
Boxplots of DNA methylation values of InfiniumEPIC probes in CON and SEN triplicates. The probes were divided in four groups
according to their genomic location and t-test was applied to each group in order to compare mean beta values between CON and
SEN. (l) mRNA relative expression. (l’) Western blot and densitometric analysis of DNMT1 in CON and SEN cells. Protein expression
values are reported as DNMT1/α-tubulin ratio. (m) Methylation status of CpGs among a genomic region covering the DNMT1 gene ±
2kb. The region is split in multiple windows based on Illumina Infinium annotation assigned to each CpG as reported in the Methods
section. Methylation status of each window is represented with a boxplot. Each dot corresponds to the mean B value of an
annotated CpG across the three replicates. Blue: SEN cells; Orange: CON cells. **, q-val < 0.01. Scale of the Methylation status
corresponds to the B value. (n) mRNA relative expression. (n’) Western blot and densitometric analysis of SIRT1 in CON and SEN cells.
Protein expression values are reported as SIRT1/α-tubulin ratio. (o) Methylation status of CpGs among a genomic region covering
the SIRT1 gene ± 2kb. The region is split in multiple windows based on Illumina Infinium annotation assigned to each CpG as
reported in the Methods section. Methylation status of each window is represented with a boxplot. Each dot corresponds to an
annotated CpG. Methylation status expressed in B value. Blue: SEN cells; Orange: CON cells. **, q-val < 0.01. For qPCR and western
blot analysis data from three independent experiments are represented as mean ± SD. **, p < 0.01 from paired t-tests.
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SEN cells showed significant hypomethylation in CpG
island/shore/shelf regions located in intergenic regions
and significant hypermethylation of non-CpG sites
inside genes (Figure 1(i)).

Since DNMT1 and SIRT1 co-operate in maintaining
the methylation pattern [15], we analysed their mRNA
and protein levels and the methylation state of their
loci in SEN and CON cells. We found that DNMT1
mRNA and protein levels were down-regulated in SEN
cells (Figure 1(l,l’)), even though methylation analysis
disclosed significant loss of methylation at the DNMT1
transcription start site (TSS)-1500 promoter region,
which according to the ENCODE ChIP-Seq data
binds the transcription factor c-MYC (Figure 1(m)).
SIRT1 mRNA levels were similar in CON and SEN
cells (Figure 1(n)); in contrast, the SIRT1 protein
level was significantly reduced in SEN compared with
CON cells (Figure 1(n’)), despite the similar methyla-
tion state of SEN and CON cells (Figure 1(o)). These
data suggest that during HUVEC replicative senescence
DNMT1 and SIRT1 protein levels are modulated by
post-transcriptional regulatory mechanisms.

Analysis of the senescence biomarkers confirmed
that HUVECs aged in culture exhibit a senescent phe-
notype characterised by most of the established hall-
marks of ageing [51]. This model can, therefore, be
considered as an archetypal “in vitro model” of cellular
senescence.

Senescent HUVECs release more sEVs than control
cells

We characterised the structure and content of EVs
released from SEN and CON cells according to
Minimal Information for Studies of Extracellular
Vesicles guidelines, which were proposed by the
International Society for Extracellular Vesicles (ISEV)
in 2018 [43]. Scanning electron micrograph analysis of
EVs released from SEN and CON cells demonstrated a
significantly greater number of vesicular bodies emer-
ging from the cell surface of SEN cells (Figure 2(a,b)).
To purify these small (sEVs) and large (lEVs) EV frac-
tions, sEVs and lEVs were collected after ultracentrifu-
gation and further characterised by Nanoparticle
Tracking Analysis (NTA), transmission electron micro-
scopy (TEM) and western blot analysis of some relevant
biomarkers. Representative distribution plots of sEVs
and lEVs released from CON (Figure 2(c,d)) and SEN
cells (Figure 2(c’,d’)) indicated that sEVs and lEVs had a
different size distribution. Representative TEM images
of sEVs and lEVs purified from CON and SEN (Figure 2
(e)) confirm their different size. Analysis of calnexin,
TSG101 and CD63 membrane protein expression by

western blotting demonstrated the efficient separation
of supernatant-derived EV sub-populations: sEVs were
positive for the exosomal markers CD63 and TSG101,
whereas lEVs were positive for the endoplasmic reticu-
lum marker calnexin (Figure 2(e’)). Comparison of their
number demonstrated that SEN and CON cells released
more sEVs than lEVs. Moreover, NTA assay revealed
that SEN cells released a threefold, significantly greater
amount of sEVs (t-test for unpaired samples, p < 0.01)
but a similar number of lEVs (Figure 2(f)) compared
with CON cells. Notably, the size of sEVs and lEVs
released from either cell type was not significantly dif-
ferent (Figure 2(g)). The increased release of sEVs from
SEN cells was confirmed also in HUVECs undergoing
drug-induced senescence following treatment with dox-
orubicin, and in HAECs undergoing both replicative
and drug-induced senescence (Supplementary Figure
1d and 1d’).

To further substantiate these data, multi-vesicular
bodies (MVBs), a specialised subset of endosomes
that contain sEVs, were identified and quantified in
TEM images of SEN and CON HUVECs (Figure 2
(h)). A significantly greater number of MVBs at differ-
ent stages of maturation was detected in SEN com-
pared to CON cells (t-test for unpaired samples, p <
0.01) (Figure 2(i)).

MiRNome analysis of CON and SEN HUVECs and
their cognate EVs

The expression of the whole miRNome was analysed in
triplicate in SEN and CON cells and cognate lEVs and
sEVs from different pools of donors. The list of all
miRNAs thus detected is reported in Supplementary
Table 1. The miRNAs showing a significant differential
expression in sEVs and lEVs released from SEN cells
and in SEN compared with CON cells are listed in
Figure 3(a–c), respectively. The miRNAs showing a
differential expression in sEVs, lEVs and their parental
SEN cells, the relevant fold changes, Benjamini-
Hochberg adjusted p values and the normalised expres-
sion in SEN and CON are reported in Supplementary
Tables 2–4. The miRNAs showing a differential expres-
sion were used to cluster miRNAs and samples. The
resulting heatmaps – of the miRNAs showing signifi-
cant de-regulation in sEVs released from SEN cells, of
the miRNAs showing significant de-regulation in lEVs
released from SEN cells, and of the miRNAs showing
significant de-regulation in SEN cells – are reported in
Supplementary Figure 2a, 2b and 2c, respectively.
Supplementary Tables 5 and 6 report miRNAs showing
differential expression between SEN cells and their
cognate sEVs and lEVs, respectively. As previously
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Figure 3. MiRNAs showing differential expression in SEN cells and cognate sEVs and lEVs. Bar charts reporting the (log2) fold
changes of the miRNAs showing a differential expression (a) in sEVs released from SEN cells, (b) in lEVs released from SEN cells and
(c) in SEN cells. The miRNA de-regulation trend is indicated by bar colour; red, over-expression; green, under-expression in SEN sEVs/
SEN lEVs/SEN cells compared with CON sEVs/CON lEVs/CON cells, respectively. Only miR-21-5p (highlighted in red) showed
significant SA de-regulation in SEN cells and cognate sEVs and lEVs. Data from small RNAseq of n = 3 independent replicates for
each condition. MiRNAs showing a differential expression were identified by comparing SEN and CON cells using a fold change ≥ 1.5
filter and FDR 5% at moderated t-test with Benjamini-Hochberg correction. A fold change ≥ 1.3 with FDR 20% or 30% was used in
lEV and sEV analysis, respectively. (d) Summary of the results of small RNAseq analysis on CON and SEN cells and cognate sEVs and
lEVs. Briefly, 556 miRNAs were detected in at least one compartment (cells, sEVs and lEVs). Of the 355 miRNAs carried by EVs, only
42 (12%) were selectively packaged in sEVs; 86 (24%) were carried by both lEVs and sEVs and 227 (64%) were found only in lEVs.
None of the miRNAs shared a common SA modulation trend in lEVs and sEVs. Only miR-21-5p was significantly de-regulated in both
sEVs and lEVs released from SEN cells; however, it was over-expressed in sEVs and under-expressed in lEVs from the same SEN cell
pool. (e) qPCR validation analysis of miR-21-5p and miR-217 in different pools of SEN cells and their cognate sEVs. Data from n = 3
independent experiments are represented as mean ± SD. **, p < 0.01 from unpaired t-test.
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reported [52], the levels of miRNAs loaded onto EVs
are significantly lower compared to their parent cells.

Overall, 22 miRNAs were differentially expressed in
sEVs released from SEN cells; of these, 12 (55%) were
up-regulated and 10 (45%) were down-regulated
(Figure 3(a)). Of the 55 miRNAs that were significantly
modulated in SEN compared with CON cells 14 were
up-regulated (25%) and 41 (75%) were down-regulated
(Figure 3(c)). Only five miRNAs – miR-21-5p, miR-
217, miR-30a-3p, miR-130b-3p and miR-92a-3p – were
differentially expressed in sEVs and parental SEN cells
(Table 1 and Figure 3(d)). Their analysis in a different
batch of cells from a different pool of donors con-
firmed these findings. qPCR analysis confirmed the
NGS data for miR-21-5p and miR-217 in cells and
their sEVs (Figure 3(e)), whereas no differential expres-
sion was detected for miR-30a-3p, -92a-3p and -130b-
3p (data not shown). The up-regulation of miR-21-5p
and miR-217 in SEN cells and their cognate sEVs was
confirmed also in HAECs undergoing replicative senes-
cence, as well as in the model of drug-induced senes-
cence established in both HUVECs and HAECs
(Supplementary Figure 1(e,f,e’,f’)).

The results of miRNome analysis of SEN cells and
cognate sEVs and lEVs are summarised in Figure 3(d).

miRNAs capable of targeting DNMT1 and SIRT1
and showing a differential expression in SEN cells
and cognate EVs

To unravel the complex interaction between miRNA
expression and methylation state in cells with the senes-
cent phenotype we tried to establish which miRNAs
capable of targeting DNMT1 and SIRT1 were signifi-
cantly de-regulated in SEN cells and cognate EVs. Of the
12 miRNAs that were up-regulated in SEN sEVs, 4 –
including miR-21-5p and miR-217 (Figure 4(a)) – were
capable of targeting DNMT1 and/or SIRT1, whereas
none of the nine miRNAs up-regulated in SEN lEVs

were able to target DNMT1 and/or SIRT1 (Figure 4(b)).
Five of the 14 miRNAs showing up-regulation in SEN
cells were able to target DNMT1 and/or SIRT1; of them,
only miR-21-5p and miR-217 were also up-regulated in
SEN sEVs (Figure 4(c)).

Surprisingly, SEN lEVs carried no up-regulated SA
miRNAs targeting DNMT1 and/or SIRT1.

Altogether, these data suggest that miR-21-5p and
miR-217 are the only miRNAs shuttled by SEN sEVs
that are also expressed in SEN cells and are capable
of targeting DNMT1 and SIRT1. This observation,
coupled with the finding that SEN cells released
three times more sEVs than CON cells, prompted
further investigation on the effects of SEN sEVs on
CON cells.

Methylation state of the loci coding for miRNAs
showing differential expression in SEN and CON
cells

To clarify whether miRNA expression in SEN cells was
epigenetically regulated, we analysed the methylation
state of the genetic loci encoding the miRNAs showing
differential expression in SEN and CON cells. The
genomic locations and sequences of the miRNAs show-
ing significant down- or up-regulation in SEN cells are
reported in Supplementary Table 5.

The methylation state was obtained by conducting a
global methylation analysis, assessing CpG site methy-
lation within 2000 bp upstream and downstream of
each miRNA transcription start site (TSS).

The methylation changes observed at the loci
encoding the 55 miRNAs showing significant de-reg-
ulation in SEN cells are reported in Figure 5(a).
Principal component analysis (PCA) revealed signifi-
cantly different methylation profiles of the miRNA
genes that were differentially expressed in SEN com-
pared with CON cells (Figure 5(b)); however, only
about 50% showed SA methylation consistent with

Table 1. MiRNAs commonly de-regulated in SEN cells and their EVs.
CON normalised expression (log2) SEN normalised expression (log2)

miRNA Cells sEVs lEVs Cells sEVs lEVs Cells sEVs lEVs

hsa-miR-21-5p + + - 9.70 4.78 5.03 11.60 7.33 4.40
hsa-miR-217 + + 5.88 2.11 0.95 9.38 5.47 0.31
hsa-miR-30a-3p + + 4.13 0.00 0.00 4.89 0.56 0.40
hsa-miR-130b-3p - - 7.05 1.82 1.11 6.06 0.50 0.82
hsa-miR-92a-3p - + 11.19 2.44 4.56 10.35 3.40 4.70
hsa-miR-221-3p + + 8.76 3.64 3.19 9.89 3.20 1.17
hsa-miR-216a-5p + + 2.09 0.98 0.00 5.02 0.07 0.70
hsa-miR-323b-3p - + 3.68 0.00 0.00 2.92 0.00 0.70
hsa-miR-584-5p - - 7.99 1.18 2.32 5.63 0.00 0.49
hsa-miR-1246 - - 2.41 0.00 1.06 1.33 0.00 0.00

For each miRNA and condition, the log2 normalised expression values are reported for cells, sEVs, and lEVs. The reader is referred to Supplementary Tables
2–6 for detailed data on miRNAs differentially regulated across the various sample types. sEVs, small extracellular vesicles; lEVs, large extracellular vesicles;
(+) over-expressed; (-) under-expressed.

12 E. MENSÀ ET AL.



SA expression changes (Figure 5(c)). Of the miRNAs
that exhibited differential methylation in SEN and
CON cells, only miR-21-5p showed concordant
DNA demethylation and RNA over-expression both
in SEN cells and SEN sEVs (Figure 5(c)). The methy-
lation state of miR-217 was not evaluated, because no
CpG in the neighbourhood of its locus was covered
by genome-wide methylome analysis.

Overall, in half of the loci encoding the miRNAs
showing differential expression in SEN cells, the gene
methylation and expression data were not consistent,
suggesting that additional post-transcriptional regula-
tion mechanisms are involved in the modulation of SA
miRNAs. These data support the hypothesis of a

complex interaction among different epigenetic
mechanisms in inducing and maintaining a senescent
phenotype.

SEN sEVs significantly reduce CON cell DNMT1 and
SIRT1 levels and proliferation markers

Previous work has shown that miR-21-5p directly tar-
gets SIRT1 and indirectly down-regulates DNMT1 by
targeting the RASGRP1 gene, an upstream component
of the Ras-MAPK pathway that regulates DNMT1
expression [53]. MiR-21-5p has also been demon-
strated to inhibit DNMT1 activity by binding to its
catalytic site [54]. As regards miR-217, it directly

miR-221-3p

miR-98-3p

miR-31-5p
miR-935

miR-100-5p
miR-149-5p

miR-668-3p

miR-216a-5p

miR-3614-5p

miR-30a-3p
let-7b-3p

let-7d-3p miR-1246

miR-1275

miR-1260b

miR-128 -1-5p

miR-1304 -3p

miR-1304 -5p

miR-1306-5p
miR-130b-3p

miR-18a-3p

miR-1908 -3p

miR-191 -3p
miR-1910 -5p

miR-2116 -3p

miR-214 -3p

miR-2277 -5pmiR-30c-1-3p

miR-30e-3p

miR-323b -3p

miR-324 -3p

miR-326

miR-345-5pmiR-3675 -5p

miR-4745-5p

miR-484

miR-493 -3p

miR-548b -5p
miR-584 -5p

miR-589 -3p

miR-589 -5p

miR-654 -3p

miR-6724 -5p miR-744 -5p

miR-758 -3p

miR-7706

miR-7974

miR-92b-3p

miR-221-3p

miR-5187-5pmiR-98-5p

miR-216a-5p
miR-136-5p

miR-323b-3pmiR-8084

miR-106b-3p

miR-4765

miR-6873-3p

miR-1246

miR-5695

miR-508-5p

miR-584-5p
miR-574-5p

miR-199a-5p

miR-339-5p
miR-151a-3p

miR-6844miR-6733-3p

miR-5739

miR-146a-5p

SIRT1

DNMT1
miR-21-5p

let-7e-5p

miR-125b-5p

miR-217

miR-28-3p

miR-181b-5p

miR-27b-3p

miR-30a-3p

let-7i-5p

miR-421

miR-3145-5p

miR-3613-5p

miR-24-2-5p
miR-30a-5p

miR-4638-3p

miR-25-3p
miR-449b-3p

miR-4485

miR-130b-3p

MiRNAs overexpressed in senescence MiRNAs underexpressed in senescence

mRNA targeta

miR-125a-5p

miR-99b-5p

miR-92a-3p

sEVs

b

SIRT1

DNMT1

lEVs miR-21-5p

c

Cells

SIRT1

DNMT1
miR-92a-3p

miR-410-3p

miR-21-5p

miR-217

miR-30c-5p

miR-181a-5p

miR-216a-3p

Figure 4. MiRNAs showing differential expression in SEN cells and their cognate sEVs and lEVs targeting DNMT1 and/or SIRT1. (a)
MiRNAs showing over and under-expression in SEN sEVs compared with CON sEVs, (b) in SEN lEVs compared with CON lEVs, (c) and
in SEN compared with CON cells targeting DNMT1 and/or SIRT1. Straight lines represent miRNA-mRNA interaction based on
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targets DNMT1 in fibroblasts [55] and SIRT1 in
endothelial cells [56].

Based on these findings, we assessed the func-
tional potential of sEVs released from SEN cells to
modulate DNMT1 and/or SIRT1 in CON cells. To
do this, CON cells were treated with sEVs released
from SEN cells. Their uptake was demonstrated by
tracking sEVs with a fluorescent, membrane-perme-
able dye (Figure 6(a)). The possibility of delivering
small RNAs through sEVs was further tested by
loading non-human cel-miR-39 onto sEVs released
from SEN cells. The latter treatment resulted in
qPCR-detectable levels of cel-miR-39 in CON cells,

confirming the delivery of a considerable amount of
cargo in this setting (Figure 6(b)). Treatment of
CON cells with sEVs from SEN cells resulted in a
significantly increased expression of miR-21-5p and
miR-217 (Figure 6(c)). To evaluate whether this
observation was related to the intracellular delivery
of the copies of miR-21-5p and miR-217 loaded onto
SEN sEVs or to the induction of the transcription of
the two miRNAs in the recipient cells, we assessed
the levels of pri-miR-21 using SEN cells as a positive
control. Treatment of CON cells with SEN sEVs was
not able to induce the up-regulation of pri-miR-21
(Figure 6(d)).
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Figure 6. Modulation of DNMT1/SIRT1 and of replicative rate biomarkers induced in CON cells by treatment with sEVs released from
SEN cells. (a) Immunofluorescence staining showing effective uptake in CON of sEVs released from SEN cells. sEVs were labelled with
PKH67 green fluorescent dye. Scale bars of 10 µm are applied. (b) qPCR analysis of cel-miR-39 in CON cells treated with sEVs loaded
with cel-miR-39. (c) qPCR analysis of miR-21-5p and miR-217 in CON cells treated with sEVs from SEN and with sEVs from CON. (d)
qPCR analysis of pri-miR-21 in CON cells treated with sEVs from SEN and with sEVs from CON, and in SEN cells. (e) Western blots
showing modulation of DNMT1 and SIRT1 protein levels in CON cells treated with sEVs released from SEN without and with miR-217
and miR-21 inhibitors. CON sEVs and cel-miR-39 were used as negative controls to exclude non-specific effects due to the treatment
with sEVs and miRNAs, respectively. (f) Densitometric analysis of SIRT1 and DNMT1 protein level modulation in CON cells treated
with sEVs released from SEN without and with miR-217 and miR-21 inhibitors. The effects of sEVs on SIRT1 and DNMT1 appear to be
miR-21-5p- and miR-217-dependent. Protein expression values are reported as SIRT1/α-tubulin and SIRT1/α-tubulin ratios. (g)
Immunofluorescence Ki67 staining of CON cells CON cells treated with sEVs released from SEN without and with miR-217 and
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Treatment of CON cells with SEN sEVs also signifi-
cantly reduced the expression of DNMT1 and SIRT1
(Figure 6(e,f)). This effect was not reproducible by
treating CON cells with CON sEVs and was signifi-
cantly rescued when SEN sEVs were loaded with miR-
21-5p and miR-217 inhibitors, alone or combined
(Figure 6(e,f)). This suggests that both miRNAs are
involved in DNMT1 and SIRT1 modulation.

A reduction in CON cell replication ability,
demonstrated by reduced Ki67 staining, was observed
during the 18-h treatment with SEN sEVs (Figure 6(g,
h)) and was associated with reduced PCNA (Figure 6
(i)), cyclin D1 and cyclin A (Figure 6(m)) expression.
Importantly, the effects of SEN sEV uptake in CON
cells appeared to be miR-21-5p-dependent. A trend
towards the reduction of cyclin B mRNA was
observed in treated CON cells, even if it did not
reach statistical significance (Figure 6(m)). Notably,
CON cells treated with SEN sEVs showed an
increased formation of SAHF, as confirmed by the
increased CV of the HOECHST staining intensity.
This effect was not rescued by the addition of miR-
21-5p/miR-217 inhibitors (Figure 6(l)).

We then performed Annexin V and 7-AAD staining
and flow cytometry to quantify the rate of apoptosis in
CON cells after treatment with SEN sEVs. As shown in
Figure 6(n), the percentage of cells undergoing early
(Annexin V+/7-AAD-) and late (Annexin V+/7-AAD
+) apoptosis was significantly increased in CON cells
treated with SEN sEVs compared with CON cells,
demonstrating that SEN sEVs are able to induce apop-
tosis in CON cells after 18-h treatment.

Next, we evaluated whether treatment with SEN
sEVs was capable of inducing a senescent phenotype
in CON cells. A significant increase in the expression
of p16, IL-6 and IL-8 mRNAs was observed, whereas
no significant up-regulation of IL-1β mRNA was
reported (Figure 6(o)).

As a final experiment, we assessed the methylation
level of MIR21 locus in CON and SEN cells, and in
CON cells treated with SEN sEVs using the quantitative
EpiTYPER assay. Treatment of CON cells with SEN
sEVs was able to induce a significant demethylation of
the fourth CpG site of the amplicon (corresponding to
the microarray probe cg02515217, located in the TSS200
region), resulting in methylation levels comparable to
those observed in SEN cells (Figure 6(p)).

Overall, SEN sEVs proved capable of modulating
apoptosis and a number of key senescence features, i.
e. cellular proliferation, SASP acquisition and
DNMT1/SIRT1 expression. The effects on prolifera-
tion appear to be at least partly miR-21-5p-depen-
dent, whereas those on DNMT1-SIRT1 expression
appear to be dependent on miR-21-5p as well as
miR-217. The down-regulation of DNMT1 in CON
cells treated with SEN sEVs induced a partial
demethylation of the MIR21 locus which, however,
was not associated to an increased transcription of
miR-21-5p in treated cells.

miRNA profiling in circulating EVs from healthy
adults of different ages

The finding that SEN cells can spread pro-senescence
signals via miRNAs carried by their sEVs suggested a
further experiment, where EVs purified from plasma of
12 healthy adult donors of different ages were subjected
to NGS analysis. Donors were grouped into three gen-
der-matched age groups, young (n = 4), elderly (n = 4)
and centenarians (n = 4), whose mean age was 50 ± 8
years, 74 ± 9 years and 102 ± 1 year, respectively. The
demographic and clinical characteristics of the 12
donors are reported in Supplementary Table 8. There
were no age-related differences in the number of sEVs
purified from plasma among the groups (p = 0.873,
data not shown). Of the 1186 miRNAs detected by the

miR-21 inhibitors. Scale bars of 100 µm are applied. (h) Quantification of Ki67-positive cells. (i) PCNA, (m) cyclin D1, cyclin A,
cyclin B1 mRNA relative expression in CON cells treated with sEVs released from SEN cells without and with miR-217 and miR-
21 inhibitors. (l) Evaluation of senescence-associated heterochromatin foci (SAHF) based on the calculation of the CV of the
HOECHST staining in at least 200 nuclei of CON cells treated with sEVs without and with miR-217 and miR-21 inhibitors.
Treatment of CON cells with sEVs released from SEN cells induced significant reduction of proliferation markers and the
formation of SAHF. These effects were significantly reduced by treatment with sEVs released from SEN cells loaded with miR-
21-5p inhibitor, suggesting that the effects of SEN sEVs on CON cell replication are, at least partly, miR-21-5p-dependent. (n)
Assessment of apoptosis rate in CON cells treated with sEVs released from SEN cells. Annexin V+/AAD7- and annexin V+/7AAD
+ cells were respectively considered to be early- and late-apoptotic cells. (o) p16, IL-6, IL-8, IL-1β mRNA relative expression in
CON cells treated with sEVs released from SEN cells. (p) Methylation status of the MIR21 locus in SEN cells and in CON cells
treated with sEVs released from SEN cells. The microarray probe cg02515217 is significantly under-methylated in SEN cells and
in CON cells treated with SEN sEVs compared to CON cells. *, CON vs CON + SEN sEVs; #, CON vs SEN. Data from n = 3
independent experiments are represented as mean ± SD. */#, p < 0.05; **, p < 0.01; ***, p < 0.001 from one-way ANOVA
followed by Tukey’s multiple comparison test for pairwise comparisons.
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analysis, 360 were expressed in EVs from at least two
subjects in at least one group. These were included in
the subsequent analysis. Age-related trends were iden-
tified by applying PCA with varimax rotation conver-
ging after 11 iterations and yielding 11 components
with an eigenvalue > 1.0. Three components explaining
more than 45% of the total variance were retained. The
PCA plot (Figure 7(a)) indicates that PC1 and PC2
enable clear separation of the miRNA expression pro-
files of the three groups of subjects, explaining

respectively 18.8% and 15.1% of the total variance.
The component loading for each miRNA is reported
in Supplementary Table 9. Analysis of the factor scores
reflecting the weighted level of the miRNAs expressed
in the three groups identified an inverted U-shape
distribution for factor 1, a slightly declining trend for
factor 2 and a rising trend for factor 3 (Figure 7(b)).
MiR-21-5p showed a strong loading on factor 1 (load-
ing score = 0.655) (Figure 7(b)), whereas miR-217 was
not detected in circulating EVs. We further validated
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Figure 7. Profiling of miRNAs identified in circulating EVs purified from plasma of healthy adult subjects of different ages. (a) PCA
factor analysis with varimax rotation of 360 miRNAs detectable in at least two samples of at least one group of healthy donors.
Rotation converged after 11 iterations and yielded 11 components with an eigenvalue > 1.0. Three components explaining more
than 45% of the total variance were retained. PC1 and PC2, explaining respectively 18.8% and 15.1% of the total variance, are
represented. Circles represent 95% confidence intervals. (b) Line plots showing the estimated marginal means for factors 1, 2 and 3
regression scores across the three age groups (<65 years, ≥65 years and centenarians). (c) qPCR validation of miR-21-5p levels in EVs
from healthy donors. Data from four subjects in each age group are displayed as mean ± SD. *, p < 0.05; **, p < 0.01; ***, p < 0.001
from one-way ANOVA followed by Tukey’s multiple comparison test for pairwise comparisons. (d) Ingenuity Pathway Analysis (IPA)
on miRNAs loading on factor 1 with a score > 0.60 or < −0.60. Association of this dataset with the “diseases and disorders” IPA
database revealed a significant enrichment of the subcategory “inflammation of organ”.
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miR-21-5p levels in plasma EVs from the same subjects
by qPCR and confirmed that miR-21-5p levels follow
the same age-related inverted U-shaped trend observed
for factor 1 (Figure 7(c)).

These data showed that in elderly people circulating
EVs are characterised by increased miR-21-5p levels
compared with either younger adults and healthy cen-
tenarians, suggesting that the EV miR-21-5p content
can be a marker of cellular senescence and inflamma-
ging. This finding lends support to our group’s earlier
report of an inverse U-shaped age-related trend of
miR-21-5p purified from total plasma [57].

According to IPA, SIRT1 and miR-21-5p are spokes
in a network that includes miRNA loading on factor 1
with a score > 0.60 or < −0.60. TNF and TP53 can be
considered as hubs. The association of the miRNAs
loaded on factor 1 with the IPA database “diseases
and disorders” revealed a significant enrichment of
the sub-category “inflammation of organ”, confirming
the hypothesis that an inverse U-shaped trend reflects
high circulating levels of the biomarkers of inflamma-
ging in elderly individuals (Figure 7(d)).

Putative SA loop involving miR-21-5p and miR-217

The main results of the study are reported in Figure 8,
which depicts a putative SA loop encompassing miR-
21-5p and miR-217. In particular, the miR-21 locus is
demethylated in SEN cells, resulting in miR-21-5p
over-expression in these cells, which are marked by
low levels of DNMT1 and SIRT1. sEVs released from
SEN cells are enriched in miR-21-5p and miR-217 and
can contribute to reduce DNMT1 and SIRT1 expres-
sion in younger recipient cells, promoting demethyla-
tion of the locus encoding miR-21 and increasing its
transcription. This vicious circle could be critical in the
maintenance of the epigenetic “senescence program”
that propagates senescence signals from SEN to CON
cells through sEVs. The inverse U-shaped age-related
trend of miR-21-5p carried by circulating sEVs sug-
gests a potential role for it as a circulating biomarker
associated with senescence and inflammaging.

Discussion

Emerging evidence strongly supports the hypothesis
that EVs mediate the effects of senescent cells on
their micro-environment and that they do so at least
partly through their miRNA cargo [23,58–61]. We set
out to establish the relative contribution of the
miRNAs carried by EVs released from senescent ECs
in spreading pro-senescence signals to younger cells.
The first relevant finding was that senescent cells

release a significantly greater number of sEVs than
control cells, a finding that was corroborated by the
detection in senescent cells of a significantly increased
number of MVBs, the endocytic organelles that gener-
ate sEVs. These data agree with recent studies of a
mouse model of oncogene-induced senescence and
human lung fibrotic lesions enriched in senescent
cells [62], bone marrow stromal cells [63], human
prostate cancer cells [24] and chondrocytes [64].

Another major question was whether EVs contained
the same miRNA repertoire as the cells that had
released them. Global miRNA profiling of SEN and
CON cells and their cognate EVs (sEVs and lEVs)
showed that cells and their EVs shared about 33% of
the miRNAs. Surprisingly, lEVs and sEVs shared only
24%, supporting the hypothesis that different EVs shut-
tle different cargo [65,66]. Since SEN cells released
significantly more sEVs than CON cells, we focused
on the miRNAs showing concordant modulation in
sEVs and their parental SEN cells. This, we reasoned,
would also help reduce the risk of potential contamina-
tion from the EVs contained in the FBS serum supple-
ment used in the culture medium [67].

Analysis of SEN sEVs showed that they were
enriched in miR-21-5p and miR-217, both of which
were over-expressed in SEN cells and were capable of
targeting DNMT1 and SIRT1, two key enzymes in
methylation pattern maintenance. Our data are in line
with previous reports associating miR-21-5p and miR-
217 with cellular senescence. MiR-21-5p over-expres-
sion has been seen to reduce EC replicative lifespan,
whereas its stable knockdown by sponges has been
reported to extend it [68,69]. MiR-21-5p over-expres-
sion has also been related to the development of car-
diac fibrosis [70], T-cell subset alteration [71] and
imbalances in platelet function [72], all functions that
are affected by ageing. An intriguing mechanism has
also been described, where DNMT1 inhibition was
induced by miR-21-5p binding the DNMT1 catalytic
site rather than its mRNA [54]. As regards miR-217
over-expression, it has been related to a premature
senescence-like phenotype both in EC models (through
impaired angiogenesis via SIRT1 inhibition [56]) and
in fibroblasts (through direct suppression of DNMT1-
mediated methylation of p16 and pRb [55]).

Notably, we were able to replicate the same obser-
vations in another EC lineage undergoing replicative
senescence, and in a model of drug-induced senes-
cence. The expression levels of cellular and sEV miR-
21-5p and miR-217 in drug-induced senescence were
comparable to those obtained in the replicative
senescence models. The variations of the miRNA
pool according to the different mechanisms of
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senescence are under-investigated. In this context,
our results support the hypothesis that senescence-
associated miRNAs participate in the control of a
core set of senescence genes regardless of the pro-
senescence stimulus [73].

When we explored the biological effects of SEN
sEVs on younger cells, treatment of CON cells with
SEN sEVs induced a significant reduction in DNMT1
and SIRT1 expression, which was associated with a
reduction in cell replicative rate, with the acquisition
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Figure 8. Overview of the SA effects of miR-21-5p and miR-217 carried by SEN sEVs into CON cells. (a) Graphic representation of the
SA loop involving miR-21-5p. The miR-21 locus is de-methylated in SEN cells; the resulting miR-21-5p over-expression can contribute
to reduce DNMT1/SIRT1 expression in SEN cells. sEVs released from SEN cells are enriched in miR-21-5p; their delivery to CON cells
modulates DNMT1/SIRT1 and impairs their replication rate. This vicious cycle may be critical in maintaining the epigenetic
“senescence program” through the spread of pro-senescence signals to younger cells through an increased sEV release. (b) MiR-
21-5p in sEVs purified from plasma of healthy young, elderly and centenarian individuals showed an inverse U-shaped age-related
trend, suggesting that miR-21-5p loaded on sEVs could be a systemic biomarker of senescence and inflammaging.
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of a senescent phenotype, and with a partial demethy-
lation of the locus encoding for miR-21. The demethy-
lation of the MIR21 locus was not coupled with the
enhanced transcription of the miR-21-5p precursor
pri-miR-21 in recipient cells. This suggests that (i) the
increased levels of miR-21-5p and miR-217 in CON
cells treated with SEN sEVs are related to the intracel-
lular delivery of the sEV cargo, and (ii) a prolonged
exposure to SEN sEVs could be required to establish
the vicious cycle leading to miR-21-5p transcription in
cells treated with CON sEVs. The most striking finding
in this context was that miR-21-5p and miR-217 loaded
on sEVs played a key role in DNMT1-SIRT1 modula-
tion, with miR-21-5p being the major factor inducing
replicative rate reduction in recipient cells. The under-
expression of DNMT1 and SIRT1 detected in SEN
HUVECs is not induced by changes in the methylation
state of their loci, but by fine regulation by miR-21-5p
and miR-217. These findings shed new light on the
mechanisms promoting the spread of senescence via
the bystander effect. Notably, miR-21-5p shuttling
through sEVs has been associated with different biolo-
gical functions depending on donors and recipient cell
types [74,75]. While miR-21-5p has been extensively
designated as an oncomiR [76], its role on the prolif-
erative rate of non-cancer and replicative senescent
cells is still debated. Our findings are in agreement
with previous reports showing an anti-proliferative
role of miR-21 on endothelial cells [68,77]. We can
hypothesise that these effects could be related to the
different transcriptional landscape between normal and
cancer cells. In the latter, the inhibitory effects of miR-
21 on many cell cycle regulators are potentially over-
whelmed by gain-of-function somatic mutations.

As a final experiment, we set out to find in vivo evidence
to compare with our in vitro data. Analysis of themiRNome
profile of EVs purified from plasma of healthy subjects of
different ages demonstrated for the first time that miR-21-
5p shuttled by circulating EVs shows an inverse U-shaped
trend, and that the trend becomes apparent only when
centenarians are included in the analysis. We previously
described an inverse U-shaped age-related trend for miR-
21-5p during normal ageing and significantly increased
miR-21-5p plasma levels in patients with ARDs such as
cardiovascular disease and type 2 diabetes [57,61,78].

Notably, non-monotonic age-related trends have
first been described for genetic determinants of
human longevity; these studies suggested that the
effects of mortality trends for different genotypes
observed in cross-sectional studies could depend on
interactions between genetic and epigenetic factors
[79]. Experimental data about such interactions have
begun to emerge only in recent years [80].

Our findings strongly support the hypothesis that cir-
culatingmiR-21-5pmay be an archetypal “inflamma-miR”
related to cellular senescence and inflammaging, and that
its non-monotonic age-related trend may be the result of
the complex adaptive/selective remodelling that occurs
during ageing. Crucially, therapies targeting miR-21 are
already progressing to the clinical trial phase [81,82].

Interestingly, DNMT1 levels in circulating cells from
healthy subjects of different ages exhibit a U-shaped
pattern that mirrors the expression of miR-21-5p car-
ried by circulating EVs [83].

Altogether, we provide proof of principle that senes-
cent endothelial cells can spread their miRNA signa-
ture, thus contributing to the development of a pro-
ageing environment, and that these miRNAs can be
selectively packaged in and delivered through sEVs.
Critically, the results obtained in vivo for miR-21-5p
lend strong support to the in vitro observations and to
the notion that cellular senescence is, at least partly,
fractal of the ageing process; they also indicate that
circulating factors derived from senescent cells can be
used as biomarkers to depict and track ageing trajec-
tories [84]. Even though senescence has been described
as a terminal process, mounting evidence supports the
view that the adverse effects of the senescence program
can be attenuated or delayed [85] and that sEVs could
play a critical anti-senescence role [86–88].

In conclusion, our findings pave the way for further
research, in particular to work out how circulating pro-
senescence signals carried by vesicles can become drug-
gable targets that can helpmodulate the ageing process and
delay ARD development. The discovery of several drugs
targeting DNMT1 and SIRT1 and the possibility to mod-
ulate miRNA expression are making this ambitious goal
easier to reach.
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been further substantiated by the results of the CANTOS trial. Indeed,

treatment with an anti-IL-1β antibody reduced the incidence of CV

events in a population with high CV risk, a cohort that includes 40%

of diabetic patients.4 In particular, the intervention was effective in

those patients who had an hs-CRP of >2 mg/L at baseline and below

this threshold at the end of the intervention, suggesting the tangible

contribution of RIR to CV events.5

The prevalence of RIR in cohorts of patients with high CV risk

ranges from 43% in the PROVE-IT trial to 61% in the VIRGO registry,

a large database providing data from young adults with a previous

myocardial infarction.2,6 A recent publication also evidenced a high

prevalence of RIR in patients with type 2 diabetes (T2D), as shown in

the cohort of the EXAMINE trial, where patients with the highest

values of hs-CRP had an increased incidence of CV events, an associa-

tion independent of, and additive to, achieved LDL-C levels.7 How-

ever, less data are available regarding the prevalence of RIR in

patients with T2D from real-world cohorts. In addition, little informa-

tion has been reported regarding the impact of statins and LDL-C goal

attainment on RIR prevalence, as well as regarding the clinical vari-

ables associated with higher hs-CRP values in patients with T2D.

Here, we explored the impact of statins use, attainment of LDL-C

goal and pre-existing T2D complications on the resulting prevalence

of RIR in a well-characterized retrospective cohort (n = 511) of

patients with T2D. In addition, we analysed the correlation between

major clinical variables and hs-CRP among the different subgroups of

patients. In order to better disentangle the effect of all these possible

contributors, we used data from patients studied before 2009, when

statins use and an LDL-C goal of <70 mg/dL were considered optional

in subjects with T2D.8

2 | METHODS

2.1 | Cohort description

Samples were derived from a previously published cohort composed

of 511 patients with T2D.9 The study was approved by local institu-

tional ethics committees. Written informed consent was obtained

from each subject in accordance with the principles of the Declaration

of Helsinki. T2D was diagnosed according to American Diabetes Asso-

ciation criteria, i.e. patients with an HbA1c of ≥6.5% or fasting blood

glucose of ≥126 mg/dL or 2-hour blood glucose levels of ≥200 mg/dL

after oral glucose tolerance test, or random blood glucose ≥200 mg/

dL when severe diabetes symptoms are present.10 Inclusion criteria

for patients with diabetes were body mass index (BMI) <40 kg/m2,

age 35-85 years, and the ability and willingness to give written

informed consent. Information collected included data on vital signs,

anthropometric factors, medical history and behaviours. The pres-

ence/absence of diabetic complications was established as follows:

diabetic retinopathy by fundoscopy through dilated pupils and/or

fluorescence angiography; incipient nephropathy, defined as a urinary

albumin excretion rate of >30 mg per 24 hours and a normal creati-

nine clearance; renal failure, defined as an estimated glomerular

filtration rate (eGFR) of <60 mL/min per 1.73 m2; neuropathy

established by electromyography; ischaemic heart disease defined by

clinical history and/or ischaemic electrocardiographic alterations;

peripheral vascular disease, including atherosclerosis obliterans and

cerebrovascular disease based on history, physical examinations and

Doppler velocimetry. Among the 511 patients, 90 were affected by

neuropathy, 120 by peripheral vascular disease, 75 by major adverse

cardiovascular events (MACE), 62 by nephropathy or renal failure and

144 by retinopathy. Fasting blood samples of all subjects were

processed to obtain EDTA plasma that was stored at −80�C. Concen-

trations of presented analytes were measured by standard

procedures.

2.2 | Statistical analysis

Continuous variables were tested for normality using the Shapiro

Wilk's test and reported as mean ± SD. Student's t test was used to

evaluate differences in continuous variables between two groups,

while the chi square test was used for dichotomous variables.

Pearson's correlation was used for continuous variables. Spearman's

coefficient was used to estimate the correlation between hs-CRP and

the number of T2D complications. A stepwise logistic regression

model with forward conditional method was used to identify factors

associated with inflammatory risk in T2D. All variables showing a sig-

nificant linear correlation with hs-CRP in T2D subjects with LDL-

C ≤70 mg/dL were entered into the model. Model fit was assessed

using the Hosmer-Lemeshow goodness-of-fit test. The analyses were

carried out using IBM SPSS Statistics version 26 (IBM, Armonk, NY,

USA) and R version 3.6.1. Statistical significance was defined as a

two-tailed P-value of <.05.

3 | RESULTS

Clinical variables of patients with T2D categorized according to the

presence/absence of inflammatory risk (i.e. hs-CRP ≥ or <2 mg/L) are

shown in Table 1, while Table S1 displays the clinical characteristics of

the entire cohort. Subjects with inflammatory risk had a higher mean

value of BMI, waist-hip ratio, total cholesterol, triglycerides, fasting

glucose, insulin, homeostatic model assessment (HOMA) index and

uric acid, while HDL-cholesterol (HDL-C) and mean diabetes duration

were lower in this group. In addition, they were more probable to

have a diagnosis of hypertension and less probable to be on treatment

with sulphonylureas (Table 1).

When considering all patients with T2D, the prevalence of inflam-

matory risk was 51.9%, while a slightly lower prevalence (46.9%) was

observed when considering only patients on stable (>1 year) statin

therapy. When considering only patients with the currently rec-

ommended LDL-C goal of 70 mg/dL, i.e. those at target, the preva-

lence of RIR was 39.2% (Figure 1A).

Regarding the spectra of possible complications, only among

patients with nephropathy was there a higher prevalence of
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inflammatory risk (66.1%), while patients with a previous MACE

showed the same prevalence as the general T2D cohort (50.6%)

(Figure 1B).

Pearson's correlations among variables in different subgroups

revealed that total-C, non-HDL-C, triglycerides, apolipoprotein B,

BMI and waist-hip ratio were positively associated with hs-CRP,

while eGFR displayed a negative correlation. These associations

were not significant in patients treated with statins, while the

attainment of the goal of LDL-C <70 mg/dL markedly increased the

magnitude of these correlations. On the other hand, HbA1c, fasting

insulin, HOMA index, serum creatinine, platelets count and the

number of complications were strongly associated with hs-CRP only

in patients with LDL-C <70 mg/dL (Figure 1C and Table S2). The

progressive nature of the association was particularly apparent for

non-HDL-C, HbA1c and HOMA index, as evidenced by linear

correlation graphs (Figure S1). Among other variables, fasting glu-

cose and age were not associated with hs-CRP in the at-target

group (Figure 1C and Table S2), despite the known proinflammatory

effect of these two variables.11 Among immune-related variables,

monocytes and lymphocytes counts were positively associated with

hs-CRP in at-target patients, possibly suggesting both innate and

acquired immunity as potential contributors to RIR (Figure 1C and

Table S2).

To gain further insights into the variable associated with inflam-

matory risk in T2D, we built a binary logistic regression model

predicting the likelihood of hs-CRP levels of ≥2 mg/L. The logistic

regression model with forward conditional selection was statistically

significant (χ2[14] = 59.120, P < .001) and included four variables as

significant predictors, i.e. waist-hip ratio, triglycerides, non-HDL-C

and neutrophils (Table S3).

TABLE 1 Clinical variables of
patients categorized according to the
presence/absence of residual
inflammatory risk (i.e.
hs-CRP < or ≥2 mg/L).

Variable
High-sensitivity C-reactive protein stratification

Hs-CRP <2 mg/L (N = 246) Hs-CRP ≥2 mg/L (N = 265) P-value

Hs-CRP (mg/L) 1.06 (0.55) 5.91 (3.59) <.0001

Age (y) 65.8 (8.6) 65.6 (7.7) .796

Gender (males, %) 150 (61%) 132 (49.8%) .011

Diabetes duration (y, SD) 16.3 (11.4) 13.25 (11.5) .005

Body mass index (kg/m2) 27.3 (3.8) 29.7 (4.3) <.0001

Waist-hip ratio 0.92 (0.07) 0.94 (0.07) .001

Total cholesterol (mg/dL) 202.0 (38.7) 210.7 (37.4) .010

LDL-cholesterol (mg/dL) 114.2 (32.2) 117.8 (31.1) .202

HDL-cholesterol (mg/dL) 54.9 (15.4) 50.3 (16.0) <.0001

Triglycerides (mg/dL) 112.4 (58.1) 160.5 (134.4) <.0001

Fasting glucose (mg/dL) 155.8 (42.7) 167.4 (51.2) .005

HbA1c (%) 7.30 (1.13) 7.50 (1.31) .062

Insulin (UI/mL) 6.30 (9.26) 7.69 (5.70) .043

HOMA index 2.39 (3.35) 3.29 (7.24) .002

WBC (n/mm3) 6.29 (1.49) 6.87 (1.59) <.0001

Platelets (n/mm3) 212.4 (82.1) 221.4 (55.6) .147

Creatinine (mg/dL) 0.89 (0.25) 0.92 (0.33) .224

Azotemia (mg/dL) 40.6 (11.3) 39.7 (12.2) .356

eGFR (mL/min) 80.9 (18.8) 73.2 (22.2) .069

Uric acid (mg/dL) 4.62 (1.11) 4.94 (1.24) .002

Hypertension (N, %) 140 (56.9%) 180 (67.9%) .010

Smokers (N, %) 37 (15%) 42 (15.8%) .800

Medication (N, %)

Metformin 84 (34.1%) 100 (37.7%) .398

Sulphonylureas 136 (55.3%) 113 (42.6%) .004

Glinides 4 (1.6%) 7 (2.6%) .429

Insulin 44 (17.9%) 46 (17.4%) .876

Statins (N, %) 51 (20.8%) 45 (17%) .278

Abbreviations: eGFR, estimated glomerular filtration rate; HOMA, homeostatic model assessment; WBC, white blood count

Data are expressed as mean (SD) and P-values refer to Student's t test for continuous variables or to chi

square test for dichotomous variables. Significant differences (P < .05) are highlighted in bold.
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4 | DISCUSSION

Our results evidence a high prevalence of RIR among patients with

T2D, comparable with observations in previous cohorts of patients

with CV diseases or in those at high risk.2,6,12 To our knowledge, this

is the first study showing the prevalence of RIR in a cohort with T2D,

although many previous reports have described hs-CRP elevation in

T2D.7,13 These findings also highlight a limited effect of statins use

and LDL-C goal attainment on RIR prevalence in T2D. Accordingly,

lipid- and obesity-related variables were associated with hs-CRP in

the whole T2D population, but more consistently in patients achieving

the LDL-C target. Notably, glucose-related variables were associated

with hs-CRP only in at-target patients, overall suggesting that RIR

might be, at least in part, attributable to non-LDL-C dyslipidaemia,
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F IGURE 1 (A) Prevalence of
inflammatory risk (hs-CRP ≥ 2 mg/L)
in all patients with type 2 diabetes
(T2D), only in those treated or not
with statins, and only in patients
with at-target (<70 mg/dL) or not at-
target LDL-cholesterol (LDL-C).
(B) Prevalence of residual
inflammatory risk (RIR) in patients

affected by different complications.
(C) Correlation plot showing the
significant correlations among the
different variables and hs-CRP in the
whole population (left), in patients
on statin therapy (middle), and in
patients with at-target LDL-C (right).
The intensity of the colour and the
size of the circles depend on the
magnitude of the correlation, while
the symbol X indicates a non-
significant correlation. ALP, alkaline
phosphatase; AST, aspartate
transaminase; ALT, alanine
transaminase; BMI, body mass index;
GGT, gamma-glutamyltransferase;
HDL-C, high density lipoprotein
cholesterol; IL-6, interleukin 6;
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blue = positive correlation;
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central obesity, insulin resistance, and lack of glycaemic control in

T2D.13 In particular, waist-hip ratio, triglycerides and non-HDL-C

appear to be the most probable variables explaining the burden of RIR

in patients with T2D. It is worth noting, that among the range of dif-

ferent T2D complications, only patients with nephropathy have an

increased prevalence of inflammatory risk. Consistently, diabetic

nephropathy is accompanied by a complex proinflammatory

remodelling promoting the development and progression of this com-

plication, as evidenced by both prospective and cross-sectional

studies.14

An inherent limitation to this study design is that none of the

patients were treated with the recently introduced glucose-lowering

drugs,15 some of which have been suggested as also targeting the

inflammatory process16; nor were any patients treated with recently

introduced LDL-C-lowering drugs such as proprotein convertase sub-

tilisin/kexin type 9 (PCSK9) inhibitors. In addition, other factors

beyond the large range of common variables presented here may

influence RIR.

Overall, these observations suggest that an effective targeting of

modifiable risk factors, for example, central obesity and triglycerides,

may reduce the burden of RIR in patients with T2D, as recently

suggested for patients with prevalent CV diseases.17 This hypothesis

warrants further exploration, especially considering that an aggressive,

multidimensional reduction of risk factors is already known to reduce

the incidence of CV events in patients with T2D.18
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Pre-eclampsia predictive ability of maternal
miR-125b: a clinical and experimental study

CATERINA LICINI, CHIARA AVELLINI, ELENA PICCHIASSI, EMANUELA MENSÀ,
SONIA FANTONE, DEBORAH RAMINI, CHIARA TERSIGNI, GIOVANNI TOSSETTA,
CLARA CASTELLUCCI, FEDERICA TARQUINI, GIULIANA COATA, IRENE GIARDINA,
ANDREA CIAVATTINI, GIOVANNI SCAMBIA, GIAN CARLO DI RENZO, NICOLETTA DI SIMONE,
ROSARIA GESUITA, STEFANO R. GIANNUBILO, FABIOLA OLIVIERIA, and DANIELA MARZIONIA

ANCONA, PERUGIA, ROMA, AND ITALY; AND MOSCOW, RUSSIA

Pre-eclampsia (PE) is a systemic maternal syndrome affecting 2-8% of pregnancies
worldwide and involving poor placental perfusion and impaired blood supply to the foe-
tus. It manifests after the 20th week of pregnancy as new-onset hypertension and sub-
stantial proteinuria and is responsible for severe maternal and newborn morbidity and
mortality. Identifying biomarkers that predict PE onset prior to its establishment would crit-
ically help treatment and attenuate outcome severity. MicroRNAs are ubiquitous gene
expression modulators found in blood and tissues. Trophoblast cell surface antigen
(Trop)-2 promotes cell growth and is involved in several cancers. We assessed the PE
predictive ability of maternal miR-125b in the first trimester of pregnancy by measuring
its plasma levels in women with normal pregnancies and with pregnancies complicated
by PE on the 12th week of gestation. To gain insight into PE pathogenesis we investigated
whether Trop-2 is targeted by miR-125b in placental tissue. Data analysis demonstrated
a significant association between plasma miR-125b levels and PE, which together with
maternal bodymass index before pregnancy provided a predictivemodel with an area
under the curve of 0.85 (95% confidence interval, 0.70-1.00). We also found that Trop-2 is
a target of miR-125b in placental cells; its localization in the basal part of the syncytiotro-
phoblast plasma membrane suggests a role for it in the early onset of PE. Altogether,
maternal miR-125b proved a promising early biomarker of PE, suggesting that it may be
involved in placental development through its action on Trop-2 well before the clinical
manifestations of PE. (Translational Research 2021; 228:13�27)

Abbreviations: PE = pre-eclampsia; Trop-2 = Trophoblast cell surface antigen-2; miR-125b =
microRNA-125b

aF.O. and D.M. contributed equally to this work.

From the Department of Experimental and Clinical Medicine, Universit�a Politecnica delle Marche, 60126 Ancona, Italy; Department of Biomedical and Sur-

gical Science, Clinic of Obstetrics and Gynaecology, University of Perugia, 06132 Perugia, Italy; Department of Clinical and Molecular Sciences, Universit�a
Politecnica delle Marche, 60126 Ancona, Italy; Fondazione Policlinico Universitario A. Gemelli IRCCS, U.O.C. di Ostetricia e Patologia Ostetrica, Diparti-

mento di Scienze della Salute della Donna, del Bambino e di Sanit�a Pubblica, 00168 Roma, Italy; Centre of Perinatal and Reproductive Medicine, University

of Perugia, Italy; Department of Clinical Sciences, Universit�a Politecnica delle Marche, Salesi Hospital, 60123 Ancona, Italy; Universit�a Cattolica del Sacro

Cuore, Istituto di Clinica Ostetrica e Ginecologica, 00168 Roma, Italy; Department of Obstetrics and Gynaecology I.M. Sechenov First State University, Mos-

cow, Russia; Centre of Epidemiology and Biostatistics, Universit�a Politecnica delle Marche, 60126 Ancona, Italy; Center of Clinical Pathology and Innova-

tive Therapy, IRCCS INRCANational Institute, 60100 Ancona, Italy.

Submitted for Publication February 3, 2020; received submitted July 20, 2020; accepted for publication July 23, 2020.

Corresponding author. E-mail address: d.marzioni@staff.univpm.it.

1931-5244/$ - see front matter

� 2020 Elsevier Inc. All rights reserved.

https://doi.org/10.1016/j.trsl.2020.07.011

13

http://crossmark.crossref.org/dialog/?doi=10.1016/j.trsl.2020.07.011&domain=pdf
mailto:d.marzioni@staff.univpm.it
https://doi.org/10.1016/j.trsl.2020.07.011


AT A GLANCE COMMENTARY
Licini C, et al

Background

This is a multidisciplinary study on the role of miR-

125b on the development of preeclampsia. This

study was undertaken to assess the preeclampsia

predictive ability of maternal plasma miR-125b at

12 weeks of gestation and to establish whether miR-

125b targets Trophoblast cell surface antigen-2 pro-

tein. We propose that maternal plasma miR-125b

overexpression at 12 weeks of gestation inhibits pla-

cental Trophoblast cell surface antigen-2 protein

and can directly favour preeclampsia onset by caus-

ing placental maldevelopment.

Translational Significance

These data advance our mechanistic understand-

ing of preeclampsia complications and provide

insights to develop new prevention strategies.

INTRODUCTION

PE is a maternal pregnancy disorder arising after the

20th week of gestation and characterized by new-onset

hypertension and substantial proteinuria. It involves

multiple organs including kidney, liver and brain (1-4)

and affects 2�8% of pregnancies worldwide, causing

severe maternal and newborn morbidity and mortality

(5,6). According to the “two-stage model” of PE, inad-

equate trophoblast invasion of the placental bed in

early pregnancy results in insufficient remodelling of

uteroplacental spiral arteries (first stage of PE) (7).

Poor placental perfusion may become clinically rele-

vant at different times of gestation by affecting the

blood supply to the foetal-placental unit; oxidative

stress then induces the release into the maternal circu-

lation of factors like Flt-1 and s-Endoglin, which

induce the clinical features of PE, where hypertension

(blood pressure � 140/90 mm Hg) and proteinuria

(� 300 mg in 24 h) combine with clotting and liver

dysfunction (second stage of PE) (8-11). Since a nor-

mal syncytiotrophoblast is critical for the establishment

and maintenance of a healthy pregnancy, its impaired

function directly affects foetal development and mater-

nal adaptation to pregnancy. Syncytiotrophoblast

necrosis, an extreme condition, involves a significantly

higher release of syncytiotrophoblast extracellular

vesicles into the maternal circulation, particularly in

early-onset PE (12-15). However, the key mechanisms

underlying placental pathophysiology remain to be elu-

cidated. Investigation of the molecules regulating pla-

cental adaptation processes is therefore critical to gain

a greater understanding of PE pathogenesis.

MicroRNAs (miRNAs), small non-coding RNAs

that regulate the translation and degradation of specific

mRNA targets, play a critical role in cellular functions

such as proliferation, apoptosis, death, stress response,

differentiation and development (16,18). Dysregulation

of tissue and/or circulating miRNAs has been described

in a variety of disorders (16-18). At least 500 miRNAs

are known to be expressed in placental trophoblasts

(19,20). After the early study by Pineles et al. in 2007

(21), mounting evidence has been suggesting a poten-

tial association between some miRNAs and PE patho-

genesis (21-26). Although several miRNAs have been

tested for their ability to predict PE onset (27-31),

results have been inconclusive.

Among the miRNAs implicated in pregnancy disor-

ders (32), miR-125b is especially interesting because it

is involved in angiogenesis (33) and cell migration/

remodelling (34) and is highly conserved in several

species (35).

Trophoblast cell surface antigen (Trop)-2, also

known as tumour-associated calcium signal transducer

(TACSTD2), is a 35-49 kDa transmembrane glycopro-

tein (36) involved in the regulation of cell-cell adhe-

sion, cell proliferation and maintenance of basement

membrane integrity (37-39); it can function as a cell

surface receptor for specific ligands to increase intra-

cellular calcium levels (39) and plays a role in cell

growth (38,40). Trop-2 was first identified by Lipinski

et al. (41) as a marker of trophoblast and choriocarci-

noma cell lines and has since been described as a major

tumorigenic factor in several cancers (42-47). Interest-

ingly, Trop-2 mRNA has been identified as a miR-

125b target in breast, head and neck, and urothelial

cancer (48-50), whereas no data are available for pla-

cental tissue.

Based on these considerations, a clinical, biomolecu-

lar and morphological study was devised i) to evaluate

the ability of maternal miR-125b plasma levels mea-

sured at 12 weeks of pregnancy to predict PE onset; ii)

to investigate whether Trop-2 protein is a miR-125b

target in placental tissue; and iii) to elucidate the func-

tional role of miR-125b in modulating Trop-2 in human

trophoblasts.

MATERIALS AND METHODS

Study design. The participants who provided the

blood samples were prospectively recruited from

women attending a routine antenatal care visit at
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Obstetrics and Gynaecology outpatient clinic of Hospi-

tal ‘S. Maria della Misericordia’ (University of Peru-

gia, Italy) from 2014 to 2016 and followed until

delivery (Table 1).

This is a case-control study nested in a cohort study

where 158 plasma samples from women with healthy

pregnancies (n=144) or with pregnancy complicated by

PE (n=14) had been analysed. The present case-control

study involved 31 samples, 18 from women with

healthy pregnancies and 13 from gestational age-

matched women whose pregnancy was complicated by

PE (the 14th sample was no longer available because it

had been used for other tests).

Placenta samples were collected from 30 women, 20

with a healthy pregnancy and 10 whose pregnancy was

complicated by PE. The former 20 samples were col-

lected from women who had had voluntary termina-

tions in the 1st trimester of gestation (n=10,

Gynaecology and Obstetrics Unit, Department of Clini-

cal Sciences, Universit�a Politecnica delle Marche,

Ancona, Italy) or who had had an uneventful term

delivery (n=10, Department of Obstetrics and Gynae-

cology, Catholic University of the Sacred Heart,

Roma, Italy). The 10 samples from pregnancies com-

plicated by PE were collected at delivery at the Depart-

ment of Obstetrics and Gynaecology, Catholic

University of the Sacred Heart (Table 1).

The eligibility criteria were those described by

Gesuita et al. (51). Briefly, women aged 18 to 45 years

with a singleton pregnancy and no genetic diseases (e.

g. aneuploidy) who gave their written informed consent

to participate were considered eligible. Exclusion crite-

ria were multiparity, multiple gestation, a history of

hypertension, renal or cardiac disease, diabetes melli-

tus, thyroid and immune diseases and congenital or

acquired thrombophilia.

Baseline demographics and information on the

mother’s medical (including obstetric) history and cur-

rent and earlier lifestyle factors (smoking, diet and physi-

cal activity) was collected through an interview. The

body mass index (BMI) was calculated based on the data

obtained during the interview. The gestational age was

calculated from the last menstrual period and was con-

firmed by ultrasound crown-rump-length measurement.

Newborn data included gender, health and birth

weight. Placenta samples were not collected from still-

births or from live births where the newborn suffered

from chromosomal or other foetal abnormalities.

The study was approved by the institutional Ethics

Board of the University of Perugia.

Healthy pregnancies were normotensive pregnancies

with normal uterine and umbilical Doppler flow veloc-

imetry during gestation and where the foetus was

appropriate for the gestational age (newborns �10th �
90th percentile for gender and gestational age according

to Italian charts [52]).

PE was diagnosed after the 20th week based on two

blood pressure readings � 140/90 mmHg taken at least

4 h apart and on proteinuria � 300 mg in 24 h (or 2 dip-

stick readings of at least +2 of midstream or catheter

urine specimens if 24-hour urine collection was not

available) in previously normotensive patients (1).

Sample collection. Blood samples for the clinical study.

Venous blood was collected on the 12th week of preg-

nancy in EDTA-containing VACUETTE� tubes and

centrifuged at 1500 g for 15 min at 4˚C. Plasma was

aliquoted in 500 ml tubes and stored at -80˚C until

processing within 2 years of collection. To avoid bias

in miRNA dosage, samples were thawed only once.

Placenta samples for the biomolecular and

morphological study. Six tissue blocks were collected

from each placental sample. Three blocks were imme-

diately frozen at -80˚C for use in Western blot analysis;

the other 3 blocks were immediately fixed in 4% neu-

tral buffered formalin for 8-12 h at 4˚C and paraffin-

embedded at a temperature not exceeding 56˚C (44), to

obtain sections for immunohistochemistry (2 mm),

immunofluorescence and RT-PCR analysis of miR-

125b (10 mm).

Analysis of tissue and plasma miR-125b for the clinical

study. MiRNA-125b was measured in placental sam-

ples and plasma using Total RNA Purification Kit

(Norgen Biotek Corp., Thorold, Canada). Synthetic

Caenorhabditis elegans cel-miR-39 (Spike-In Kit, Nor-

gen Biotek Corp.) was spiked into 100 ml of plasma

before RNA extraction. Total RNA was stored at -80˚C

until use. Reverse transcription was performed using

TaqMan microRNA Reverse Transcription kit a miR-

125b-specific probe (cat. # 4427975 Assay ID 000449,

both from Applied Biosystem, Life Technologies,

Monza, Italy). Normalization of miR-125b values in

placenta and plasma was also performed by reverse

transcription with primers for RNU48 (cat. # 4427975

Assay ID 001006), a constituent siRNA, and for cel-

miR-39 (cat. # 4427975 Assay ID 000200, both from

Applied Biosystem, Life Technologies), respectively.

Table 1. Characteristic of placental tissue from healthy pregnancies and pregnancies complicated by pre-eclampsia

1st trimester (n=10) 3rd trimester (n=10) Pre-eclampsia (n=10) p value

Maternal age (years) (mean§SD) 30.2 § 7.59 32.6 § 4.05 36.9 § 5.25 0.07
Gestational age (weeks) (mean§SD) 8.43 § 1.95 37.25 § 3.48 32.71 § 3.85 0.0001
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The conditions for reverse transcription were as fol-

lows: 16˚C for 30 min, 42˚C for 30 min, and 85˚C for

5 min. The temperature was then reduced to 4˚C.

MiRNA expression was quantified using TaqMan

Fast Universal PCR Master Mix and probes for miR-

125b, RNU48, and cel-miR-39 (all from Applied Bio-

system, Life Technologies). The RT-PCR reaction con-

ditions involved one cycle at 95˚C for 10 min, 40

cycles at 95˚C for 15 sec and 60˚C for 1 min. The

threshold cycle (Ct) value was defined as the cycle

number at which the signal exceeded a predetermined

threshold. The relative amount of miR-125b to RNU48

and to cel-miR-39 was calculated by the equation

2�DCt, where DCt = Ct miR � 125b � Ct RNU48 (pla-

centa) and DCt = Ct miR-125b � Ct cel-miR-39

(plasma) (28).

Statistical analysis for the clinical study. MiR-125b

expression was analysed after log transformation. We used

a non-parametric approach, because the Shapiro test dem-

onstrated that the quantitative variables had a non-normal

distribution. The quantitative variables were summarized

using median and interquartile range (IQR, 1st-3rd quar-

tiles), respectively, as a measure of centrality and variabil-

ity; the qualitative variables were expressed as absolute and

percent frequency. Between-group comparisons were per-

formed using Wilcoxon’s rank sum test and Fisher’s exact

test for quantitative and qualitative variables, respectively.

Multiple logistic regression was applied to estimate the

independent effect of women’ characteristics and log

miR-125b on the probability of developing PE, and 95%

confidence intervals (95% CI) were calculated. The most

parsimonious model was obtained by including the varia-

bles that were significant on the likelihood ratio test. The

model’s goodness of fit was assessed with the Hosmer-

Lemeshow test. The accuracy of the model in predicting

PE was analysed using a ROC plot, the Area Under the

Curve (AUC) and 95% CIs. The R statistical program

was used for the analyses; a probability of 0.05 was set as

the threshold for statistical significance.

In vitro cultures to establish whether placental Trop-2

protein is a miR-125b target. To investigate Trop-2 locali-

zation, the first-trimester cytotrophoblast cell line HTR-8/

SVneo (kindly provided by C. H. Graham, Queen’s Uni-

versity, Kingston, ON, Canada) and the BeWo human

placental cell line derived from choriocarcinoma (kindly

provided by S. Alberti, Laboratory of Cancer Pathology,

CeSI-MeT, University ’G. d’Annunzio’, Chieti, Italy)

were used as in vitro cytotrophoblast and syncytiotropho-

blast models, respectively (53).

HTR-8/SVneo cells were cultured in RPMI-1640

medium (Euroclone S.p.A., Pero, Italy) with 10% foetal

bovine serum (FBS; Gibco, Life Technologies, Waltham,

MA, USA), 1% penicillin, 1% streptomycin, 1% L-gluta-

mine at 37˚C, 20% O2 and 5% CO2. BeWo cells were

cultured in Dulbecco’s Modified Eagle Medium

(DMEM) and Ham’s F12 (both from Euroclone S.p.A.)

1:1 supplemented with 10% FBS, 1% penicillin, 1%

streptomycin at 37˚C, 20% O2 and 5% CO2.

The BeWo cell line was used as a model to study Trop-

2 expression in hypoxic conditions, to mimic PE. To

mimic hypoxia, BeWo cells were incubated at 37˚C with

3% O2, 92% N2 and 5% CO2 for 48 h. To demonstrate

whether Trop-2 is a miR-125b target, BeWo cells

(2.5£ 105) incubated at 37˚C with 20% O2 and 5% CO2

were seeded in 6-well plates and transfected with a com-

plex containing X-tremeGene 9 DNA Transfection

Reagent (Roche Applied Science, Penzberg, Germany)

and mirVana miRNA mimic (cat. # MC10148

MIMAT0000423) or mirVana miRNA inhibitor (cat. #

MH10148 MIMAT0000423, both from Ambion, Life

Technologies, Monza, Italy). The ratio of transfecting

agent to mimic or inhibitor was 6:1; the final oligonucleo-

tide concentration was 30 nM. Cells were incubated for

48 h. The experiments were performed 3 times with two

biological replicates each time. MG63 cells and placental

Table 2. Primary antibodies used

Antibody Specificity Catalogue # Application Concentration Source

Mouse mAb Human Trop-2 sc-376746 IHC, IF, WB 1:50 (IHC, IF)
1:250 (WB)

Santa Cruz Biotechnology, Santa
Cruz, CA, USA

Rabbit pAb Human CD138 PA5-16918 IF 1:100 Thermo Fisher Scientific, Rockford, IL,
USA

Mouse mAb Human Bcl-2 M0887 IF 1:50 Dako, Glostrup, Denmark
Rabbit pAb Human RKIP 07-137 IF 1:400 Upstate Biotechnology, Lake Placid,

NY, USA
Goat pAb Human b-actin sc-1616 WB 1:200 Santa Cruz Biotechnology, Santa

Cruz, CA, USA
Rabbit pAb Human GAPDH A300-641A-T WB 1:1000 Bethyl Laboratories, Montgomery, TX,

USA

mAb: monoclonal antibody; pAb: polyclonal antibody; IHC: immunohistochemistry; IF: immunofluorescence; WB: western blotting.
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tissue from women in the 3rd trimester of gestation were

used as positive controls for Trop-2 (54).

Western blot analysis of Trop-2 in HTR-8/SVneo and

BeWo cells. For protein extraction, cell pellets were col-

lected and incubated with lysis buffer in ice for 30 min

and centrifuged at 14,000 g for 20 min at 4˚C. Superna-

tants were aliquoted and stored at -80˚C until use. Protein

concentration was determined by the Bradford assay

(Bio-Rad Protein Assay Dye Reagent Concentrate; Bio-

Rad Laboratories, Milano, Italy). Protein samples (50 mg

each) were fractionated in 15% SDS-PAGE gel and elec-

trophoretically transferred to Trans-Blot Turbo Mini

Nitrocellulose membranes with Trans-Blot Turbo Trans-

fer System (all from Bio-Rad Laboratories).

Membranes were incubated with 5% milk in distilled

water to block non-specific sites and then with mono-

clonal mouse Trop-2 antibody (Table 2) in TBS with

0.05% Tween 20 (TBS-T) at 4˚C overnight. After

washing with TBS-T, membranes were incubated with

the secondary anti-mouse antibody conjugated to

horseradish peroxidase (Santa Cruz Biotechnology) at

1:1500 dilution. Antibody binding was detected with

Clarity Western ECL Substrate and images were

acquired with Chemidoc (both from Bio-Rad Laborato-

ries). Densitometric analysis was performed with

ImageJ software (https://imagej.nih.gov/ij/download.

html). The housekeeping genes GAPDH and b-actin

were used to normalize cell and tissue values, respec-

tively (see antibodies in Table 2). HTR-8/SVneo cells

were negative for Trop-2.

Trop-2 immunohistochemistry and immunofluorescence

in placental tissue. Trop-2 localization in normal and PE

samples from 1st- and 3rd-trimester placenta was investi-

gated by immunohistochemistry.

Paraffin sections were deparaffinized and rehydrated

with xylene and a graded ethyl alcohol series. To inhibit

endogenous peroxidase activity, sections were incubated

with 3% hydrogen peroxide in methanol and treated with

0.3% Tween 20 in phosphate-buffered saline (PBS) 1X

for 20 min at room temperature for antigen retrieval. To

block non-specific background, sections were incubated

with normal horse serum (Vector Laboratories, Burlin-

game, CA, USA) diluted 1:75 in PBS. Sections were

incubated with mouse monoclonal Trop-2 antibody

(Table 2) overnight at 4˚C. After washing in PBS, sec-

tions were incubated with horse anti-mouse biotinylated

antibody diluted 1:200 (Vector Laboratories) for 30 min.

The avidin-biotin-peroxidase complex (ABC) method

(Vector Laboratories) was performed using 30,30-diamino-

benzidine hydrochloride (Sigma-Aldrich, St. Louis, MO,

USA) as the chromogen. Sections were counterstained

with Mayer’s haematoxylin, dehydrated and mounted

with Eukitt solution (Kindler GmbH and Co., Freiburg,

Germany). Negative controls involved omitting the

primary antibody; normal human skin was the positive

control (55,56).

Trop-2 protein localization was investigated by immu-

nofluorescence and confocal microscopy. Two double

reactions were performed using Bcl-2 as a syncytiotro-

phoblast (57) and Trop-2 marker and RKIP as a cytotro-

phoblast (58) and Trop-2 marker, to establish whether

Trop-2 is localized in one or the other cell type.

Tissue samples were deparaffinized and hydrated

with xylene and a graded alcohol series. To reduce

autofluorescence, samples were incubated with 0.1%

Sudan Black B (Sigma-Aldrich) in 70% ethanol for

30 min then washed with PBS 1X with 0.03% Tween

20. In double-staining reactions, sections for antigen

retrieval were incubated i) with Tris-EDTA buffer pH

9.0 at 95˚C for 30 min (Trop-2/Bcl-2) or ii) with 0.3%

Tween 20 in PBS for 20 min at room temperature

(Trop-2/RKIP). Sections were then washed twice with

PBS 1X. Non-specific sites were blocked with 3%

bovine serum albumin in PBS 1X for 30 min, then sec-

tions were incubated with mouse monoclonal Trop-2

antibody (Table 2) overnight at 4˚C. Sections were

washed and incubated with anti-mouse secondary anti-

body (Alexa Fluor� 594, 1:400 dilution; Invitrogen,

Carlsbad, CA, USA). After washing, they were incu-

bated with mouse monoclonal Bcl-2 antibody as a syn-

cytiotrophoblast marker (57) or with RKIP as a

cytotrophoblast marker (58), both overnight at 4˚C

(Table 2). Samples were washed and incubated with

donkey anti-mouse (Bcl-2) or donkey anti-rabbit

(RKIP) Alexa Fluor� 488 secondary antibody (1:400

dilution, Invitrogen) for 30 min. Slides were then incu-

bated with TO-PRO-3� Iodide (1:3000 dilution, Invi-

trogen) for 10 min for nuclear staining, washed and

mounted onto glass slides using Vectashield mounting

medium (Vector Laboratories). Negative controls were

performed by omitting the primary antibody.

Sections were analysed with a motorized Leica

DM6000 microscope (Leica Microsystems srl, Milano,

Italy) at different magnifications. Fluorescence was

detected with a Leica TCS-SL spectral confocal micro-

scope equipped with an Argon and a He/Ne mixed gas

laser. Fluorophores were excited with the 488, 543 and

649 nm lines and imaged separately. Images

(1024£ 1024 pixels) were obtained sequentially from

two channels using a confocal pinhole of 1.1200 and

stored as TIFF files.

Western blot analysis of placental tissue sections. For

protein extraction, 1st- and 3rd-trimester placenta sam-

ples from healthy pregnancies and pregnancies compli-

cated by PE were homogenized using an Ultra-Turrax

T8 apparatus (IKA-WERKE, Lille, France) in lysis

buffer containing PBS 1X, 0.1% SDS, 1% NONIDET-

P40, 1 mM orthovanadate sodium, 12 mM deoxycholate
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sodium, 1 mM phenylmethylsulfonyl fluoride (PMSF)

and 1.7 mg/ml aprotinin and centrifuged at 16,000 g for

20 min at 4˚C. Pellets were discarded and supernatants

were collected and stored at -80˚C until use. Western

blot analysis was performed as described above.

Analysis of tissue miR-125b for the biomolecular and

morphological study. Total RNA was extracted from

formalin-fixed paraffin-embedded (FFPE) samples of

1st- and 3rd-trimester placenta from healthy and PE

pregnancies using FFPE RNA/DNA Purification Kit

(Norgen Biotek Corp.) according to the manufacturer’s

protocol. RT-PCR and miR-125b quantification were

as described above.

Statistical analysis for the biomolecular and

morphological study. Trop-2 levels were reported as

mean § standard deviation (SD) and represented as

histograms. MiR-125b levels were analysed after log

transformation. Median and IQR were used respec-

tively as a measure of centrality and variability and

graphically represented as boxplots. The Mann-Whit-

ney test was applied to between-group comparisons

and the Kruskal-Wallis test to comparisons among

three groups.

GraphPad Prism 7 (https://www.graphpad.com/scien

tific-software/prism/) was used for the analyses; a prob-

ability of 0.05 was set as the threshold for statistical

significance.

RESULTS

Clinical study: PE prediction model based on miR-125b

levels. The demographics, lifestyle factors, BMI values

and log miRNA-125b plasma levels of women with a nor-

mal pregnancy and of those whose pregnancy was compli-

cated by PE are reported in Table 3. Whereas healthy

women and PE cases were similar in terms of age, smok-

ing and dietary habits, physical activity, gestational age at

delivery and newborn birth weight, PE cases had a signifi-

cantly higher BMI before pregnancy and significantly

higher log miR-125b levels at 12 weeks. The multiple

logistic regression analysis (Table 4) showed that PE was

significantly associated with log miR-125b (relative

expression), maternal age and BMI before pregnancy. In

particular, the likelihood of developing PE more than dou-

bled with every additional log miR-125b unit and it

increased by about 24% with every additional BMI unit.

The ROC plot showed that the model displayed a

good accuracy in predicting PE, as demonstrated by an

AUC of 0.85 (95%CI: 0.70-1.00) (Figure 1).

Trop-2 is a miR-125b target, as demonstrated by an in

vitro placental model.An in vitro approach was devised

to document whether Trop-2 is targeted by miR-125b.

HTR8/SV-neo cells, used as a cytotrophoblast model,

were negative for Trop-2 (Figure 2A), indicating that

the protein is not found in villous cytotrophoblasts.

Forskolin-induced syncytialization (58) demonstrated

that BeWo cells could be used as an in vitro syncytio-

trophoblast model and, as expected, they were positive

for Trop-2 (Figure 2B). Syncytialized BeWo cells

cultured in hypoxic conditions (3% O2) to mimic the

PE environment demonstrated significant (p=0.03)

Trop-2 downregulation compared with control cells

cultured in normal atmospheric conditions (20% O2)

(Figure 2C; quantification in Figure 2D). Their trans-

fection with the miR-125b mimic also induced sig-

nificant (p=0.0005) Trop-2 downregulation, as

demonstrated by the Western blots (Figure 2D; quan-

tification in Figure 2F), thus confirming that Trop-2

is targeted by miR-125b.

Table 3. Demographics, lifestyle factors, clinical charac-

teristics and log miR-125b levels in relation to participant

health status

Healthy
women

Women with
pre-eclampsia

Variables n=18 n=13 P
Maternal age
(years)#

30 (28;35) 33 (31;34) 0.199

Gestational
age#

39 (38;40) 39 (38;39) 0.367

Smoking (yes/
quit)x

3 (16.7) 1 (7.7) 0.621

Poor dietx 5 (27.8) 4 (30.8) 0.999
Physical activ-
ity (yes)x

13 (72.2) 7 (53.8) 0.114

BMI before
pregnancy#

20 (19;22) 23 (21;28) 0.039

log miR-125b# -8.14 (-9.04;-
7.88)

-7.16 (-8.27;-6.1) 0.040

Birth weight
(gg)#

3.175 (2.95;3.5) 3.1 (2.95;3.3) 0.410

BMI: body mass index; # median and interquartile range (1st-3rd

quartiles); x absolute and percent frequencies

P values: # Wilcoxon rank sum test; x Fisher’s exact test

Table 4. Effect estimate of the factors associated with

pre-eclampsia. Results of multiple logistic regression

analysis.

Odd ratio 95% confidence
interval

log miR-125b 2.17 1.11; 5.35
Maternal age (years) 1.15 0.94; 1.48
BMI before preg-
nancy (kg/m2)

1.24 1.02; 1.68

Hosmer and Lemeshow goodness of fit test: x2 test with 8 df,
x2=8.11,

p= 0.423 Likelihood ratio test: x2 test with 3 df, x2=13.01, p=0.004
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Trop-2 protein, a miR-125b target, is expressed in

normal and PE placenta, as demonstrated by

biomolecular and morphological analyses. Immunohis-

tochemical analysis demonstrated Trop-2 protein

(brown staining in Figure 3,A-F) in the syncytiotropho-

blast basal plasma membrane in 1st-trimester

(Figure 3A,B) and 3rd-trimester (Figure 3C,D) normal

and PE placenta (Figure 3E,F). Trop-2 localization in

the syncytiotrophoblast was demonstrated by double

immunofluorescence in first trimester placenta

(Figure 4a e 4b). In fact, yellow staining (merged

image, yellow arrows) showed that Trop-2 (red) co-

localized with the syncytiotrophoblast marker Bcl-2

(green) (Figure 4a), whereas the absence of yellow

staining demonstrated that Trop-2 (red) did not co-

localize with the cytotrophoblast marker RKIP (green)

(Figure 4b).

Western blot analysis demonstrated a significant

increase in Trop-2 from the 1st to the 3rd trimester in

placenta from normal pregnancies (Figure 5A) and a

significantly decreased in gestational age-matched PE

placenta (Figure 5B).

MiR-125b is expressed in normal and PE placental

tissue, as demonstrated by biomolecular analysis. From

the 1st to the 3rd trimester, miR-125b levels in normal

placenta (Figure 6A) showed a significantly greater

increase compared to gestational age-matched PE pla-

centa (Figure 6B).

DISCUSSION

This study describes how an early PE prediction

model based on plasma miR-125b levels, maternal age

and BMI before pregnancy was developed and tested.

Since the experimental work also established that

Trop-2 is a miR-125b target, we also found that miR-

125b may be involved in PE development through

Figure 1. ROC curve for the predictiveness of pre-eclampsia (black curve=raw data; red curve=smoothed ROC

curve). The ROC curve was estimated by entering in the model log miR-125b, BMI before pregnancy and gesta-

tional age at delivery (variables with p < 0.10). SE: Sensitivity; SP: Specificity; AUC: Area Under Curve;

95%CI: 95% Confidence Interval.
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modulation of Trop-2 expression in the syncytiotropho-

blast. Our findings therefore have clear clinical impli-

cations.

Although the key pathological changes related to PE

arise well before the 20th week of gestation, its clinical

symptoms do not manifest before this time (1). From a

clinical point of view, pregnant women who are at high

risk of developing PE seem to benefit from prophylac-

tic treatment; for instance, low-dose aspirin adminis-

tered before the 16th week has been seen to reduce the

risk and attenuate the severity of the maternal and

foetal outcomes, not to mention the social, economic

and healthcare impacts of PE (60,61).

Early detection would of course be more effective.

However, although several promising predictors have

been identified � e.g. uterine artery ultrasonography,

maternal serum/urinary levels of human chorionic

gonadotropin, inhibin A and activin A, pregnancy-

associated plasma protein A, sex hormone-binding

globulin, placental growth factor, soluble fms-like tyro-

sine kinase 1 and serum placental protein 13 (62-65) �
PE screening in early pregnancy is still poorly

Figure 2. In vitro model of Trop-2 protein, a miR-125b target. A) HTR-8/SVneo cells were negative for Trop-2

whereas BeWo cells (B, shown in triplicate) with forskolin-induced syncytialization were positive for Trop-2.

The MG63 cell line was used as a positive control. C) Representative Western blot of BeWo cells with forsko-

lin-induced syncytialization cultured at 3% O2 and 20% O2 and histogram representing band quantification (D).

Representative blot (E) and histogram (F) of BeWo cells treated with forskolin and transfected with miR-125b

mimic and negative mimic (*: p = 0.03; ***: p = 0.0005). CTR: control placental tissue in the 3rd trimester of

gestation.
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effective. Several stable miRNAs with important regu-

latory roles in proliferation, apoptosis and cell-cell

communication have been identified and quantified

during pregnancy (27-29,66-79). Some are expressed

in the 3rd trimester whereas for some miRNAs identi-

fied in the 1st trimester a target protein has not yet been

identified. MiR-125b overexpression in the 1st trimes-

ter has been reported in women who went on to

Figure 3. Trop-2 expression in normal placenta and placenta from pregnancies complicated by PE by immuno-

histochemistry. Trop-2 expression in 1st-trimester placenta (A, B), 3rd-trimester placenta (C, D) and in placental

samples from pregnancies complicated by PE (E,F). The brown Trop-2 staining is localized in the basal part of

the syncytiotrophoblast in all samples. B) Note the brown immunostaining of the syncytiotrophoblast between

two villous cytotrophoblast cells (*).
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Figure 4. a) Double staining detected by confocal microscopy in a 1st-trimester placental villus showing Trop-2

and Bcl-2 colocalization in the syncytiotrophoblast. Trop-2 stained red whereas Bcl-2, a syncytiotrophoblast

marker, stained green. The nuclei are blue. Merge (yellow) shows that Trop-2 and Bcl-2 are colocalized in the

basal part of the syncytiotrophoblast (yellow arrows). 100X magnification. b) Double staining detected by con-

focal microscopy in a 1st-trimester placental villus showing no Trop-2/RKIP colocalization. Trop-2 stained red;

RKIP, a villous cytotrophoblast marker, stained green (green arrows). Trop-2 and RKIP are not colocalized in

the villous cytotrophoblast. Blue arrow points at syncytiotrophoblast nuclei. No yellow staining is detected in

Merge. 40X magnification.
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develop PE, as also documented in our study. The

results of randomized controlled trials of a number of

biomarkers, tested to identify high-risk women, have

also been disappointing, possibly because the sensitiv-

ity of most of them is highest in the 2nd trimester, long

after PE has become clinically manifest. A recent study

of the ability of a miRNA panel to predict PE (27) has

found that none showed a good performance (i.e.

greater than 0.70). Some studies have denied a PE pre-

dictive value for miRNAs in 1st trimester maternal

serum/plasma. However, the population investigated

by Luque et al (80) included only early PE and no late

PE cases; other studies evaluated miR-125b only in the

3rd trimester (81) or compared only two cases to two

controls (82,83). However, in 2013 Gu et al. (20)

described miR-125b localization in trophoblasts during

gestation (20), whereas two interesting papers have

described an association between miR-125b and PE,

suggesting a possible role for this miRNA in PE onset

(66,67). The present study found significant plasma

miR-125b overexpression in 1st-trimester plasma from

women who went on to develop PE. Since according to

multiple regression analysis BMI before pregnancy

and maternal age are associated with PE development,

these three factors were entered in a model for PE pre-

diction. Testing of the model demonstrated that it

showed a good performance, with an AUC equal to

0.85.

As regards the biomolecular and morphological

study, data analysis also demonstrated that miR-125b

was underexpressed and Trop-2 was downregulated in

PE placenta compared with control samples. These

data suggest that maternal miR-125b is involved in

Trop-2 modulation in placental tissue. Combined with

the in vitro demonstration that Trop-2 is targeted by

miR-125b, which reduces its expression, our findings

suggest that maternal miR-125b overexpression at 12

weeks of gestation could be involved in the early onset

of PE through an action on Trop-2 concentrations from

the earliest phases of placental development.

We feel that this paper has a number of strengths: i)

a complex and rigorous design, involving the prospec-

tive collection of 1st-trimester plasma samples, the col-

lection of healthy placenta at two different time points

and the collection of gestational-age-matched normal

and PE placenta; ii) biomolecular and morphological

analyses to establish that placental Trop-2 is targeted

by miR-125b and to identify its site of action, which

Figure 5. Western blot analysis of Trop-2 in placental tissue. A) Trop-2 increased significantly from the 1st to

the 3rd trimester; B) Trop-2 protein decreased significantly in PE placenta (*: p � 0.05; **: p � 0.01; ***; p �
0.001). CTR: normal gestational age-matched placenta. PE=pre-eclampsia.
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has implications for diagnostic and treatment strate-

gies; and iii) the development of an accurate PE predic-

tion model based on easily measurable parameters, i.e.

BMI before pregnancy and maternal age.

Its limitations include the facts that we did not inves-

tigate other miRNAs that may be involved in Trop-2

modulation; that the overexpression of plasma miR-

125b at 12 weeks of gestation in women who will even-

tually develop PE could be the effect, rather than the

cause of PE, with Trop-2 downregulation being the

downstream effect; and the limited sample size used to

evaluate the prognostic role of miR-125b. However,

PE is a rare condition, and the size of the sample was

determined by the number of women who developed

PE in the cohort study (51) in which this case-control

study was nested. Moreover, our analysis demonstrated

a significant and accurate predictive role for miR-125b.

Further research is clearly needed to confirm its role

and to elucidate the contributions of other differentially

expressed miRNAs in the placenta of PE patients; a

more powerful, large-scale, multicentre study is

required to validate the model.

In conclusion, the practical, non-invasive and effi-

cient screening method to identify women at risk of

developing PE described herein can contribute to its

prevention and early treatment, whereas the identifica-

tion of a protein target of miR-125b in placental tissue

and its downregulation in PE placenta advances our

mechanistic understanding of the complications of PE

and provide insights for PE prevention strategies.
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named isomiRs, can be generated from the processing of each precursor  miRNA15. IsomiRs present with the 
addition or deletion of one or more nucleotides at the 5′ and/or 3′ ends of the canonical miRNA sequence and are 
thought to be produced as distinct products rather than being transcription  errors16,17. Beyond these genetically 
encoded variants, miRNAs can undergo post-transcriptional sequence modifications resulting in non-template 
uridylation at the 3′  end18. Growing evidence showed that these modifications can affect the stability of the RNA 
sequence, confer different targets compared the canonical mature  form19, or affect the subcellular compartmen-
talization of the  miRNA20. However, their biological significance is still under discussion.

Based on the evidence that treatment with metformin can modulate in vitro cellular senescence, as well 
as the biogenesis of  miRNAs12, we performed for the first time a miR-seq analysis of human umbilical vein 
endothelial cells (HUVECs) undergoing replicative senescence in the presence of pharmacologically pertinent 
doses of metformin in order to identify senescence-associated (SA) miRNA and isomiR signatures affected by 
metformin treatment.

Results
Modulation of miRNA patterns induced by metformin treatment in senescent endothelial 
cells. To identify the pool of SA miRNAs modulated by metformin, we used a well-established model of 
human umbilical vein endothelial cells (HUVECs) undergoing replicative  senescence21,22. When the proportion 
of SA β-gal positivity exceeded 10% in replicating cells (cPD = 9.83; Fig. 1a), 20 μM metformin was added at each 
medium replacement, and cells were cultured until complete growth arrest (SA β-gal positive cells > 80%). We 
selected this concentration since it falls within the range observed in plasma of patients treated with the lowest 
doses of  metformin6. At passage 16, after approximately 60 days, senescent cells (SEN) and senescent cells treated 
with metformin (SEN + M) were harvested to perform small RNA-seq (Fig. 1a). Interestingly, SEN + M showed 
an increased population doubling rate (Fig. 1a), a reduced SA β-gal activity (Fig. 1b), and a decreased CDKN2A 
mRNA expression (Fig. 1c) compared to SEN.

Pair-wise correlation among normalized reads generated by three biological replicates for each condition gave 
Pearson correlation coefficients > 0.90 (Supplementary Fig. S1), indicating high correlation among replicates. 
Normalized miRNA expression data were compared via principal component analysis (PCA). A PCA plot based 
on principal components 1 and 2, explaining 27.2% and 22.4% of the total variance respectively, showed a clear 
separation between SEN and SEN + M (Fig. 2a). MiRNAs with a significant moderated t test (FDR < 0.05) and an 
absolute fold change ≥ 1.5 were considered as differentially regulated. The Volcano plot showed log2 fold change 
and − log10 p-values of all the detected miRNAs (Fig. 2b), while the normalized expressions of differentially 
expressed miRNAs were displayed in a heatmap (Fig. 2c). Of 1706 miRNAs detected in at least one sample, we 
identified 27 miRNAs whose expression was altered by metformin. In particular, 15 miRNAs were upregulated 
and 12 were downregulated in SEN + M (Fig. 2c).

Changes in the isomiR pattern associated with metformin treatment. Since studying miRNAs 
at the isomiR level could lend new insights into miRNA biology and function, we analysed isomiR modulation 
associated with metformin treatment of HUVECs during replicative senescence. IsomiRs result from a shift of 
the cutting site of Drosha/Dicer enzymatic activities during miRNA  biogenesis23,24 and can be classified into six 
categories according to the types of sequence modifications: (1) canonical miRNAs, (2) 3′ deletion isomiRs, (3) 
3′ addition isomiRs, (4) 5′ deletion isomiRs, (5) 5′ addition isomiRs, and (6) mixed isomiRs, which represent a 
combination of the prior  categories25. We also analysed the post-transcriptional addition of one or more uridines 
at the 3′ end of isomiRs and canonical miRNAs, namely uridylation. It has to be noted that the entire spectrum 
of isomiRs is covered by the standard miR-seq analysis.

Figure 3a shows the contribution of different sequence isoforms to the total miRNA pool in SEN + M. On a 
total of 3,632,423 reads, the 43.1% was mapped to non-canonical isoforms. No statistically significant difference 
in the proportion of isomiR variations between SEN and SEN + M was observed (p = 0.103).

The heatmap showed that 133 isomiRs, which are variants of a total of 73 individual miRNAs, were signifi-
cantly deregulated in SEN + M vs SEN (Fig. 3b). Specifically, 43 isomiRs were isoforms of 14 miRNAs significantly 
deregulated by metformin treatment (miR-17-3p, -100-5p, -216a-3p, -216a-5p, -217-5p, -125b-5p, -143-3p, 
-493-3p, -493-5p, -92a-1-5p, -125b-1-3p, -424-3p, -654-3p, -98-3p) (Fig. 3b, red and blue highlights refer to up-/
down-regulated miRNAs, respectively).

Among the remaining 90 deregulated isomiRs (related to a total of 59 miRNAs not significantly modulated 
by metformin), 48 were up-regulated and 42 were down-regulated in SEN + M cells (Fig. 3b, in black). These 59 
miRNAs, though not modulated by the treatment as a whole group, encompass at least one isomiR that is dif-
ferentially regulated by metformin. Notably, 3 miRNAs which were not differentially regulated between SEN + M 
and SEN, i.e. miR-92b-3p, -149-5p and -125b-2-3p, included isomiRs showing opposite regulations across the 
two different conditions. In addition, metformin induced the downregulation of isomiRs from 3 members of the 
miR-17/92 cluster, i.e. miR-17-3p, miR-18a-5p, and miR-92a-3p (Fig. 3b, right panel).

Of note, 39 of 133 metformin-modulated isomiRs showed a modification at the 5′ end (Fig. 3c), which leads to 
a shift of the seed sequence resulting in a change of the miRNA-target binding  site26. Moreover, in some instances 
the seed sequence of the 5′ isomiR is identical to the seed sequence of another canonical microRNA. Indeed, 
miR-27b-3p|+ 3|0, miR-29a-3p|-1|-2, miR-34a-5p|+ 1|+ 1 and miR-423-5p|+ 2|0 share the same seed sequence of 
miR-5693, miR-5682, miR-6499-3p and miR-486-3p, respectively. Among the differentially regulated isomiRs, the 
most frequent modification was the 3′ deletion. Furthermore, 3′uridylation was extensively represented among 
all isomiR types, except those presenting a 5′ nucleotide addition (Fig. 3c). Interestingly, metformin affected the 
expression of 24 3′-uridylated miRNAs (Fig. 3b,c).
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Figure 2.  MiR-seq analysis of senescent HUVECs treated with metformin. (a) PCA plot of the first two 
principal components (PC1 and PC2) using transformed normalized miR-seq data. Circles represent 95% 
confidence intervals. (b) Volcano plot of  log2 fold-changes (FC, SEN + M compared to SEN) vs. -log10 adjusted 
p-values using transformed normalized miR-seq data. MiRNAs with FC ≥ 1.5 (log2 FC ≥ 0.585) and FDR < 0.05 
(− log10 p-value < 1.30) are highlighted in red. (c) Heatmap showing clustering of samples and miRNAs 
differentially expressed in SEN + M compared to SEN. Data is shown following Z-score transformation. Red 
color indicates Z-scores > 0 (above mean), blue colors indicate Z-scores < 0 (below mean). MiRNAs are ranked 
according to the lowest  log2 FC.
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5 miRNAs, i.e. miR-92b-3p, -149-5p, -221-3p, -222-3p, 532-5p, included isomiRs following either U-shaped or 
linear trends (data not shown).

Metformin alters the miRNA and isomiR targetome of senescent endothelial cells. To explore 
target genes and pathways affected by the 11 miRNAs showing significant U-shaped or inverted U-shaped trends, 
pathway enrichment analysis was performed using the miRPath v.3/Diana tool. Figure  6a lists the involved 
KEGG pathways (p < 0.01) ranked by the significance of the enrichment. The proportion of targeted genes over 
total genes for each pathway is also reported. A considerable number of pathways related to cell proliferation, 
i.e. TGFβ, ErbB, Wnt and MAPK pathways, is significantly enriched. Notably, the PI3K-Akt-mTOR pathway is 
the one containing the greatest amount of targeted genes (72.3%), in agreement with the inhibitory effects of 
metformin on mTOR  signaling27.
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Figure 4.  Proportions of isomiR variations within miRNAs modulated by metformin. (a) Comparison 
of normalized reads of the different types of isomiR variations of miRNAs including at least one isomiR 
differentially regulated by metformin. The 14 metformin-modulated miRNAs including at least one differentially 
regulated isomiR are highlighted. (b) Proportions of isomiR variation types within 6 out of the 27 miRNAs 
differentially regulated by metformin showing significant isomiR redistribution between SEN and SEN + M.
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Among these miRNAs, we focused on the only two miRNAs showing detectable levels of at least one 5′ iso-
form, i.e. miR-217-5p and miR-216a-3p. Interestingly, the canonical/3′ and the 5′ miR-217-5p isomiRs share only 
half of the predicted targets, while the other half is exclusive to either seed sequence. Regarding miR-216a-3p, the 
deletion of one or two nucleotides at the 5′ end leads to the generation of two alternative seed sequences. The 3 
different seed sequences shared only a small pool (35) of predicted targets (Fig. 6b). The target genes of canonical 
and 5′isomiR seed sequences were evaluated also for those miRNAs including at least one 5′isomiR presenting 

Table 1.  Proportions (expressed as %) of isomiR variations among 15 miRNAs differentially regulated by 
metformin with at least one detected isomiR. M metformin, NTA non-template addition, Sen senescent 
HUVECs. P-values for z test.

microRNA Condition Canonical

Templated modifications NTA

3′ addition 3′ deletion 5′ deletion Mixed 3′ uridylation

miR-17-3p

Sen 100

Sen + M 100

p-value –

miR-100-5p

Sen 71.27 5.63 22.21 0.63 0.26 0.81

Sen + M 72.21 5.34 21.66 0.56 0.23 1.00

p-value 0.007 0.033 0.026 0.126 0.308 0.001

miR-216a-5p

Sen 37.40 62.60

Sen + M 35.33 64.67

p-value 0.180 0.180

miR-217-5p

Sen 6.80 5.33 87.87 7.16

Sen + M 5.91 5.34 88.75 8.40

p-value 0.075 0.984 0.180 0.021

miR-125b-5p

Sen 86.16 13.84

Sen + M 85.87 14.13

p-value 0.674 0.674

miR-143-3p

Sen 44.29 55.71

Sen + M 55.05 44.95

p-value < 0.001 < 0.001

miR-493-5p

Sen 74.32 25.68

Sen + M 86.96 13.04

p-value < 0.001 < 0.001

miR-493-3p

Sen 78.20 21.80 21.80

Sen + M 82.90 17.10 17.10

p-value 0.201 0.201 0.201

miR-92a-1-5p

Sen 100

Sen + M 100

p-value –

miR-125b-1-3p

Sen 42.42 54.81 2.78 40.64

Sen + M 35.38 60.08 4.54 50.11

p-value < 0.001 0.001 0.003 < 0.001

miR-193a-5p

Sen 43.38 56.62 11.79

Sen + M 40.68 59.32 10.23

p-value 0.596 0.596 0.638

miR-424-3p

Sen 28.77 27.99 43.23

Sen + M 31.70 35.53 32.77

p-value 0.180 0.001 < 0.001

miR-654-3p

Sen 91.95 8.05 5.25

Sen + M 91.29 8.71 4.45

p-value 0.242 0.242 0.064

miR-98-3p

Sen 100 100

Sen + M 100 100

p-value – –

miR-216a-3p

Sen 1.44 1.27 4.32 10.70 82.27 9.46

Sen + M 1.75 1.45 3.32 10.26 83.22 9.58

p-value 0.208 0.430 0.010 0.472 0.208 0.834
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This approach allowed us to show that metformin can revert the SA trend of a number of miRNAs that were 
extensively studied in the context of cellular aging, including miR-216-3p, -216-5p, and -217-5p, which we pre-
viously identified among the most upregulated miRNAs in senescent  HUVECs22. MiR-217-5p was proved to be 
involved in EC and human fibroblast senescence by targeting SIRT1 and DNMT1,  respectively34,35. Furthermore, 
we recently demonstrated that the same pro-senescence effects of miR-217 can be spread through the exchange 
of small extracellular  vesicles22. Similarly, miR-216a was shown to be involved in EC aging, in atherosclerosis-
related endothelial dysfunction by impairing the autophagy response to the accumulation of oxidized low-density 
 lipoproteins36, and in macrophage pro-inflammatory M1 polarization by boosting the NF-κB  pathway37,38. Among 
miRNAs showing a linear trend in Young vs. SEN vs. SEN + M, miR-100-5p was previously shown to be upregu-
lated in senescent  HUVECs22,39, while the metformin-mediated induction of miR-125-5p was consistent with 
previous reports on  macrophages40 and senescent  ECs12.

Regarding the analysis of isomiRs, this is the first deep sequencing assessment of isomiRs in senescent 
HUVECs. One miRNA gene can potentially produce multiple distinct isomiRs, differing in length, sequence, or 
 both26. Our results proved that the assessment of isomiRs can unravel complex modulations of the miRNA pool 
not detectable with standard miRNA analysis. Indeed, isomiR analysis allowed us to fully uncover the downregu-
lating effects of metformin on the miR-17/92 cluster, which has been previously shown to be over-represented 
in a wide range of cancers and cardiovascular diseases and downregulated in physiological  aging41. Therefore, 
further developments of isomiR analysis are warranted to increase our knowledge on miRNA modulation in a 
number of physiological and pathological processes.
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Figure 6.  Target analysis of miRNAs and isomiRs affected by metformin. (a) KEGG pathways significantly 
enriched in predicted target genes of the 11 miRNAs showing a significant U-shaped/inverted U-shaped trend 
among Young/SEN/SEN + M samples. Pathways are ranked according to the significance of enrichment (grey 
bars, upper y-axis). Ratios referring to the proportion of targeted genes related to the total number of genes in 
each pathway are displayed (red line graph, bottom y-axis). (b) Results of the TargetScan custom analysis on the 
canonical and 5′ isomiR seed sequences of miR-217-5p and miR-216-3p.



10

Vol:.(1234567890)

Scientific Reports |        (2020) 10:21782  | https://doi.org/10.1038/s41598-020-78871-5

www.nature.com/scientificreports/

In agreement with previous  reports25,42, we observed a considerable presence of 3′ isomiRs, while more than 
half of the total reads was mapped to canonical miRNAs. It has to be noted, however, that the term ‘canonical’ 
refers to the sequence annotated in miRBase and do not necessarily indicate the most abundant miRNA isoform 
in a specific cell type or tissue or the primary product of pre-miRNA  cleavage43.

On the other hand, only a small number of reads (about 3%) mapped to 5′ isomiRs, which are associated 
to a shifting of the seed sequence (Fig. 7b). For this reason, we evaluated the number of targets shared by the 
isoforms of miR-216a-3p and miR-217-5p, which were both modulated by metformin treatment and expressed 
5′ isoforms. The inclusion of these additional seed sequences into the targetome analysis yielded a considerably 
greater number of target genes, most of which were not shared with the canonical miRNAs. As expected, the 
coexistence of more than one 5′ isomiR, as in the case of miR-216-3p, proportionally increased the amount of 
target genes. The ability of isomiRs of being loaded onto the RISC complex support their possible biological 
 role19,44. Indeed, a previous report showed that the ratio between miR-411 and its 5′ isomiR in ECs is affected 
by acute ischemia and that only the 5′ isoform of miR-411 is capable of impairing angiogenesis by targeting a 
different subset of  mRNAs19.

The 3′ end miRNA modifications are mostly related to post transcriptional deletion of nucleotides, i.e. trim-
ming, or the addition of one or more nucleotides, i.e.  tailing45. It has to be noted, however, that is quite challenging 
to distinguish templated nucleotides added during miRNA maturation from those added post-transcriptionally 
to the mature miRNA. In our study, we assessed isomiRs resulting from the untemplated nucleotide addition 
to the 3′ end of pre-miRNA or mature  miRNA46. While these modifications are not associated with a shift-
ing of the seed sequence, it has been demonstrated that 3′ uridylation enhances base-pairing between tailed 
miRNA and targets, a phenomenon named as tail-U-mediated repression (TUMR). Therefore, TUMR expands 
the miRNA target repertoires by producing novel miRNA-target binding sites in the presence of an incomplete 
seed-pairing18. Moreover, 3′ post-transcriptional modifications were shown to affect miRNA  stability47, intracel-
lular levels, and compartmentalization into extracellular  vesicles20. Notably, miRNAs are not the sole substrates 
of the 3′ uridylation mediated by terminal uridyltransferases (TUTs). Indeed, 3ʹ-terminal uridylation of viral 
RNAs in mammalian cells has been recently identified as a conserved antiviral defense  mechanism48. Interest-
ingly, metformin affected the expression of 22 3′-uridylated miRNAs; therefore, it is straightforward to conceive 
a framework in which metformin could impact cellular senescence through the modulation of miRNA function, 
stability, and localization.

Our in vitro results support the role of isomiR assessment in biological samples as a useful tool to improve 
our knowledge on the aging process or discover new biomarkers of biological aging.

Nevertheless, several limitations need to be acknowledged. The study design does not allow to draw any 
mechanistical conclusion on the role of metformin on ECs or cellular senescence. In addition, some of the 
mechanisms of isomiR biogenesis are still unclear, implying the intrinsic difficulty to assess whether 3′ nucleotide 
addition occurs during or after miRNA transcription. Finally, qPCR validation of NGS assessment of isomiRs 
is still hampered by analytical challenges, such as the absence of dedicated protocols and reagents, e.g. probes 

Figure 7.  (a) Summary of the effects of metformin treatment on the miRNA/isomiR pool of HUVECs 
undergoing replicative senescence. Metformin differentially regulates the expression of 27 miRNAs. Two 
different trends in miRNA modulation were observed with reference to the Young/SEN/SEN + M sequence, i.e. a 
linear increasing/decreasing trend and a ‘U-shaped’/‘inverted U-shaped’ trend. Moreover, metformin treatment 
altered the expression of 133 isomiRs, related to 14 differentially expressed miRNAs and 59 non differentially 
expressed miRNAs. (b) Metformin treatment induced a partial reversal of the senescence-associated expression 
of miR-217-5p, including its 5′ isomiRs, which are associated to a shifting of the seed sequence. The inclusion 
of these additional seed sequences into the targetome analysis yielded a considerably greater number of target 
genes, most of which were not shared with the canonical miRNAs.
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and primers, and the relative inefficiency of the currently available techniques in differentiating highly similar 
 sequences49,50.

NGS studies on isomiRs paved the way to the exploration of novel non-canonical targets and allowed the 
identification of new regulatory mechanisms of miRNA expression and intracellular localization, adding an 
additional layer of complexity to the study of the epigenetic variations accompanying cell senescence, although 
further investigations are required to better understand the biological functions of the cellular isomiR pool.

Overall, we showed that long-term treatment with metformin is able to partly attenuate the complex miRNA/
isomiR remodeling observed during cellular senescence in ECs, supporting further exploration of the impact 
of metformin on the cellular epigenetic landscape as a possible mediator of the putative beneficial effect of this 
drug on the aging process.

Materials and methods
Cell culture and treatment. An in vitro model of endothelial replicative cell senescence was established 
using long-term cultured HUVECs. Cryopreserved HUVECs obtained from pool of donors were purchased 
from Clonetics (Lonza, Switzerland) and cultured in EGM-2 (CC-3162, Lonza) at 37 °C in a humidified atmos-
phere containing 5%  CO2. Cells were seeded at a density of 5000/cm2 and sub-cultured when they reached 
70–80% confluence. All cells tested negative for mycoplasma infection. Before replating, harvested cells were 
counted using a hemocytometer. Population doublings (PDs) were calculated by the formula:  (log10F –  log10I)/
log102, where F is the number of cells at the end of the passage and I is the number of seeded cells. Cumulative 
population doubling (cPD) was calculated as the sum of PD changes. Cells were cultured until the arrest of 
replication and classified based on SA β-galactosidase (β-gal) activity into young (SA β-gal < 5%) and senescent 
(SEN, SA β-gal > 80%) cells using Senescence Detection Kit (cat. no. K320, BioVision Inc., USA) as described 
 previously21. Cells were treated with 20  μM metformin (cat. D150959, Sigma Aldrich, Italy) added at each 
medium replacement.

RNA extraction. Total RNA, including small (< 200 nucleotides) RNAs, was extracted from HUVEC pellets 
using Norgen total RNA Purification Kit (cat. no. 37500, Norgen Biotek Corporation, Canada) according to the 
manufacturer’s protocol. Purified RNA was stored at − 80 °C until analysis.

mRNA expression level. CDKN2A mRNA expression was assessed as previously  described22. Primer 
sequences (written 5′-3′) were as follows: p16, Fw: CAT AGA TGC CGC GGA AGG T, Rv: CTA AGT TTC CCG 
AGG TTT CTC AGA; β-actin, Fw:TGC TAT CCC TGT ACG CCT CT, Rv: GTG GTG GTG AAG CTG TAG CC. 
Primer concentration was 200 nM. Delta delta Ct method was performed to analyze the results and Young cells 
were used as reference group.

Small RNA sequencing analysis. Small RNA sequencing was performed in triplicate on Young and 
SEN cells, and SEN cells treated with metformin. TruSeq Small RNA Library PrepKit v2 (Illumina; RS-200-
0012/24/36/48) was used for library preparation according to the manufacturer’s indications. Briefly, 35 ng puri-
fied RNA was linked to RNA 3′ and 5′ adapters, converted to cDNA, and amplified using Illumina primers 
containing unique indexes for each sample. Each library was quantified using Agilent Bioanalyzer and High 
Sensitivity DNA Kit (cat. no. 5067-4626, Agilent Technologies, USA) and equal amounts of libraries were pooled 
together. Size selection allowed keeping 130–160 bp fragments. After ethanol precipitation, the library pool was 
quantified with Agilent High Sensitivity DNA Kit, diluted to 1.8 pM, and sequenced using NextSeq 500/550 
High Output Kit v2 (75 cycles) (Illumina; FC-404-2005) on the Illumina NextSeq500 platform.

Raw base-call data generated by the Illumina NextSeq 500 system were demultiplexed using Illumina Bas-
eSpace Sequence Hub (https ://bases pace.illum ina.com/home/index ) and converted to FASTQ format. After a 
quality check with FastQC (https ://www.bioin forma tics.babra ham.ac.uk/proje cts/fastq c/), sequence reads were 
quality trimmed using the cutadapt  tool51. Sequence reads were aligned to the miRBase version 21.0  database52 
using the STAR  algorithm53. Standard miRNA quantification (including the canonical form and all isoforms) 
was obtained as previously  detailed22.

Quantification of miRNA isoforms. Sequence reads were quality trimmed using the cutadapt tool, 
and mapped unambiguously using  SHRIMP254 to the human genome assembly GRCh38. During the map-
ping, no insertions or deletions, and at most one mismatch was permitted. IsomiRs were identified as done 
 previously16,17,55–57. The isomiR nomenclature used is based upon the one used previously in Loher et al.17. For 
example, the isomiR whose 5′ terminus begins one position to the right (+ 1) of the archetype’s 5′ terminus and 
whose 3′ terminus ends two positions to the left (− 2) of the archetype’s 3′ terminus is labeled “ + 1|− 2”. The 
archetype isomiR, the sequence found in public databases, is labeled as “0|0”.

IsomiR abundances were quantified in reads per million (RPM). Only reads that passed quality trimming 
and filtering and could be aligned exactly to miRNA arms were used in the denominator of this calculation. The 
abundance of a miRNA arm is calculated as the sum of normalized abundances of all isomiRs from the arm.

Raw and processed datasets have been deposited in NCBI’s Gene Expression Omnibus (GEO) (https ://www.
ncbi.nlm.nih.gov/geo) with accession reference GSE149771.

Statistical analysis of small RNA‑seq data. Data analysis was carried out using the DESeq2 1.26.058 
Bioconductor package within the R version 3.6.1 environment. MiRNAs/isomiRs showing a differential expres-
sion between SEN and SEN + M were identified using a fold change ≥ 1.5 filter and an FDR < 5% cut-off at two-

https://basespace.illumina.com/home/index
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.ncbi.nlm.nih.gov/geo
https://www.ncbi.nlm.nih.gov/geo
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tailed moderated t-test with Benjamini–Hochberg correction. A two-tailed likelihood ratio test (LRT) was used 
to compare miRNA/isomiR expression among Young, SEN, and SEN + M samples, with a Benjamini–Hochberg 
FDR < 5%. The significance of the differences between isomiR proportions within each miRNA was tested using 
z-test. The PCA plot and correlation matrix showing Pearson’s correlations among samples were created using 
the pcaExplorer version 2.12.0 R/Bioconductor  package59. Heatmaps were produced using the heatmap2 func-
tion from the R package gplots version 3.0.3 (https ://cran.r-proje ct.org/web/packa ges/gplot s/) with row scaling 
and hierarchical clustering of the rLog transformed expression values.

MiRNA target prediction. Putative miRNA targets were individuated using the Diana mirPath v.3 platform 
and the tools TarBase v7.0 and microT-CDS v5.0, which allow the analysis of KEGG pathways  enrichment60,61 
for experimentally validated and predicted target genes,  respectively62. The analysis was carried out using the 
‘pathways union’ option. P-values were calculated by the Fisher’s exact test and the false discovery rate (FDR) 
was estimated using the Benjamini and Hochberg method. A p-value threshold of 0.01 was applied. Differential 
target genes of the canonical/3′ isomiRs and 5′ isomiRs were predicted using the TargetScan Custom tool v. 
5.2 (http://www.targe tscan .org/vert_50/seedm atch.html), which searches for a complementary 3′ UTR against 
a provided seed sequence.

Data availability
Raw and processed datasets have been deposited in NCBI’s Gene Expression Omnibus (GEO) (https ://www.
ncbi.nlm.nih.gov/geo) with accession reference GSE149771.
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