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Abstract 

Cellular senescence is a process closely linked to organismal ageing, and clearance of 

senescent cells has been shown to revert aspects of the ageing phenotype. We sought to 

identify miRNAs able to counteract replicative senescence at the cellular level, and 

investigate their effect in vivo. A library of 879 human miRNAs mimics was used for a 

high throughput screen using high content microscopy to search for miRNAs able to 

restore a high replicative phenotype in WI-38 human diploid fibroblasts exhibiting 

replicative senescence. Screening endpoints were the analysis of the incorporation of the 

nucleotide analogue EdU, as a measure of cell proliferation, and the level of the cell 

cycle kinase inhibitor p21 as an indicator of G1 cell cycle arrest.  

Twenty miRNAs were identified that exerted a strong replicative effect on senescent 

cells (up to 40% EdU-positive cells compared to a basal incorporation of <10%) while 

markedly reducing p21 levels. Cells treated with these miRNAs had decreased 

expression of p16 and senescence-associated beta galactosidase. Importantly, all of the 

identified miRNAs were capable of exerting their pro-proliferative action even in the 

absence of serum stimulation. 

Three miRNAs - hsa-miR-523-3p, hsa-miR-639, and hsa-let-7i-3p - were selected for 

deep-transcriptomic sequencing, to identify putative miRNA targets. CDKN1A and 

GRIN3B were identified as possible targets, while the mTOR pathway was observed to 

be necessary for miRNA induced proliferation. Finally, miR-523-3p and let-7i-3p were 

administered in vivo in aged mice to assess their effect on sarcopenia. The identified 

miRNAs provide important information on the molecular mechanisms underlying 

cellular senescence and with further research may constitute a new class of nucleic acid 

therapeutics to combat tissue degeneration in ageing.   
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1 Introduction 

Human ageing is associated with a progressive degeneration and failing of tissues and 

organs of the human body, leading to a large number of age-related diseases. An 

increase in senescence correlates with ageing in vivo, and has been associated with both 

tumour development and altered tissue repair. This research project was aimed at the 

identification of microRNAs (miRNAs) counteracting cellular senescence, through 

application of a fluorescence microscopy based high throughput screening (HTS) 

approach, using a whole genome human microRNA library. As a cellular model of 

senescence we focused on human diploid fibroblasts, in particular the cell line WI-38 

isolated from female human fetal lung. The miRNAs identified using this screening 

approach were subsequently tested in a murine model of ageing related sarcopenia. 

The following introduction will describe senescence, particularly in the context of 

ageing. The characteristics of senescence and markers used to identify senescent cells in 

an in vitro setting will be outlined. Additionally, the involvement of miRNAs in various 

senescence pathways will be described, as well as the application of miRNAs as 

biotherapeutics. Finally, the implications of senescence in the organism will be outlined, 

with a specific focus on the animal models that are used to study ageing.  

1.1 Senescence 

Senescence is characterised by a stable cell-cycle arrest, which is initiated in mitotic 

cells in response to extrinsic or intrinsic stresses. It constitutes an alternative to cell 

death by apoptosis or mitotic catastrophe. It is mediated by the p53/p21 pathway 

(Herbig et al., 2004), as well as the p16/Retinoblastoma (pRb) pathway (Serrano et al., 

1997), as is shown in a simplified manner in Figure 1-1. 
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Senescence can be classified in various ways, with a differentiation made according to 

the cause (replicative senescence (RS) or cellular senescence, with several different 

subtypes of the latter), or with a differentiation made according to the properties. The 

latter definition by Deursen et al. divides senescence into an acute and a chronic type, 

with an additional intermediate form reserved for oncogene induced senescence (OIS) 

(Van Deursen, 2014). As will be described in detail below, senescent cells are 

recognised through a combination of various markers, such as a flattened and enlarged 

cell morphology, an accumulation of lipofuscin, the production of a senescence 

associated secretory phenotype (SASP), and most obviously an increase in the 

expression of cell cycle inhibitors such as p21 and p16.  

The most common cellular models for senescence are normal human diploid fibroblasts, 

such as the cell lines WI-38 and IMR-90, both of which are human female embryonic 

lung fibroblasts (Maes et al., 2009; Dhahbi et al., 2011). Different types of senescence, 

pathways leading to senescence, as well as markers used to identify senescent cells, are 

detailed in the following chapters. 

Figure 1-1 The effector pathways 
of senescence via p21 and p16. 
The main pathways involved in 
the establishment of the cell cycle 
arrest leading to senescence, via 
the p16/pRb or p53/p21 pathway. 
Proteins marked in red are pro-
senescent, while proteins marked 
in green are pro-proliferative. 

 



Introduction 11 
 

 

Figure 1-2 Replicative and cellular stress induced premature senescence. Senescence can be the cause 
of sequential replication or a variety of stresses, leading to stress induced premature senescence. The 
resulting senescent cells have several characteristics such as SA-beta-gal expression, p21 and p16 
expression, amongst others (Naylor et al., 2012). 

 

1.1.1 Replicative Senescence  

First described over 50 years ago (Hayflick, 1965), RS is the phenomenon describing 

the limited number of divisions which cells can undergo when cultured in vitro before 

entering a seemingly permanent cell cycle arrest. In order to study RS, cells are cultured 

to replicative exhaustion, which requires an average of 50 population doublings, 

depending heavily on the cell line used (Fumagalli et al., 2014). 

RS was described by Hayflick to be independent of culture conditions, being instead 

due to an intrinsic division limit. It was shown that telomeres shorten with increased 

time in culture, and that the telomere length determines the capacity to proliferate 

(Allsopp et al., 1992). RS has since been observed in most primary cells, and has been 

attributed mainly to DNA damage (Di Fagagna et al., 2003) and telomere dysfunction, 

rather than mere shortening (Karlseder et al., 2002; Herbig et al., 2004). 
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Telomeres are found at the ends of chromosomes and are made up of characteristic 

repetitive DNA sequences of six nucleotides, TTAGGG which are bound to the 

telomeric repeat binding factors TRF1 and TRF2. Telomeres have been shown to form 

large loops, which protect the open ends of the DNA. The inhibition of TRF2 

destabilises telomeres, leading to chromosomal fusion and p53 activation (Griffith et al., 

1999). Due to the DNA replication process, the telomere ends cannot be completely 

duplicated, termed the end-replication problem. While immortal cells compensate for 

this progressive telomere loss by telomerase mediated extension (Bernards et al., 1983; 

Kim et al., 1994), DNA replication in mortal cells leads to a shortening of telomeres 

during each cell cycle (Harley et al., 1990). When regarding telomere shortening, the 

shortest telomeres of a cell are crucial, rather than the average telomere length (Hemann 

et al., 2001). Telomere dysfunction, whether by shortening or through general damage, 

initiates senescence through the activation of the DNA damage response (DDR) 

pathway. This leads to p53 mediated (Di Fagagna et al., 2003; Herbig et al., 2004) or a 

p16 mediated (Smogorzewska and Lange, 2002) cell cycle arrest. These molecular 

effector pathways leading to senescence will be detailed in chapter 1.1.4. Importantly, 

while early telomerase overexpression has been shown to prevent RS without induction 

of transformation, as well as to increase cellular lifespan (Morales et al., 1999), the 

expression of telomerase in senescent WI-38 cultures does not reverse the growth arrest 

(Beauséjour et al., 2003). 

Due to the role of telomeres in senescence, many hypotheses exist regarding the link of 

telomere length and longevity in different species. Human and other mammalian cells 

have telomeres which are less than 20 kilo bases (kb) in size, relatively short compared 

to several other species such as rodents (Kipling and Cooke, 1990). It has been 

postulated that the short telomeres and a lack of telomerase are an evolutionary response 

in mammals to the development of homeothermy (Gomes et al., 2011). As this causes 
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higher mutation rates, a more precise anti-cancer mechanism is required in larger 

animals with longer lifespan, while smaller short-lived animals such as rodents are not 

as much at risk of accumulating tumorigenic mutations. 

 

 

 

Figure 1-3 A variety of stresses and pathways lead to senescence. A variety of stressors trigger the 
activation of either or both the p53/p21 pathway and p16/pRb pathway, leading to a cell cycle arrest. 
The arrest can lead to repair, allowing the cell to re-enter the cell cycle, or a short-term stress relief 
leading to assisted cycling, whereby the cells are dependent on the stress relief to continue proliferating 
(Van Deursen, 2014). 
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1.1.2 Cellular Senescence 

Cellular senescence can be triggered by a variety of stresses, including DNA damage 

(Herskind and Rodemann, 2000), chromatin remodeling (Narita et al., 2003), oncogene 

activation (Serrano et al., 1997), spindle stress (Schmidt et al., 2010), and more. An 

overview is shown in Figure 1-3. Cells have also been described to senesce in vitro due 

to a vaguely defined culture stress: a p16 dependent, telomere-independent stress caused 

by inadequate cell culture conditions (Ramirez et al., 2001). The premature senescence 

caused by extrinsic stresses is termed stress induced premature senescence, or SIPS. 

When studying SIPS in vitro, it can be induced using radiation (Oh et al., 2001; 

Chainiaux et al., 2002), H2O2 stress impulses (Chen and Ames, 1994), or topoisomerase 

inhibitors (Canman et al., 1994; Robles and Adami, 1998) amongst others, while OIS is 

typically induced through transfection with the oncogenic form of the mitogenic Ras 

protein (Serrano et al., 1997). 

While SIPS is often caused by DNA damage, and it has even been argued that the DDR 

is the main cause of all types of senescence (Zglinicki et al., 2005), there have been 

some reports showing stressors to induce senescence in a potentially DDR independent 

manner. For example, E2F3 activation was shown to induce senescence in a p16INK4A 

and p19ARF dependent manner (Denchi et al., 2005). In addition, BRAF(V600E) was 

shown to induce senescence by upregulating the mitochondrial pyruvate dehydrogenase 

(Kaplon et al., 2013). 

1.1.2.1 DNA Damage Induced Senescence 

A variety of triggers which cause DNA damage can activate DDR pathways in the cell. 

Upon activation of the DDR pathways, the cells can repair the damage, die through 

apoptosis, or enter senescence. Even very few unrepaired DNA breaks, induced for 

example by low doses of radiation, are sufficient to induce a cell cycle arrest in normal 
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human diploid fibroblasts (Herskind and Rodemann, 2000). The arrest occurs through 

the p53/p21 pathway, often followed by an additional delayed activation of the p16/pRb 

pathway (Stein et al., 1999) (see section 1.1.4.2).  

An increased number of DNA damage foci have been observed both in senescent cells, 

as well as in ageing organisms. Specifically, gamma-H2AX foci, a marker of double 

strand DNA breaks (DSB), were shown to accumulate in senescent human cells as well 

as ageing mice. When compared to DSB foci induced through irradiation, the larger 

senescence associated foci were not repaired, indicating that these cells had acquired 

persistent irreparable DNA lesions (Sedelnikova et al., 2004). 

A major trigger of senescence in vitro is the supra-physiological oxygen level of around 

20 %, which causes an accumulation of DNA damage due to increased oxidative stress; 

this can be prevented through growth in mild hypoxic conditions (Chen et al., 1995). 

Both murine and human cells are sensitive to oxygen induced DNA damage, with 

antioxidants able to delay senescence and even rejuvenate pre-senescent cells (Chen et 

al., 1995; Parrinello et al., 2003). Increasing the oxidative stress, for example by means 

of hydrogen peroxide, is a further method of inducing DNA damage and thereby 

senescence (Chen and Ames, 1994). 

In fact, as mentioned above, it has been argued by Zglinicki and Di Fagagna (Zglinicki 

et al., 2005) that all types of senescence can be defined as a permanently maintained 

DDR state. Accordingly, senescence can be the effect of global DNA damage, or 

telomeric DNA damage leading to dysfunctional, shortened telomeres. Furthermore, 

while SIPS is commonly considered telomere-independent, the phenotype of RS and 

SIPS overlaps substantially, and evidence has shown that oxidative culture stress causes 

accumulation of damage in telomeres, as DNA single-strand breaks are difficult to 

repair if the damage occurs at the chromosome ends (Petersen et al., 1998). This 
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indicates that even telomere independent SIPS could be in part accelerated by telomere 

damage. 

1.1.2.2 Chromatin Remodeling as a Cause of Senescence 

Chromatin organisation plays a crucial role in controlling gene expression programs. 

Chromatin remodeling is controlled mainly by histone modifications, with the 

acetylation of histones leading to the formation of euchromatin, while DNA 

methylation, specifically of cytosine, induces heterochromatin formation. 

The senescent phenotype is often characterised by an increase in heterochromatin, with 

some cells forming senescence-associated heterochromatin foci (SAHFs) (Narita et al., 

2003). In support of this, it has been shown that an increase of heterochromatin through 

the downregulation of histone acetyl transferases (HATs) can lead to senescence. 

Contradictorily, the inhibition of histone deacetlyases (HDACi), and therefore an 

opening of the chromatin, can also induce senescence. This is postulated to be due to an 

induction of the senescence pathways via both types of chromatin remodeling, leading 

to the expression of p16 and p21 (Munro et al., 2004). 

1.1.2.3 Oncogene Induced Senescence 

It has been postulated that senescence evolved as a protective mechanism against the 

development of cancer, to prevent the unlimited proliferation of damaged cells, as is 

discussed in chapter 1.3.1. Accordingly, the induction of oncogenes has been shown to 

cause oncogene-induced senescence (OIS) in many cell types. OIS was first proposed 

following the observation that the oncogenic mutant form of Ras can induce a cell cycle 

arrest in a p53- and p16-dependent manner (Serrano et al., 1997). The native Ras 

protein is a small GTP-binding protein that transmits mitogenic signals from tyrosine-

kinase receptors, while the mutant form is constitutively active. Overexpression of Ras 



Introduction 17 
 
in normal cells leads to senescence, while additional mutations in its regulators such as 

p53, or overexpression in immortal cells, causes transformation (Franza Jr et al., 1986). 

Interestingly, cells from p21 knockout mice are still able to enter senescence following 

Ras overexpression, emphasising that p21 is not necessary for OIS in murine fibroblasts 

(Pantoja and Serrano, 1999). 

Other proteins which greatly increase mitogenic signaling have also been shown to 

induce senescence (Lin et al., 1998; Zhu et al., 1998), an effect which is not present 

when cells are cultured in serum-free medium (Woo and Poon, 2004). This supports the 

theory that OIS is a protective mechanism against excessive growth stimulation. 

Furthermore, many oncogenes induce a telomere-independent DDR due to an increase 

in DNA replication and therefore in DNA damage (Di Micco et al., 2006), this links 

OIS to other forms of SIPS and supports the previously mentioned concept that 

senescence is generally caused by DNA damage. Additionally, increased mitogenic 

signaling leads to an increase in ROS production, acting as a genotoxic stressor (Irani et 

al., 1997). 

1.1.3 Acute and Chronic Senescence 

Recently, a new classification for senescence has been proposed by Deursen (Van 

Deursen, 2014), differentiating the properties and functions of senescent cells found in a 

variety of processes. As one can see in Figure 1-4, a discrimination is made between 

acute, chronic, and mixed senescent cells. Chronic senescence is described in the 

context of ageing, with a gradual increase in macromolecular damage, moving through 

the stages of pre-senescence, to full senescence and finally late or deep senescence. 

Considering that senescence is a multistep process (De Cecco et al., 2013), deep 

senescence here is characterised by phenotypic diversification and a heterogeneity in the 

SASP factors that are expressed. Furthermore, it is postulated that deep senescent cells 
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are subject to immunoclearance due to the expression of pro-inflammatory cytokines, 

but that this immunoclearance can be evaded if the SASP factors are modulated in a 

negative feedback loop (Bhaumik et al., 2009; Van Deursen, 2014). 

Deursen argues that while chronic senescence is not programmed and occurs due to 

sporadic damage accumulation, acute senescence is of a different nature. This type of 

senescence is involved in processes such as wound healing, wherein myofibroblasts will 

senesce in response to tissue wounding in order to prevent excessive fibrosis (Jun and 

Lau, 2010). Similarly, acute senescence is involved in embryonic development (Muñoz-

Esp n et al., 2013). Acute senescence has the properties of programmed and targeted 

senescence in response to acute stress, where the cells initiate self-immunoclearance 

through the expression of a pro-inflammatory SASP. OIS, finally, is described as a 

combination of the two senescence types, fulfilling first the phenotype of acute, and 

later that of chronic senescence. 

 

Figure 1-4 Acute and chronic senescence. A cell can either directly enter acute senescence as is the case 
during development, or a gradual stress increase can cause a cell to enter a pre-senescent, senescent 
and finally deep senescent state. In oncogene induced senescence a mixture of the two types of 
senescence is induced (Van Deursen, 2014). 
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1.1.4 Molecular Effector Pathways of Senescence 

Whether senescence has been induced through sequential passaging, or through an 

extrinsic stressor, the senescence cell cycle arrest is mainly exerted through one of two 

pathways. As shown in a simplified manner in Figure 1-1, and in more detail in Figure 

1-3, the two pathways involve the cyclin dependent kinase inhibitors (CDKIs) p21 and 

p16. In addition, a variety of other signaling pathways are involved in triggering or 

inhibiting senescence. A selection of these will be discussed below. 

1.1.4.1 DNA Damage Response 

As most types of senescence appear to be initiated primarily by a DDR, this process will 

be briefly described here. The DDR incorporates the activation of a large combination 

of proteins, an overview of which is shown in Figure 1-5. First, various proteins act as 

DNA-damage sensors, binding to double strand breaks and other DNA lesions. 

Amongst these are the replication protein A (RPA) and replication factor C (RFC)-like 

complexes, which recruit the 911 complex (RAD9-HUS1-RAD1) (Francia et al., 2006). 

A further sensor is the MRN complex, made up of MRE11, RAD50 and NBS1. Upon 

lesion recognition, the sensors activate ataxia telangiectasia mutated (ATM) and ATM 

and Rad-3 related (ATR), both of which are kinases which phosphorylate H2AX and 

other targets (Takai et al., 2003; Herbig et al., 2004). This initial step allows a variety of 

further proteins to bind the DNA lesion, a process mediated by proteins such as MDC1, 

53BP1, BRCA1 and Claspin. Finally, these mediators activate effector kinases such as 

checkpoint-1 (CHK1) and CHK2 (Nyberg et al., 2002; Di Fagagna et al., 2003). These 

in turn activate effector molecules, leading either to apoptosis, to a cell cycle arrest 

allowing for DNA repair, or to senescence (Zhou and Elledge, 2000; Harper and 

Elledge, 2007). 
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Figure 1-5 The DNA damage response. DNA damage sensors respond to DNA damage, activating a 
cascade of proteins, including upstream kinases ATM and ATR, mediators, downstream kinases CHK2 
and CHK1, and finally leading to the induction of a transient cell cycle arrest, apoptosis or senescence 
(Campisi and Di Fagagna, 2007). 

 

1.1.4.2 Senescence Effector Pathways 

The two main effector pathways of senescence are the p53/p21 pathway and the 

p16/pRb pathway. An activated DDR causes ATM and ATR to prevent cell cycling by 

stabilising p53 (Di Leonardo et al., 1994; Herbig et al., 2004), while other stressors such 

as OIS activate p16INK4A directly (Serrano et al., 1997). While the initial cell cycle 

arrest can be due to either of the two main effector pathways, it is possible for a 

combination of both to be responsible for a persistent arrest. In this way, DNA damage 

can cause a transient arrest through p21, which will be enforced if damage persists, via 

activation of p16 due to mitochondrial dysfunction and ROS production (Takahashi et 

al., 2006; Passos et al., 2010; Freund et al., 2011).  

The p53/p21 pathway ensues from the stabilisation of p53, which acts as a transcription 

factor to increase expression of the cyclin-dependent kinase inhibitor (CDKi) p21. This 
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CDKi inhibits CDK2 of the cyclin E-CDK2 complex (Harper et al., 1993). The second 

pathway involves a further CDKi, namely p16, which inhibits the cyclin D-CDK4 and 

cyclin D-CDK6 complexes (McConnell et al., 1999). In effect, both pathways evoke an 

inability of these respective complexes to phosphorylate, and thereby inactivate, the 

pRb protein. Left in an active state, pRb is free to sequester E2F, preventing the 

transcription of E2F regulated genes, and thereby preventing the progression of the cell 

cycle (Dyson, 1994).  

Intriguingly, the p16 locus was found to express a second protein with an alternative 

reading frame, thus dubbed ARF (Quelle et al., 1995). This protein was found to act as a 

tumour suppressor by inhibiting MDM2, a ubiquitin ligase of p53 (Pomerantz et al., 

1998). In this way, ARF is able to stabilise p53, and forms part of the p53/p21 pathway 

(Bringold and Serrano, 2000). 

A knockdown of p53 in cells with low levels of p16 causes senescent cells to continue 

cycling without regard for shortened telomeres. The increased proliferation causes 

telomeres to shorten critically, eventually leading the cells to crisis (Beauséjour et al., 

2003). Additional evidence shows that the knockdown of p21 allows cells to bypass 

senescence despite p16 expression, and that cells do not transform but instead will also 

enter crisis after continued cycling due to critically short telomeres (Brown et al., 1997).  

It has been postulated that in specific situations the p21 pathway antagonises the p16 

pathway. Hereby, a cell which is chronically accumulating DNA damage depends on 

increased p21 levels to repeatedly enter a transient arrest, allowing for repair and 

recuperation, thereby avoiding senescence temporarily. The process has been termed 

"assisted cycling" and has yet to be fully confirmed (Matheu et al., 2007; Baker et al., 

2008; Van Deursen, 2014). 
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1.1.5 The Senescent Phenotype 

While senescent cells display a complex phenotype, few attributes are exclusive to 

senescence, as many also apply to post-mitotic, agonescent or quiescent cells (Campisi 

and Di Fagagna, 2007). To overcome this limitation, several markers must always be 

considered simultaneously in order to ensure the precise identification of senescent 

cells. 

Senescent cells display an altered morphology, often becoming large, irregular and flat 

(Serrano et al., 1997) with an increased cytoplasmic size and protein content (De Cecco 

et al., 2011). Many markers noted in respect to fibroblast senescence were reviewed by 

Cristofalo and Pignolo as early as 1996 (Cristofalo and Pignolo, 1996); these include a 

slower replication rate, and an increased amount of lysosomal bodies.  

One of the most evident phenotypes, and therefore the most common marker used to 

identify senescent cells, is senescence-associated beta galactosidase (SA-beta-gal). SA-

beta-gal is lysosomal galactosidase, the accumulation of which is due to increased 

lysosomal content in senescent cells (Kurz et al., 2000; Lee et al., 2006). This enzyme 

can be detected using the substrate Xgal, which leads to a dark blue stain, and is 

detectable in all cells at a pH of 4.0. Staining the cells at the suboptimal pH 6.0 marks 

only those cells with an unusually high amount of the enzyme, leading to a blue staining 

of senescent cells (Dimri et al., 1995). While this accumulation is associated only with 

senescence, making it a very valuable marker, there appears to be no functional link 

between SA-beta-gal and senescence, making it insufficient as a sole marker. Moreover, 

interfering with the expression of the enzyme does not prevent the formation of 

senescence in fibroblasts (Lee et al., 2006). 

Senescent cells have also been shown to accumulate reactive oxygen species (ROS) and 

oxygen induced DNA damage, another attribute which represents a valuable in vitro 
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marker (Chen et al., 1995). Interestingly, it has been shown that inhibition of ROS-

accumulation after p21-induced senescence can rescue the senescent phenotype, 

independent of p16 induction (Macip et al., 2002). This supports the causative link 

between this marker and senescence, making ROS accumulation a valuable marker, but 

a phenotype not unique to senescence. 

Furthermore, the expression of many proteins is increased in senescence, serving as 

useful markers in immunofluorescence, quantitative real-time PCR (qRT-PCR), and 

also via Western blot. These proteins include, but are not limited to, the cell cycle 

inhibitors p21 and p16, p53 phosphorylated at serine 15 (Wang et al., 2004) as well as 

DNA damage markers such as 53-BP1 and gamma-H2AX, a marker of double strand 

breaks. Additionally, there is an increase in PML nuclear bodies (De Stanchina et al., 

2004), as well as H3K9me3 foci (Narita et al., 2003), a further phenotype which can be 

exploited to recognise senescent cells using immunofluorescence. 

A further transcriptional change in aged cells causes the expression of the previously 

mentioned SASP, a phenotype displayed by most but not all senescent cells. The SASP 

consists of a variety of factors, including anti-tumorigenic components (Xue et al., 

2007) as well as pro-inflammatory cytokines such as IL-6, and IL-8 (Rodier et al., 

2009). It has been shown that the SASP is able to reinforce the senescent phenotype; 

removal of CXCR2, a receptor for several cytokines including IL-8, reduces DDR 

signaling and senescence (Acosta et al., 2008). In addition, SASP components appear to 

act in a paracrine fashion to enforce the senescent phenotype (Nelson et al., 2012; 

Acosta et al., 2013). 
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1.1.6 Is the Senescence Arrest Permanent? 

While senescence was originally defined as a permanent cell cycle arrest, more 

evidence is accumulating to show that senescence is indeed reversible, at least on an 

experimental level. It has been shown in vitro, but not in vivo, that inactivation of p53 

causes senescent cells to continue proliferation for several population doublings; with 

cells eventually entering mitotic crisis due to telomere dysfunction (Beauséjour et al., 

2003). Some cells express high levels of p16, apparently as a response to accumulated 

stress. In these cells the inhibition of p53 does not reinitiate proliferation, as the p16 

pathway appears to induce an irreversible arrest (Beauséjour et al., 2003). Furthermore, 

it was shown that a senescent cell cycle arrest requires constant confirmatory signaling, 

as the arrest could be reverted by inhibition of the expression of the upstream kinase 

ATM (Herbig et al., 2004). In another publication it was shown that OIS, induced by 

BRAFV600E, is reversible when PTEN is depleted or PI3K is activated (Vredeveld et al., 

2012). OIS has also been shown to be prevented by the knockdown of ARID1B, a 

component of SWI/SNF complexes which are involved in transcription (Tordella et al., 

2016). 

Further, it was demonstrated that senescence could act as a barrier when reprogramming 

cells into induced pluripotent stem cells (iPS) using Oct4, Sox2, Klf4 and c-Myc 

(Takahashi and Yamanaka, 2006). Knocking down p53, p21 and p16 greatly increased 

the percentage of reprogrammed cells (Banito et al., 2009). Interestingly, it was recently 

shown that the IL6 produced by senescent cells is necessary for successful 

reprogramming (Mosteiro et al., 2016). Furthermore, another group was able to 

demonstrate successful reprogramming of senescent cells using two further factors in 

addition to the four Yamanaka factors. These cells demonstrated the phenotype of 

young cells, such as reduced p21 and p16 levels, amongst other markers (Lapasset et al., 
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2011). These data together suggest that a reversal of the senescent phenotype is feasible 

in certain scenarios.  

1.2 MicroRNAs 

MicroRNAs (miRNAs) are small, genome-encoded, highly conserved RNA molecules 

(generally 19-21 nucleotides long) that repress the expression of genes at the post-

transcriptional level by binding to partially complementary binding sites located mainly 

in the 3'-untranslated regions (3'-UTR) or coding regions of target mRNAs (Brennecke 

et al., 2005). The biogenesis of miRNAs, shown in Figure 1-6, is a multi-step process. 

Initially, miRNAs are transcribed in the nucleus, generally by RNA polymerase II (Lee 

et al., 2004) to form primary (pri)-miRNAs. These are cleaved by the RNAse III 

enzyme Drosha into 70 nt stem-loop precursor (pre)-miRNAs (Lee et al., 2003). This 

step is followed by export to the cytoplasm by Exportin-5 through the nuclear pore, and 

subsequent cleavage into mature 20-25 nt miRNA duplexes, by the RNAse III 

endonuclease Dicer and the TAR RNA binding protein (TRBP), amongst others 

(Chendrimada et al., 2005). Finally, the strands are separated into a guide strand and a 

passenger strand (previously annotated with a star, now termed 3' and 5' strand). The 

guide strand activates and is incorporated into the RNA induced silencing complex 

(RISC) containing argonaute protein 2 (AGO2) which has endonuclease activity, 

forming the miRISC (Matranga et al., 2005). 

For the screening experiments described in this Thesis, a human synthetic miRNA 

mimic library was used, available at the High-Throughput Screening Facility at ICGEB 

in Trieste. Once transfected in target cells, the miRNA mimics act in the same way as 

endogenous miRNAs, through selective incorporation of the guide strand into RISC. 
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Synthetic siRNAs cause targets to be cleaved, while miRNAs usually lead to translation 

inhibition in mammals and subsequent RNA degradation. This is achieved by 

deadenylation of the poly(A) tail, blocking of elongation, competition of the Ago-RISC 

complex with translation initiation factors and the cap structure, induction of ribosome 

dissociation or degradation of the freshly translated polypeptide chain (Eulalio et al., 

2008). Unlike siRNAs, miRNAs are able to bind targets without full complementarity 

of the sequences to induce silencing, and are therefore capable of controlling the 

expression of several hundred different cellular genes each. Additionally, each mRNA 

can in turn be regulated by several microRNAs, making miRNAs master regulators of 

gene expression (Brennecke et al., 2005). 

MiRNAs are often categorised according to clusters, which define the chromosomal 

location of the miRNA sequences. Alternatively, miRNAs can be grouped into families 

based on their seed sequence. Seed sequences are defined as the 6 or 7 nucleotides 

corresponding to nucleotides 2-8 in the 5' portion of the miRNA (Lewis et al., 2003). 

The seed sequence determines which mRNA target sequences are bound, and the 

families therefore comprise miRNAs that share the majority of the targets and hence are 

assumed to have similar functions. Importantly, due to the influence of the 3' end on 

binding, seed sequence family members have overlapping but not necessarily identical 

targets (Brennecke et al., 2005).  

It is becoming evident that the role of miRNAs in regulating gene expression in higher 

eukaryotes could be as important as that of transcription factors. Indeed, miRNAs 

appear to act as key regulators of processes as diverse as early development (Reinhart et 

al., 2000), cell proliferation and apoptosis (Brennecke et al., 2003), brain development 

(Krichevsky, 2003), myocardial function (Van Rooij et al., 2012) and fat metabolism 

(Xu et al., 2003). Importantly, miRNAs have also been found to play a major role in the 



Introduction 27 
 
control of all aspects of senescence, including regulation of the p53/p21 pathway, the 

p16/pRb pathway, and the production of the SASP (Gorospe and Abdelmohsen, 2011). 

 

 

 

Figure 1-6 The miRNA biogenesis pathway. Translation of miRNAs occurs in the nucleus from miRNA 
genes or introns. The pri-miRNA is processed by Drosha to form the pre-miRNA, which is exported from 
the nucleus and further cleaved by Dicer. Bound to RISC, miRNAs then target mRNA for cleavage or 
translational repression (Bronze-da-Rocha, 2014). 
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As miRNAs are important in most, if not all, cellular processes, a deregulation of 

miRNA expression is often associated with disease. For example, mir-34a is often 

found to be downregulated in cancers, while an overexpression is able to curb aberrant 

cell proliferation and cause senescence (He et al., 2007; Tarasov et al., 2007). Similarly, 

lower expression of miR-133 is found in the heart during cardiac hypertrophy, while an 

overexpression of this miRNA was able to inhibit hypertrophy (Carè et al., 2007). Even 

normally regulated miRNAs can play a role in disease, such as miR-122 expressed in 

the liver, which facilitates infection by hepatitis C virus, making the silencing of this 

miRNA into a valuable therapeutic approach to suppress viremia (Lanford et al., 2010). 

The apparent importance of miRNAs and the ability to manipulate them in vivo makes 

miRNAs extremely interesting biotherapeutic tools. 

1.2.1 MiRNAs as Biotherapeutics  

The field of biotherapeutics has been growing since the 1980s, with more than 350 

biotechnological drugs clinically approved and many currently being tested in clinical 

trials (Rader, 2008). Also the delivery of nucleic acids for human therapy now extends 

to a variety of novel DNA- or RNA-based biological therapeutics. These include 

oligonucleotides, short RNA and DNA molecules with catalytic function, short RNAs 

with regulatory function (siRNAs and miRNAs), decoy RNA and DNA molecules and 

aptamers. 

There are currently several therapeutic approaches involving the modulation of miRNAs 

in clinical trials. miRNAs are particularly interesting due to their ability to modulate a 

large range of targets, thereby allowing for a multi targeted approach (Brennecke et al., 

2005; Van Rooij et al., 2012). Anti-miRNA strategies have been tested, employing 

nucleic acids with a reverse complementary sequence to a mature miRNA and thereby 

reducing the amount of endogenous miRNA available in the cell (Van Rooij et al., 
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2012). The most established is the previously mentioned silencing of miR-122 to 

suppress hepatitis C viremia (Lanford et al., 2010).  

In order to apply miRNAs as biotherapeutics, mimics have been developed which 

display increased stability and improved cellular uptake, for example by linking the 

miRNA to a hydrophobic molecule such as cholesterol. The large number of targets also 

represents a limitation of the therapeutic strategy, due to the possibility of off-target 

effects and the difficulty of delivery of miRNAs to specific tissues. This can be 

alleviated by the delivery of miRNA sequences inside adeno associated virus (AAV) 

vectors, as this enables the addition of tissue specific promoters, and the use of tissue 

specific capsids (Van Rooij et al., 2012). Recently, a high profile clinical study using 

the miRNA mimic miR-34a with liposomal injection to combat liver cancer was 

terminated, due to adverse effects related to immune responses (NCT01829971, 2013). 

However, the field remains largely unexplored and new strategies are being developed, 

such as the use of nanoparticles for the delivery of miR-16 to cancer patients 

(NCT02369198, 2014). 

1.2.2 MiRNAs Involved in Senescence and Ageing 

A wide range of miRNAs have already been identified which play an important 

regulatory role both in senescence specifically and ageing or longevity generally. An 

overview of some of the miRNAs regulating senescence can be seen in Figure 1-7, 

regulating a variety of processes, such as cell cycle arrest both via the p21 and the p16 

pathway. Additionally, it has been shown that generally more miRNAs are upregulated 

than downregulated during senescence of WI-38 human fibroblasts (Maes et al., 2009), 

showing an important role for miRNAs in the process of senescence. 
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One miRNA which has received much attention in the last years is miR-34a, shown in 

Figure 1-7, and used in this Thesis as a pro-senescent control. It is a transcriptional 

target of p53 and is strongly involved in the senescence process (He et al., 2007; 

Tarasov et al., 2007). It was recently shown that miR-34a is upregulated during ageing, 

a strong risk factor in the reduction of cardiac function, and that knocking down miR-

34a reduces cardiomyocyte death. Specifically, it was shown that this function is 

mediated through the target PNUTS, which acts protectively by reducing telomere 

shortening and reducing DDR signaling, strongly linking it to the process of senescence 

(Boon et al., 2013). 

 

 

Figure 1-7 Several miRNAs have been associated with modulating senescence. Several senescence 
processes, including the p53/p21 and p16/pRb pathways, are regulated by a variety of miRNAs (Gorospe 
and Abdelmohsen, 2011). 
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An additional miRNA that has been shown to have the opposite effect, namely that of 

inhibiting p21 and thereby promoting proliferation, is miR-106 (Ivanovska et al., 2008). 

The same study showed that following DNA damage induction with doxorubicin, an 

overexpression of miR-106 mimicked a p21-knockdown, in letting the cells continue 

cycling without a cell cycle arrest. Additionally, miR-519 has a seed region which is 

very similar to the miR-106b family, and is also linked to proliferation (Ivanovska et al., 

2008). 

 

1.3 Ageing and Senescence  

As infectious diseases are being combated, ageing, and ageing associated diseases, are 

becoming an ever more important issue worldwide. The study of ageing is therefore a 

growing field, and many areas have yet to be explored. In Figure 1-8 (López-Ot n et al., 

2013) an overview of the defining characteristics of ageing has been reprinted. It can be 

argued that several of the nine identified hallmarks of ageing are triggers which can lead 

to cellular senescence, and as research in this field continues a clearer picture is bound 

Figure 1-8 Hallmarks of ageing. A 
large range of factors have been 
identified which are integral 
characteristics of the ageing 
process, such as deregulated 
nutrient sensing and loss of 
proteostasis. Senescence itself is 
another characteristic of ageing, 
while several others are related to 
senescence, such as genomic 
instability, altered intercellular 
communication and stem cell 
exhaustion (reprinted from López-
Ot n et al. 2013). 

 

Retracted. See reference for original image. 
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to form. Many studies have shown a strong correlation, as well as a functional 

relationship between ageing and senescence. This link will be discussed in more detail 

in the following chapters. 

1.3.1 Theory of Antagonistic Pleiotropy of Senescence 

Senescence has a major role in protecting the organism against cancer, while 

simultaneously being detrimental for aged organisms by causing tissue dysfunction (see 

Figure 1-9). These seemingly conflicting roles can be unified by the theory of 

"antagonistic pleiotropy", first proposed by G.C. Williams (Williams, 1957). He 

postulated that traits could evolve which are beneficial to a young organism, while 

carrying with them attributes detrimental to the old organism. The theory was 

formulated using the term senescence, but referring to a decrease of vitality, or fitness, 

with age. It was theorised that each new gene would evolutionarily be judged on the 

current effect on reproduction; if this gene carries with it detrimental effects at a later 

time point, but is useful to the young organism, it would initially be positively selected. 

Selection pressure favouring youthful vigour would balance with the cost at old age, 

thereby determining the rate of vitality loss. 

The initial positive effect of senescence is the function as an anti-cancer mechanism, 

acting to prevent unlimited proliferation of cells which have been damaged. This link is 

clear when considering that most senescence effectors are also more generally defined 

as tumour suppressors. In line with this, mouse models in which the main senescence 

effectors have been knocked out tend to show increased cancer incidences, including 

p53, p16 and p19ARF knockouts (Ghebranious and Donehower, 1998). In addition, it 

was observed that ras induced murine tumours contain senescent cells only when in a 

premalignant state, while malignant tumours contain no senescent cells (Collado et al., 

2005). 
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When examining the connection between telomere induced senescence and cancer 

formation, a complex relationship was discovered, as reviewed by Artandi and DePinho 

(Artandi and DePinho, 2000). Transgenic mice lacking telomerase demonstrate 

telomere shortening and dysfunction after several generations, and are more prone to 

tumour formation (Rudolph et al., 1999). Interestingly, removing telomerase in tumour 

prone Ink4a/Arf knockouts reduced transformation due to an intact p53 response 

(Greenberg et al., 1999). Knocking out p53 simultaneously with telomerase increased 

the incidence of transformation (Chin et al., 1999). 

It is important to note, particularly in the context of this Thesis, that while senescence 

can prevent tumour formation by arresting damaged cells, a disruption of senescence is 

often insufficient for transformation. This is demonstrated clearly through the 

overexpression of telomerase to prevent RS, which increases proliferation but does not 

cause tumour formation (Morales et al., 1999). Importantly, knocking out p21 induced 

increased replication without causing transformation (Brown et al., 1997). 

Antagonistically to the initial protective effect, senescence, particularly chronic 

senescence, has been shown to have a detrimental effect in aged organisms. As a result 

of an increase in sources of damage and stress as an organism ages, the number of 

senescent cells also increases (Dimri et al., 1995). It is this accumulation which is 

considered detrimental, as it leads to a disruption of tissue homeostasis and can 

eventually lead to inflammation, paracrine effects on other cells of the tissue via the 

SASP (Nelson et al., 2012; Acosta et al., 2013), stem cell exhaustion (Sharpless and 

DePinho, 2007), and even tumour formation if premalignant cells are exposed to the 

pro-inflammatory profile of senescent neighbours (Krtolica et al., 2001). How 

senescence contributes to ageing is discussed in the next chapter. 
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1.3.2 The Link Between Senescence and Ageing 

Senescence has been identified to correlate strongly with ageing in vivo, summarised by 

(Muñoz-Esp n et al., 2013) and reproduced below in Figure 1-10. Evidence for this 

stems originally from the observation that cells from old donors will tend to undergo 

fewer population doublings than cells from young donors (Schneider and Mitsui, 1976). 

In the search to identify whether senescence correlates with ageing, Dimri et al. 

identified the previously mentioned SA-beta-gal as a reliable marker of senescence, and 

were able to stain tissue from young and old donors using Xgal at pH 6.0, showing an 

accumulation of senescent cells in the skin of older patients (Dimri et al., 1995). Later, 

increased p16 expression was shown to correlate with ageing, another indication that 

senescent cells accumulate in aged organisms (Krishnamurthy et al., 2004). The 

accumulation of p16 positive senescent cells was observed in vivo, using a p16-

luciferase knock-in mouse model (Burd et al., 2013). 

Not only does senescence increase during ageing, but senescence has also been 

correlated specifically to ageing associated tissue degeneration. As the p53 pathway 

controls apoptosis as well as senescence, animal experiments tend to focus on p16 

Figure 1-9 Antagonistic pleiotropy 
of senescence. Senescence acts 
mainly as an anti-cancer mechanism 
in young organisms, by preventing 
the uncontrolled proliferation of 
damaged cells. In contrast, the 
increased amount of damage in 
older organisms leads to the 
detrimental accumulation of 
senescent cells, promoting ageing 
and even tumorigenesis (adapted 
from López-Ot n et al. 2013). 
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rather than p21 as a marker of senescence. One indication of a link between p16-

positive senescent cells and ageing pathologies, was made by the observation that 

caloric restriction reduces the accumulation of p16-positive cells in ovary, kidney and 

heart, while decreasing the ageing-related pathology of these organs (Krishnamurthy et 

al., 2004). Interestingly, while p16 expression was increased prior to neoplastic 

developments, supporting the concept that accumulation of senescence is actually a pro-

tumorigenic factor, increased p16 expression during ageing did not qualify as a 

predictor of tumour development nor of mortality (Burd et al., 2013). 

The first direct evidence of a link between ageing-related tissue dysfunction and 

senescence in vivo comes from Baker et al (Baker et al., 2011, 2016). Here, a mouse 

model was produced with a BubR1 progeroid background (see chapter 1.4) and an 

inducible suicide gene with a p16 promoter. When induced, the gene is activated only in 

cells upregulating p16, effectively clearing p16-positive senescent cells from the 

organism. When activated in young mice, this system was able to delay the onset of 

pathologies in adipose tissue, skeletal muscle and eye, three tissues strongly affected by 

senescence during ageing. When activated in old mice, the clearance of the senescent 

cells was able to slow down the development of tissue dysfunction. In addition, they 

succeeded in slowing the ageing process and increasing median lifespan in non-

progeroid mice.  

Further evidence comes from a recent publication, showing that partial reprogramming 

using the Yamanaka factors Oct4, Sox2, Klf4 and c-Myc in vivo was able to increase 

life span of progeroid mice, while reducing expression of senescence markers in both 

progeroid and 12 month old wild type mice (Ocampo et al., 2016). 

Another link between senescence and ageing-associated pathology is shown through the 

overexpression of telomerase in vivo. In one study, a knock-in mouse model with an 
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inducible telomerase and lacking endogenous telomerase was developed. Due to the 

long endogenous telomeres of mice, the model was used in the fourth generation, and 

here displayed a premature ageing phenotype with short dysfunctional telomeres, tissue 

atrophy in highly proliferative organs, as well as increased DDR signaling. The 

induction of telomerase in these animals was able to extend telomeres, reduce DDR 

signaling, eliminate degenerative phenotypes and even reverse neurodegeneration 

(Jaskelioff et al., 2011). A year later, a further study showed that telomerase 

overexpression in one year old (adult) and two year old (aged) mice using an AAV gene 

therapy approach improved health and fitness without increasing tumour formation 

(Jesus et al., 2012). 

 

 

Figure 1-10 The link between senescence and 
ageing related diseases. The colour code 
describes the link between the disease and 
senescence, where blue boxes indicate a positive 
role of senescence, red a negative and white an 
unclear role. COPD, chronic obstructive 
pulmonary disease; IPF, idiopathic pulmonary 
fibrosis; OSMF, oral submucous fibrosis
(reprinted from Muñoz-Esp n et al. 2013).  

Retracted. See reference for original image. 
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1.3.3 Pathways in Ageing 

A large number of pathways have been implicated in the ageing process. The most 

studied of these is the mammalian target of rapamycin (mTOR) signaling pathway. It 

regulates cellular growth and metabolism, and its inhibition has been shown to increase 

lifespan (Vellai et al., 2003). This effect on lifespan appears to be mediated at least in 

part through the increase in autophagy following mTOR inhibition (Tóth et al., 2008).  

Interestingly, mTOR is a strong inducer of proliferation and has been shown to be a 

driving force behind cancer. Inhibiting mTORC1 systemically, extends life span and has 

a wide variety of other negative and positive effects, as reviewed by Johnson et al. 

(Johnson et al., 2013). These include a beneficial effect on neurodegenerative diseases, 

a mild beneficial effect when treating cancers, and a negative impact on wound healing. 

In addition, links have been found between the mTOR pathway and p53 in regulating 

proliferation and cell death (Feng et al., 2005), and mTOR has been shown to increase 

SASP production (Laberge et al., 2015). It has been hypothesised that mTOR increases 

cellular metabolism and proliferation; when the cell cycle is blocked in the presence of 

growth factors, mTOR instead pushes cells towards senescence (Blagosklonny, 2011).  

The conflict between the role of mTOR on an organismal level driving ageing, and a 

somatic level driving proliferation is discussed by Moore in an editorial (Moore, 2012). 

The author postulates that there may be a proliferative impulse of individual cells in 

response to organismal ageing, due to a somatic survival strategy inherited from 

unicellular organisms. 

Similarly, and in part connected to the mTOR pathway, the NF-κB pathway is a 

regulator of gene expression programs associated with ageing (Adler et al., 2007). Also 

connected is the WNT pathway; WNT has been shown to activate mTOR in the 

epidermis, and thereby mediate initial hyper-proliferation and subsequent cellular 
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senescence of epithelial stem cells (Castilho et al., 2009). Furthermore, knocking-out 

the glycogen synthase kinase-3 (GSK-3), a serine threonine kinase which is found in a 

destruction complex inhibited by WNT as part of the canonical WNT pathway, was 

shown to exacerbate and accelerate age-related pathologies (Zhou et al., 2013). 

Finally, SIRT1, part of the sirtuin family of protein deacetylases, acts protectively and 

may increase longevity (Kaeberlein et al., 1999). Resveratrol, which has also been 

shown to increase lifespan, increases SIRT1 activity and may act through this pathway 

(Howitz et al., 2003). 

1.4 Murine Models of Ageing 

Several animal models are in use to study the implications of senescence and ageing in 

vivo. The most basic of these is chronological ageing in yeast, drosophila and C. 

elegans, all of which are frequently used to study the effect of specific genes or drugs 

on senescence, life span, and health span. Additionally, mammals such as mice, rats and 

even primates are used in ageing studies. The following paragraphs will outline ageing 

related pathologies in mice, as well as a selection of mouse models applied for ageing 

studies. 

1.4.1 Ageing Related Pathologies 

In a naturally ageing animal, several phenotypes and pathologies develop which are 

effects of the ageing related accumulation of damage and lack of repair. The phenotypes 

of some ageing related pathologies observed to develop in old mice will be outlined 

here, with a focus on the decline of muscle function with age (ageing-related 

sarcopenia). 
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An extensive classification of murine age-related phenotypes has been performed, 

observing ageing in C57BL/6J and CB6F1 aged mouse colonies (Pettan-Brewer and 

Treuting, 2011). An old mouse will typically display higher frailty, a gradual decline of 

organ systems, and degenerative non-neoplastic lesions. Additionally, old mice tend to 

develop a rectal prolapse, dermatitis, osteoarthritis, and palpable masses. Chronic 

inflammation is often the secondary effect of a variety of age-related diseases, and can 

be observed histologically in various tissues, for example through the visualisation of 

lymphoid aggregates. Due to a frequently occurring chronic inflammation of the 

lacrimal gland and the consequent reduction of tear production, ocular lesions are also 

common in aged mice (Pettan-Brewer and Treuting, 2011). 

Knocking-out glycogen synthase kinase-3 (GSK-3), a regulator of several pathways 

involved in ageing, was shown to exacerbate and accelerate age-related pathologies. In 

this model, mice died earlier, and displayed cardiac hypertrophy, contractile 

dysfunction, sarcopenia in cardiac and skeletal muscle, an increase of p16 staining and 

ROS in the heart, and increased SA-beta-gal accumulation in the intestine, amongst 

others. Additionally, GSK-3 promotes autophagy; while autophagy was higher in older 

control animals, a knockout of GSK-3 decreased the level of autophagy in older mice, 

while increasing mTORC1 activation, a phenotype which was reversible by the 

inhibition of mTOR (Zhou et al., 2013). 

In the context of this Thesis we aimed to identify miRNAs which will rescue 

senescence and increase proliferation. In order to confirm a biotherapeutic activity in 

vivo, we sought to focus on ageing models in which cellular senescence is detrimental, 

and the specific ageing phenotype could be alleviated and rescued with increased 

proliferation. We have chosen to focus our efforts on sarcopenia, ageing related muscle 

weakness, which is aggravated by senescence and relieved by proliferation. 
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1.4.2 Sarcopenia 

Sarcopenia is a word derived from the Greek sarx (flesh) and penia (loss), and describes 

a loss of muscle mass; in humans about one third of skeletal muscle mass is lost with 

age (Rosenberg, 1997). Sarcopenia represents a major feature of age-related functional 

decline, leading to a reduction of lean body mass and thereby having a detrimental 

effect on mobility, energy intake and even breathing (Rosenberg, 1997). This ageing 

phenotype is also found in mice; in GSK-3 knockout mice sarcopenia was observed at 

as early as 12 months of age in the heart (Zhou et al., 2013).  

Muscle is regenerated by muscle resident stem cells, which are referred to as satellite 

cells or muscle stem cells (MuSCs). These are found below the basal lamina and remain 

in a quiescent state, activated during injury to proliferate and differentiate (Sabourin et 

al., 1999). While young and aged tissue contain similar numbers of satellite cells 

(Conboy et al., 2003), it is postulated that one of the main reasons for a decline in 

muscle mass is a change in MuSC functionality due to changes in the stem cell niche, 

reducing the ability of muscle regeneration during age (Carlson et al., 2008). Supporting 

this, MuSCs isolated from aged mice show a significantly increased amount of DNA 

damage (Sinha et al., 2014) and are less proliferative (Bernet et al., 2014). Aged satellite 

cells have increased fibroblast growth factor receptor-1, p38a and p38b mitogen-

activated protein kinase signaling, which induces commitment to myogenic 

differentiation and is usually asymmetrically localised during MuSC division in order to 

allow for self-renewal and myocyte production. In aged cells, there is an increase in p38 

signaling, which leads to loss of asymmetry and subsequent impairment of self-renewal. 

Interestingly, it has been shown that these signaling pathways can be manipulated in 

order to improve muscle tissue regeneration (Bernet et al., 2014; Cosgrove et al., 2014). 

A further study showed the occurrence of senescent muscle satellite stem cells in 

geriatric mice, linking this to a decrease in regenerative ability (Sousa-Victor et al., 
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2014). These studies show that a rescue of the age-associated phenotype of sarcopenia is 

possible. 

It seems that the limiting factor during age is not a lack of regenerative drive of the 

muscle, also confirmed by high expression of insulin-like growth factor in sarcopenic 

tissue, a factor which is upregulated after injury (Edström and Ulfhake, 2005). Rather, 

the problem may be due to tissue degeneration and the microenvironment. Supporting 

this, the paracrine effect of fibroblasts could influence satellite cell proliferation and 

differentiation (Quinn et al., 1990). Additionally, heterochronic parabiosis between 

young and aged mice significantly improved the proliferative and regenerative capacity 

of MuSCs in aged animals, due to the circulating factor GDF11 (Sinha et al., 2014). 

Furthermore, removing p16 positive senescent cells from BubR1 knockout mice was 

able to visibly improve skeletal muscle degeneration, supplying a strong link between 

sarcopenia and senescence (Baker et al., 2011).  

Not surprisingly, miRNAs play a large role in muscle health and disease. MiR-206 is a 

miRNA enriched in muscle and thus falling into the broad family of so-called 

“myomiRs”. It was found to target Pax7, suppressing proliferation in MuSCs while 

increasing differentiation (Chen et al., 2010). Further, miR-29 is upregulated during 

ageing, induces senescence, and inhibits muscle regeneration (Hu et al., 2014). 

Conversely, miR-181, which is anti-inflammatory by targeting the expression of IL-6, 

IL-1β, IL-8 and TNF-α (Hutchison et al., 2013), is downregulated in ageing and rescued 

by caloric restriction (Mercken et al., 2013). 
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1.4.3 Ageing Accelerated Models 

While natural ageing is in itself a valuable tool, specific mouse models have also been 

developed which portray an accelerated ageing phenotype, displaying many ageing-

related pathologies. Some of these will be discussed here. 

Extensively studied is the BubR1 progeria mouse model. BubR1 is a protein which 

binds Cdc20 and thereby plays an important role in the mitotic checkpoint, acts as a 

cytosolic inhibitor of the Cdc20-activated anaphase-promoting complex (APC/CCdc20) 

and regulates mitotic timing (Malureanu et al., 2009). BubR1 hypomorphic mice have a 

reduced lifespan and develop a large range of ageing-related pathologies, such as 

muscle atrophy, spinal kyphosis, cataracts, and defective wound healing, amongst 

others (Baker et al., 2004). Importantly, BubR1 expression declines naturally with age, 

validating it as a useful model of accelerated ageing (Baker et al., 2004). 

Another model of accelerated ageing is a mouse in which the protein klotho is knocked 

out. Klotho is a membrane protein shown to bind to and thereby suppress the function 

of several Wnt family members. Constitutive Wnt expression leads to accelerated 

senescence in vitro and in vivo, and klotho knockout mice show a decrease in stem cell 

number and increased senescence development (Liu et al., 2007). 

Furthermore, a whole series of senescence accelerated mice (SAM) was developed, by 

interbreeding short-lived mouse siblings to create mice that live to an average of 9 

months of age, as opposed to over 2 years. These mice, in addition to the reduced 

lifespan, develop cataracts, osteoporosis, and become immunocompromised at around 6 

months of age (Hosokawa et al., 1987).  

A further mouse model shows the causative role of mitochondrial DNA damage in 

ageing. A knock-in mouse partially deficient for the proof reading PolgA, a subunit of 

the mitochondrial polymerase, accumulates DNA damage in the mitochondrial DNA, 
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causing defects in the respiratory chain. Simultaneously, the knock-in mouse shows a 

reduced lifespan, and increased ageing phenotypes such as hair loss, fat loss and 

osteoporosis (Trifunovic et al., 2004). 

Also DNA damage related is the mouse model in which ercc1 is knocked out (Weeda et 

al., 1997). Ercc1 is part of an endonuclease complex involved in DNA damage repair, 

and knocking out this gene results in mice with a greatly shortened lifespan, several age 

related pathologies, as well as many cells undergoing premature senescence. This 

progeroid model has been used, amongst other things, to demonstrate the ability of 

senolytic drugs to extend lifespan by eliminating senescent cells (Zhu et al., 2015). 
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2 Thesis Aim 

This Thesis aims to identify miRNAs involved in the process of cellular senescence, 

using an unbiased high-throughput screening (HTS) approach. A human miRNA library 

will be used in order to identify miRNAs able to revert replicatively senescent WI-38 

fibroblasts. MicroRNA candidates are identified using fluorescence microscopy high-

content image analysis of different markers of senescence. Selected miRNAs will then 

be validated first in vitro, using complementary assays, and the best candidates 

investigated further using RNA sequencing to elucidate the possible molecular 

mechanisms of action. Further, the miRNAs will be applied in vivo in a murine model 

of ageing-related sarcopenia. These experiments aim to provide information on the 

possible application of miRNAs as biotherapeutics in the context of senescence and 

senescence associated disorders, while shedding light on the cellular and molecular 

mechanism underlying the complex processes of cellular ageing. 
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3 Materials and Methods 

3.1 Cell Culture Methods 

3.1.1 Cell Lines and Culturing Conditions 

WI-38 (CCL-75) and IMR90 (CCL-186) fibroblasts from female fetal lung were 

acquired from ATCC, and cultured in DMEM 4.5 g/L glucose (ThermoFisher, 21885-

025) supplemented with 10 % fetal bovine serum (FBS, ThermoFisher 10270-106). 35F 

cells were gratefully received from De Luca’s laboratory, deriving from connective 

tissue of a 35 year old female hospital patient and cultured in DMEM 4.5 g/L glucose 

supplemented with 10 % calf serum (ECS0040L Euroclone). BJ fibroblasts were 

received from D’Adda Di Fagagna’s laboratory and cultured in MEM Glutamax 

(ThermoFisher, 41090-028, 2 mM final concentration of glutamine) supplemented with 

10 % FBS, 10 mM final concentration of non essential amino acids (ThermoFisher, 

11140-050), 1 mM final concentration of sodium pyruvate (ThermoFisher, 113 60-070). 

The cells were cultured at 37 °C and 95 % humidity with 5 % CO2 in plastic flasks or 

multiwell dishes, with 1 % penicillin streptomycin (penstrep) during normal culture and 

without antibiotics for all transfections. Cells were either subcultured (using 0.05 % 

trypsin-EDTA) or submitted to a medium change approximately every 4 days (d) and 

kept at a maximum confluence of approximately 90 %. 

In order to reliably track the population doubling level (PDL) of the cells, the following 

calculation was applied (Faraonio et al., 2012). 

=
log

   ℎ
    

log2
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For storage cells were pelleted at 500 x g for 5 min, frozen in a solution of 10 % DMSO 

and 90 % FBS, and kept at – 80 °C for short term or in liquid nitrogen for long term 

storage.  

3.1.2 Senescence Induction 

In order to reach RS, cells were cultured to a PDL above 45, and were kept in culture 

for a total of at least 90 d, not considering time in which cells were kept frozen. 

Alternatively, cells were treated for 2 d with 50 µM etoposide (VP-16), medium was 

changed and cells were left to recover for 4 d (pre-senescent), 8 d (early senescent) or 

15 d (late senescent). 

3.1.3 Primary Murine Cell Preparation 

Skin fibroblasts were isolated from murine ear biopsies using a previously described 

protocol of explant fibroblast isolation (Takashima, 1998). Briefly, a small piece of ear 

was cut from a mouse, rinsed in 70 % ethanol, and placed in a dish on ice containing 

phosphate buffered saline (PBS) supplemented with penstrep. Samples were washed in 

PBS supplemented with antibiotics for 10 min at 37°C to reduce risk of contamination, 

and then cut into small fragments which were placed in multiwell dishes beneath glass 

coverslips to hold them in place. Medium was changed approximately every 4 d and 

cells began to emerge after about 6 d. 

3.1.4 Transient Transfection of Adherent Cells Using MiRNAs and SiRNAs 

In order to facilitate high throughput transfections, reverse transfection was generally 

applied. MiRNAs or siRNAs were used at a final concentration of 50 nM. 

Lipofectamine RNAiMAX (ThermoFisher Scientific, Cat. 13778075) was incubated for 

5 min with Optimem (ThermoFisher, 31985-047) and then added to the wells containing 
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miRNA or siRNA. After incubation at room temperature (RT) for 30 min, cells were 

added to each well suspended in medium without antibiotics. Generally, a final 

concentration of 50 nM of miRNA or siRNA was applied. Replicative senescent WI-38 

were transfected with 0.13 µl of RNAi max lipofectamine per 384 well, while 0.07 µl 

was sufficient to transfect low passage cells, and 0.17 µl was required for BJ fibroblasts. 

The correct transfection conditions were elaborated for each cell line and condition 

using an siRNA targeting the ubiquitin complex (UBC) which is able to kill cells when 

transfection efficiency is sufficient. Cell survival was measured using the ATPlite 

Luminescence assay (Perkin Elmer). 

A forward transfection was required when cells were plated at least 1 d prior to 

transfections, requiring a higher amount of lipofectamine. 

3.1.5 ATPlite Luminescence Assay to Determine Cell Viability 

Previously transfected in a 96 well plate, cells were washed with PBS, and lysed in 40 

µl GloLysis buffer (Promega) for 30 min at RT. 30 µl of cell lysate was transferred to a 

white multiwell plate and supplemented with 40 µl of ATPlite solution (Perkin Elmer). 

After dark adapting the plate for 10 min, the luminescence measurement was carried out 

using a luminometer (Perkin Elmer, Envision 2104 multilabel reader) following 

manufacturer instructions. 

3.1.6 Immunofluorescence 

Cells were fixed in 4 % paraformaldehyde (PFA), permeabilised with 0.1 % triton/PBS, 

and blocked in 1.5 % BSA/PBS or goat serum for 10 min to 2 h, depending on the 

antibody used. Cells were then stained over night (ON) using the following primary 

antibodies: p21 (rabbit, sc-397) 1:200, p16 (mouse, sc-56330) 1:200, Aurora B (rabbit, 

ab2254) 1:200. 
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In order to visualise the percentage of proliferation, cells were treated with 10 µM EdU 

(Invitrogen) 24 h prior to fixation and stained following manufacturer instructions, 

using half the recommended final concentration of Alexa fluor azide. When combined 

with antibody staining, the primary and secondary antibody staining was completed 

prior to the EdU staining (Click-iT EdU Imaging kit, Invitrogen), followed by nuclear 

staining with Hoechst 33342 (Invitrogen, H3570) at a concentration of 2 mg/ml. 

3.1.7 High Throughput Screening 

A library of over 800 human miRNAs (Dharmacon, ThermoFisher), divided into 5p and 

3p miRNA sequences, was used to transfect WI-38 human fibroblasts replicatively 

senesced through continuous subculturing. Using a liquid handler (Hamilton, Microlab 

starlet) to dilute miRNAs from the library, 5 µl of a 500 nM miRNA solution was 

pipetted into each well of a 384 well plate (Perkin Elmer), leaving space for controls on 

either side. A mixture of 0.13 µl of lipofectamine RNAiMAX in 15 µl Optimem, first 

incubated for 5 min, was added to each well using a multiwell dispenser (ThermoFisher, 

multidrop combi). Finally, after an additional 30 min, 30 µl of cell suspension 

containing 1500 replicatively senescent WI-38 fibroblasts was added to each well in 

DMEM 4.5 g/L glucose, 10 % FBS and no antibiotics. 72 h post transfection, medium 

containing 50 µM EdU was added on top of the 50 µl medium present per well, for a 

final concentration of 10 µM. Cells were fixed 96 h post transfection and stained with 

the help the ELX405 Select CW washer. Cells were fixed for 10 min in 4 % PFA, 

permeabilised for 10 min with 1 % Triton X-100, blocked for 10 min with 1.5 % BSA 

and incubated ON at room temperature with anti-p21 diluted 1:200. Cells were 

subsequently washed, incubated for 1 h at room temperature with secondary anti-rabbit 

594 antibody, stained for 30 min using EdU (LifeTechnologies) Alexa fluor 488, and 

finally stained with Hoechst. 
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High content fluorescent images were acquired using the Image Xpress micro 

microscope (Molecular Devices) and analysed using MetaXpress version 5.3.0.5. A 

threshold of p21 intensity was determined to allow both an increase and decrease to be 

quantified, while EdU staining is an easily defined staining which is either present or 

not. Controls were compared to account for possible variation in the p21 staining 

between plates. MiRNA effects were normalised to cells treated with cel-miR-67 

(mimic1) and fold change of EdU and p21 staining analysed. 

3.1.8 MiRNAs, SiRNAs and Chemical Inhibitors 

A large range of miRNAs and siRNAs were applied throughout the following 

experiments, the most relevant of which are listed below. A panel of chemical inhibitors 

were tested, including Sp600125 (Sigma, S5567) and rapamycin (LC Laboratories, R-

5000). 

Table 3-1 MiRNAs and siRNAs applied in this thesis. 

Commercial Name or Sequence Company Code 
siUBC siGenome SMART pool Dharmacon M-019408-01 
miRIDIAN microRNA Neg. Control #1 (mimic1) Dharmacon CN-001000-01-20 
miRIDIAN microRNA mimic hsa-let-7i-3p Dharmacon C-301044-01 
- hsa-miR-639 Dharmacon C-300966-01 
- hsa-miR-523-3p Dharmacon C-300794-05 
- hsa-miR-455-5p Dharmacon C-300856-05 
sip53 Sigma HA06520764, 65 
Mission miRNA mimic hsa-miR-34a-3p Sigma HMI0508 
siYap                  5'- GACAUCUUCUGGUCAGAGA -3'   
siRaptor ThermoFisher M-004107-01 
siRictor 
 

ThermoFIsher M-016984-02 

3.1.9 Senescence-Associated Beta Galactosidase Assay 

The SA-beta-gal assay was performed as described previously (Dimri et al., 1995). 

Cells were fixed for 5 min at RT using 0.1 % glutaraldehyde, 1.5 % formaldehyde, 2 

mM MgCl2 diluted in phosphate buffered saline (PBS). The assay was performed at a 
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suboptimal pH of 6 in order to ensure staining of only senescent cells, using 40 mM 

citric acid/Na phosphate, 5 mM Ferrates, 150 mM NaCl, 2 mM MgCl2 and 1 mg/ml 

Xgal (Promega) in water. Cells were stained ON at 37°C. 

3.1.10 Live Imaging 

Live imaging was performed using the Nikon Eclipse TiE. Cells were transfected in 8-

well ibidi µ-slide, cultured for 72 h, then stained for 15 min prior to acquisition using 

Hoechst at a dilution of 1:15,000 (10 mg/ml stock, Invitrogen). Dichromatic and 

Hoechst images were acquired every 15 min for 24 h in 10 fields per treatment, and 

scored for visible complete cell division. 

3.1.11 PsiCheck2 Luciferase Assay 

In order to determine possible targeting of miRNAs to the 3’UTR of p21 

(ENST00000244741.9), the complete 3’UTR sequence was purchased from GenScript 

and cloned into the reporter vector psiCheck2 (Promega) using the restriction enzymes 

PmeI and NotI (New England Biolabs). HeLa cells were reverse transfected on day 0 in 

a 96 well plate with control and treatment miRNAs. After 24 h cells were transfected 

with empty psiCheck2 vector or the vector containing the p21 3’UTR sequence. After 

an additional 24 – 48 h cells were washed with PBS, harvested in 60 µl GloLysis Buffer 

(Promega) and assayed using the Dual-Glo Luciferase kit (Promega). Renilla 

luminescence was normalised over firefly luminescence. In addition, to account for the 

influence of the miRNAs on plasmid transcription, an additional normalisation was 

carried out by dividing the psiCheck2-3’UTR measurements by the corresponding 

empty vector measurements for each miRNA treatment. 
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3.2 Molecular Biology Methods 

3.2.1 Western Blotting 

To assess the protein levels of several proteins, Western blotting was performed on cells 

transfected with selected miRNAs. Protein was harvested in RIPA buffer (20 mM 

TrisHCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.5 % sodium deoxycholate, 0.5 % NP-

40, 0.1 % phosphatase inhibitors Sigma P0044, 1 % PMSF, EDTA free proteinase 

inhibitor tablet Sigma 04693159001 (1 tablet/10 ml buffer)), and quantified using the 

BCA kit from ThermoFisher (cat. 23225) following manufacturer instructions. Samples 

were resuspended with Laemmli sample buffer (30% glycerol, 3% SDS, 0.19 M Tris 

HCl, pH 6.8, 0.015% bromophenol blue, 3% 2-mercaptoethanol), denatured by boiling 

for 5 min at 90 °C and resolved by SDS-PAGE of the relevant percentage according to 

the protein of interest. Proteins were transferred at 350 mA for 1 h at 4°C to a 

nitrocellulose membrane (GE Healthcare, 10600015). Following Ponceau (Sigma, 

P7170) staining, the membrane was blocked 1 h at RT in 5 % milk/TBS 0.1% Tween-

20. Detection with primary antibodies (see table below) was performed overnight at 

4°C. Blots were incubated with secondary antibody conjugated with HRP for 1 h at RT 

(anti-rabbit 1:5000, ThermoFisher 31460, anti-mouse 1:2000 Dako, P-44701, anti-rat 

1:5000 Dako, P-0450). Antibodies targeting HSC70 (1:10000, rat, Enzo Lifesciences 

SPA-815F) and beta-actin (1:50000, HRP conjugated, Sigma A3854) were used as 

internal loading controls. Band intensity was analysed using ImageJ software. 
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Table 3-2 Antibodies used for Western Blotting. 

Target Company Code Source Size (kDa) Dilution 
pAKT T308 Cell Signaling 9275 Rb 60 1:1000 
pAKT S473 Cell Signaling 9271 Rb 60 1:1000 
AKT Cell Signaling 9272 Rb 60 1:1000 
pP44/42 MAPK T202/Y204 Cell Signaling 9106 M 42,44 1:1000 
P44/42 MAPK (ERK1/2) Cell Signaling 9102 Rb 42,44 1:1000 
pS6 Ser235/236 Cell Signaling 9208 Rb 32 1:1000 
S6 Cell Signaling 2217 Rb 32 1:1000 
pS6K Cell Signaling 9208 Rb 70 1:1000 
S6K Cell Signaling 2708 Rb 70 1:1000 
PTEN Cell Signaling 9552 Rb 54 1:1000 
Cyclin A Santa Cruz 271682 M 54 1:200 
Cyclin E Santa Cruz 247 M 50 1:200 
Cyclin D1 Santa Cruz 8396 M 37 1:200 
P21 Santa Cruz 397 Rb 21 1:200 
P16 Santa Cruz 56330 M 16 1:200 
P16 Abcam 81278 Rb 16 1:200 
      

3.2.2 Interleukin 6 Enzyme Linked Immunosorbent Assay 

To investigate the effect of the miRNAs on the SASP, cell supernatant was harvested 

from transfected cells of a 96 well plate, and interleukin 6 (IL-6) content was measured 

using an enzyme linked immunosorbent assay (ELISA) kit (eBioscience, cat. 88-7066) 

following manufacturer instructions. 

3.2.3 Cloning 

Mini, midi and maxi preparations were performed using XL10-Gold ultracompetent  

cells (Stratagene) or DH5alpha bacteria and preparation kits from Promega, following 

manufacturer instructions. Gel extraction and PCR clean up was performed using a kit 

from Promega following manufacturer instructions. Plasmids were sequenced using 

Macrogen. 
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3.2.4 Quantitative Real Time Polymerase Chain Reaction 

Cellular RNA was analysed using quantitative real-time PCR (qRT-PCR) in order to 

investigate gene regulation following miRNA treatments. RNA was isolated using 

Trizol (ThermoFisher, A5596018) and reverse transcribed using random hexamer 

primers and MMLV reverse transcriptase (ThermoFisher). To analyse miRNA 

expression the miRNEASY kit (Qiagen) and Universal cDNA Synthesis and SYBR kits 

(Exiqon) were used. All qRT-PCRs were carried out on the BioRad Real-time thermal 

cycler CFX96. 

Probes used were Applied Biosystems Taqman probes: p21, HS00355782_m1; 

GRIN3B, HS00879908_m1; with GAPDH as a housekeeping control, 4326317E. 

Primers to detect miRNA levels were Exiqon miRNA LNA PCR primer sets, with S6 as 

a house keeping control. Further primers used were against IL-8 (for 

AAGGAAAACTGGGTGCAGAG, rev ATTGCATCTGGCAACCCTAC), and RPS14 

as a housekeeping control (for TCACCGCCCTACACATCAAACT, rev 

CTGCGAGTGCTGTCAGAGG) (Acosta et al., 2013). A dissociation curve was used to 

confirm primer specificity.  

3.2.5 RNA and miRNA Sequencing 

Total RNA was extracted from treated replicatively senescent and low passage WI-38 

fibroblasts 96 h post transfection using the miRNEASY kit (Qiagen, 217004). RNA was 

analysed by IGA Sequencing Service using the procedure described briefly below. 

Initially, RNA was checked for quality (with an RNA integrity number >7). 

Quantification was carried out using Qubit 2.0 Fluorometer (Invitrogen), while quality 

testing was performed using the Agilent 2100 Bioanalyzer RNA Nano assay (Agilent 

technologies). Samples were processed using the TruSeq Stranded mRNA Sample Prep 

kit (Illumina, San Diego, CA) for HiSeq2000 x 50 bp library preparation following 
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manufacturer instructions. Poly-A mRNA was fragmented for 3 min at 94°C and 

purified using Agencourt AMPure XP beads. Libraries were processed using Illumina 

cBot for cluster generation on the Illumina flowcell and sequenced at a 5-plex 

multiplexing level using the HiSeq2500 (Illumina). Raw data was processed for format 

conversion and de-multiplexing using the CASAVA 1.8.2 version of the Illumina 

pipeline. 

Base calling and demultiplexing was performed, followed by trimming using the 

software ERNE1 and Cutadapt2. Alignment was performed using TopHat2, and 

transcript count using Cufflinks3. Results are given as fragments per kilobase of 

transcript per million mapped reads (FPKM). 

The additional analysis performed by a collaborating bioinformaticians Lucas Brandao 

was performed in a similar fashion using the FastQ files from IGA; sequences were 

aligned using TopHat2 with Bowtie, and Cufflinks3 was used for transcript count. 

Cuffmerge was applied to merge replicates, cuffdiffs was used to calculate differentially 

expressed genes, and cummerbund to plot data. 

3.3 Animal Experimentation 

3.3.1 Animal Care 

Animals were kept and treated according to the guidelines of the institution, which is in 

compliance with national and international laws and policies (European  Economic  

Community Council Directive 86/609, OJL 358, December 12th, 1987 and 

UE2010763). Protocols followed were approved through an institutional review board. 
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3.3.2 MiRNA Retention Studies 

MiRNA mimics were injected directly into tibialis anterior (t.a.) of 3 month female 

C57/BL6 mice to investigate miRNA retention in muscle. Per intramuscular injection, 

10 µl of 20 µM miRNA (approximately 2.8 µg) were complexed with 10 µl RNAiMAX 

lipofectamine and diluted with an additional 10 µl phosphate buffered saline.  

To compare the retention of nude miRNA mimics following intravenous (IV) or 

intraperitoneal (IP) injection, 40 µl of 100 µM miRNA (approximately 60 µg) were 

injected. Injections were performed intraperitoneally or in the right jugular vein after 

appropriate anaesthesis using a ketamine/xylene solution at a ratio of 4:1. 

3.3.3 Sarcopenia Model 

C57/BL6 mice at >24 months were used to study murine sarcopenia. Mice were injected 

in each t.a. with 10 µl of 20 µM miRNA (approximately 2.8 µg) complexed with 10 µl 

of RNAiMAX lipofectamine. Each mouse served as its own control with one leg 

injected with control miRNA (right leg) and the other with anti-senescent miRNA (left 

leg). Two days after injection each leg was subjected to two injections of 25 µl 50% 

glycerol/PBS in order to induce damage and thereby trigger regeneration. Muscles were 

harvested 5 d or 20 d after damage induction, with EdU administered IP 2 d before 

harvest (40 µl injection of 10 mg/ml solution in PBS). 

Harvested muscle was cut into two equal pieces and processed for frozen sections and 

paraffin embedding. Regeneration was scored by staining paraffin embedded tissue with 

hematoxilin eosin stain, and taking images at 20 x magnification. Muscle fibre area of 

regenerating fibres displaying central nuclei was measured either on full tissue slices or 

on 5 images taken along the border zone between regenerating and healthy tissue. 

Further immunostaining was performed using frozen tissue sections. 
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3.4 Statistical Analysis 

All in vitro experiments were performed in biological triplicate, unless indicated 

otherwise. Data are shown as mean and standard deviation and analyses were calculated 

using Graphpad Prism. To compare two groups the Student’s t-test was performed, and 

otherwise a 1way ANOVA calculation was followed by Dunnett’s (when comparing 

with one control) or Bonferroni’s multiple comparison test (when comparing several 

combinations of samples). A p-value below 0.05 was considered statistically significant 

(* p<0.05, ** p<0.01).  
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4 Results 

4.1 Screening Setup 

With the goal of identifying miRNAs able to induce replicatively senescent WI-38 

fibroblasts to return to a proliferative state, a high throughput screen was set up. 

Following several trials applying different cell types, different types of senescence and 

different senescence markers, the most reproducible and consistent protocol was chosen. 

Replicative senescence (RS), induced by subculturing cells over the course of three 

months up until a population doubling level of at least 45, was chosen as the senescence 

model. RS is induced through a complex combination of DNA damage and telomere 

dysfunction. To keep track of the senescing cells, both the total number of days in 

culture as well as the population doubling was calculated. As one can see in Figure 4-1 

panel A, the population doubling level gradually increased and plateaued at around 90 

days in culture. The most robust markers to track senescence were found to be p21 

staining and EdU incorporation, to measure the number of cells which have entered the 

DNA synthesis stage of the cell cycle. EdU incorporation was interpreted as a marker of 

cellular proliferation. Cells were labeled with EdU for a total of 24 h in all experiments 

(panel B). Prolonged culturing led to a steady and significant decline in EdU 

incorporation (panel C). 

The cells used for the screening had a residual EdU incorporation level of 10 %, 

allowing for the identification both of miRNA mimics able to increase and decrease 

senescence. A miRNA from C. elegans with no predicted human targets, cel-miR-67 

(hereafter referred to as mimic1), was used as a control miRNA to visualise the effect of 

a non-targeting transfection. An siRNA targeting the tumour suppressor p53 (si-p53) 

served as a positive control for senescence decrease and proliferation increase. 
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Additionally, miR-34a was used as a positive control for senescence induction (He et 

al., 2007; Tarasov et al., 2007; Boon et al., 2013). The transfection protocol is shown in 

Figure 4-1 panel D and is described in detail in the methods section. The 

immunostaining of the main controls is shown in panels E and F, where the graph 

demonstrates the average of the controls from both screen replicates, while the images 

are taken from the first replicate. The percentage of EdU positive cells was significantly 

increased by si-p53 from 9.9±1.4 % to 25.9±8.7 %, while miR-34a decreased positivity 

to 0.05±0.1 %. Inversely, the percentage of p21 positive cells was significantly 

decreased by si-p53 from 10.4±4.8 % to 0.3±0.2 and significantly increased by mir-34a 

to 19.9±14.3 %. 

The screen required the use of four 384 well plates; plates 1, 2 and 3 contained a panel 

of controls used as an internal control, as well as the miRNA library, while plate 4 

contained additional controls (Figure 4-1 panel G). The screening was used to identify 

miRNAs able to increase the percentage of EdU positive cells and decrease the 

percentage of p21 positive cells. 

4.2 High Throughput Screen Results 

The screening was performed in duplicate, using a library of miRIDIAN miRNA 

mimics, corresponding to all the human mature miRNAs (988 miRNAs, 875 unique 

sequences, miRBase 13.0 (Dharmacon, Thermo Scientific)), and the results can be seen 

in Figure 4-2. To assess the effect of the miRNAs, averages were calculated from the 

two replicates; panel A shows the logarithmic distribution of EdU incorporation. 

While nearly half of the miRNAs reduced the proliferation from the basal 10 % by 3-

fold, several miRNAs could be identified that markedly increased proliferation (panel 

A). The effect of all miRNAs in the screen is shown in appendix I. The distribution of 
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the top hits of the screen within the four transfected plates is shown in panel B of Figure 

4-2. For an easier visualisation of the results, panel C reports the top hits of the 

screening with a text size that is proportional to the average fold proliferation each 

miRNA induces; miRNAs are grouped by seed sequence. The key at the bottom left 

shows the corresponding text size of the control miRNA mimic1. In black are the top 

miRNAs, with their 6-mer seed sequence, and sorted below each of them are the 

miRNAs with the same seed sequence. Of those, the green ones were present in the 

screen and induced an increase in proliferation, the red ones were present and induced a 

decrease, while the grey miRNAs were not represented in the screen. It becomes 

immediately evident that miRNAs with matching seed sequences generally behaved 

similarly regarding the effect on senescent fibroblasts. The success of the screening was 

confirmed by the presence amongst the top miRNAs of both the miR-302 and the miR-

17 families, which have both been described to promote proliferation (Hayashita et al., 

2005; Hackl et al., 2010; Subramanyam et al., 2011). Figure 4-3 shows exemplary 

images from the first screening, with superimposed values from the average of the two 

screens. The increase in EdU positivity and the decrease in p21 nuclear intensity can be 

clearly seen when comparing the top hits to the control miRNA. 

The top 22 hits of the screening were re-tested individually in a further experiment. 

Most of them displayed a robust increase in EdU incorporation (Figure 4-4 panel A 

(n=2)), an increase in total cell number (panel B), as well as a decrease in p21 positivity 

(panel C). Validation experiments identified hsa-miR-523-3p and hsa-miR-639 as the 

two most potent miRNAs, increasing proliferation from a basal of 10 % up to over 40 % 

(n=6) (panel D). These results indicate that replicatively senescent fibroblasts can be 

pushed back into a cycling state by transfection with specific miRNAs. 
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Figure 4-1 Experiments to set up the miRNA high throughput screen. A PDL of WI-38 fibroblasts rises 
and plateaus with increased days in culture. B Determination of length of EdU pulse to give to WI-38 
cells, using cells at 50 d of culture, PDL 40. C Increased days in culture inversely correlated with the 
percentage of cells incorporating EdU (R2 0.6419, p < 0.0001). D Transfection scheme used for the high 
throughput screen. E Controls used in the screen. Si-p53 led to a decrease in p21 positive cells and an 
increase in EdU incorporation, while miR-34a had the opposite effect. F Scheme showing the screen 
plate layout of plates 1,2,3 containing both controls and miRNAs, and plate 4 containing only some 
additional controls. G Representative images of the screening controls, showing EdU staining in green 
and p21 staining in red.  
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Figure 4-2 Overview of high throughput screening results. A Results of the miRNA screening 
represented on a logarithmic scale. B Scheme showing the four 384-well plates of the screen. Marked in 
green are the locations of the top hits detailed in panel C. C Top hits of the miRNA screening, arranged 
by common seed sequence. Size of text correlates with percentage of increase in EdU incorporation. For 
a detailed explanation see corresponding section in results text. 

 

 

Figure 4-3 Representative images of cells transfected with identified miRNAs. Representative images 
of four of the top miRNA hits from high throughput screen. In merge images the nuclear staining is 
shown in blue, p21 staining in red, and EdU positive cells in green.  
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Figure 4-4 Top miRNAs identified in high throughput screen increase EdU and decrease p21. A Percent 
EdU incorporation for top hits are shown, as compared to untreated and mimic1 treated cells. B Cell 
number of samples in panel B. C Percent p21 positive cells of the samples in panel B. D Percentage of 
EdU positive cells following transfection with top miRNA screening hits, with several rounds of validation 
(n=6). 
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4.3 Validation of miRNA Hits from Screening 

Initial experiments were focused on more closely examining the top 20 miRNAs which 

emerged from the miRNA screen, investigating the effect on a variety of senescence 

markers. As can be seen in Figure 4-5 panels A and B, immunofluorescence staining for 

p21 and p16 showed a significant inverse correlation with EdU incorporation, 

demonstrating that the miRNAs induce proliferation while reducing expression of both 

these cell cycle inhibitors. Additionally there was a strong reduction of SA-beta-gal 

staining following miRNA transfection (panels C, D). 

4.3.1 MiRNAs Show Anti-Senescent Effect in Different Fibroblast Lines 

The top 20 miRNAs were tested in other primary fibroblast cell lines to understand 

whether the observed effect was specific to WI-38 or was more general (Figure 4-6 

panel A). IMR90, 35F and BJ fibroblasts were cultured to RS. The miRNAs showed 

strong anti-senescent capacity in all three. The effect of the miRNAs in IMR90, 35F and 

BJ fibroblasts correlated strongly with that in WI-38 (Pearson R2 0.5977, p<0.0001; R2 

0.2042, p=0.0140, R2 0.5861, p=0.006; respectively – only five miRNAs were tested in 

BJ cells). These results indicate that the effect of the identified miRNAs is not restricted 

to the cell type in which the functional screening was performed, but also extends to 

other cell lines during replicative senescence.  

4.3.2 MiRNA Effect on SASP 

A further important aspect of senescence is the SASP, consisting of the production of 

several inflammatory cytokines, such as IL-6, 8 and 10. Representatively for the SASP, 

we investigated the cellular IL-6 secretion of untreated replicatively senescent cells and 

miRNA transfected cells by ELISA (Figure 4-6 panel B). Normalised to mimic1 treated 

cells, which already caused a reduction in IL-6 secretion compared to untreated cells 
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(empty), many of the top miRNAs were able to further reduce IL-6 secretion. As 

expected, the pro-senescent miR-34a significantly increased the secretion of IL-6. 

Interestingly and unexpectedly, miR-639 was the only anti-senescent miRNA which 

reacted in the same way as miR-34a, an outcome contrasting dramatically with the 

ability of this miRNA to increase proliferation of replicatively senescent cells. 

This differential effect of miR-639 on the SASP was confirmed via qRT-PCR by 

looking at IL-8 expression (panel C), and was also seen in the later RNA sequencing 

results. This indicated that the anti-senescent miRNAs, while having the same 

phenotypic outcome on proliferation, may have very different mechanisms of action and 

a large variety of other effects on the cells. 

4.3.3 Comparing the Effect of the Top MiRNAs on Low and High Passage Cells 

While the initial screen was performed in replicatively senescent WI-38, it was 

important to investigate if the miRNA induced proliferation was unique to cells in a 

senescent state, or whether the miRNAs would have a similar effect on highly 

proliferating low passage cells. As shown in Figure 4-7, the percentage of EdU 

incorporation within 24 h of the mimic1 transfected senescent cells was 5.6±1.3 %, 

while 20.7±2.4 % of the replicating cells incorporated EdU. While all but miR-455-5p 

increased the proliferation of both low- and high-passage cells, the increase was 

consistently to the same total level of proliferation. The fold increase of proliferation 

induced was much lower in low passage cells (panel B), showing that the miRNAs can 

boost proliferation of senescent cells up to the level of proliferation achieved by non-

senescent cultures. 
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4.3.4 Influence of Serum on the Effect of the Top MiRNAs 

To elucidate the mechanism by which the selected miRNAs induce proliferation, 

experiments were conducted in which the cells were transfected in the complete absence 

of FBS in the medium and kept without serum for 96 h until fixation. When comparing 

the effect of the top miRNAs on replicatively senescent WI-38 cells with and without 

serum (Figure 4-8 panel A) a strong stimulation of proliferation was observed in both 

situations. Not only was there a strong correlation between the effect of the miRNAs 

(R2 0.7767, p<0.0001), but even in the absence of exogenous growth factors the selected 

miRNAs were able to increase proliferation up to 25 %. This indicates that despite a 

lack of growth factors, these miRNAs are able to reintroduce cells into the cell cycle, 

potentially blocking downstream inhibitors of proliferation without the need for 

additional growth stimulation. 

Figure 4-8 panel B shows the proliferation achieved in BJ and IMR90 cells, with 

miRNAs increasing proliferation 8 to 14 fold in BJ fibroblasts, and to a lesser degree in 

IMR90 cells. SA-beta-gal staining was more strongly visible in BJ fibroblasts kept with 

serum, with a strong visible decrease after miRNA transfection; when kept without 

serum the staining was generally weaker, but a decrease was still visible after 

transfection (panel C). 

The anti-senescent effect of the miRNAs was independent of FBS, however increasing 

FBS concentration increased the maximum proliferation which could be reached by the 

cells (panel D). For example, the percentage of proliferating cells after treatment with 

miR-523-3p in the absence of serum was 5.9±1.3% while it rose to 19.7±1.8%, 

35.8±1.1% and 40.0±1.0% in the presence of 10, 20 and 30% FBS respectively. 
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4.3.5 Stress Induced Premature Senescence Using High Doses of Etoposide 

Next, we studied the effect of the selected miRNAs after cell treatment with etoposide 

(VP-16), a topoisomerase inhibitor causing DNA damage. This is a broadly used 

reagent to study cellular senescence, since it allows the generation of homogenous 

cultures of cells that senesce due to SIPS (Canman et al., 1994; Robles and Adami, 

1998), rather than due to replicative exhaustion, as in the previous experiments. Cells 

treated with 50 µM VP-16 for 48 h can be considered pre-senescent 4 d after damage, 

senescent after 8 d and late senescent after 15 d (Figure 4-9 panel A). In panel B a 

representative image of etoposide-treated cells is shown; these cells stopped 

proliferating and showed strong SA-beta-gal staining. Five miRNAs, selected from 

amongst the most effective ones, were tested in this experiment, namely miR-455-5p, 

miR-519e-3p, miR-523-3p, miR-639, and let-7i-3p. Panel C shows the representative 

effect on the untreated proliferating cells, in which the miRNAs were able to 

significantly increase both the percentage of EdU incorporating cells as well as the total 

number of cells. After undergoing SIPS, the cells significantly increased EdU 

incorporation in response to miR-523-3p and miR-639 transfection, with a weaker 

increase visible following transfection with let-7i-3p. In mid and late senescence there 

was no significant increase in cell number; preliminary experiments using WI-38 cells 

at 15 d post SIPS induction, showed a slight increase in the percentage of cells with 

aurora B midbodies following treatment with all three selected miRNAs (data not 

shown). It remains to be confirmed whether the miRNAs are able to fully overcome 

etoposide induced SIPS. 

4.3.6 Early Response to DNA Damage Inducers 

To further investigate whether the selected miRNAs can induce WI-38 fibroblasts to 

proliferate even after DNA damage, cells were transfected and treated with 
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camptothecin, etoposide, and hydroxy urea (HU). Etoposide and camptothecin are both 

topoisomerase inhibitors, while hydroxy urea (HU) induces DNA damage by inhibiting 

ribonucleotide reductase, thereby reducing the available nucleotide pool. The 

transfection scheme is shown in Figure 4-10 panel A. As shown in panels B and C 

several doses of DNA damage inducers (100 and 500 nM VP-16, 10 and 50 nM 

camptothecin, 1 and 5 mM HU) blocked EdU incorporation in non-transfected cells. 

However, treatment of these cells with the selected miRNAs still increased DNA 

synthesis. At least for VP-16, this also resulted in a significant increase of the total cell 

number at the end of the observation period when cells were transfected with miR-523-

3p or miR-639; this was consistent with actual cell replication taking place (panel D).  

Taken together with the results of Figure 4-9, these results indicate that the effect of the 

miRNAs is strongly dependent on the extent or type of DNA damage. Despite chronic 

and acute DNA damage, the miRNAs continued to induce an increase in EdU 

incorporation and thereby DNA synthesis. Not necessarily, however, did this result in 

cytokinesis, a possible indication that the miRNA overcome some but not all checkpoint 

barriers of the cell. High acute damage in the form of a 30 µM camptothecin treatment 

completely blocked both EdU incorporation and cell proliferation (data not shown), 

indicating that the ability of the miRNAs to overcome certain cell cycle checkpoints 

also depends on the extent of DNA damage induced. 

Importantly, the increase in EdU incorporation was not due to incorporation during 

DNA damage repair, as this was controlled for when setting up the screening. Senescent 

and proliferating cells were left untreated or damaged with low or high concentrations 

of camptothecin (1 nM and 30 µM, respectively). Cells were then labelled for 1 h or 24 

h with EdU. It was observed that both low and high concentrations of camptothecin 

treatment decreased the percentage of cells labelled with EdU, indicating that the 
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labelling was specific for DNA synthesis and was not influenced by EdU incorporation 

due to DNA damage repair (data not shown). 

4.3.7 Validation of Anti-Senescent MiRNAs in Primary Murine Cells 

A selection of miRNAs from the initial screening was tested in primary murine 

fibroblasts. Small sections of ear biopsies from five individual female C57/BL6 mice 

above 1.5 years of age were harvested, and fibroblasts isolated using the explant 

method, as detailed in the methods section 3.1.3. The migration of fibroblasts out of the 

explants can be observed in Figure 4-11 panel A.  Due to the high basal level of 

proliferation despite the age of the animals, fibroblasts were reverse transfected in full 

medium and then switched to 0 % or 2 % FBS medium 1 day post transfection (see 

transfection protocol in panel B). An average of fold EdU incorporation of the five 

fibroblast lines is shown in panel C, after normalisation for the proliferation rate of 

mimic1 treated cells. Clearly, the effect of the miRNAs was more visible when cells 

were kept in culture medium with 0 % FBS, as opposed to 2 % FBS, as the basal 

proliferation was lower in the former. While the two most potent miRNAs in human 

fibroblasts, miR-523-3p and miR-639, showed only a mild to negligible effect on 

murine fibroblasts, let-7i-3p led to a 3.2±1.1 and 2.4±1.4 fold proliferation increase in 0 

% and 2 % FBS conditions, respectively. Additionally, miR-455-5p and miR-519e-3p 

increased proliferation of murine fibroblasts from aged mice in 0 % FBS. These data in 

primary murine cells are promising in view of possible in vivo applications in mouse 

ageing models. 
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Figure 4-5 Validation of top hits from miRNA screening. A Percentage of cells incorporating EdU 
negatively correlates with percentage of cells positive for p21 staining (R2 0.4100, p=0.0006). B 
Percentage of cells incorporating EdU negatively correlates with intensity of p16 staining (R2 0.6253, 
p<0.0001). C Representative images showing reduction in SA-beta-gal staining following miRNA 
transfection. D Most top miRNAs from the screening significantly reduce SA-beta-gal staining when 
compared to mimic1 treated cells.  
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Figure 4-6 Top miRNAs show pro-proliferative effect in several replicatively senescent human 
fibroblasts. A IMR90, 35F and BJ fibroblasts displaying replicative senescence react strongly to top 
miRNAs (Pearson R2 0.5977, p<0.0001; R2 0.2042, p=0.0140, R2 0.5861, p=0.006; respectively). B Most 
top miRNAs reduce cellular IL-6 secretion as measured in supernatant using ELISA. C Relative expression 
of IL-8 is increased in replicatively senescent WI-38 fibroblasts following transfection with miR-639. 

 

 

 

Figure 4-7 Differential effect of miRNAs on presenescent replicating and senescent WI-38 fibroblasts. 
A Presenescent and senescent WI-38 fibroblasts were treated with the top miRNAs and evaluated for 
percentage of EdU incorporation. B The same experiment as in panel A, displaying fold change in EdU 
incorporation. 
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Figure 4-8 Effect of FBS concentration on miRNA transfection. A WI-38 cells transfected with selected 
miRNAs display increased EdU incorporation both in the presence and absence of growth serum 
(correlation R2 0.7767). B BJ and IMR90 fibroblasts transfected with selected miRNAs display increased 
EdU incorporation in the presence and absence of growth serum. C Representative images of BJ 
fibroblasts stained with Xgal show a decreased staining and increased EdU incorporation following 
transfection with miR-523-3p (images from an independent experiment). D WI-38 cells transfected with 
selected miRNAs in various growth factor concentrations show increased EdU incorporation. 
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Figure 4-9 Selected miRNAs induce DNA synthesis in WI-38 cells which have undergone SIPS using 
etoposide treatment. A Experimental protocol to induce SIPS using etoposide. B Representative images 
showing SA-beta-gal staining in low passage WI-38 cells untreated or treated with etoposide and fixed 
after 15 d. C Selected miRNAs increase EdU incorporation and cell number in untreated low passage WI-
38 cells. D Selected miRNAs increase EdU incorporation but not cell number in etoposide treated WI-38 
cells. 
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Figure 4-10 Selected miRNAs induce DNA synthesis in cells treated with low doses of DNA damaging 
agents. A Transfection scheme used to treat cells with low doses of acute DNA damage. B WI-38 
fibroblasts treated with 5 mM hydroxy urea, demonstrating an increase in EdU incorporation following 
transfection with selected miRNAs. C Percentage of cells incorporating EdU, untreated or treated with 
VP-16, camptothecin or hydroxy urea. D Total cell number of experiment in panel C, showing increases 
of cell number in untreated cells and VP-16 treated cells. 
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Figure 4-11 Some selected miRNAs increase proliferation of murine skin fibroblasts derived from old 
mice. A Photograph of murine fibroblasts from aged mice growing out of an explants preparation. B 
Transfection protocol used to treat murine fibroblasts. C Fold EdU incorporation of cells treated with 
selected miRNAs in the absence of serum or in low serum conditions. 
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4.4 Closer Investigation of Three Top MiRNAs 

Three miRNAs were chosen to focus on for closer investigation. Two of these appeared 

to be most potent in human WI-38 fibroblasts, namely miR-523-3p and miR-639, and 

the third in murine derived skin fibroblasts, namely let-7i-3p.  

4.4.1 Investigation of Possible Mechanisms Using SiRNAs and Chemical Inhibitors 

Having shown the impact of the selected miRNAs on various senescence-linked 

markers, as well as proliferation, we sought to identify the mechanisms involved in their 

effect. One approach was RNA sequencing to determine changes in the transcriptome of 

miRNA-transfected cells; this will be described in section 4.5. A more direct approach 

was to systematically inhibit specific pathways using chemical and siRNA based 

inhibitors, to determine which of these pathways are necessary for the miRNA-induced 

boost in proliferation.  

4.4.1.1 SiRNA Induced Knockdown of Yap, Raptor and Rictor Suggests Involvement of 

the Hippo and mTOR Pathways 

We started by co-transfecting replicatively senescent WI-38 cells with the pro-

replicative miRNAs and siRNAs targeting the Yap gene, a positive effector in the 

Hippo pathway (Huang et al., 2005), as well as either Rictor or Raptor, the two defining 

components of the mTORC1 and mTORC2, respectively (Laplante and Sabatini, 2009). 

The results of these experiments are shown in Figure 4-12 in terms of percentage of 

EdU positive cells (panel A) and final total number of cells (panel B).  Knock down of 

Yap reduced the basal proliferation from 14 % to 5 %. In addition, the 3-fold 

proliferation increase induced by miR-523-3p, as well as the increase induced by the 

other miRNAs, was dramatically stunted by the addition of the anti-Yap siRNA. A 

similar effect was visible when knocking down mTOR expression. SiRaptor, but not 
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siRictor, reduced basal proliferation; when co-transfected with each one of the miRNAs, 

both siRNAs reduced the maximum proliferation achieved by the miRNA alone. Taken 

together, these data indicate the likely involvement of both the Hippo and the mTOR 

pathways as effectors mediating the increase in proliferation ensuing as an effect of 

miR-523-3p, miR-639 and let-7i-3p. 

In addition to the above mentioned siRNAs, an siRNA targeting CDKN1A (p21) was 

also co-transfected with the miRNAs (Figure 4-12 panels C and D). The aim of this 

experiment was to investigate a possible synergistic or additive effect of the miRNAs 

with this siRNA. Indeed, p21 is a key player in enforcing the senescent phenotype and 

removing this protein increases proliferation of senescent fibroblasts.  

No additive effect was detected in these experiments, neither between miR-523-3p nor 

miR-639 when combined with anti-p21 siRNA. These results are consistent with the 

conclusion that the two miRNAs may impact on the same pathway for their action, 

which might also involve the downregulation of p21. 

4.4.1.2 Chemical Inhibitors Identify mTOR as a Possible Mechanistic Player in the Pro-

Proliferative Activity of Selected MiRNAs 

To investigate the possible roles of a variety of pathways from a further angle, chemical 

inhibitors were used to treat miRNA-transfected cells. Replicatively senescent WI-38 

fibroblasts were transfected as before on day 0, then treated with inhibitors on days 1 

and 2, additionally labeled with EdU on day 2 and finally fixed and analysed on day 3. 

The following inhibitors were tested: DAPT, a gamma secretase inhibitor that blocks 

the Notch pathway; rapamycin which blocks mTORC1, and to a lesser extent also 

mTORC2; Sp600125 to inhibit JNK; U0126, a MEK1/2 inhibitor; Bay11-7082, which 

inhibits NFkB; and SB203580, a p38/MAPK pathway inhibitor. Applied concentrations 

were 2 µM and 10 µM except in the case of the NF-B inhibitor (Bay11-7082), for 
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which lower concentrations are generally applied due to toxicity (in our experiments 0.8 

and 4 µM were used). As shown in Figure 4-13 panel A, most of the inhibitors did not 

significantly influence the proliferation increase achieved by transfection with miR-523-

3p, miR-639 or let-7i-3p. While inhibiting p38 increased proliferation upon miRNA 

treatment, the only inhibitors which appeared to decrease proliferation strongly were the 

JNK inhibitor Sp600125 and rapamycin. However, the JNK inhibitor also caused a 

visible decrease in total cell number (panel B), indicating that the reduction in 

proliferation was likely due to a cytotoxic effect rather than to an involvement of the 

JNK pathway. At both 2 and 10 µM concentration, rapamycin significantly reduced the 

proliferation of miRNA transfected cells. 

Together, these results are consistent with the possibility that the mTOR pathway is 

necessary for successful induction of proliferation of senescent fibroblasts, supporting 

the above reported siRNA results. 

4.4.2 Cell Cycle Regulation Can Be Observed at Protein Level 

In order to confirm the observed phenotypic changes caused by transfection with 

selected miRNAs, cells were treated and lysed for protein analysis using Western blots. 

These results represent preliminary data based on a single biological replicate per time 

point or condition, and will be repeated in future to confirm the findings. WI-38 

transfected in the absence and presence of FBS were harvested at 48 h in RIPA buffer 

and probed with a variety of antibodies. As shown in Figure 4-14 panel A, miR-523-3p, 

miR-639 and let-7i-3p transfection reduced p21, and increased cyclin A. Just as in the 

proliferation data, let-7i-3p was consistently the weakest of the three miRNAs in 

determining these changes. In addition to the cell cycle regulators, an increase in pAKT 

Thr308 and, possibly, pERK phosphorylation was observed in the absence of serum 

(panel B). 
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In order to observe cells with the same timing as was applied for the original screening, 

cells were harvested 96 h post transfection (Figure 4-14 panel C). When compared to 

cells transfected with mimic1, miRNA-transfected cells showed an increase in cyclin A 

and a decrease in p21 and cyclin D1 levels. 

4.4.3 MTOR Regulation at Protein Level 

As described above, several experiments indicated an involvement of the mTOR 

pathway as an effector of miRNA induced proliferation. Using the samples described 

above, consisting of WI-38 cells transfected with FBS and harvested 96 h post 

transfection, a strong presence of phosphorylated ribosomal protein S6 could be seen 

(Figure 4-14 panel D). S6 is activated through phosphorylation by the S6 Kinase, a 

substrate of mTORC1. Importantly S6 is not the effector protein for mTOR driven 

proliferation, but is used in this context as a marker of mTOR activation. 

To confirm the basal activation of mTOR in senescent cells, cells were starved of 

serum, as mTOR is inhibited through starvation (Bai et al., 2007). Replicatively 

senescent WI-38 cells were starved for 96 h in a 6 well cell culture plate prior to 

forward transfection with miR-523-3p, miR-639 and let-7i-3p. Cells were harvested 48 

post transfection, while kept under continuous starvation. In addition, a subset of cells 

was treated with rapamycin. As shown in panel D, despite prolonged pre-starvation, 

mTOR activation continued to be present, as concluded from the phosphorylation of its 

pS6 substrate. Increased activation was visible upon transfection with miR-639 and let-

7i-3p. This activation could be seen more clearly following treatment with rapamycin, 

despite the much lower total level of activation (see pS6 long exposure). 
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In these conditions, there was also a strong decrease in p21 expression, especially using 

miR-523-3p and miR-639. In addition, it appears that during starvation conditions 

pERK was strongly increased, although this remains to be confirmed. 

4.4.4 MiRNAs Induce Cytokinesis in the Presence and Absence of Serum 

A limitation of the initial screen and the validation experiments was the use of EdU as a 

marker for cellular proliferation. EdU incorporation marks cells which are synthesising 

DNA, and this is generally extrapolated to represent cellular proliferation. However, it 

is sometimes observed that senescent cultures will have some residual DNA synthesis, 

leading to EdU incorporation without real cell division. Furthermore, the selected 

miRNAs could be pushing synthesis without allowing the cells to successfully complete 

division. Looking at total cell number is one way to avoid misidentification, as 

increased proliferation eventually leads to an increase in cell number. Aurora B staining 

is used to visualise the formation of midbodies during cytokinesis, showing cells which 

have progressed beyond DNA synthesis and have embarked on full division. At 96 h 

post transfection, the number of Aurora B midbodies normalised to the number of total 

cells increased in miRNA treated cells, both in the presence and absence of serum 

(Figure 4-15 panel A). 

4.4.5 Live Imaging Demonstrates Complete Cell Division of MiRNA Treated Cells 

While Aurora B staining visualises cytokinesis, live imaging is the most thorough way 

to investigate the impact of the miRNAs, allowing cell division to be directly observed.  

Hoechst was chosen as a nuclear marker for observation during live imaging. To ensure 

that Hoechst staining does not interfere with cell cycling, transfected cells were treated 

with low concentrations of Hoechst for 15 min prior to adding EdU and fixed and 

stained 24 h later (Figure 4-15 panel B). Seeing no impact of Hoechst on the percentage 
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of cells undergoing DNA synthesis in response to miRNA treatment, this was deemed a 

suitable method for visualising cells during live imaging. 

Cells were transfected, labelled briefly with Hoechst, and images acquired for 24 h from 

72 to 96 h post transfection, with one image taken every 15 min. Ten fields were 

acquired per well, in dichrome and Hoechst, and complete and successful cell divisions 

were scored manually per acquired field. The points of the graph seen in panel C 

represent the percentage of dividing cells per field. With around 200 cells in each field 

there is a large variability apparent, yet it is clearly visible that while in the untreated 

wells there are only sporadic if any divisions, the selected miRNAs greatly boosted cell 

proliferation. An exemplary division from miR-523-3p transfected cells is shown in 

panel D. This experiment successfully shows that the selected miRNAs are able to 

increase cell division of replicatively senescent WI-38 fibroblasts.  
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Figure 4-12 SiRNA treatment indicates involvement of mTOR and Yap pathway in top miRNA 
mechanism. A EdU incorporation of replicatively senescent WI-38 fibroblasts treated with combinations 
of miRNAs miR-523-3p, miR-639 or let-7i-3p together with siRNAs targeting Raptor, Rictor or Yap. B 
Total cell number of experiment shown in panel A. C Percentage of replicatively senescent WI-38 cells 
incorporating EdU following treatment with various miRNA and siRNA combinations. 
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Figure 4-13 A panel of chemical inhibitors identifies mTOR as a potential molecular pathway necessary 
for proliferation driven by top miRNAs. A Replicatively senescent WI-38 fibroblasts treated with various 
chemical inhibitors lose the miRNA induced increase in EdU incorporation following Rapamycin and 
Sp600125 treatment. B Total cell number of experiment shown in panel A. 

 

  

Figure 4-14 Cell cycle proteins are regulated by top miRNAs, and mTOR pathway is constitutively 
active in senescent cells. A Replicatively senescent WI-38 fibroblasts transfected in the presence of 10 
% FBS with selected miRNAs and harvested at 48 h post transfection. B Replicatively senescent WI-38 
fibroblasts transfected in the absence of growth factors and harvested at 48 h post transfection. C As 
above, in the presence of 10 % FBS and harvested at 96 h post transfection. D Replicatively senescent 
WI-38 fibroblasts were starved in the complete absence of growth factors for 96 h before transfection, 
and harvested at 48 h post transfection. 
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Figure 4-15 Selected miRNAs induce cytokinesis in replicatively senescent WI-38 fibroblasts in 
presence and absence of serum. A Number of Aurora B midbodies found in transfected replicatively 
senescent WI-38 fibroblasts normalised to total cell number, acquired at 10x magnification, 64 fields per 
experiment analysed (2 biological replicates in the presence of FBS, 3 biological replicates in the absence 
of FBS). Representative image of an Aurora B midbody, example taken from miR-639 treated 
replicatively senescent WI-38 fibroblasts in the absence of serum. B Replicatively senescent WI-38 
fibroblasts transfected at d0, treated for 15 min with Hoechst and then labeled with EdU at 72 h, fixed at 
96 h. Percentage of cells incorporating EdU is shown in the presence and absence of Hoechst staining. C 
Replicatively senescent WI-38 fibroblasts observed between 72 and 96 h post transfection, labeled with 
Hoechst for 15 min prior to staining and scored for number of complete cell divisions. Per treatment 5 
fields with an average of 200 cells per field were analysed. D Representative images of a division in the 
523-3p treated sample. 
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4.5 RNA Sequencing Analysis and Bioinformatic Analysis 

To continue the in depth analysis of the possible mechanism underlying the capacity of 

miR-523-3p, miR-639 and let-7i-3p to drive proliferation of senescent cells, RNA was 

extracted from treated cells and sequenced to look for mRNA and small RNA 

regulation. The initial alignment and analysis was performed by IGA, with an 

alternative analysis performed by Drs. Danilo Licastro and Lucas Brandao, two 

collaborating bioinformaticians. 

RNAseq was performed in triplicate on five samples: replicatively senescent WI-38 

fibroblasts untreated, and treated with hsa-miR-523-3p, hsa-miR-639 or hsa-let-7i-3p, 

as well as untreated low passage proliferating WI-38 cells (see Figure 4-16 panel A for 

the processing pipeline). Samples were controlled prior to analysis by looking at 

transfection efficiency on a 384-well plate transfected in parallel, and p21 expression by 

qRT-PCR of the final samples (panel B). EdU incorporation was monitored through a 

parallel transfection in a 384 well plate. Finally, successful miRNA transfection was 

confirmed by miRNA PCR, representatively shown for sample set 3 in panel C. 

The RNAseq data was used extensively to elaborate possible miRNA mechanisms and 

targets. As miRNAs function by target downregulation, genes that were downregulated 

following miRNA treatment when normalised to untreated senescent cells were 

considered to be potential miRNA targets. Inversely, genes that were upregulated were 

observed in the context of signaling pathways to identify possible mechanisms of 

action. While all three investigated miRNAs led to the phenotypic outcome of high 

proliferation, it was assumed that the gene profile would not completely match that of 

low passage cells, as unique gene programs would need to be activated to overcome 

senescence. 
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Appendix II contains a table detailing the enriched pathways calculated using 

reactome.org. These were compiled using statistically significant differentially regulated 

genes. As can be seen from the table, all three miRNAs upregulate many pathways, 

while only the miR-523-3p transfected sample demonstrated some downregulated 

pathways. All three miRNAs greatly increase the activation of cell cycle related 

pathways. Appendix III contains a table detailing the top 20 up- and downregulated 

genes for each sample. As was evident in the pathways, many of the genes upregulated 

following miRNA transfection are cell cycle related, while the genes which are 

downregulated are more varied. As mentioned previously, miR-639 treatment led to the 

upregulation of genes related to the immune system, which is also evident in the ranking 

of the top upregulated genes; while IL6 did not fall within the top 20 genes, it was also 

statistically significantly upregulated, with a rank of 31. Also contained within appendix 

III is the gene ontology mapping of biological processes in which the top 20 genes are 

involved, showing that a wide range of processes are regulated. 

The most evident gene regulation was the upregulation of cell cycle related genes, as 

concluded from the analysis of KEGG pathways. The KEGG pathways coloured 

according to the RNAseq gene regulation, can be seen in appendix IIII.  

4.5.1 SiRNA Cherrypicking to Identify Possible MiRNA Targets 

As miRNAs downregulate targets, genes that are strongly downregulated following 

miRNA treatment are potential candidates as miRNA targets. A list of genes was 

compiled, which were downregulated 2.5 fold or more by any of the three miRNAs or 

in low passage cells, when normalised to untreated senescent cells. Specific siRNAs 

against these genes were then cherrypicked from an available library of human siRNAs 

(Dharmacon, siRNA smart pools made up of four sequences of non-equimolar 

amounts). Finally, the effect of transfecting these cherrypicked siRNAs in replicatively 
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senescent WI-38 cells was evaluated in duplicate, with very consistent results. The 

average results are shown in Figure 4-16 panels D and E.  

The table below details the potential targets which emerged from the screening, as well 

as the corresponding FPKM values as seen in the RNAseq data. Interestingly and not 

surprisingly, p21 was strongly downregulated in the RNAseq results and emerged as 

one of the strongest hits in the cherrypicking experiment. 

After selecting the most interesting candidates, the four separate deconvoluted siRNA 

sequences of each pool (Dharmacon) were tested individually as well as in equimolar 

amounts, always to a final total concentration of 50 nM. The pools thus created differed 

from the pools in the library in that the latter contained custom and unknown ratios of 

the four siRNA sequences.  

 

Table 4-1 Hits from siRNA cherrypicking of genes downregulated in the RNAseq. 

Gene 
Symbol 

FPKM 
(Presen) 

FPKM 
(Sen) 

FPKM 
(miR523) 

FPKM 
(miR639) 

FPKM 
(let-7i) 

GRIN3B 3.6 5.9 1.4 2.2 1.1 
CDKN1A 410.1 643.6 152.1 128.8 388.9 
ASNA1 45.1 50.8 63.0 43.0 13.7 
TRAPPC5 68.6 99.8 62.4 42.5 31.9 
BRAT1 12.9 13.6 12.5 6.5 7.7 
MRVI1 28.5 25.0 7.4 4.3 22.1 
NME4 137.5 185.5 123.4 57.6 121.4 
HS6ST1 42.2 40.1 23.7 38.7 12.0 
PLXNA1 35.7 47.5 40.9 22.2 24.2 
SDC2 11.8 21.4 13.3 17.5 7.3 
MFSD3 8.5 16.1 8.5 7.6 6.2 

 

As shown in Figure 4-16 panel F, while the controls reacted as expected and also the 

separate siRNAs directed against p21 consistently increased proliferation of 

replicatively senescent cells, the remaining results were more difficult to interpret. For 
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several targets, only one single siRNA of four appeared to strongly increase 

proliferation. In addition most pools did not validate the screening results at all. 

Of the tested siRNAs, siGRIN3B was deemed the most promising, as the pool of 

siRNAs against this gene was potent and two of the single sequences increased 

proliferation of the senescent fibroblasts. SiASNA1, siBRAT1 and siTRAPPC5 were 

disregarded since, while the pool of 4 siRNAs was efficient, it was clearly just one 

single sequence which was responsible, suggestive of an off-target effect. In addition, 

cells transfected with the successful siTRAPPC5 sequence showed an abnormal 

phenotype of the cell nuclei. 

4.5.1.1 A Closer Investigation of GRIN3B as a Possible Target of the Selected MiRNAs 

A promising putative miRNA target identified in the siRNA cherrypicking was 

GRIN3B. GRIN3B codes for NR3B, a dominant negative subunit of the NMDA 

receptor, functioning to reduce calcium permeability of the receptor. GRIN3B is a gene 

consisting of 9 exons, with very short 5’ and 3’ UTRs. NCBI and Ensembl databases 

both predict a second GRIN3B isoform, although the specific predictions and included 

exons differ greatly. 

GRIN3B was included in the cherrypicking due to its reduced expression following 

miRNA transfection, as reiterated in Figure 4-17 panel A. In panel B, where 

replicatively senescent fibroblasts were transfected with miR-523-3p or the siRNA 

pools targeting CDKN1A and GRIN3B, a strong significant proliferation increase was 

observed both in the presence and absence of FBS. In fact, GRIN3B knock down was as 

potent as the miRNA transfection itself.  

A deconvolution of the pool of four siRNAs targeting GRIN3B was performed. The 

binding locations of these four sequences are visualised in Figure 4-17 panel C. As 
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mentioned previously, the deconvolution revealed a strong anti-senescent effect of only 

a single sequence, with a second sequence having a visible but weaker impact on 

cellular proliferation. In contrast, all four sequences appear to downregulate the 

GRIN3B transcript (panel D). This was seen using qRT-PCR using a Taqman probe 

amplifying GRIN3B between exon 2 and 3. 

We decided to further investigate possible reasons for this apparent discrepancy. The 

most potent siRNA (Dharmacon siRNA 4) binds in exon 6, while the remaining siRNAs 

bind in exon 3. This, as well as the varied isoform predictions by the two main genomic 

databases, led to the suspicion that the discrepancies in siRNA effects might be due to 

the targeting of different isoforms. Taking the NCBI prediction as a basis, qRT-PCR 

primers were designed to specifically target only the main GRIN3B transcript 

(NM_138690.2), only the predicted transcript (XM_017026243.1), or both. However, 

all four of the siRNA sequences downregulate the products of all primer pairs, 

indicating that both predicted NCBI isoforms exist and that both are successfully 

downregulated following siRNA treatment (data not shown). 

To further investigate the possible cause of having one potent, one mild and two non-

functional siRNAs, a further set of siRNAs was ordered from Sigma. These were 

chosen to bind in exon 2, 3, 5 and 6, to verify whether an siRNA in the same region as 

Dharmacon siRNA4 would emulate the pro-proliferative effect. While the 

downregulation, verified using the primer pair binding exon 3, was successful with the 

siRNAs from Sigma, none of these increased proliferation (data not shown).  

Taken the results of these experiments together, we concluded that the observed impact 

on proliferation of the original siRNA pool targeting GRIN3B might be due to off target 

effects. 
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4.5.1.2 P21 Represents a Probable Target of the Selected MiRNAs 

The strongest argument can be made for the involvement of p21. Strong decreases of 

p21 can be seen on mRNA and protein level following miRNA transfection in WI-38 

fibroblasts. In addition, a pool of siRNAs against CDKN1A rescued proliferation of 

replicatively senescent WI-38 cells; the deconvolution of the siRNAs showed that all 

four single sequences were strongly effective at inducing proliferation. Furthermore, 

CDKN1A showed a strong downregulation in the RNAseq analysis. The FPKM values 

are shown in Figure 4-17 panel E. To investigate p21 as a possible direct target of the 

selected miRNAs, a luciferase reporter construct was cloned containing the 3’UTR of 

p21. As can be seen in panel F, all three miRNAs induced a decrease in luciferase 

activity, miR-523-3p and miR-639 with very high statistical significance. These data 

indicate that the miRNAs are likely targeting p21 directly. 

  

Figure 4-16 RNA deep sequencing led to the identification of CDKN1A as a potential target of top 
miRNAs, and GRIN3b as a further potential candidate. A Pipeline showing processing of replicatively 
senescent WI-38 fibroblast samples used for deep sequencing and subsequent analysis. B Validation 
experiments performed on the three RNAseq replicates prior to sequencing to confirm increased EdU 
incorporation and decreased p21 mRNA expression, where presen indicates presenescent replicating 
cells. C Representative qPCR data showing the large upregulation over endogenous level of miR-523-
3p, miR-639 and let-7i-3p following transfection of the respective miRNA mimic in the samples used for 
deep sequencing. D Increase in EdU incorporation and cell number following the transfection with a 
cherry picked selection of siRNAs representing those genes downregulated by at least one of the 
selected miRNAs in the RNAseq results. E Validation of increased EdU incorporation in replicatively 
senescent WI-38 fibroblasts following transfection with siRNA pools selected from the siRNA cherry 
picking. F Replicatively senescent WI-38 fibroblasts transfected with single siRNA sequences and siRNA 
pools of four sequences. 
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Figure 4-17 GRIN3B is a putative target of the top miRNAs, increasing proliferation in the presence and 
absence of serum. A FPKM values of GRIN3B from RNAseq experiment. B Replicatively senescent WI-38 
fibroblasts transfected with miRNA 523-3p and a siRNAs targeting p21 or GRIN3B significantly increase 
EdU incorporation in the presence and absence of growth factors. C Binding sites of the four Dharmacon 
siRNAs shown on GRIN3B (adapted from http://projects.insilico.us/SpliceCenter/siRNACheck). D 
Replicatively senescent WI-38 fibroblasts were transfected with the four separate Dharmacon 
sequences, and show downregulation of GRIN3B mRNA in qRT-PCR. E FPKM values of CDKN1A from 
RNAseq experiment. F HeLa cells were reverse transfected on day 0 with control miRNA, miR-523-3p, 
miR-639 or let-7i-3p, and transfected after 24 h with empty psiCheck2 reporter or psiCheck2 reporter 
with the human p21 3’UTR.  
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4.6 Effect of MiR-523-3p and Let-7i-3p Mimics In Vivo 

When choosing in vivo models for miRNA validation, it was important to focus on 

models in which the ageing-related detrimental phenotype could potentially be 

alleviated by reducing cell senescence while increasing their proliferation. One of these 

models appears to be muscle weakening and loss during ageing, which is largely due to 

the incapacity of muscle satellite cells to proliferate and contribute to muscle renewal 

(Sousa-Victor et al., 2014). Increasing proliferation of these stem cells can increase 

muscular regeneration, which is indicated by an increase in muscle fibres with central 

nuclei. Impaired renewal of muscle fibres during ageing is mimicked by the capacity of 

muscles to repair after acute damage. For this reason, we started investigating whether 

the miRNA mimics that we selected in our screening might ameliorate the phenotype of 

ageing mice repairing their damaged muscles. Unfortunately, application of the mimics 

in a simple injection setting did not prove beneficial in the preliminary set of 

experiments described in the following sections.  

4.6.1 Single-dose Delivery of MiRNA Mimics Does Not Improve Muscle Repair 

We started by analysing retention of miRNA mimics once injected in the tibialis 

anterior (t.a.) muscle complexed with a lipofectamine-based transfection reagent 

(RNAiMAX). A mimic for miRNA-523-3p (10 µl of a 20 µM solution) was complexed 

with 10 µl RNAiMAX and injected into the t.a. muscles (n=3 mice per time point). The 

levels of this miRNA were then tested at days 2 and 5 after injection. As shown in 

Figure 4-18 panel A, at day 2 miR-523-3p was represented over 100 fold in the muscle 

of treated compared to those of the untreated animals; these levels drop to 

approximately 50% at day 5. This result indicates that persistence of miRNAs over time 

after intramuscular injection lasts for at least a few days after injection. 
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Next we tested the effects of intramuscular injection of miR-523-3p and let-7i-3p after 

muscle damage in mice over 2 years old. Muscles were pre-treated with miRNAs for 

two days and then damaged with glycerol injections in the t.a. as a stimulus for 

regeneration; muscles were harvested 5 days after treatment (see scheme in Figure 4-18 

panel B). Animals injected with non-targeting mimic1 (cel-miR-67) served as a control. 

Newly regenerated fibres are initially small with a central nucleus, before maturing to a 

larger size; thus, a measurement of the muscle fibre area allows for an indication of the 

progress of regeneration. Representative images of muscle tissue near the site of 

damage are shown in panel C. 

There was no significant difference in the number of fibres with a central nucleus after 5 

d, neither between control and miR-523-3p-treated animals nor between control and let-

7i-3p-treated animals (panels D and E). However, this result might be influenced by the 

small sample size (n=3) and high variability. Similarly, when measuring the area of 

regenerating fibres in the tissue near the site of damage, there was no statistically 

significant difference between the distribution of size between mimic1- and the two 

specific miR-treated animals (panels D and E). 

Taken together, these results indicate that treatment of skeletal muscle damage by 

direct, intramuscular injection of miR-523-3p or let-7i-3p does not provide apparent 

benefit in terms of muscle regeneration after 5 days. Obviously, these are preliminary 

experiments on a small group of animals, which need extension and repetition. In 

addition, these results do not exclude that other means of delivery of the same miRNAs 

may be more effective.   
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Figure 4-18 In vivo experiments show miRNA retention in vivo, and some impact on muscular 
regeneration. A Retention of miRNA in tibialis anterior, as measured by qRT-PCR. B Treatment protocol 
for observation of muscle regeneration. C Representative images of treated and untreated t.a. muscle.  
D Mice (>24 months of age, n=3) treated with miR-523-3p and harvested at 5 d. Percentage of fibres 
with a central nucleus. Distribution of fibre area of fibres with a central nucleus, evaluated using at least 
5 images of the border-zone between damaged and undamaged areas (n=3). E Mice (>24 months of age, 
n=3) treated with let-7i-3p and harvested at 5 d. Percentage of fibres with a central nucleus. Distribution 
of fibre area of fibres with a central nucleus, evaluated using at least 5 images of the border-zone 
between damaged and undamaged areas (n=3). 
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5 Discussion 

Senescence is a heavily researched topic, with many aspects of function, regulation and 

organismal impact yet to be uncovered. Since the discovery of miRNAs, many 

laboratories have focused on researching the regulation of cellular senescence by these 

small RNAs. The screening reported in this Thesis sought to deepen the understanding 

of the process of senescence, while simultaneously uncovering potential tools which 

may eventually be used as biotherapeutics against senescence. An analysis of the 

experiments performed for this Thesis is reported below, as well as a brief literature 

review of the identified miRNAs. A possible mechanism of action will then be 

proposed. Finally, the conclusions of this Thesis as well as the outlook for the future 

will be discussed. 

5.1  Screening Setup 

5.1.1 Choice of WI-38 and Replicative Senescence 

The initial objective of this PhD project was the setup of a cell-based, functional 

screening for senescence. Several cell types, transfection protocols and read-outs were 

tested before focusing on WI-38 cells in a reverse transfection protocol, while analysing 

EdU incorporation and p21 intensity. WI-38 cells were eventually chosen, as these cells 

are a commonly used cell line when investigating RS, having the benefit of many 

resources to compare results with. Moreover, they are the cell line in which Hayflick 

originally described RS (Hayflick, 1965), making them the perfect candidate for an in 

vitro senescence screen.  

When investigating senescence, many laboratories choose to focus on SIPS rather than 

RS. While SIPS is more homogenous, it is induced through strong DNA damage, from 
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which cells are unable to recover, going into senescence instead. While DNA damage is 

also assumed to be at the core of RS, there are more factors leading to this process, such 

as cell culture stress, oxidative stress, and telomere shortening (Fumagalli et al., 2014). 

Cells that have replicatively senesced are therefore in a more heterogenous state 

compared to those which have undergone SIPS (Beauséjour et al., 2003; Itahana et al., 

2003). Arguably, they may therefore more accurately model the heterogenous mix of 

cells present in an ageing organism.  

5.1.2 Choice of miRNA Delivery 

The screening of this Thesis was based on a library of synthetic human miRNA mimics. 

MiRNA mimics are an invaluable tool, however there are some potential issues 

associated with their massive delivery. While the interferon response is limited to RNA 

stretches larger than those of miRNAs, a very high concentration of smaller RNAs can 

also trigger activation of the innate immune response (Robbins et al., 2008). Further, it 

has been observed that transfection with siRNAs and miRNAs can alter the endogenous 

miRNA regulation within a cell due to both saturation of and competition with the 

miRNA processing machinery (Khan et al., 2009). Despite these caveats, many 

experiments have successfully used miRNA mimics to unravel endogenous pathways. 

The performed screening clearly demonstrated different effects deriving from different 

miRNAs, indicating that a cellular immune response or an effect due to saturation were 

not the dominant factors. 

5.1.3 Choice of Screening Controls 

A panel of eight controls was transfected on each plate of the screen to normalise data. 

These included mimic1, si-p53, miR-34a, and other miRNAs described in the context of 

senescence, as well as their anti-miRs. In addition, each plate contained many wells 
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which were treated with the lipofectamine mixture without being transfected (empty). 

MiR-34a and si-p53 were obvious choices to see both a decrease and an increase of 

proliferation of senescent cells. Mimic1 is a c.elegans miRNA assumed to have no 

human targets. It was chosen as a negative control following the assessment of a panel 

of potential miRNA controls, and was deemed to be the least obtrusive and with the 

least influence on EdU incorporation. Despite this, some experiments revealed a 

phenotypic difference between mimic1-treated cells when compared to those left 

untreated or treated only with lipofectamine. This may be due simply to the impact of 

transfection, or may be due to some weak, undescribed, off-target effects of mimic1.  

5.2 High Throughput Screen Results 

The completed screening delivered robust results, as concluded from the good 

concordance of the results of the two replicates. A large number of miRNAs (443 with 

an effect over 3 fold) obliterated the residual proliferation observed in the replicatively 

senescent cells; miRNAs have many targets and can easily perturb the healthy 

functioning of a cell, leading to cell death or complete cell cycle arrest.  

Of more interest for this work, a selection of miRNAs greatly increased proliferation. 

As shown in Figure 4-2, when examining the miRNAs which were found to increase 

proliferation most efficiently, those with the same seed sequence generally had similarly 

positive effects on proliferation. This reiterates that the effect on proliferation was due 

to specific mRNAs being targeted by those specific seed sequences. Moreover, several 

of the top hits were in fact miRNAs extensively studied for their link with proliferation. 

Amongst those, miR-302d-3p has been described as a stem cell specific miRNA, able to 

modulate the cell cycle (Subramanyam et al., 2011). Another highly represented group 

included the 17-92 miRNA family. Of these, miR-17-5p has already been described to 
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decrease in human ageing (Hackl et al., 2010). Based on the ability to simultaneously 

reduce p21 expression, a panel of miRNAs was chosen for further investigation.  

The data gleaned from the screening, which includes total cell number, nuclear area, 

EdU incorporation and p21 expression, could be further analysed in a combined manner 

to identify other sets of miRNAs. For example, it may be interesting to compare the 

results to the effect on low passage fibroblasts, in order to investigate those miRNAs 

able to cause cell death of senescent cells while sparing low passage proliferating cells, 

following in the recent trend of senolytic substances (Zhu et al., 2015). 

5.3 Validation of miRNA Hits from the Screening 

Several experiments were performed to further elucidate the effects of the miRNAs on 

replicatively senescent cells. As shown by the significant decrease in both p21 

expression and p16 expression, the two main markers and effectors of senescence, the 

selected miRNAs are most likely increasing proliferation through a decrease in the main 

cell cycle inhibitors. 

5.3.1 Senescence-Associated Beta Galactosidase as a Marker of Senescence 

Another phenotype examined was the expression of SA-beta-gal, for which a clear 

decrease in positive cells was found upon miRNA treatment. It must be kept in mind 

that there is no clear functional link between senescence and accumulated lysosomal 

galactosidase expression. One publication in particular describes the uncoupling of SA-

beta-gal expression and other senescent phenotypes, showing that p21 negative cells 

remain replicative while still expressing SA-beta-gal (Dulic et al., 2000).  

Investigating SA-beta-gal showed that all but two of the investigated miRNAs (miR-

423-5p and miR-455-5p) significantly decreased both the total number of positive cells, 
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as well as the percentage of positive cells. The positive control sip53 was also able to 

decrease the SA-beta-gal levels significantly when compared to mimic1-treated cells, 

yet the effect was much less powerful than that of most of the miRNAs. A reduction in 

p53 is expected to lead to a lower transcriptional activation of p21 without reducing p21 

mRNA and protein levels already present in the cell. This may not be sufficient to revert 

a large number of cells from senescent to actively proliferating. MiRNAs on the other 

hand, as their effect is due to imperfect pairing, bind to many targets simultaneously. 

This means that they are more likely to target the senescence machinery of the cell 

globally. In addition, our results indicate that they target p21 directly, greatly increasing 

their impact.  

5.3.2 MiRNAs Show Anti-Senescent Effect in a Variety of Fibroblast Lines 

The identified miRNAs were very effective in several fibroblast cell lines. WI-38 and 

IMR90 derive from fetal lung tissue, while BJ cells derive from newborn foreskin 

tissue. All three of these are from young donors, and so it was deemed interesting to 

investigate the miRNAs also in the context of cells from a human adult, namely 35F 

cells, derived from a 35-year-old woman. 

In addition, WI-38, IMR90 and BJ fibroblasts are often described as senescing via 

different pathways. BJ cells appear to be most resistant to culture shock and therefore 

senesce mainly due to telomere shortening. In contrast, IMR90 and WI-38 fibroblasts 

senesce due to a mix of shortening and culture shock, where WI-38 are the most 

sensitive (Fumagalli et al., 2014). Thus, the results we obtained are consistent with the 

conclusion that our miRNAs are effective in the context of a variety of senescence 

mechanisms. 
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5.3.3 MiRNA Effect on the SASP 

The SASP is a phenotype which plays an integral part in defining the properties of 

senescent cells (Rodier et al., 2009). In our work, the secretion of IL-6 was investigated 

representatively for the SASP. SASP factors are controlled transcriptionally, making it 

sufficient to examine mRNA levels via qRT-PCR, however it was deemed more 

complete to investigate the protein levels produced and secreted by cells into the cell 

culture supernatant. In our experiments, it was observed that mimic1 decreased IL-6 

secretion, making results more difficult to interpret. Nevertheless, a large number of 

miRNAs was found to strongly decrease IL-6 secretion. In addition, there was a strong 

negative correlation between EdU positivity and IL-6 secretion, contradicted only by 

miR-639. Interestingly, this was the only anti-senescent miRNA which actually acted in 

the opposite manner; the only other miRNA able to increase IL-6 secretion to the same 

level as miR-639 was the pro-senescent miR-34a. 

A better definition of the functional significance, if any, of this finding, would 

obviously require a deeper understanding of the molecular mechanisms by which miR-

639 induces this effect, which is apparently disconnected from the senescent growth 

arrest itself. In this respect, it is worth speculating that the mTOR pathway might be 

involved in this process. 

Recently, it was reported that a constitutive activation of mTOR might drive SASP 

production (Laberge et al., 2015). As shown in the results section 4.4.3, mTOR 

activation was seen in senescent cells, with indications of a further increase after both 

miR-639 and let-7i-3p expression. This may indicate that miR-639 is efficient at 

reducing senescence, as seen by the downregulation of p21, p16 and SA-beta-gal 

expression, while still boosting SASP expression by driving mTOR activation.  
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5.3.4 Comparing the Effect of the Top MiRNAs on Low and High Passage Cells 

The top miRNAs were able to increase proliferation of both senescent and pre-senescent 

cells. Interestingly, while the initial fraction of EdU incorporating cells differed greatly 

between these two cell populations, the total percentage of incorporation reached was 

equal. This is demonstrated more clearly by calculating the fold increase, which is much 

higher in senescent than pre-senescent cells. This information is consistent with the 

conclusion that the percentage of cells that can be induced to proliferate is unchanged in 

senescent cultures. In addition, it serves as an indication that the proliferation seen is not 

simply due to increased proliferation of the small remaining percentage of EdU 

incorporating cells, as in this case the proliferation seen in the pre-senescent cells would 

exceed that of the senescent cells proportional to the starting level of proliferation. 

Replicative senescent cell cultures are made up of a heterogeneous mix, with some cells 

assumed to be in early and others in late senescence. Therefore, it may be possible that 

the miRNAs that were selected for their pro-proliferative effect only induced 

proliferation of the fraction of cells that had a modest level of DNA damage and could 

thus overcome the check-point that blocked their cell cycle progression. Obviously, the 

concept that there are different extents of DNA damage, and that these elicit different 

checkpoints that are progressively more difficult to overcome, would need much 

broader and in-depth molecular investigation.  

Inversely, the data showing that both senescent and pre-senescent cells reach a 

maximum proliferation of around 50 % may simply be an indication of the maximum 

proliferation potential of the cells. By removing a cell cycle block such as p21, the same 

overall percentage of cells could readily enter the cell cycle.  
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5.3.5 Influence of Serum on Effect of Top MiRNAs 

An interesting finding of this work was the observation that cells transfected with the 

top pro-proliferative miRNAs and kept in FBS-free medium were still able to increase 

EdU incorporation. This likely indicates that the selected miRNAs are able to activate a 

pathway or pathways that no longer depend on upstream growth factor stimulation. A 

possible scenario is that these miRNAs increase signaling downstream of growth factor 

receptors, or release a cell cycle block and drive proliferation without the need for 

growth factor stimulation. 

Despite this effect of the miRNAs in the complete absence of serum, increasing FBS 

concentrations still increased the basal proliferation of cells incrementally with a fold 

increase that is proportional to that of basal proliferation. Taken together, these data 

indicate that, while FBS is not necessary, it is still able to increase the effect of the 

selected miRNAs through an increase in basal proliferation. 

5.3.6 Premature Senescence Induced by DNA Damage and the Effect of Anti-

Senescent MiRNAs 

Our experiments with cells treated with various doses of etoposide, camptothecin and 

HU indicated that: i) with both high and low doses of the DNA damaging agents, the set 

of most effective miRNAs in our screening were still able to induce EdU incorporation; 

ii) at low doses of etoposide, miRNAs even stimulated cell division, as concluded by an 

increase in cell number in the cultures. Most likely, this indicates that the ability of the 

miRNAs to increase proliferation is dependent on the amount or type of DNA damage 

induced in the cells. In future experiments, it will be interesting to elucidate how much 

DNA damage is necessary for a cell to naturally undergo senescence, in comparison to 

how much DNA damage is being caused by these drug treatments. Additionally, these 

experiments indicate that while the miRNAs are capable of lifting the cell cycle block to 
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progress from the G1 senescence arrest to S phase, the cell cycle checkpoint between S 

and G2 continues to be upheld in some situations, preventing an increase in cell 

number. Whether a direct link between this evidence and the extent of DNA damage 

exists, will be the subject of future, more quantitative investigation. 

5.3.7 In Vitro Validation of the MiRNA Effect on Murine Cells 

The top miRNAs were validated using murine ear skin fibroblasts from aged mice. As 

expected, the effect of human miRNAs on murine cells differed from that in human 

cells. This is presumably due to the fact that most of the investigated miRNAs are not 

highly conserved, indicating that also the targets will not necessarily be conserved in 

murine cells. Adding to this primary issue, the murine cells investigated, while 

stemming from aged organisms, were not themselves replicatively senescent. Due to the 

presence of long telomeres and active telomerase in mice (Kipling and Cooke, 1990), 

replicative senescence without immortalisation is difficult to achieve in vitro, as clonal 

selection is likely.  

For this reason, cells from old organisms were kept in culture for a limited length of 

time to avoid selection of immortalised cells, and investigated in a low FBS setting. 

While this state resembles quiescence more than senescence, it was a useful framework 

to investigate the effect of the miRNAs in a murine setting. Alternatively, cells from 

another model, such as telomerase-deficient mice, could be investigated to achieve in 

vitro replicative senescence. 

This experiment was nonetheless able to successfully show that proliferation of cell-

cycle arrested skin fibroblasts from old mice could be increased using some of the 

miRNAs identified in the screening, particularly miR-455-5p, let-7i-3p and miR-519e-

3p. 
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5.4 Closer Investigation of Three Top MiRNAs 

Having carefully weighed all available data, three miRNAs were chosen for further 

study, and given a closer look using several approaches. Prior to continuing the detailed 

analysis of the performed experiments, a brief background on the chosen miRNAs is 

given in the subsequent sections. 

5.4.1 Available Information on the Three Top MiRNAs 

5.4.1.1 MiR-523-3p 

The most interesting miRNA was deemed to be miR-523-3p, having had a strong anti-

senescent effect in all previous experiments. Not much information is available on this 

miRNA. The miRNA has been given the conservation status number 4 by miRBase, 

defining it as a miRNA conserved only in primates. Despite the identified strand 

traditionally having received the nomenclature of miR-523, rather than miR-523*, 

usually indicating it to be the first discovered and endogenously more relevant strand, 

miRBase identifies the sequence as non-expressed. 

The seed sequence ranging from nucleotide 2 to 7, AACGCG, is unique to miR-523-3p. 

Few publications make mention of miR-523-3p, and no details have been published on 

confirmed functional targets or mechanisms. The seed sequence is similar to miR-614 

(AACGCC) and miR-3912-3p (AACGCA). The latter was not present in the original 

library screening while the former decreased proliferation to 0.406 fold.  

The opposite strand, miR-523-5p, is identical to a range of other miRNAs, specifically 

miR-519c-5p, miR-518e-5p, miR-522-5p, miR-519a-5p and miR-519b-5p. Of these, 

only miR-518e-5p was present in the original screen library, and decreased proliferation 
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down to 0.095 fold. In conclusion, little can be inferred from existing data, leaving 

much to be discovered. 

5.4.1.2 MiR-639 

MiR-639 was the second most powerful miRNA in the context of human cells. It is 

coded for by the 3p strand of the pre-miR hairpin, while the 5p strand is not processed 

into a miRNA (miRBase). As for miR-523-3p, miR-639 contains a unique seed 

sequence, in this case UCGCUG. The only miRNA with a comparable seed sequence is 

miR-4790-5p which was not present in the original library for the screen. As before, the 

conservation status does not go beyond primates. 

Interestingly, miR-639 has been investigated more closely than miR-523-3p, with three 

publications focusing on this miRNA. Importantly, it was shown that miR-639 was one 

of several investigated miRNAs able to bind to the 3’UTR of CDKN1A, evaluated 

using a luciferase reporter containing the 3’UTR (Wu et al., 2010). Further, it was 

shown that miR-639 increases proliferation of breast cancer cells in vitro (Li et al., 

2014), as well as reducing epithelial mesenchymal transition by targeting FOXC1, again 

confirmed using a luciferase reporter (Lin et al., 2014). This provides a link between 

miR-639 and cell proliferation; targeting of p21 represents a probable mechanism of 

action. 

5.4.1.3  Let-7i-3p 

In contrast to the first two other miRNAs, hsa-let-7i-3p had a much more subdued effect 

on replicatively senescent human fibroblasts, while being the most robust when applied 

to murine fibroblasts. This miRNA is classified into the most conserved group by 

miRBase, conserved beyond vertebrates. The high conservation level of this miRNA is 
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a logical explanation for the positive impact that it showed on the proliferation of 

murine fibroblasts. 

The let-7 family has been thoroughly studied, and has been shown to strongly 

negatively regulate Ras (Johnson et al., 2005). However, this describes the effect of the 

5p strands of the let-7 family, which all have the common seed sequence of GAGGUA. 

The 3p strands of the family have four different seed sequences, namely UAUACA, 

UAUACG, UGUACA and finally UGCGCA. The final sequence is the seed sequence 

of let-7i-3p, unique to the family and unique amongst all miRNAs. Other miRNAs with 

a similar seed sequence are miR-191-3p (CUGCGC, 2.179 fold proliferation in original 

screen), miR-933 (GUGCGC, 1.793 fold) and miR-4787-3p (AUGCGC, not in library). 

There are several publications mentioning let-7i-3p, mainly reporting on miRNA 

expression profiles, with few details about the role of the miRNA. 

5.4.2 Investigation of Possible Mechanisms Using SiRNAs and Chemical Inhibitors  

Using siRNAs and a range of chemical inhibitors, possible mechanisms of action of the 

selected miRNAs were investigated. These were chosen to cover several pathways 

known to drive cellular proliferation. Assuming that the miRNAs are removing a 

senescence-induced cell cycle block while increasing a pro-proliferative pathway, 

inhibiting specific pathways should show which are necessary for the increase in 

proliferation following miRNA treatment. Taken the results obtained together, both the 

mTOR and Hippo pathway appeared essential to permit the action of all three tested 

miRNAs. SiRNAs targeting Raptor, Rictor and Yap influenced the residual basal 

proliferation of replicatively senescent WI-38, as well as strongly blunting the 

proliferation increase induced by the miRNAs. While cell replication was not fully 

obliterated in response to the knock downs, these results nevertheless show that the 

mTOR and Hippo pathways are necessary for and play an important role in the 
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mechanism of the miRNAs. Taking into consideration that miRNAs act on many 

targets, these data may represent one piece of the puzzle. 

Coincidentally, the additive effect on proliferation when inhibiting p38 shows that this 

pathway is most likely not involved. Furthermore, it indicates that the miRNAs have not 

led to the cells reaching a maximum of proliferation, meaning that additive effects 

would likely have been visible, if they had been present. 

The treatment with chemical inhibitors further confirmed the above finding of the 

involvement of mTOR, as rapamycin was able to partially inhibit the proliferation 

increase induced by miR-523-3p, miR-639 and let-7i-3p. The use of chemical inhibitors 

brings with it several challenges, as they tend to become unspecific at high doses. To 

counteract this, two doses were used for each inhibitor, to investigate a range of action 

for each compound. 

Collectively, the data obtained indicate that the selected miRNAs require the activation 

of mTOR and Yap to successfully rescue replication in senescent cells. In addition, it is 

probable that the miRNAs act on a pathway closely linked to p21, as an siRNA 

targeting p21 did not increase the effect of the miRNAs beyond its effect when 

transfected alone.  

5.4.3 Protein Changes are Consistent with Previous Results 

In order to fully appreciate the effect of the miRNAs on replicatively senescent cells, it 

is insufficient to examine solely the impact on EdU incorporation or on mRNA 

expression, as was done using RNAseq. Therefore, the key effectors of senescence as 

well as the key players of the mTOR pathway were investigated on protein level using 

Western blots. As was shown in the results section, p21 was strongly downregulated by 

both miR-523-3p and miR-639, while being more subtly influenced through the 
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transfection of let-7i-3p. All three miRNAs were able to increase expression of cyclin 

A, a protein known to be sequestered by p21 (Harper et al., 1993), and which has been 

shown to be needed both for DNA replication (Girard et al., 1991), as well as for the 

coordination of events up to the late G2 phase (De Boer et al., 2008). The reduction in 

cyclin D1 could be explained by studies showing an accumulation of this cyclin during 

senescence due to its association with p21 (Duli et al., 1993; Alt et al., 2002). 

5.4.4 The Possible Role of mTOR  

Many of the results point to the possible role of mTOR in the proliferation observed 

following miRNA transfection of replicatively senescent WI-38 cells. Firstly, a mild 

increase in AKT phosphorylation (Thr308) was observed. The active AKT protein is 

linked to many cellular pathways and generally acts pro-proliferatively, in part by 

activating mTOR. As discussed in section 5.3.3, it was recently shown that mTOR 

activation persists in senescent cells (Laberge et al., 2015); the data presented in this 

Thesis support this finding. Despite serum starvation of replicatively senescent cells, a 

strong basal activation of both the S6 ribosomal protein as well as the corresponding S6 

kinase was observed. 

Looking in more detail at the activation of mTOR in a starvation context, miR-639 and 

let-7i-3p appear to slightly increase this activation, while miR-523 reduces it. 

Importantly, the miRNA-driven increase in mTOR activation was only visibe when 

cells had undergone starvation to decrease basal mTOR activity. Therefore, while the 

miRNAs appear to increase mTOR activity, this might not be the driving force for 

proliferation in a context including sufficient growth factor stimulation. This could 

therefore indicate that, while the miRNAs have the ability to increase mTOR, they are 

potentially simply removing a cell cycle block which is holding mTOR back from fully 
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carrying out its pro-proliferative function. Due to a lack of biological replicates, these 

results require further investigation. 

A clear overview of the signaling pathways involving mTOR are given by Laplante 

(Laplante and Sabatini, 2009). It is possible that the miRNAs target some inhibitors of 

mTOR and thereby increase its activation, even if no obvious inhibitor among those that 

are known was seen to be downregulated in the RNAseq analysis.  

5.5 RNA Sequencing Analysis and Bioinformatic Analysis 

RNAseq was used to further investigate the molecular action of the three top miRNAs. 

By looking at downregulated genes, the identification of potential miRNA targets was 

attempted, while upregulated genes served to identify the activation of specific pro-

proliferative pathways. Several limitations exist when using RNAseq following miRNA 

transfection. Foremost, it is difficult to determine the time point at which samples 

should be analysed post-transfection. In order to avoid collecting secondary and tertiary 

effects an early time point might be considered beneficial, but, inversely, this could 

impact the extent to which the miRNA was able to influence the cellular machinery. For 

this reason, the sequenced samples were harvested with the same timing used in the 

initial screening, to ensure that the cells would be at a sufficiently high rate of 

proliferation.  

Furthermore, the bioinformatic analysis of RNAseq data is not without difficulties. 

While the alignment tool can influence data interpretation, setting thresholds for 

significance is important in order to correctly identify relevant gene expression changes. 

A great indication that the RNA sequencing was successful was the observation that the 

proliferating cells and the miRNA-treated cells all had highly increased expression of 

genes involved in the cell cycle, as well as greatly decreased expression of CDKN1A. 
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In order to identify targets, genes highly downregulated by the miRNA transfection 

were chosen for further investigation. In this process, it was considered unimportant 

whether these genes were expressed to a lower degree in proliferating cells when 

compared to replicative senescence cells. The rationale for this was the consideration 

that replicatively senescent cells must activate and downregulate a variety of gene 

programs that may play a different role in lower passage cells, in order to reinitiate 

proliferation. Therefore, unique gene programs would have to be activated in order to 

overcome senescence, rather than simply resembling lower passage cells. 

5.5.1 SiRNA Cherrypicking to Identify Possible MiRNA Targets 

The cherrypicking of siRNAs against downregulated mRNAs was performed with an 

aim to identify potential miRNA targets that mediated the pro-proliferative effect. This 

experiment was performed using pools of four single siRNA strands to downregulate 

each gene. One of the cherrypicked siRNA pools that confirmed this effect was that 

targeting p21, which emerged as the second strongest siRNA pool for proliferation 

induction. Stronger than this was the pool of siRNAs targeting GRIN3B. The selection 

of p21 siRNA in this approach supports the probable scenario that the miRNAs are 

targeting p21 to induce a proliferation increase. 

5.5.1.1 GRIN3B as a Putative Target of Anti-senescent MiRNAs 

As mentioned above in the results, GRIN3B codes for the protein NR3B, which is a 

dominant negative subunit of the NMDA receptor (Andersson et al., 2001). NMDA 

receptors (NMDARs) are formed using the subunits NR1 and NR2 and are subsequently 

activated by glycine and glutamate; they are permeable to calcium, potassium and 

sodium ions depending on the surrounding pH. The NR3B subunit however, makes the 

channel less permeable to calcium (Matsuda et al., 2002). A reduction of GRIN3B using 
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RNAi may hypothetically increase calcium flux into the cell, which has been shown to 

facilitate proliferation (Kamal et al., 2015). 

While NMDAR genes are generally transcribed in neurons, expression has been 

reported also in other tissues, such as several cancer cell lines and human skin 

fibroblasts (Stepulak et al., 2009). However, as the various other subunits of NMDARs 

appear to not be expressed in WI-38 fibroblasts when analysing the RNAseq data, 

GRIN3B may be playing a unique role independent of its function as an NMDAR 

subunit. 

When the anti-GRIN3B siRNA pool, which increased cell proliferation, was 

deconvoluted, two out of four individual siRNAs increased proliferation. There are no 

clearly defined guidelines for identifying false positive siRNA hits, and it is difficult to 

determine the validity of this potential target. Logically, and as could be seen in the 

initial miRNA screening results, it is much easier to induce a cell to stop proliferating 

than it is to make a cell proliferate. Therefore, an siRNA with an off-target effect which 

perturbs cellular function could easily block proliferation. Inversely, inadvertently 

causing a cell to overcome senescence is a much more precise and unlikely event. This 

makes it a possibility that the two siRNAs which increase proliferation show the true 

effect of GRIN3B downregulation, while the other siRNAs have off-target effects which 

cause a loss of proliferation.  

In the unlikely situation that both of the functional siRNAs induce proliferation solely 

due to off-target effects, it still remains remarkable that a single RNA sequence can 

increase proliferation to the same extent as an siRNA targeting p21, and to the same 

extent as the selected miRNAs. Presuming that an off-target effect could be responsible 

for the rescue of the senescent phenotype in WI-38 cells, the NCBI Nucleotide Blast 

search engine was used to determine possible off-target hits. The top potential off-target 
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hit of the siRNA sequence 4 with incomplete binding is MAFG, a transcription factor 

linked to fibrosarcoma (as annotated by the genecards database), but without published 

evidence of a link with proliferation. Crossing the list of potential off-targets with the 

corresponding regulation of those genes in the RNAseq data from miRNA-treated WI-

38 cells, reveals a single gene which is downregulated by the miRNAs. This is 

FAM127C, which thus is a potential off-target and was decreased by miR-523-3p and 

miR-639 in respect to untreated senescent cells in the RNAseq analysis (log2 fold 

change of -0.85 and -1.12, respectively). In future this could be a further potential link 

to pursue.  

If the proliferation increase is due to a reduction in cellular GRIN3B mRNA expression, 

several hypotheses will need to be investigated to determine the role of this NMDAR 

subunit in proliferation. Using NMDAR agonists and antagonists is one possible 

approach to identifying the role of NR3B in the miRNA induced proliferation of 

senescent WI-38 fibroblasts. Further, it will be important to investigate the calcium flux 

of the cells and determine whether the selected miRNAs modify cellular calcium levels.  

In conclusion, further experiments are required to elucidate whether GRIN3B plays a 

role in the anti-senescent mechanism of the selected miRNAs. 

5.6 Effect of MiR-523-3p and Let-7i-3p Mimics In Vivo 

The preliminary experiments performed in vivo demonstrate that miRNA mimics can be 

injected intramuscularly, after formulation with synthetic lipids, and that they can 

persist in the injected tissue for several days. Analysis of efficacy of miR-523-3p and 

let-7i-3p in a muscle damage model in a small number of animals did not reveal a 

specific effect of these miRNAs on the dynamics of muscle repair at a time point of 5 

days. There are many possible explanations for these apparently negative results in 
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vivo. Firstly, timing of injection (2 days before damage) might have been inappropriate, 

since damage itself may have eliminated a vast proportion of miRNA-injected fibres. 

Second, small sample size limited the ability to discern subtle effects. Third, delivery 

using lipids might not have been optimal to allow the miRNAs to reach the cytoplasm 

of the injected cells. The persistence of miRNAs in the tissue for at least five days after 

injection is not necessarily proof that they are able to act on the cell, as they may be 

stored in cellular degradative compartments such as lysosomes. Future experiments will 

be designed to specifically test these possibilities. Furthermore, it will be important to 

also test a later time point, in order to examine the progress of regeneration when the 

tissue has had time to recover from acute damage. 

In addition, we will also consider more effective manners for miRNA delivery to the 

skeletal muscle. For this purpose, embedding the pre-miRNA sequence in the context of 

AAV9, which shows exquisite tropism for muscle fibres (Ruozi et al., 2015), are an 

obvious option to achieve prolonged expression over time. AAV vectors, however, do 

not target muscle satellite cells and thus their action would be restricted to regenerating 

fibres. Conjugation of miRNA mimics with dendrimers or cationic peptides are 

alternative possibilities for more efficient and sustained naked miRNA mimic delivery 

(Zhou et al., 2016). Finally, miRNA mimics can be modified in their passenger strand 

with the inclusion of chemical modifications to avoid their degradation and thus extend 

their persistence in the tissue; these stabilised nucleotides are referred to as locked 

nucleic acids (Koshkin et al., 1998). Future experiments will be tailored to address these 

possibilities. 

5.7 Concluding Remarks 

The miRNAs that emerged from the initial high throughput screening and were the 

focus of this Thesis were miR-523-3p, miR-639 and let-7i-3p. All three miRNAs 
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decreased p21, p16, SA-beta-gal staining, and increased proliferation of replicatively 

senescent fibroblasts both in the presence and absence of exogenous growth factors. The 

effect of all three miRNAs was diminished when combined with siRNAs or chemical 

inhibitors targeting the mTOR pathway. Uniquely, miR-639 increased expression and 

secretion of IL-6 and IL-8, and showed upregulation of other interleukins in the 

RNAseq data. 

It appears that the inhibition of p21 expression, which is a direct effect of all three 

miRNAs as concluded from the 3’UTR luciferase experiments, is a major determinant 

of their pro-proliferative effect. Indeed, this would remove a major cell cycle block that 

is well known to be active in senescent cells. The role of p21 in this setting is also 

consistent with the phenotype observed by directly using an anti-p21 siRNA. Assuming 

a strong basal activation of mTOR during senescence, as demonstrated in this Thesis, 

removing the p21 cell cycle block could release the pro-proliferative drive of mTOR. 

This conclusion is perfectly consistent with the observed effects of siRNAs against both 

Rictor and Raptor, as well as the effect of rapamycin. 

A probable explanation for the increased IL-6 and IL-8 secretion induced by miR-639 is 

the strong link between mTOR and SASP production. It was shown that mTOR 

regulates the SASP by increasing MAPKAPK2 translation (Herranz et al., 2015). 

Further, it was demonstrated that mTOR drives IL-1a expression, which in turn 

activates NF-κB and leads to a positive feedback loop (Laberge et al., 2015). Both of 

these pathways explain how an active mTOR pathway could lead to increased SASP 

component expression. However, this was the case only for one of the selected 

miRNAs. The mechanism allowing for mTOR activation, cell cycle block release and a 

simultaneous decrease in SASP components remains to be unraveled. It may indicate 
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that the reversal of senescence achieved by miR-523-3p and let-7i-3p is more complete, 

by influencing other pathways leading to a decrease in SASP expression. 

An additional siRNA which demonstrated the ability to reduce the miRNA induced 

rescue of proliferation was one against Yap. In this context, is has been reported that 

Yap is able to downregulate PTEN, a negative regulator of mTOR, providing a possible 

link between the two pathways (Csibi and Blenis, 2012).  

It has yet to be confirmed whether GRIN3B is a true target of the selected miRNAs, and 

if so it will be necessary to determine the pathways through which it is involved in 

inducing proliferation. Interestingly, several publications have demonstrated a link 

between NMDA receptors and the mTOR pathway. For example, it was shown that 

NMDARs act through mTOR to induce dendritic protein synthesis in neurons (Gong et 

al., 2006). Further, it has been shown that NMDARs activate PI3K, leading to the 

activation of PDK1, AKT and eventually mTOR (Costa-Mattioli and Monteggia, 2013). 

Definition of these pathways will obviously await a better characterisation of the effects 

of GRIN3B knock-down on senescent cell proliferation. 
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7 Appendix I  

Appendix I shows the average results of the two replicates of the miRNA screening 

using replicatively senescent WI-38 fibroblasts. The columns show the miRNA ID, the 

average cell number, the average percentage of cells which have incorporated EdU, the 

average percentage of cells that scored p21 positive, and finally the fold change in EdU 

incorporation normalised to mimic1 treated cells. The main controls of the screening are 

shown at the top, the miRNAs are ranked in descending order by EdU incorporation. 

miRNA 
Cell 
Nr % EdU % p21 

Fold 
EdU 

empty 138 12.11 7.58 1.25 

mimic1 141 9.67 10.41 1.00 

si-p53 209 25.41 0.29 2.63 

miR-34a 83 0.15 19.92 0.02 

hsa-miR-523 300 41.12 0.96 4.25 

hsa-miR-1227 280 38.62 1.65 3.99 

hsa-miR-1265 267 37.37 5.26 3.86 

hsa-miR-639 278 34.41 0.29 3.56 

hsa-miR-515-3p 261 33.28 0.51 3.44 

hsa-miR-423-5p 268 29.96 0.62 3.10 

hsa-miR-663 293 29.03 10.90 3.00 

hsa-miR-1202 274 28.65 3.14 2.96 

hsa-miR-339-3p 284 28.60 2.52 2.96 

hsa-miR-302d 260 28.25 2.71 2.92 

hsa-miR-520g 264 27.60 2.85 2.85 

hsa-miR-1224-3p 310 27.02 5.32 2.79 

hsa-miR-33b* 269 26.67 0.76 2.76 

hsa-miR-302c 273 26.16 2.42 2.70 

hsa-let-7i* 321 25.93 3.86 2.68 

hsa-miR-1225-3p 280 25.44 5.06 2.63 

hsa-miR-519d 280 24.55 1.85 2.54 

hsa-miR-937 280 24.38 6.58 2.52 

hsa-miR-302a 264 24.34 2.11 2.52 

hsa-miR-519e 256 24.26 2.17 2.51 

hsa-miR-302b 263 23.82 2.81 2.46 

hsa-miR-455-5p 288 23.71 4.86 2.45 

hsa-miR-373 251 22.97 2.97 2.37 

hsa-miR-520c-3p 245 22.83 1.95 2.36 

hsa-miR-302e 272 22.80 3.08 2.36 

hsa-miR-575 233 22.55 6.24 2.33 

hsa-miR-519b-3p 272 21.68 3.75 2.24 

hsa-miR-520a-3p 252 21.38 1.96 2.21 

hsa-miR-152 276 21.32 4.66 2.20 

hsa-miR-602 275 21.07 4.51 2.18 

hsa-miR-191* 290 21.07 10.83 2.18 

hsa-miR-1913 270 21.02 9.99 2.17 

hsa-miR-371-3p 278 21.01 0.82 2.17 

hsa-miR-520h 255 20.92 3.12 2.16 

hsa-miR-708 231 20.29 4.14 2.10 

hsa-miR-148a 280 20.21 2.20 2.09 

hsa-miR-92b* 280 20.07 9.44 2.08 

hsa-miR-532-3p 275 19.60 7.22 2.03 

hsa-miR-151-5p 255 19.14 1.86 1.98 

hsa-miR-520b 260 19.11 10.06 1.98 

hsa-miR-106b 269 18.78 7.09 1.94 

hsa-miR-106a 270 18.69 2.99 1.93 

hsa-miR-652 260 18.67 10.91 1.93 

hsa-miR-877 258 18.63 0.91 1.93 

hsa-miR-28-5p 237 18.34 3.41 1.90 

hsa-miR-372 261 18.25 2.56 1.89 

hsa-miR-520e 262 18.25 2.77 1.89 

hsa-miR-873 298 18.16 13.55 1.88 

hsa-miR-425 266 18.12 11.56 1.87 

hsa-miR-526b* 279 18.02 3.67 1.86 

hsa-miR-20a 271 17.89 3.37 1.85 

hsa-miR-187 261 17.66 14.90 1.83 

hsa-miR-519c-3p 276 17.48 3.82 1.81 

hsa-miR-345 270 17.47 0.85 1.81 

hsa-miR-1825 292 17.44 3.00 1.80 

hsa-miR-20b 271 17.36 0.97 1.79 

hsa-miR-933 300 17.34 14.38 1.79 

hsa-miR-153 268 17.19 15.67 1.78 

hsa-miR-548b-3p 261 16.87 9.86 1.74 

hsa-miR-519a 293 16.76 2.82 1.73 

hsa-miR-17 260 16.73 3.53 1.73 
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hsa-miR-521 278 16.58 6.38 1.71 

hsa-miR-516a-5p 271 16.49 11.75 1.70 

hsa-miR-939 274 16.36 2.13 1.69 

hsa-miR-1914* 263 16.30 15.50 1.69 

hsa-miR-148b 284 16.01 2.65 1.65 

hsa-miR-520d-3p 260 15.88 8.83 1.64 

hsa-miR-454* 259 15.79 12.02 1.63 

hsa-miR-615-5p 258 15.78 12.08 1.63 

hsa-miR-1268 280 15.69 14.45 1.62 

hsa-miR-132 251 15.65 7.36 1.62 

hsa-miR-220a 264 15.63 14.46 1.62 

hsa-miR-615-3p 267 15.53 5.73 1.61 

hsa-miR-16-1* 266 15.43 2.79 1.60 

hsa-miR-484 250 15.38 9.34 1.59 

hsa-miR-576-3p 242 15.27 1.66 1.58 

hsa-miR-891a 270 15.02 13.15 1.55 

hsa-miR-302a* 288 14.98 7.35 1.55 

hsa-miR-125a-5p 275 14.95 1.19 1.55 

hsa-miR-93 272 14.49 2.40 1.50 

hsa-miR-548b-5p 264 14.41 21.52 1.49 

hsa-miR-638 275 14.39 8.62 1.49 

hsa-miR-545* 256 14.34 8.72 1.48 

hsa-miR-548c-5p 263 14.27 16.12 1.48 

hsa-miR-181a-2* 263 14.27 9.33 1.48 

hsa-miR-566 257 14.24 11.59 1.47 

hsa-miR-199a-5p 280 14.03 3.35 1.45 

hsa-miR-1229 263 13.90 9.46 1.44 

hsa-miR-1471 258 13.85 9.77 1.43 

hsa-miR-662 279 13.85 8.74 1.43 

hsa-miR-649 269 13.83 6.67 1.43 

hsa-miR-143 257 13.79 7.62 1.43 

hsa-miR-1233 262 13.74 18.95 1.42 

hsa-miR-298 268 13.58 1.40 1.40 

hsa-miR-577 250 13.58 21.68 1.40 

hsa-miR-150 262 13.53 13.42 1.40 

hsa-miR-1185 211 13.51 25.22 1.40 

hsa-miR-149* 257 13.47 0.77 1.39 

hsa-miR-374a 262 13.38 21.57 1.38 

hsa-miR-574-3p 281 13.25 7.50 1.37 

hsa-miR-520f 243 13.21 2.46 1.37 

hsa-miR-1228* 260 13.19 15.36 1.36 

hsa-miR-512-5p 248 13.12 1.19 1.36 

hsa-miR-29c* 266 13.04 45.93 1.35 

hsa-miR-1286 273 13.02 2.87 1.35 

hsa-miR-493* 273 12.89 3.90 1.33 

hsa-miR-641 268 12.88 6.75 1.33 

hsa-miR-548a-5p 272 12.85 9.03 1.33 

hsa-miR-423-3p 279 12.84 1.80 1.33 

hsa-miR-451 252 12.63 8.64 1.31 

hsa-miR-875-3p 266 12.61 14.01 1.30 

hsa-miR-151-3p 267 12.59 2.04 1.30 

hsa-miR-302d* 269 12.52 12.21 1.29 

hsa-miR-188-3p 263 12.48 5.84 1.29 

hsa-miR-581 276 12.44 14.99 1.29 

hsa-miR-548g 275 12.39 11.54 1.28 

hsa-miR-365* 279 12.37 5.39 1.28 

hsa-miR-657 263 12.32 0.33 1.27 

hsa-miR-504 277 12.24 0.93 1.27 

hsa-miR-1255a 254 12.12 7.43 1.25 

hsa-miR-767-3p 276 12.02 5.62 1.24 

hsa-miR-1247 264 11.99 4.49 1.24 

hsa-miR-212 255 11.99 9.85 1.24 

hsa-miR-597 269 11.99 6.77 1.24 

hsa-miR-518e 276 11.95 9.64 1.24 

hsa-miR-505* 253 11.92 6.00 1.23 

hsa-miR-548i 259 11.90 17.60 1.23 

hsa-miR-302c* 266 11.85 5.13 1.23 

hsa-miR-1248 265 11.61 2.51 1.20 

hsa-miR-331-5p 246 11.57 8.36 1.20 

hsa-miR-1181 263 11.50 24.44 1.19 

hsa-miR-379 254 11.43 8.55 1.18 

hsa-miR-1225-5p 275 11.42 6.46 1.18 

hsa-miR-636 273 11.37 2.59 1.18 

hsa-miR-941 269 11.31 14.47 1.17 

hsa-miR-1538 252 11.25 22.38 1.16 

hsa-miR-20a* 267 11.22 7.05 1.16 

hsa-miR-139-5p 278 11.10 7.23 1.15 

hsa-miR-590-3p 268 11.08 8.33 1.15 

hsa-miR-1279 255 11.03 20.69 1.14 

hsa-miR-302b* 270 11.00 4.26 1.14 

hsa-miR-384 255 10.94 12.49 1.13 

hsa-miR-105* 267 10.93 1.80 1.13 

hsa-miR-548d-5p 293 10.92 10.58 1.13 

hsa-miR-1283 266 10.92 11.18 1.13 

hsa-miR-517* 256 10.91 6.49 1.13 

hsa-miR-551b 268 10.87 1.64 1.12 

hsa-miR-324-5p 266 10.83 10.30 1.12 

hsa-miR-1539 273 10.82 12.09 1.12 

hsa-miR-607 261 10.79 8.94 1.12 

hsa-miR-369-3p 263 10.74 6.90 1.11 

hsa-miR-551a 277 10.70 1.67 1.11 

hsa-miR-1234 261 10.68 7.93 1.10 

hsa-miR-768-5p 250 10.67 2.85 1.10 

hsa-miR-616* 262 10.64 10.53 1.10 

hsa-miR-1182 269 10.63 11.50 1.10 

hsa-miR-328 273 10.51 2.28 1.09 

hsa-miR-1260 282 10.34 6.87 1.07 

hsa-miR-142-5p 253 10.18 9.62 1.05 
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hsa-miR-196b 262 10.16 4.97 1.05 

hsa-miR-146a* 254 10.12 11.17 1.05 

hsa-miR-1255b 244 10.12 2.39 1.05 

hsa-miR-186* 256 10.11 6.27 1.05 

hsa-miR-195* 293 10.08 6.58 1.04 

hsa-miR-663b 263 9.97 8.38 1.03 

hsa-miR-300 272 9.96 11.41 1.03 

hsa-miR-21* 273 9.95 6.40 1.03 

hsa-miR-1280 274 9.95 2.19 1.03 

hsa-miR-487b 261 9.92 4.76 1.03 

hsa-miR-1910 262 9.90 4.75 1.02 

hsa-miR-611 282 9.88 6.86 1.02 

hsa-miR-23b 269 9.87 11.38 1.02 

hsa-let-7c 240 9.86 9.50 1.02 

hsa-miR-920 267 9.85 10.44 1.02 

hsa-miR-1292 262 9.72 8.63 1.01 

hsa-miR-134 272 9.58 9.29 0.99 

hsa-miR-553 277 9.53 22.05 0.98 

hsa-miR-23a* 269 9.53 9.41 0.98 

hsa-miR-559 253 9.44 14.48 0.98 

hsa-miR-136 262 9.39 10.72 0.97 

hsa-miR-122* 267 9.38 12.40 0.97 

hsa-miR-1915 267 9.28 7.50 0.96 

hsa-miR-548j 277 9.28 12.00 0.96 

hsa-miR-373* 293 9.21 13.48 0.95 

hsa-miR-411* 261 9.17 7.78 0.95 

hsa-miR-548h 262 9.16 15.14 0.95 

hsa-miR-29a* 272 9.10 9.85 0.94 

hsa-miR-518a-3p 263 9.06 19.82 0.94 

hsa-miR-1284 266 9.05 13.45 0.94 

hsa-miR-500 259 9.05 10.71 0.94 

hsa-miR-516-3p 264 9.05 1.52 0.94 

hsa-miR-1537 255 9.01 11.75 0.93 

hsa-miR-2054 240 8.95 7.86 0.93 

hsa-miR-296-5p 261 8.91 6.74 0.92 

hsa-miR-568 261 8.88 10.84 0.92 

hsa-miR-936 270 8.83 3.58 0.91 

hsa-miR-200a* 267 8.81 4.13 0.91 

hsa-miR-193a-5p 276 8.75 5.43 0.91 

hsa-miR-216b 272 8.74 9.86 0.90 

hsa-miR-587 262 8.73 10.67 0.90 

hsa-miR-592 274 8.70 10.00 0.90 

hsa-let-7b 247 8.69 9.46 0.90 

hsa-miR-2052 275 8.69 11.93 0.90 

hsa-miR-23a 292 8.65 8.35 0.89 

hsa-miR-196a 257 8.61 2.90 0.89 

hsa-miR-1978 278 8.60 10.40 0.89 

hsa-miR-219-5p 259 8.53 23.97 0.88 

hsa-miR-1203 266 8.49 19.46 0.88 

hsa-miR-545 252 8.47 11.47 0.88 

hsa-miR-1267 263 8.46 14.06 0.87 

hsa-miR-599 268 8.44 10.72 0.87 

hsa-miR-422a 243 8.40 6.90 0.87 

hsa-miR-1277 268 8.40 7.39 0.87 

hsa-miR-548p 266 8.39 13.70 0.87 

hsa-miR-376c 259 8.38 32.77 0.87 

hsa-miR-140-3p 263 8.36 7.91 0.86 

hsa-miR-379* 272 8.34 13.57 0.86 

hsa-miR-105 259 8.33 0.60 0.86 

hsa-miR-130a* 272 8.25 9.85 0.85 

hsa-miR-769-5p 254 8.15 3.20 0.84 

hsa-miR-26a-2* 259 8.13 9.65 0.84 

hsa-miR-758 285 8.00 4.61 0.83 

hsa-miR-210 277 7.98 9.82 0.83 

hsa-miR-450a 264 7.96 5.02 0.82 

hsa-miR-147b 275 7.83 3.42 0.81 

hsa-miR-1468 264 7.81 15.36 0.81 

hsa-miR-1249 270 7.81 20.48 0.81 

hsa-miR-664 258 7.78 8.74 0.80 

hsa-miR-1909* 264 7.77 2.68 0.80 

hsa-miR-199b-5p 285 7.76 12.46 0.80 

hsa-miR-643 268 7.60 8.09 0.79 

hsa-let-7f 245 7.59 23.23 0.78 

hsa-miR-1470 263 7.57 2.58 0.78 

hsa-miR-141 266 7.56 4.01 0.78 

hsa-miR-26b 265 7.52 3.90 0.78 

hsa-miR-668 273 7.47 3.39 0.77 

hsa-miR-28-3p 271 7.44 15.11 0.77 

hsa-miR-576-5p 250 7.42 8.53 0.77 

hsa-miR-548o 257 7.40 12.46 0.77 

hsa-miR-374a* 248 7.37 13.94 0.76 

hsa-miR-18b* 278 7.30 10.19 0.75 

hsa-miR-518c* 274 7.28 10.64 0.75 

hsa-miR-202* 257 7.27 8.60 0.75 

hsa-miR-449b* 267 7.23 7.17 0.75 

hsa-miR-130b 270 7.18 3.02 0.74 

hsa-miR-1276 232 7.18 3.01 0.74 

hsa-let-7g 249 7.16 5.74 0.74 

hsa-miR-1226 245 7.16 15.74 0.74 

hsa-miR-548n 276 7.10 9.95 0.73 

hsa-miR-361-3p 269 7.09 7.08 0.73 

hsa-miR-193b* 265 7.09 9.07 0.73 

hsa-miR-922 247 7.07 13.13 0.73 

hsa-miR-202 243 7.04 5.02 0.73 

hsa-miR-125b 284 7.00 3.19 0.72 

hsa-let-7a 245 6.99 9.77 0.72 

hsa-miR-1228 261 6.75 11.10 0.70 

hsa-miR-572 286 6.74 11.81 0.70 
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hsa-miR-886-5p 262 6.70 16.36 0.69 

hsa-miR-651 259 6.67 16.41 0.69 

hsa-miR-629* 268 6.66 5.99 0.69 

hsa-miR-30c 270 6.63 7.60 0.69 

hsa-miR-600 244 6.62 9.52 0.68 

hsa-miR-542-5p 268 6.62 24.66 0.68 

hsa-miR-2113 277 6.56 3.82 0.68 

hsa-miR-1246 282 6.56 16.23 0.68 

hsa-miR-425* 269 6.54 4.97 0.68 

hsa-let-7e 240 6.53 23.50 0.68 

hsa-miR-335 271 6.51 11.05 0.67 

hsa-miR-548l 274 6.48 17.98 0.67 

hsa-miR-200b* 262 6.48 7.08 0.67 

hsa-miR-30d 264 6.44 6.85 0.67 

hsa-miR-671-3p 269 6.42 2.57 0.66 

hsa-miR-186 271 6.41 5.91 0.66 

hsa-miR-1252 257 6.41 6.87 0.66 

hsa-let-7i 244 6.38 7.40 0.66 

hsa-miR-518f 265 6.37 27.24 0.66 

hsa-miR-342-3p 261 6.36 8.98 0.66 

hsa-miR-200a 266 6.36 5.56 0.66 

hsa-miR-20b* 271 6.32 10.10 0.65 

hsa-miR-488* 275 6.25 8.09 0.65 

hsa-miR-98 266 6.23 12.05 0.64 

hsa-miR-548d-3p 269 6.20 3.99 0.64 

hsa-miR-1224-5p 259 6.19 7.27 0.64 

hsa-miR-135a* 257 6.15 7.40 0.64 

hsa-miR-1253 270 6.14 15.47 0.64 

hsa-miR-452 287 6.13 9.10 0.63 

hsa-miR-1297 291 6.11 3.11 0.63 

hsa-miR-204 255 6.10 19.43 0.63 

hsa-miR-128 256 6.06 5.92 0.63 

hsa-miR-642 269 6.01 26.84 0.62 

hsa-miR-625* 262 6.01 20.31 0.62 

hsa-miR-381 270 6.00 14.60 0.62 

hsa-miR-490-3p 257 5.98 8.45 0.62 

hsa-miR-31* 233 5.97 32.45 0.62 

hsa-miR-1974 268 5.94 32.33 0.61 

hsa-miR-767-5p 276 5.91 12.29 0.61 

hsa-miR-543 255 5.88 12.24 0.61 

hsa-miR-374b 263 5.77 7.55 0.60 

hsa-miR-222* 265 5.73 5.64 0.59 

hsa-miR-608 256 5.73 1.71 0.59 

hsa-miR-517c 263 5.69 6.60 0.59 

hsa-miR-616 247 5.68 7.44 0.59 

hsa-miR-601 280 5.62 17.88 0.58 

hsa-miR-410 253 5.61 6.20 0.58 

hsa-miR-337-5p 277 5.60 14.98 0.58 

hsa-miR-656 237 5.56 15.88 0.57 

hsa-miR-1908 265 5.54 15.57 0.57 

hsa-miR-517a 256 5.50 6.13 0.57 

hsa-miR-125b-1* 263 5.50 11.23 0.57 

hsa-miR-512-3p 262 5.47 2.69 0.57 

hsa-miR-380 270 5.46 9.37 0.56 

hsa-miR-518d-3p 260 5.46 37.53 0.56 

hsa-miR-181b 239 5.46 30.47 0.56 

hsa-miR-801 290 5.44 14.84 0.56 

hsa-miR-184 252 5.43 17.70 0.56 

hsa-miR-142-3p 237 5.41 9.55 0.56 

hsa-miR-1207-5p 253 5.35 1.17 0.55 

hsa-miR-126* 255 5.32 9.06 0.55 

hsa-miR-224 246 5.26 1.07 0.54 

hsa-miR-214 253 5.23 19.26 0.54 

hsa-miR-296-3p 253 5.23 4.13 0.54 

hsa-miR-448 262 5.18 19.60 0.54 

hsa-miR-1973 277 5.18 3.58 0.54 

hsa-miR-1285 275 5.18 1.33 0.54 

hsa-miR-211 262 5.17 12.75 0.53 

hsa-miR-1977 266 5.17 2.40 0.53 

hsa-miR-421 270 5.04 12.98 0.52 

hsa-miR-431 256 5.01 19.80 0.52 

hsa-miR-518c 258 5.00 29.63 0.52 

hsa-miR-525-3p 257 4.99 11.42 0.52 

hsa-miR-325 252 4.97 25.20 0.51 

hsa-miR-501-5p 262 4.94 6.82 0.51 

hsa-miR-591 263 4.93 9.09 0.51 

hsa-let-7d 220 4.92 17.48 0.51 

hsa-miR-518b 292 4.89 26.36 0.51 

hsa-miR-551b* 267 4.88 6.33 0.50 

hsa-miR-198 259 4.82 12.94 0.50 

hsa-miR-181c* 263 4.81 1.77 0.50 

hsa-miR-130a 277 4.80 2.41 0.50 

hsa-miR-1197 254 4.78 14.46 0.49 

hsa-miR-1321 227 4.78 3.68 0.49 

hsa-miR-26a-1* 253 4.77 5.25 0.49 

hsa-miR-769-3p 263 4.74 5.94 0.49 

hsa-miR-100 256 4.72 21.16 0.49 

hsa-miR-770-5p 273 4.72 10.47 0.49 

hsa-miR-453 252 4.71 24.89 0.49 

hsa-miR-15b* 242 4.70 2.01 0.49 

hsa-miR-99b 258 4.70 26.15 0.49 

hsa-miR-628-3p 256 4.69 2.77 0.49 

hsa-miR-99a 264 4.69 18.11 0.48 

hsa-miR-520a-5p 259 4.68 3.23 0.48 

hsa-let-7c* 255 4.67 15.13 0.48 

hsa-miR-633 273 4.65 5.09 0.48 

hsa-miR-331-3p 266 4.63 5.95 0.48 

hsa-miR-541* 259 4.61 7.46 0.48 
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hsa-miR-30b 260 4.59 17.92 0.47 

hsa-miR-548c-3p 248 4.59 9.11 0.47 

hsa-miR-1258 266 4.58 17.65 0.47 

hsa-miR-205* 254 4.58 0.34 0.47 

hsa-miR-539 256 4.58 14.26 0.47 

hsa-miR-371-5p 278 4.52 5.43 0.47 

hsa-miR-595 240 4.50 4.56 0.47 

hsa-miR-19a* 271 4.50 10.59 0.47 

hsa-miR-486-5p 244 4.50 9.70 0.46 

hsa-miR-548e 277 4.49 7.96 0.46 

hsa-miR-301b 274 4.48 5.26 0.46 

hsa-miR-30a 262 4.47 12.31 0.46 

hsa-miR-548f 252 4.45 9.41 0.46 

hsa-miR-181a* 255 4.45 11.15 0.46 

hsa-miR-658 266 4.40 9.28 0.46 

hsa-miR-218 277 4.40 8.15 0.45 

hsa-miR-485-5p 258 4.39 3.94 0.45 

hsa-miR-340* 259 4.37 13.94 0.45 

hsa-miR-1264 248 4.35 4.30 0.45 

hsa-miR-30e* 302 4.34 2.05 0.45 

hsa-miR-188-5p 248 4.31 33.03 0.45 

hsa-miR-29b-1* 269 4.28 3.95 0.44 

hsa-miR-26a 261 4.27 1.87 0.44 

hsa-miR-635 281 4.27 12.66 0.44 

hsa-miR-923 267 4.25 3.56 0.44 

hsa-miR-412 259 4.23 12.74 0.44 

hsa-miR-29b 287 4.21 8.26 0.44 

hsa-miR-1979 258 4.17 14.29 0.43 

hsa-miR-197 237 4.17 9.09 0.43 

hsa-miR-490-5p 269 4.15 5.92 0.43 

hsa-miR-1911* 233 4.14 15.60 0.43 

hsa-miR-943 274 4.11 6.57 0.43 

hsa-miR-1911 266 4.10 4.72 0.42 

hsa-miR-182 264 3.94 5.70 0.41 

hsa-miR-378 262 3.94 8.41 0.41 

hsa-miR-614 264 3.92 10.82 0.41 

hsa-miR-563 250 3.88 25.62 0.40 

hsa-miR-346 275 3.87 7.38 0.40 

hsa-miR-19a 272 3.85 7.22 0.40 

hsa-miR-337-3p 265 3.85 9.03 0.40 

hsa-miR-514 255 3.84 12.05 0.40 

hsa-miR-154 243 3.84 12.07 0.40 

hsa-miR-1183 269 3.83 9.74 0.40 

hsa-miR-525-5p 259 3.80 3.00 0.39 

hsa-miR-374b* 266 3.78 13.47 0.39 

hsa-miR-19b 273 3.76 5.52 0.39 

hsa-miR-146b-5p 264 3.75 7.69 0.39 

hsa-miR-320a 267 3.75 17.82 0.39 

hsa-miR-653 251 3.73 20.52 0.39 

hsa-miR-361-5p 267 3.66 29.97 0.38 

hsa-miR-217 264 3.66 4.38 0.38 

hsa-miR-30b* 263 3.65 0.88 0.38 

hsa-miR-891b 270 3.65 10.90 0.38 

hsa-miR-1226* 262 3.64 6.96 0.38 

hsa-miR-194 258 3.63 14.59 0.38 

hsa-miR-135b* 255 3.59 4.18 0.37 

hsa-miR-324-3p 292 3.59 8.46 0.37 

hsa-miR-2053 262 3.58 10.34 0.37 

hsa-miR-574-5p 266 3.54 2.67 0.37 

hsa-miR-1236 262 3.54 4.20 0.37 

hsa-miR-1281 262 3.53 7.94 0.37 

hsa-miR-889 254 3.52 4.57 0.36 

hsa-miR-582-5p 263 3.50 5.31 0.36 

hsa-miR-301a 276 3.48 12.26 0.36 

hsa-miR-125a-3p 273 3.48 9.94 0.36 

hsa-miR-29c 288 3.43 9.17 0.35 

hsa-miR-92a 296 3.41 12.88 0.35 

hsa-miR-149 258 3.40 19.74 0.35 

hsa-miR-30c-2* 256 3.37 10.43 0.35 

hsa-miR-675 262 3.36 11.36 0.35 

hsa-miR-454 275 3.35 4.01 0.35 

hsa-miR-665 255 3.33 0.37 0.34 

hsa-miR-7-2* 267 3.33 3.37 0.34 

hsa-miR-1296 252 3.31 10.12 0.34 

hsa-miR-549 261 3.29 10.63 0.34 

hsa-miR-24 272 3.27 9.00 0.34 

hsa-miR-1231 236 3.27 13.81 0.34 

hsa-miR-196b* 263 3.26 23.09 0.34 

hsa-miR-138-1* 266 3.26 5.16 0.34 

hsa-miR-589 259 3.24 18.65 0.34 

hsa-miR-132* 299 3.22 5.12 0.33 

hsa-miR-30e 290 3.22 11.07 0.33 

hsa-miR-455-3p 259 3.20 20.09 0.33 

hsa-miR-487a 234 3.20 16.98 0.33 

hsa-miR-626 241 3.18 14.05 0.33 

hsa-miR-33b 263 3.18 3.13 0.33 

hsa-miR-140-5p 262 3.17 5.48 0.33 

hsa-miR-505 247 3.16 18.54 0.33 

hsa-miR-19b-2* 269 3.13 12.94 0.32 

hsa-miR-647 271 3.10 20.06 0.32 

hsa-miR-30d* 269 3.08 2.42 0.32 

hsa-miR-376a 248 3.02 2.44 0.31 

hsa-miR-561 252 3.01 22.61 0.31 

hsa-miR-493 237 3.00 6.23 0.31 

hsa-miR-492 276 2.99 9.16 0.31 

hsa-miR-133b 294 2.96 4.51 0.31 

hsa-miR-708* 256 2.94 4.00 0.30 

hsa-miR-550 275 2.93 11.22 0.30 



Appendices 138 
 

hsa-miR-220c 247 2.91 6.74 0.30 

hsa-miR-720 262 2.90 8.18 0.30 

hsa-miR-7 248 2.89 30.42 0.30 

hsa-miR-200c 247 2.89 15.34 0.30 

hsa-miR-380* 231 2.89 22.65 0.30 

hsa-miR-133a 284 2.88 6.81 0.30 

hsa-miR-1308 280 2.86 17.02 0.30 

hsa-miR-29a 282 2.86 9.64 0.30 

hsa-miR-32* 256 2.84 7.24 0.29 

hsa-miR-562 270 2.84 2.02 0.29 

hsa-miR-510 248 2.83 8.26 0.29 

hsa-miR-593* 263 2.83 7.99 0.29 

hsa-miR-629 243 2.80 2.74 0.29 

hsa-miR-21 226 2.79 18.70 0.29 

hsa-miR-139-3p 258 2.77 17.65 0.29 

hsa-miR-216a 277 2.77 8.37 0.29 

hsa-miR-583 268 2.77 9.57 0.29 

hsa-miR-377* 233 2.76 6.58 0.29 

hsa-miR-190 281 2.72 9.93 0.28 

hsa-miR-92a-1* 248 2.71 14.42 0.28 

hsa-miR-497* 260 2.71 7.50 0.28 

hsa-miR-606 260 2.71 9.16 0.28 

hsa-miR-588 278 2.70 1.76 0.28 

hsa-miR-7-1* 273 2.70 6.34 0.28 

hsa-miR-483-5p 266 2.70 2.24 0.28 

hsa-miR-146a 260 2.66 9.76 0.28 

hsa-miR-508-3p 268 2.65 2.57 0.27 

hsa-miR-885-5p 316 2.64 11.97 0.27 

hsa-miR-632 276 2.61 12.18 0.27 

hsa-miR-887 262 2.61 5.09 0.27 

hsa-miR-935 256 2.60 8.28 0.27 

hsa-miR-621 275 2.58 8.24 0.27 

hsa-miR-585 259 2.57 12.66 0.27 

hsa-miR-623 254 2.56 6.45 0.27 

hsa-miR-30a* 270 2.56 5.55 0.26 

hsa-miR-517b 264 2.56 5.93 0.26 

hsa-miR-486-3p 275 2.55 10.60 0.26 

hsa-miR-508-5p 254 2.55 6.28 0.26 

hsa-miR-18a* 251 2.54 3.45 0.26 

hsa-miR-1237 281 2.53 10.38 0.26 

hsa-miR-590-5p 227 2.52 36.70 0.26 

hsa-miR-27b 274 2.52 5.48 0.26 

hsa-miR-33a 275 2.50 3.10 0.26 

hsa-miR-619 240 2.48 21.49 0.26 

hsa-miR-299-5p 255 2.46 2.29 0.25 

hsa-miR-30c-1* 258 2.45 4.45 0.25 

hsa-miR-129* 257 2.44 8.17 0.25 

hsa-miR-155* 266 2.44 3.86 0.25 

hsa-miR-1238 233 2.42 5.09 0.25 

hsa-miR-9 272 2.40 0.79 0.25 

hsa-miR-196a* 286 2.39 7.67 0.25 

hsa-miR-1826 259 2.39 14.73 0.25 

hsa-miR-181a 217 2.37 17.52 0.24 

hsa-miR-1206 268 2.34 1.56 0.24 

hsa-miR-1302 251 2.33 3.85 0.24 

hsa-miR-524-3p 254 2.33 4.92 0.24 

hsa-miR-1274a 293 2.32 7.08 0.24 

hsa-miR-185* 294 2.32 23.80 0.24 

hsa-miR-1298 258 2.31 1.63 0.24 

hsa-miR-921 281 2.30 3.25 0.24 

hsa-miR-150* 276 2.30 4.33 0.24 

hsa-miR-610 262 2.27 15.35 0.23 

hsa-miR-154* 237 2.26 15.28 0.23 

hsa-miR-199a-3p 276 2.25 6.30 0.23 

hsa-miR-1179 255 2.24 7.35 0.23 

hsa-miR-16-2* 247 2.23 4.80 0.23 

hsa-miR-23b* 275 2.22 4.61 0.23 

hsa-miR-875-5p 249 2.20 28.44 0.23 

hsa-miR-122 262 2.20 1.99 0.23 

hsa-miR-483-3p 255 2.20 7.46 0.23 

hsa-miR-586 255 2.20 5.73 0.23 

hsa-miR-1261 284 2.20 7.08 0.23 

hsa-miR-367* 246 2.19 9.35 0.23 

hsa-miR-10a 251 2.19 18.65 0.23 

hsa-miR-648 244 2.16 2.52 0.22 

hsa-miR-1275 206 2.15 1.99 0.22 

hsa-miR-495 264 2.14 9.47 0.22 

hsa-miR-125b-2* 265 2.12 7.00 0.22 

hsa-miR-103 256 2.12 5.10 0.22 

hsa-miR-598 260 2.08 31.08 0.22 

hsa-miR-320b 278 2.08 15.20 0.22 

hsa-miR-181d 250 2.07 23.14 0.21 

hsa-miR-888 258 2.06 4.95 0.21 

hsa-miR-934 277 2.05 6.01 0.21 

hsa-miR-1324 256 2.03 10.08 0.21 

hsa-miR-92a-2* 269 2.02 3.74 0.21 

hsa-miR-101* 279 2.01 8.23 0.21 

hsa-miR-548a-3p 253 2.01 10.53 0.21 

hsa-miR-564 261 2.01 4.19 0.21 

hsa-miR-32 282 2.00 14.75 0.21 

hsa-miR-760 260 1.99 9.88 0.21 

hsa-let-7e* 294 1.96 35.13 0.20 

hsa-miR-524-5p 271 1.95 19.26 0.20 

hsa-miR-625 244 1.95 2.05 0.20 

hsa-miR-29b-2* 270 1.94 3.57 0.20 

hsa-miR-200b 231 1.94 19.39 0.20 

hsa-miR-424* 265 1.94 9.85 0.20 

hsa-miR-500* 283 1.93 5.09 0.20 
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hsa-miR-671-5p 240 1.93 26.49 0.20 

hsa-miR-96* 244 1.92 10.23 0.20 

hsa-miR-382 238 1.91 24.65 0.20 

hsa-miR-27a* 271 1.91 6.60 0.20 

hsa-miR-191 265 1.90 6.52 0.20 

hsa-miR-1914 306 1.90 15.03 0.20 

hsa-miR-127-3p 266 1.90 4.75 0.20 

hsa-miR-1287 259 1.89 4.49 0.20 

hsa-miR-1305 254 1.89 23.23 0.20 

hsa-miR-145 274 1.88 3.32 0.19 

hsa-miR-376b 250 1.85 1.89 0.19 

hsa-miR-650 261 1.84 1.04 0.19 

hsa-miR-107 248 1.82 6.12 0.19 

hsa-miR-502-5p 259 1.81 2.25 0.19 

hsa-miR-544 259 1.80 5.26 0.19 

hsa-miR-609 269 1.78 16.54 0.18 

hsa-miR-1322 250 1.76 1.97 0.18 

hsa-miR-1243 237 1.75 9.72 0.18 

hsa-miR-223 245 1.74 6.14 0.18 

hsa-miR-675* 253 1.74 8.35 0.18 

hsa-miR-1274b 297 1.72 5.98 0.18 

hsa-miR-106b* 252 1.72 6.93 0.18 

hsa-miR-106a* 262 1.72 6.98 0.18 

hsa-miR-637 224 1.70 3.83 0.18 

hsa-miR-100* 240 1.69 16.01 0.17 

hsa-miR-429 243 1.68 15.41 0.17 

hsa-miR-1290 287 1.68 7.82 0.17 

hsa-miR-744 286 1.67 5.30 0.17 

hsa-miR-765 250 1.67 0.51 0.17 

hsa-miR-367 291 1.67 15.55 0.17 

hsa-miR-582-3p 240 1.65 20.13 0.17 

hsa-miR-1972 253 1.63 14.18 0.17 

hsa-miR-129-5p 265 1.62 4.21 0.17 

hsa-miR-299-3p 264 1.62 2.66 0.17 

hsa-miR-556-5p 210 1.60 10.25 0.16 

hsa-miR-1303 266 1.58 4.44 0.16 

hsa-miR-190b 268 1.57 10.51 0.16 

hsa-miR-27a 237 1.56 6.60 0.16 

hsa-miR-148a* 268 1.55 14.30 0.16 

hsa-let-7f-2* 279 1.54 40.09 0.16 

hsa-miR-604 242 1.54 19.12 0.16 

hsa-miR-25* 257 1.53 4.12 0.16 

hsa-miR-181c 231 1.53 21.42 0.16 

hsa-miR-1307 274 1.53 17.92 0.16 

hsa-miR-1976 273 1.52 3.16 0.16 

hsa-miR-1469 267 1.51 9.23 0.16 

hsa-miR-603 285 1.51 13.42 0.16 

hsa-miR-511 248 1.51 13.04 0.16 

hsa-miR-802 264 1.46 4.97 0.15 

hsa-miR-363* 254 1.44 3.06 0.15 

hsa-miR-101 255 1.41 21.03 0.15 

hsa-miR-515-5p 253 1.40 33.92 0.14 

hsa-miR-877* 252 1.37 3.00 0.14 

hsa-miR-589* 261 1.34 3.49 0.14 

hsa-miR-1251 266 1.34 11.15 0.14 

hsa-miR-612 250 1.34 1.08 0.14 

hsa-miR-338-3p 248 1.34 20.01 0.14 

hsa-miR-194* 277 1.33 5.00 0.14 

hsa-miR-129-3p 257 1.32 7.57 0.14 

hsa-miR-622 250 1.31 8.56 0.14 

hsa-miR-1301 261 1.29 7.84 0.13 

hsa-miR-200c* 283 1.28 23.45 0.13 

hsa-miR-573 291 1.28 6.70 0.13 

hsa-miR-10b 252 1.28 28.27 0.13 

hsa-miR-363 284 1.28 18.54 0.13 

hsa-miR-513a-3p 247 1.25 12.52 0.13 

hsa-miR-146b-3p 285 1.23 6.66 0.13 

hsa-miR-640 266 1.22 3.38 0.13 

hsa-miR-940 268 1.22 1.42 0.13 

hsa-miR-34b 247 1.21 8.11 0.13 

hsa-miR-329 269 1.21 26.84 0.12 

hsa-miR-485-3p 237 1.20 12.90 0.12 

hsa-miR-501-3p 267 1.20 8.72 0.12 

hsa-miR-26b* 293 1.20 4.91 0.12 

hsa-miR-144 258 1.20 1.21 0.12 

hsa-miR-550* 258 1.19 27.63 0.12 

hsa-miR-432* 233 1.18 11.09 0.12 

hsa-miR-218-2* 262 1.18 7.72 0.12 

hsa-miR-518a-5p 277 1.17 2.97 0.12 

hsa-miR-33a* 267 1.17 5.87 0.12 

hsa-miR-584 250 1.16 10.98 0.12 

hsa-miR-92b 287 1.16 9.11 0.12 

hsa-miR-499-5p 265 1.15 42.54 0.12 

hsa-miR-185 254 1.14 0.53 0.12 

hsa-miR-596 262 1.14 27.28 0.12 

hsa-miR-320c 263 1.13 16.69 0.12 

hsa-miR-624* 234 1.13 13.54 0.12 

hsa-miR-144* 290 1.13 23.26 0.12 

hsa-miR-654-5p 282 1.12 10.75 0.12 

hsa-miR-569 285 1.12 4.32 0.12 

hsa-miR-432 277 1.08 6.91 0.11 

hsa-miR-31 253 1.08 8.59 0.11 

hsa-miR-509-5p 270 1.08 1.52 0.11 

hsa-miR-503 224 1.07 6.85 0.11 

hsa-miR-1178 292 1.07 6.93 0.11 

hsa-miR-532-5p 248 1.06 4.70 0.11 

hsa-miR-450b-5p 272 1.05 7.66 0.11 

hsa-miR-330-3p 266 1.04 12.67 0.11 
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hsa-miR-518d-5p 251 1.03 7.77 0.11 

hsa-miR-1273 264 1.03 2.63 0.11 

hsa-miR-10a* 244 1.03 9.20 0.11 

hsa-miR-339-5p 258 1.02 12.37 0.11 

hsa-miR-335* 281 1.01 6.12 0.10 

hsa-miR-554 258 1.01 26.36 0.10 

hsa-miR-338-5p 264 1.00 4.23 0.10 

hsa-miR-620 274 0.99 5.83 0.10 

hsa-miR-1909 249 0.97 1.03 0.10 

hsa-miR-15a* 243 0.97 19.39 0.10 

hsa-miR-1266 247 0.97 8.17 0.10 

hsa-miR-548k 259 0.96 16.84 0.10 

hsa-miR-944 257 0.96 2.49 0.10 

hsa-miR-155 262 0.93 1.33 0.10 

hsa-miR-205 239 0.93 16.57 0.10 

hsa-miR-518e* 263 0.92 5.89 0.10 

hsa-miR-1184 272 0.91 3.49 0.09 

hsa-miR-498 254 0.91 11.27 0.09 

hsa-miR-22 235 0.90 10.11 0.09 

hsa-miR-1282 268 0.90 11.25 0.09 

hsa-miR-103-2* 259 0.90 1.34 0.09 

hsa-miR-570 242 0.90 19.16 0.09 

hsa-let-7d* 265 0.88 3.24 0.09 

hsa-miR-516b 219 0.88 6.14 0.09 

hsa-miR-411 273 0.86 8.25 0.09 

hsa-miR-1291 263 0.85 12.48 0.09 

hsa-miR-99a* 259 0.84 15.72 0.09 

hsa-miR-1915* 260 0.83 2.79 0.09 

hsa-miR-876-5p 277 0.83 17.05 0.09 

hsa-miR-95 329 0.82 10.46 0.08 

hsa-miR-924 257 0.81 5.85 0.08 

hsa-miR-302f 278 0.80 9.29 0.08 

hsa-miR-1207-3p 252 0.80 24.55 0.08 

hsa-miR-659 249 0.78 13.32 0.08 

hsa-miR-630 258 0.76 48.62 0.08 

hsa-miR-219-1-3p 268 0.76 24.08 0.08 

hsa-miR-99b* 258 0.76 21.21 0.08 

hsa-miR-34a* 244 0.76 9.03 0.08 

hsa-miR-1288 258 0.76 9.99 0.08 

hsa-miR-502-3p 275 0.75 8.81 0.08 

hsa-miR-135a 283 0.74 23.20 0.08 

hsa-miR-450b-3p 255 0.74 3.62 0.08 

hsa-miR-330-5p 269 0.74 2.97 0.08 

hsa-miR-1299 252 0.73 10.47 0.08 

hsa-miR-580 248 0.72 9.72 0.07 

hsa-miR-1289 265 0.72 18.17 0.07 

hsa-miR-548m 245 0.72 4.64 0.07 

hsa-miR-362-3p 289 0.70 14.53 0.07 

hsa-miR-25 290 0.69 31.91 0.07 

hsa-miR-886-3p 264 0.69 4.80 0.07 

hsa-miR-766 256 0.68 25.58 0.07 

hsa-miR-96 235 0.67 5.10 0.07 

hsa-miR-631 228 0.66 13.33 0.07 

hsa-miR-488 258 0.66 14.19 0.07 

hsa-miR-1244 194 0.65 25.74 0.07 

hsa-miR-215 215 0.65 15.32 0.07 

hsa-miR-424 233 0.64 10.17 0.07 

hsa-miR-377 247 0.63 13.74 0.07 

hsa-miR-362-5p 260 0.63 2.30 0.07 

hsa-miR-370 266 0.63 3.52 0.06 

hsa-miR-218-1* 231 0.62 11.83 0.06 

hsa-miR-143* 274 0.62 13.77 0.06 

hsa-miR-942 258 0.60 15.15 0.06 

hsa-miR-892a 271 0.60 30.26 0.06 

hsa-miR-138-2* 270 0.59 9.07 0.06 

hsa-miR-605 253 0.59 7.81 0.06 

hsa-miR-1271 253 0.57 2.22 0.06 

hsa-miR-222 255 0.56 16.16 0.06 

hsa-miR-938 271 0.55 3.68 0.06 

hsa-miR-409-3p 241 0.55 5.92 0.06 

hsa-let-7a* 269 0.55 61.27 0.06 

hsa-miR-34c-3p 245 0.55 12.93 0.06 

hsa-miR-320d 281 0.55 14.04 0.06 

hsa-miR-1204 269 0.55 8.08 0.06 

hsa-miR-2110 245 0.54 8.51 0.06 

hsa-miR-433 267 0.54 7.60 0.06 

hsa-miR-93* 238 0.54 16.39 0.06 

hsa-miR-509-3-5p 262 0.53 0.44 0.05 

hsa-miR-571 247 0.52 11.87 0.05 

hsa-miR-655 267 0.51 0.50 0.05 

hsa-miR-192 202 0.51 17.78 0.05 

hsa-miR-1208 270 0.50 7.82 0.05 

hsa-let-7g* 227 0.50 8.77 0.05 

hsa-miR-1254 241 0.50 40.28 0.05 

hsa-miR-136* 252 0.49 11.26 0.05 

hsa-miR-10b* 244 0.49 15.52 0.05 

hsa-miR-874 271 0.49 3.56 0.05 

hsa-miR-138 252 0.48 1.38 0.05 

hsa-miR-18b 251 0.48 5.77 0.05 

hsa-miR-130b* 358 0.47 5.59 0.05 

hsa-miR-193b 253 0.47 5.69 0.05 

hsa-miR-494 270 0.47 17.50 0.05 

hsa-miR-567 269 0.47 1.17 0.05 

hsa-miR-885-3p 271 0.46 4.67 0.05 

hsa-miR-124* 273 0.44 1.22 0.05 

hsa-miR-1323 261 0.43 22.00 0.04 

hsa-miR-519e* 244 0.43 17.40 0.04 

hsa-miR-323-5p 256 0.42 12.65 0.04 
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hsa-miR-24-1* 245 0.42 12.06 0.04 

hsa-miR-221 260 0.42 17.84 0.04 

hsa-miR-541 267 0.41 13.90 0.04 

hsa-miR-513c 271 0.41 33.10 0.04 

hsa-miR-661 227 0.41 27.83 0.04 

hsa-miR-578 268 0.40 4.89 0.04 

hsa-miR-613 299 0.39 23.60 0.04 

hsa-miR-634 185 0.39 15.54 0.04 

hsa-miR-768-3p 270 0.37 16.80 0.04 

hsa-miR-1293 217 0.37 2.37 0.04 

hsa-miR-148b* 253 0.36 24.81 0.04 

hsa-miR-135b 268 0.36 19.48 0.04 

hsa-miR-646 180 0.36 22.84 0.04 

hsa-miR-1300 214 0.36 6.99 0.04 

hsa-miR-187* 268 0.36 6.08 0.04 

hsa-miR-17* 265 0.36 8.07 0.04 

hsa-miR-744* 279 0.35 30.32 0.04 

hsa-miR-365 263 0.35 0.25 0.04 

hsa-miR-518f* 249 0.34 4.24 0.04 

hsa-miR-431* 240 0.34 12.97 0.03 

hsa-miR-507 277 0.33 14.93 0.03 

hsa-miR-627 266 0.33 8.92 0.03 

hsa-miR-509-3p 274 0.33 2.55 0.03 

hsa-miR-1201 261 0.32 11.62 0.03 

hsa-miR-1 249 0.32 21.00 0.03 

hsa-let-7f-1* 262 0.31 52.84 0.03 

hsa-miR-513a-5p 255 0.31 6.04 0.03 

hsa-miR-888* 243 0.29 29.05 0.03 

hsa-miR-1250 250 0.29 15.38 0.03 

hsa-miR-1827 251 0.28 1.83 0.03 

hsa-miR-645 260 0.28 4.14 0.03 

hsa-let-7a-2* 256 0.27 22.84 0.03 

hsa-miR-15b 218 0.27 7.47 0.03 

hsa-miR-326 256 0.26 4.44 0.03 

hsa-miR-340 227 0.25 5.68 0.03 

hsa-miR-664* 236 0.25 11.25 0.03 

hsa-miR-378* 257 0.25 59.18 0.03 

hsa-miR-491-5p 220 0.24 2.56 0.02 

hsa-miR-208b 253 0.24 54.85 0.02 

hsa-miR-376a* 260 0.24 3.59 0.02 

hsa-miR-1304 273 0.23 15.18 0.02 

hsa-miR-624 223 0.23 2.70 0.02 

hsa-miR-224* 266 0.23 16.82 0.02 

hsa-miR-522 272 0.22 14.07 0.02 

hsa-miR-579 255 0.22 4.06 0.02 

hsa-miR-375 279 0.22 2.96 0.02 

hsa-miR-1278 257 0.21 10.73 0.02 

hsa-miR-449b 248 0.21 5.27 0.02 

hsa-miR-876-3p 225 0.20 1.56 0.02 

hsa-miR-221* 220 0.20 5.16 0.02 

hsa-miR-513b 242 0.20 10.02 0.02 

hsa-miR-628-5p 259 0.20 26.25 0.02 

hsa-miR-557 262 0.19 15.45 0.02 

hsa-miR-24-2* 266 0.19 8.30 0.02 

hsa-miR-203 267 0.18 8.47 0.02 

hsa-let-7b* 270 0.18 30.38 0.02 

hsa-miR-1262 258 0.18 18.74 0.02 

hsa-miR-1263 258 0.17 4.06 0.02 

hsa-miR-141* 271 0.17 9.88 0.02 

hsa-miR-22* 246 0.17 3.14 0.02 

hsa-miR-1912 235 0.17 9.09 0.02 

hsa-miR-126 238 0.17 19.57 0.02 

hsa-miR-124 247 0.16 0.46 0.02 

hsa-miR-16 229 0.16 10.42 0.02 

hsa-miR-1205 260 0.15 7.73 0.02 

hsa-miR-192* 250 0.15 10.88 0.02 

hsa-miR-342-5p 234 0.15 2.07 0.02 

hsa-miR-526b 265 0.15 39.93 0.02 

hsa-miR-1272 257 0.14 8.40 0.01 

hsa-miR-1294 281 0.14 6.96 0.01 

hsa-miR-1270 252 0.14 5.06 0.01 

hsa-miR-208a 258 0.14 56.20 0.01 

hsa-miR-496 270 0.12 13.56 0.01 

hsa-miR-369-5p 266 0.11 15.56 0.01 

hsa-miR-127-5p 259 0.11 21.36 0.01 

hsa-miR-644 277 0.11 28.17 0.01 

hsa-miR-542-3p 232 0.11 6.99 0.01 

hsa-miR-506 266 0.10 0.30 0.01 

hsa-miR-1269 266 0.10 15.04 0.01 

hsa-miR-1259 263 0.10 9.22 0.01 

hsa-miR-449a 263 0.09 5.42 0.01 

hsa-miR-452* 197 0.09 20.34 0.01 

hsa-miR-558 257 0.09 3.10 0.01 

hsa-miR-206 242 0.08 33.76 0.01 

hsa-miR-1306 211 0.07 10.37 0.01 

hsa-miR-617 271 0.07 8.82 0.01 

hsa-miR-1257 247 0.07 23.80 0.01 

hsa-miR-137 256 0.07 12.20 0.01 

hsa-miR-15a 222 0.06 12.65 0.01 

hsa-miR-27b* 237 0.06 15.05 0.01 

hsa-miR-618 259 0.06 9.80 0.01 

hsa-miR-489 255 0.06 37.04 0.01 

hsa-miR-497 219 0.05 6.40 0.01 

hsa-miR-183 233 0.05 16.91 0.01 

hsa-miR-1200 340 0.05 26.34 0.00 

hsa-miR-219-2-3p 256 0.04 27.00 0.00 

hsa-miR-660 253 0.04 26.96 0.00 

hsa-miR-654-3p 243 0.04 7.97 0.00 
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hsa-miR-103-as 204 0.00 13.80 0.00 

hsa-miR-1180 250 0.00 6.68 0.00 

hsa-miR-1245 252 0.00 17.17 0.00 

hsa-miR-1256 223 0.00 18.34 0.00 

hsa-miR-1295 257 0.00 15.27 0.00 

hsa-miR-145* 259 0.00 16.57 0.00 

hsa-miR-147 281 0.00 6.81 0.00 

hsa-miR-182* 222 0.00 19.21 0.00 

hsa-miR-183* 262 0.00 9.95 0.00 

hsa-miR-18a 223 0.00 6.61 0.00 

hsa-miR-193a-3p 225 0.00 10.51 0.00 

hsa-miR-195 233 0.00 7.32 0.00 

hsa-miR-19b-1* 281 0.00 36.51 0.00 

hsa-miR-214* 253 0.00 27.84 0.00 

hsa-miR-223* 252 0.00 16.99 0.00 

hsa-miR-297 249 0.00 0.23 0.00 

hsa-miR-323-3p 264 0.00 62.37 0.00 

hsa-miR-34a 275 0.00 11.55 0.00 

hsa-miR-34b* 258 0.00 0.30 0.00 

hsa-miR-34c-5p 233 0.00 13.10 0.00 

hsa-miR-383 252 0.00 37.40 0.00 

hsa-miR-409-5p 190 0.00 11.75 0.00 

hsa-miR-491-3p 224 0.00 26.40 0.00 

hsa-miR-499-3p 243 0.00 15.59 0.00 

hsa-miR-520d-5p 240 0.00 43.95 0.00 

hsa-miR-552 279 0.00 18.06 0.00 

hsa-miR-555 261 0.00 4.60 0.00 

hsa-miR-556-3p 248 0.00 8.55 0.00 

hsa-miR-593 250 0.00 45.31 0.00 

hsa-miR-890 213 0.00 9.11 0.00 

hsa-miR-892b 202 0.00 11.79 0.00 

hsa-miR-9* 251 0.00 10.44 0.00 
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8 Appendix II 

Enriched pathways were analysed with reactome.org using significantly differentially 

expressed genes from the RNAseq analysis.  

Path ID Description Gene
Ratio 

Adjus
ted p-
value 

geneID 

Pathways upregulated in senescent cells, normalised to presenescent cells 

1474228 Degradation of the extracellular 
matrix 

5/31 0.012 1301/2006/3909/4319/4314 

3214847 HATs acetylate histones 5/31 0.012 8347/8339/8970/85236/8365 

1474244 Extracellular matrix organization 6/31 0.034 1301/2006/3909/4319/4314/55214 

1679131 Trafficking and processing of 
endosomal TLR 

2/31 0.042 5641/7098 

Pathways downregulated in senescent cells, normalised to presenescent cells 

2500257 Resolution of Sister Chromatid 
Cohesion 

6/39 0.003 9212/991/983/1058/11004/5347 

68877 Mitotic Prometaphase 6/39 0.003 9212/991/983/1058/11004/5347 

69278 Cell Cycle, Mitotic 10/39 0.004 9212/991/983/1031/1058/11004/4605/5347/6241/11065 

1640170 Cell Cycle 11/39 0.004 9212/991/983/1031/1058/11004/4001/4605/5347/6241/
11065 

174143 APC/C-mediated degradation of 
cell cycle proteins 

5/39 0.004 9212/991/983/5347/11065 

453276 Regulation of mitotic cell cycle 5/39 0.004 9212/991/983/5347/11065 

176412 Phosphorylation of the APC/C 3/39 0.005 983/5347/11065 

2467813 Separation of Sister Chromatids 6/39 0.007 9212/991/1058/11004/5347/11065 

174048 APC/C:Cdc20 mediated 
degradation of Cyclin B 

3/39 0.007 991/983/11065 

5663220 RHO GTPases Activate Formins 5/39 0.007 9212/991/1058/11004/5347 

68882 Mitotic Anaphase 6/39 0.007 9212/991/1058/11004/5347/11065 

2555396 Mitotic Metaphase and Anaphase 6/39 0.007 9212/991/1058/11004/5347/11065 

68886 M Phase 7/39 0.008 9212/991/983/1058/11004/5347/11065 

174178 APC/C:Cdh1 mediated 
degradation of Cdc20 and other 
APC/C:Cdh1 targeted proteins in 
late mitosis/early G1 

4/39 0.013 9212/991/5347/11065 

176814 Activation of APC/C and 
APC/C:Cdc20 mediated 
degradation of mitotic proteins 

4/39 0.014 991/983/5347/11065 

176408 Regulation of APC/C activators 
between G1/S and early 
anaphase 

4/39 0.016 991/983/5347/11065 

162658 Golgi Cisternae Pericentriolar 
Stack Reorganization 

2/39 0.030 983/5347 

195258 RHO GTPase Effectors 6/39 0.033 9212/991/1058/128239/11004/5347 

69205 G1/S-Specific Transcription 2/39 0.037 983/6241 

1474244 Extracellular matrix organization 6/39 0.040 633/1306/1291/8516/8425/4811 

194315 Signaling by Rho GTPases 7/39 0.047 9212/991/1058/128239/11004/5347/57381 

156711 Polo-like kinase mediated events 2/39 0.047 4605/5347 

176407 Conversion from APC/C:Cdc20 to 
APC/C:Cdh1 in late anaphase 

2/39 0.047 991/11065 

Pathways upregulated in miR-523-3p transfected cells, normalised to senescent cells 

1280215 Cytokine Signaling in Immune 
system 

38/168 0.000 567/684/834/983/2633/3082/3429/10437/2537/3434/34
33/3437/8519/10410/3556/3569/3575/3656/3660/3665/
9636/3965/4502/4599/4600/4615/4938/25939/8835/667
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2/6772/6737/10346/10475/85363/9246/11274/54739 

913531 Interferon Signaling 28/168 0.000 567/684/2633/3429/10437/2537/3434/3433/3437/8519/
10410/3660/3665/9636/4502/4599/4600/4938/25939/66
72/6772/6737/10346/10475/85363/9246/11274/54739 

909733 Interferon alpha/beta signaling 18/168 0.000 684/3429/2537/3434/3433/3437/8519/10410/3660/3665
/9636/4599/4600/4938/25939/6772/11274/54739 

68877 Mitotic Prometaphase 19/168 0.000 9212/332/699/891/9133/991/113130/55143/983/1058/6
4105/11004/4085/64151/10403/5347/55920/57405/1113
0 

2500257 Resolution of Sister Chromatid 
Cohesion 

18/168 0.000 9212/332/699/891/9133/991/113130/55143/983/1058/6
4105/11004/4085/10403/5347/55920/57405/11130 

1640170 Cell Cycle 39/168 0.000 6790/9212/332/699/890/891/9133/991/113130/55143/9
83/1031/1058/64105/387103/11200/2305/9837/51053/5
5355/10112/11004/4001/4085/4605/64151/10403/23594
/9088/5347/5698/9232/55920/6241/57405/7153/7298/1
1065/11130 

69278 Cell Cycle, Mitotic 35/168 0.000 6790/9212/332/699/890/891/9133/991/113130/55143/9
83/1031/1058/64105/2305/9837/51053/10112/11004/40
85/4605/64151/10403/23594/9088/5347/5698/9232/559
20/6241/57405/7153/7298/11065/11130 

68886 M Phase 23/168 0.000 9212/332/699/891/9133/991/113130/55143/983/1058/6
4105/10112/11004/4085/64151/10403/5347/5698/9232/
55920/57405/11065/11130 

2467813 Separation of Sister Chromatids 18/168 0.000 9212/332/699/991/113130/55143/1058/64105/11004/40
85/10403/5347/5698/9232/55920/57405/11065/11130 

877300 Interferon gamma signaling 13/168 0.000 567/2633/10437/3660/3665/4502/4938/6672/6772/6737
/10346/10475/85363 

68882 Mitotic Anaphase 18/168 0.000 9212/332/699/991/113130/55143/1058/64105/11004/40
85/10403/5347/5698/9232/55920/57405/11065/11130 

2555396 Mitotic Metaphase and Anaphase 18/168 0.000 9212/332/699/991/113130/55143/1058/64105/11004/40
85/10403/5347/5698/9232/55920/57405/11065/11130 

5663220 RHO GTPases Activate Formins 14/168 0.000 9212/332/699/991/55143/1058/64105/11004/4085/1040
3/5347/55920/57405/11130 

156711 Polo-like kinase mediated events 6/168 0.000 891/9133/2305/4605/9088/5347 

69273 Cyclin A/B1 associated events 
during G2/M transition 

6/168 0.000 890/891/9133/983/2305/9088 

174143 APC/C-mediated degradation of 
cell cycle proteins 

10/168 0.001 6790/9212/891/991/983/4085/5347/5698/9232/11065 

453276 Regulation of mitotic cell cycle 10/168 0.001 6790/9212/891/991/983/4085/5347/5698/9232/11065 

936440 Negative regulators of RIG-
I/MDA5 signaling 

6/168 0.002 23586/64135/9636/84166/7128/9246 

162658 Golgi Cisternae Pericentriolar 
Stack Reorganization 

4/168 0.002 891/9133/983/5347 

2514853 Condensation of Prometaphase 
Chromosomes 

4/168 0.002 891/9133/983/64151 

195258 RHO GTPase Effectors 16/168 0.005 9212/332/699/991/55143/1058/64105/128239/11004/40
85/10403/5347/9055/55920/57405/11130 

449147 Signaling by Interleukins 10/168 0.006 834/983/3082/3556/3569/3575/3656/3965/4615/6772 

176814 Activation of APC/C and 
APC/C:Cdc20 mediated 
degradation of mitotic proteins 

8/168 0.007 891/991/983/4085/5347/5698/9232/11065 

168898 Toll-Like Receptors Cascades 10/168 0.008 929/983/1520/2353/3656/3665/3929/4615/7098/81622 

113510 E2F mediated regulation of DNA 
replication 

5/168 0.012 891/983/23594/6241/7298 

176412 Phosphorylation of the APC/C 4/168 0.012 891/983/5347/11065 

69620 Cell Cycle Checkpoints 10/168 0.016 891/9133/991/983/11200/4085/23594/9088/5698/11065 

453279 Mitotic G1-G1/S phases 10/168 0.017 891/983/1031/4605/23594/9088/5698/6241/7153/7298 

168928 RIG-I/MDA5 mediated induction 
of IFN-alpha/beta pathways 

7/168 0.017 23586/64135/3665/9636/84166/7128/9246 

69275 G2/M Transition 9/168 0.022 6790/890/891/9133/983/2305/4605/9088/5347 

174178 APC/C:Cdh1 mediated 
degradation of Cdc20 and other 
APC/C:Cdh1 targeted proteins in 
late mitosis/early G1 

7/168 0.022 6790/9212/991/5347/5698/9232/11065 

69481 G2/M Checkpoints 6/168 0.022 891/9133/983/11200/23594/9088 

174048 APC/C:Cdc20 mediated 
degradation of Cyclin B 

4/168 0.022 891/991/983/11065 

176409 APC/C:Cdc20 mediated 7/168 0.022 891/991/983/4085/5698/9232/11065 
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degradation of mitotic proteins 

453274 Mitotic G2-G2/M phases 9/168 0.022 6790/890/891/9133/983/2305/4605/9088/5347 

983189 Kinesins 4/168 0.024 3832/11004/3833/29127 

176408 Regulation of APC/C activators 
between G1/S and early 
anaphase 

7/168 0.030 891/991/983/4085/5347/5698/11065 

194315 Signaling by Rho GTPases 18/168 0.030 395/9212/332/699/991/55143/1058/64105/128239/1100
4/4085/10403/5347/9055/29127/55920/57405/11130 

166016 Toll Like Receptor 4 (TLR4) 
Cascade 

8/168 0.030 929/983/2353/3656/3665/3929/4615/7098 

1679131 Trafficking and processing of 
endosomal TLR 

3/168 0.032 1520/7098/81622 

69205 G1/S-Specific Transcription 3/168 0.040 983/6241/7298 

918233 TRAF3-dependent IRF activation 
pathway 

3/168 0.049 23586/64135/3665 

Pathways downregulated in miR-523-3p transfected cells, normalised to senescent cells 

445355 Smooth Muscle Contraction 4/55 0.021 59/72/800/10398 

1566948 Elastic fibre formation 4/55 0.034 2006/2199/2201/4016 

416700 Other semaphorin interactions 3/55 0.039 9723/9037/8482 

Pathways upregulated in miR-639 transfected cells, normalised to senescent cells 

1280215 Cytokine Signaling in Immune 
system 

38/168 0.000 567/684/834/983/2633/3082/3429/10437/2537/3434/34
33/3437/8519/10410/3556/3569/3575/3656/3660/3665/
9636/3965/4502/4599/4600/4615/4938/25939/8835/667
2/6772/6737/10346/10475/85363/9246/11274/54739 

913531 Interferon Signaling 28/168 0.000 567/684/2633/3429/10437/2537/3434/3433/3437/8519/
10410/3660/3665/9636/4502/4599/4600/4938/25939/66
72/6772/6737/10346/10475/85363/9246/11274/54739 

909733 Interferon alpha/beta signaling 18/168 0.000 684/3429/2537/3434/3433/3437/8519/10410/3660/3665
/9636/4599/4600/4938/25939/6772/11274/54739 

68877 Mitotic Prometaphase 19/168 0.000 9212/332/699/891/9133/991/113130/55143/983/1058/6
4105/11004/4085/64151/10403/5347/55920/57405/1113
0 

2500257 Resolution of Sister Chromatid 
Cohesion 

18/168 0.000 9212/332/699/891/9133/991/113130/55143/983/1058/6
4105/11004/4085/10403/5347/55920/57405/11130 

1640170 Cell Cycle 39/168 0.000 6790/9212/332/699/890/891/9133/991/113130/55143/9
83/1031/1058/64105/387103/11200/2305/9837/51053/5
5355/10112/11004/4001/4085/4605/64151/10403/23594
/9088/5347/5698/9232/55920/6241/57405/7153/7298/1
1065/11130 

69278 Cell Cycle, Mitotic 35/168 0.000 6790/9212/332/699/890/891/9133/991/113130/55143/9
83/1031/1058/64105/2305/9837/51053/10112/11004/40
85/4605/64151/10403/23594/9088/5347/5698/9232/559
20/6241/57405/7153/7298/11065/11130 

68886 M Phase 23/168 0.000 9212/332/699/891/9133/991/113130/55143/983/1058/6
4105/10112/11004/4085/64151/10403/5347/5698/9232/
55920/57405/11065/11130 

2467813 Separation of Sister Chromatids 18/168 0.000 9212/332/699/991/113130/55143/1058/64105/11004/40
85/10403/5347/5698/9232/55920/57405/11065/11130 

877300 Interferon gamma signaling 13/168 0.000 567/2633/10437/3660/3665/4502/4938/6672/6772/6737
/10346/10475/85363 

68882 Mitotic Anaphase 18/168 0.000 9212/332/699/991/113130/55143/1058/64105/11004/40
85/10403/5347/5698/9232/55920/57405/11065/11130 

2555396 Mitotic Metaphase and Anaphase 18/168 0.000 9212/332/699/991/113130/55143/1058/64105/11004/40
85/10403/5347/5698/9232/55920/57405/11065/11130 

5663220 RHO GTPases Activate Formins 14/168 0.000 9212/332/699/991/55143/1058/64105/11004/4085/1040
3/5347/55920/57405/11130 

156711 Polo-like kinase mediated events 6/168 0.000 891/9133/2305/4605/9088/5347 

69273 Cyclin A/B1 associated events 
during G2/M transition 

6/168 0.000 890/891/9133/983/2305/9088 

174143 APC/C-mediated degradation of 
cell cycle proteins 

10/168 0.001 6790/9212/891/991/983/4085/5347/5698/9232/11065 

453276 Regulation of mitotic cell cycle 10/168 0.001 6790/9212/891/991/983/4085/5347/5698/9232/11065 

936440 Negative regulators of RIG-
I/MDA5 signaling 

6/168 0.002 23586/64135/9636/84166/7128/9246 

162658 Golgi Cisternae Pericentriolar 
Stack Reorganization 

4/168 0.002 891/9133/983/5347 

2514853 Condensation of Prometaphase 
Chromosomes 

4/168 0.002 891/9133/983/64151 
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195258 RHO GTPase Effectors 16/168 0.005 9212/332/699/991/55143/1058/64105/128239/11004/40

85/10403/5347/9055/55920/57405/11130 
449147 Signaling by Interleukins 10/168 0.006 834/983/3082/3556/3569/3575/3656/3965/4615/6772 

176814 Activation of APC/C and 
APC/C:Cdc20 mediated 
degradation of mitotic proteins 

8/168 0.007 891/991/983/4085/5347/5698/9232/11065 

168898 Toll-Like Receptors Cascades 10/168 0.008 929/983/1520/2353/3656/3665/3929/4615/7098/81622 

113510 E2F mediated regulation of DNA 
replication 

5/168 0.012 891/983/23594/6241/7298 

176412 Phosphorylation of the APC/C 4/168 0.012 891/983/5347/11065 

69620 Cell Cycle Checkpoints 10/168 0.016 891/9133/991/983/11200/4085/23594/9088/5698/11065 

453279 Mitotic G1-G1/S phases 10/168 0.017 891/983/1031/4605/23594/9088/5698/6241/7153/7298 

168928 RIG-I/MDA5 mediated induction 
of IFN-alpha/beta pathways 

7/168 0.017 23586/64135/3665/9636/84166/7128/9246 

69275 G2/M Transition 9/168 0.022 6790/890/891/9133/983/2305/4605/9088/5347 

174178 APC/C:Cdh1 mediated 
degradation of Cdc20 and other 
APC/C:Cdh1 targeted proteins in 
late mitosis/early G1 

7/168 0.022 6790/9212/991/5347/5698/9232/11065 

69481 G2/M Checkpoints 6/168 0.022 891/9133/983/11200/23594/9088 

174048 APC/C:Cdc20 mediated 
degradation of Cyclin B 

4/168 0.022 891/991/983/11065 

176409 APC/C:Cdc20 mediated 
degradation of mitotic proteins 

7/168 0.022 891/991/983/4085/5698/9232/11065 

453274 Mitotic G2-G2/M phases 9/168 0.022 6790/890/891/9133/983/2305/4605/9088/5347 

983189 Kinesins 4/168 0.024 3832/11004/3833/29127 

176408 Regulation of APC/C activators 
between G1/S and early 
anaphase 

7/168 0.030 891/991/983/4085/5347/5698/11065 

194315 Signaling by Rho GTPases 18/168 0.030 395/9212/332/699/991/55143/1058/64105/128239/1100
4/4085/10403/5347/9055/29127/55920/57405/11130 

166016 Toll Like Receptor 4 (TLR4) 
Cascade 

8/168 0.030 929/983/2353/3656/3665/3929/4615/7098 

1679131 Trafficking and processing of 
endosomal TLR 

3/168 0.032 1520/7098/81622 

69205 G1/S-Specific Transcription 3/168 0.040 983/6241/7298 

918233 TRAF3-dependent IRF activation 
pathway 

3/168 0.049 23586/64135/3665 

Pathways downregulated in miR-639 transfected cells, normalised to senescent cells 

N/A     

Pathways upregulated in let-7i-3p transfected cells, normalised to senescent cells 

68877 Mitotic Prometaphase 8/53 0.000 9212/699/991/55143/11004/64151/10403/5347 

445355 Smooth Muscle Contraction 5/53 0.000 59/72/25802/4629/7168 

2500257 Resolution of Sister Chromatid 
Cohesion 

7/53 0.001 9212/699/991/55143/11004/10403/5347 

5663220 RHO GTPases Activate Formins 7/53 0.001 9212/699/991/55143/11004/10403/5347 

397014 Muscle contraction 5/53 0.007 59/72/25802/4629/7168 

2467813 Separation of Sister Chromatids 7/53 0.007 9212/699/991/55143/11004/10403/5347 

68882 Mitotic Anaphase 7/53 0.008 9212/699/991/55143/11004/10403/5347 

2555396 Mitotic Metaphase and Anaphase 7/53 0.008 9212/699/991/55143/11004/10403/5347 

195258 RHO GTPase Effectors 8/53 0.011 9212/699/991/55143/11004/4629/10403/5347 

68886 M Phase 8/53 0.011 9212/699/991/55143/11004/64151/10403/5347 

909733 Interferon alpha/beta signaling 4/53 0.044 3434/3433/4599/4938 

Pathways downregulated in let-7i-3p transfected cells, normalised to senescent cells 

N/A     
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9 Appendix III 

The top differentially expressed up- and downregulated genes for each RNAseq 

condition are shown below, with gene ontology annotations of involved biological 

processes produced using pantherdb.org. 

Gene Symbol FPKM 1 FPKM 2 Log2 
Fold 
Change 

q-value Gene Descrition 

Genes upregulated in senescent cells, normalised to presenescent cells 

KIAA0226,MIR922 3.63948 179.96 5.6278 0.000884  

CCND2 1.10793 27.1511 4.61507 0.000884 cyclin D2 [Source:HGNC Symbol;Acc:HGNC:1583] 

CST1 2.27166 37.5329 4.04634 0.000884 cystatin SN [Source:HGNC Symbol;Acc:HGNC:2473] 

MMP10 1.20737 13.5278 3.48598 0.000884 matrix metallopeptidase 10 [Source:HGNC 
Symbol;Acc:HGNC:7156] 

MIR7109,PISD 14.3983 155.4 3.43201 0.000884  

NFASC 1.19764 11.7916 3.29949 0.000884 neurofascin [Source:HGNC Symbol;Acc:HGNC:29866] 

CHL1 1.73271 15.1666 3.12979 0.000884 cell adhesion molecule L1 like [Source:HGNC 
Symbol;Acc:HGNC:1939] 

ELN 1.8168 14.9166 3.03745 0.000884 elastin [Source:HGNC Symbol;Acc:HGNC:3327] 

HIST1H2AE 1.10211 7.97304 2.85487 0.013929 histone cluster 1, H2ae [Source:HGNC 
Symbol;Acc:HGNC:4724] 

MMP3 16.8631 113.509 2.75086 0.000884 matrix metallopeptidase 3 [Source:HGNC 
Symbol;Acc:HGNC:7173] 

SCN4B 1.30508 8.37657 2.68222 0.000884 sodium voltage-gated channel beta subunit 4 
[Source:HGNC Symbol;Acc:HGNC:10592] 

OSTN 1.11856 7.14279 2.67485 0.001629 osteocrin [Source:HGNC Symbol;Acc:HGNC:29961] 

PITPNM3 1.36729 8.61913 2.65623 0.000884 PITPNM family member 3 [Source:HGNC 
Symbol;Acc:HGNC:21043] 

SYPL2 1.12049 6.66288 2.57202 0.000884 synaptophysin like 2 [Source:HGNC 
Symbol;Acc:HGNC:27638] 

SERPINI1 1.11744 6.58102 2.55811 0.000884 serpin family I member 1 [Source:HGNC 
Symbol;Acc:HGNC:8943] 

HIST1H4H 7.68262 44.9659 2.54916 0.001629 histone cluster 1, H4h [Source:HGNC 
Symbol;Acc:HGNC:4788] 

ADIRF,AGAP11 8.66908 49.924 2.52578 0.000884  

HIST1H2BG 2.60434 14.7884 2.50548 0.00411 histone cluster 1, H2bg [Source:HGNC 
Symbol;Acc:HGNC:4746] 

CCL2 52.4098 290.969 2.47296 0.000884 C-C motif chemokine ligand 2 [Source:HGNC 
Symbol;Acc:HGNC:10618] 

GPX3 11.0075 59.7628 2.44076 0.000884 glutathione peroxidase 3 [Source:HGNC 
Symbol;Acc:HGNC:4555] 

Genes downregulated in senescent cells, normalised to presenescent cells 

FOS 153.727 1.52371 -6.65664 0.00005 Fos proto-oncogene, AP-1 transcription factor subunit 
[Source:HGNC Symbol;Acc:HGNC:3796] 

EGR1 132.629 5.34944 -4.63187 0.00005 early growth response 1 [Source:HGNC 
Symbol;Acc:HGNC:3238] 

NR4A1 40.3801 2.26591 -4.15548 0.00005 nuclear receptor subfamily 4 group A member 1 
[Source:HGNC Symbol;Acc:HGNC:7980] 

MEG9,MIR369,MIR
377,MIR409,MIR41
0,MIR412,MIR496,
MIR541,MIR656 

47.2519 2.89942 -4.02653 0.00005  

RMRP 58.2975 4.8305 -3.59319 0.00025 RNA component of mitochondrial RNA processing 
endoribonuclease [Source:HGNC 
Symbol;Acc:HGNC:10031] 

IGF2,INS,INS-IGF2 21.7241 2.01702 -3.429 0.00005  

RASL12 10.1678 1.01502 -3.32443 0.00005 RAS like family 12 [Source:HGNC 
Symbol;Acc:HGNC:30289] 
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MIR3656,TRAPPC4 296.899 31.5505 -3.23423 0.00005  

RPPH1 19.7841 2.5005 -2.98405 0.00015 ribonuclease P RNA component H1 [Source:HGNC 
Symbol;Acc:HGNC:19273] 

OLFML2A 19.7781 2.75992 -2.8412 0.00005 olfactomedin like 2A [Source:HGNC 
Symbol;Acc:HGNC:27270] 

ELOVL2 9.42961 1.33366 -2.8218 0.00005 ELOVL fatty acid elongase 2 [Source:HGNC 
Symbol;Acc:HGNC:14416] 

VAT1L 23.4105 3.37592 -2.7938 0.00005 vesicle amine transport 1 like [Source:HGNC 
Symbol;Acc:HGNC:29315] 

MIR6501,SON 234.586 36.542 -2.68249 0.00005  

ADH1B 7.80652 1.22811 -2.66824 0.00005 alcohol dehydrogenase 1B (class I), beta polypeptide 
[Source:HGNC Symbol;Acc:HGNC:250] 

SOCS1 11.4364 1.81901 -2.65241 0.00005 suppressor of cytokine signaling 1 [Source:HGNC 
Symbol;Acc:HGNC:19383] 

RN7SK 62.018 11.573 -2.42192 0.00005 RNA, 7SK small nuclear [Source:HGNC 
Symbol;Acc:HGNC:10037] 

CLDN11 94.4597 20.7433 -2.18705 0.00005 claudin 11 [Source:HGNC Symbol;Acc:HGNC:8514] 

CLDN11 94.4597 20.7433 -2.18705 0.00005 claudin 11 [Source:HGNC Symbol;Acc:HGNC:8514] 

SLC7A2 22.4778 5.34021 -2.07353 0.00005 solute carrier family 7 member 2 [Source:HGNC 
Symbol;Acc:HGNC:11060] 

AEBP1 6.94344 1.65272 -2.0708 0.00005 AE binding protein 1 [Source:HGNC 
Symbol;Acc:HGNC:303] 

Genes upregulated in miR-523-3p transfected cells, normalised to senescent cells 

BUB1 1.31726 15.7913 3.58351 0.000884 BUB1 mitotic checkpoint serine/threonine kinase 
[Source:HGNC Symbol;Acc:HGNC:1148] 

KIF20A 2.1101 22.0586 3.38596 0.006254 kinesin family member 20A [Source:HGNC 
Symbol;Acc:HGNC:9787] 

KIF2C 1.54414 15.6061 3.33723 0.000884 kinesin family member 2C [Source:HGNC 
Symbol;Acc:HGNC:6393] 

HJURP 1.2505 12.089 3.27312 0.000884 Holliday junction recognition protein [Source:HGNC 
Symbol;Acc:HGNC:25444] 

SEMA7A 4.82911 44.9189 3.21749 0.000884 semaphorin 7A (John Milton Hagen blood group) 
[Source:HGNC Symbol;Acc:HGNC:10741] 

CDC20 5.06373 43.7301 3.11036 0.000884 cell division cycle 20 [Source:HGNC 
Symbol;Acc:HGNC:1723] 

CDCA3 1.62763 13.9912 3.10368 0.000884 cell division cycle associated 3 [Source:HGNC 
Symbol;Acc:HGNC:14624] 

FAM83D 1.69732 14.4056 3.0853 0.000884 family with sequence similarity 83 member D 
[Source:HGNC Symbol;Acc:HGNC:16122] 

ANLN 6.56705 54.3341 3.04854 0.000884 anillin actin binding protein [Source:HGNC 
Symbol;Acc:HGNC:14082] 

NDC80 1.11369 9.15973 3.03996 0.000884 NDC80, kinetochore complex component 
[Source:HGNC Symbol;Acc:HGNC:16909] 

PLK1 2.75848 22.1575 3.00585 0.000884 polo like kinase 1 [Source:HGNC 
Symbol;Acc:HGNC:9077] 

CDCA8 2.0473 16.4149 3.00321 0.000884 cell division cycle associated 8 [Source:HGNC 
Symbol;Acc:HGNC:14629] 

DLGAP5 1.71156 13.5954 2.98974 0.000884 DLG associated protein 5 [Source:HGNC 
Symbol;Acc:HGNC:16864] 

IL11 1.67267 13.2272 2.98328 0.000884 interleukin 11 [Source:HGNC Symbol;Acc:HGNC:5966] 

KIFC1 1.40094 11.0764 2.98303 0.000884 kinesin family member C1 [Source:HGNC 
Symbol;Acc:HGNC:6389] 

PODXL 2.07173 16.2863 2.97475 0.000884 podocalyxin like [Source:HGNC 
Symbol;Acc:HGNC:9171] 

DEPDC1 1.33412 10.4256 2.96618 0.000884 DEP domain containing 1 [Source:HGNC 
Symbol;Acc:HGNC:22949] 

HMGA2 8.3867 63.7946 2.92726 0.000884 high mobility group AT-hook 2 [Source:HGNC 
Symbol;Acc:HGNC:5009] 

GTSE1 1.11138 8.39791 2.91767 0.000884 G2 and S-phase expressed 1 [Source:HGNC 
Symbol;Acc:HGNC:13698] 

CDKN3 2.97395 21.3124 2.84124 0.000884 cyclin dependent kinase inhibitor 3 [Source:HGNC 
Symbol;Acc:HGNC:1791] 

Genes downregulated in miR-523-3p transfected cells, normalised to senescent cells 

SHISA3 48.3095 4.86863 -3.31072 0.00005 shisa family member 3 [Source:HGNC 
Symbol;Acc:HGNC:25159] 

FGL2 72.9919 7.93361 -3.20169 0.00005 fibrinogen like 2 [Source:HGNC 
Symbol;Acc:HGNC:3696] 

NACC2 17.3021 2.26383 -2.93411 0.00005 NACC family member 2 [Source:HGNC 
Symbol;Acc:HGNC:23846] 
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C10orf10 7.85223 1.08062 -2.86125 0.00355 chromosome 10 open reading frame 10 [Source:HGNC 

Symbol;Acc:HGNC:23355] 
ACKR3 17.8809 2.46469 -2.85894 0.00005 atypical chemokine receptor 3 [Source:HGNC 

Symbol;Acc:HGNC:23692] 
COL14A1 20.1418 3.49786 -2.52565 0.00005 collagen type XIV alpha 1 chain [Source:HGNC 

Symbol;Acc:HGNC:2191] 
TRPA1 209.439 36.6714 -2.5138 0.00005 transient receptor potential cation channel subfamily 

A member 1 [Source:HGNC Symbol;Acc:HGNC:497] 
SLC2A12 9.65774 1.6927 -2.51236 0.00005 solute carrier family 2 member 12 [Source:HGNC 

Symbol;Acc:HGNC:18067] 
KCNH2 6.32218 1.12101 -2.49563 0.00005 potassium voltage-gated channel subfamily H member 

2 [Source:HGNC Symbol;Acc:HGNC:6251] 
FAM171A2 18.429 3.28897 -2.48627 0.00005 family with sequence similarity 171 member A2 

[Source:HGNC Symbol;Acc:HGNC:30480] 
SOX4 13.2047 2.45581 -2.42678 0.00005 SRY-box 4 [Source:HGNC Symbol;Acc:HGNC:11200] 

NCS1 27.7587 5.428 -2.35445 0.00005 neuronal calcium sensor 1 [Source:HGNC 
Symbol;Acc:HGNC:3953] 

VCAM1 63.9203 12.5328 -2.35057 0.00005 vascular cell adhesion molecule 1 [Source:HGNC 
Symbol;Acc:HGNC:12663] 

C1orf233 10.3553 2.04578 -2.33965 0.00005  

C1QTNF5,MFRP 29.8706 5.93977 -2.33025 0.00005  

ITGA8 8.71079 1.77312 -2.29651 0.00005 integrin subunit alpha 8 [Source:HGNC 
Symbol;Acc:HGNC:6144] 

RASSF2 14.8714 3.0474 -2.28689 0.00005 Ras association domain family member 2 
[Source:HGNC Symbol;Acc:HGNC:9883] 

HBD 6.87869 1.44221 -2.25385 0.00005 hemoglobin subunit delta [Source:HGNC 
Symbol;Acc:HGNC:4829] 

PDE5A 177.7 38.1525 -2.21959 0.00005 phosphodiesterase 5A [Source:HGNC 
Symbol;Acc:HGNC:8784] 

DHCR7 63.415 13.6749 -2.21329 0.00005 7-dehydrocholesterol reductase [Source:HGNC 
Symbol;Acc:HGNC:2860] 

Genes upregulated in miR-639 transfected cells, normalised to senescent cells 

CXCL10 1.29985 968.8 9.54171 0.000884 C-X-C motif chemokine ligand 10 [Source:HGNC 
Symbol;Acc:HGNC:10637] 

BST2 1.69139 267.728 7.30641 0.000884 bone marrow stromal cell antigen 2 [Source:HGNC 
Symbol;Acc:HGNC:1119] 

OAS1 1.7644 253.777 7.16825 0.000884 2'-5'-oligoadenylate synthetase 1 [Source:HGNC 
Symbol;Acc:HGNC:8086] 

MX1 3.63485 508.902 7.12935 0.000884 MX dynamin like GTPase 1 [Source:HGNC 
Symbol;Acc:HGNC:7532] 

IFIT2 3.77097 524.05 7.11862 0.000884 interferon induced protein with tetratricopeptide 
repeats 2 [Source:HGNC Symbol;Acc:HGNC:5409] 

IFI27 30.8136 2034.71 6.04511 0.000884 interferon alpha inducible protein 27 [Source:HGNC 
Symbol;Acc:HGNC:5397] 

IFITM1 33.0098 1806.83 5.77443 0.000884 interferon induced transmembrane protein 1 
[Source:HGNC Symbol;Acc:HGNC:5412] 

OAS2,OAS3 7.8994 317.723 5.32988 0.000884  

EPSTI1 1.05062 38.954 5.21245 0.000884 epithelial stromal interaction 1 (breast) [Source:HGNC 
Symbol;Acc:HGNC:16465] 

MX2 2.14918 78.5488 5.19173 0.000884 MX dynamin like GTPase 2 [Source:HGNC 
Symbol;Acc:HGNC:7533] 

IFIT1 11.2055 408.734 5.18888 0.000884 interferon induced protein with tetratricopeptide 
repeats 1 [Source:HGNC Symbol;Acc:HGNC:5407] 

IFIT3 16.4644 503.642 4.93497 0.000884 interferon induced protein with tetratricopeptide 
repeats 3 [Source:HGNC Symbol;Acc:HGNC:5411] 

LGALS9 1.5939 46.5352 4.86769 0.000884 galectin 9 [Source:HGNC Symbol;Acc:HGNC:6570] 

BATF2 1.24216 34.2111 4.78354 0.000884 basic leucine zipper ATF-like transcription factor 2 
[Source:HGNC Symbol;Acc:HGNC:25163] 

IFIH1 1.90599 49.5687 4.70082 0.000884 interferon induced with helicase C domain 1 
[Source:HGNC Symbol;Acc:HGNC:18873] 

LBP 2.05349 50.505 4.62027 0.000884 lipopolysaccharide binding protein [Source:HGNC 
Symbol;Acc:HGNC:6517] 

LINC00161 1.70318 41.3868 4.60287 0.000884 long intergenic non-protein coding RNA 161 
[Source:HGNC Symbol;Acc:HGNC:17138] 

RMRP 4.8305 112.572 4.54253 0.000884 RNA component of mitochondrial RNA processing 
endoribonuclease [Source:HGNC 
Symbol;Acc:HGNC:10031] 

KYNU 3.04972 66.5172 4.44698 0.000884 kynureninase [Source:HGNC Symbol;Acc:HGNC:6469] 

RTP4 1.39168 29.242 4.39314 0.000884 receptor transporter protein 4 [Source:HGNC 
Symbol;Acc:HGNC:23992] 
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Genes downregulated in miR-639 transfected cells, normalised to senescent cells 

MIR1287,PYROXD2 75.8096 4.17051 -4.18408 0.00005  

HSD17B6 13.5703 1.11399 -3.60664 0.00005 hydroxysteroid 17-beta dehydrogenase 6 
[Source:HGNC Symbol;Acc:HGNC:23316] 

SIDT2,TAGLN 1331.74 121.474 -3.45459 0.00005  

ELN 14.9166 1.46386 -3.34906 0.00005 elastin [Source:HGNC Symbol;Acc:HGNC:3327] 

COL14A1 20.1418 2.35308 -3.09757 0.00005 collagen type XIV alpha 1 chain [Source:HGNC 
Symbol;Acc:HGNC:2191] 

CNN1 37.7518 4.50261 -3.06771 0.00005 calponin 1 [Source:HGNC Symbol;Acc:HGNC:2155] 

KRT19 17.1732 2.07919 -3.04607 0.00005 keratin 19 [Source:HGNC Symbol;Acc:HGNC:6436] 

TNFRSF10D 73.8999 9.17627 -3.00959 0.00005 TNF receptor superfamily member 10d [Source:HGNC 
Symbol;Acc:HGNC:11907] 

MRVI1 24.261 3.27962 -2.88704 0.00005 murine retrovirus integration site 1 homolog 
[Source:HGNC Symbol;Acc:HGNC:7237] 

ACTG2 311.814 43.8055 -2.8315 0.00005 actin, gamma 2, smooth muscle, enteric [Source:HGNC 
Symbol;Acc:HGNC:145] 

PIK3R2 32.8706 5.12145 -2.68217 0.00005 phosphoinositide-3-kinase regulatory subunit 2 
[Source:HGNC Symbol;Acc:HGNC:8980] 

MIR7109,PISD 155.4 24.5566 -2.6618 0.00005  

TMEM8B 9.37398 1.51019 -2.63393 0.00005 transmembrane protein 8B [Source:HGNC 
Symbol;Acc:HGNC:21427] 

ACTA2 250.956 40.7285 -2.62333 0.00005 actin, alpha 2, smooth muscle, aorta [Source:HGNC 
Symbol;Acc:HGNC:130] 

NDRG4 7.36818 1.22383 -2.58991 0.00005 NDRG family member 4 [Source:HGNC 
Symbol;Acc:HGNC:14466] 

WFDC21P 71.0431 11.9411 -2.57276 0.00005 WAP four-disulfide core domain 21, pseudogene 
[Source:HGNC Symbol;Acc:HGNC:50357] 

LOC728392,NLRP1 111.641 19.3439 -2.52891 0.00005  

MAP6 6.84952 1.18691 -2.52879 0.00005 microtubule associated protein 6 [Source:HGNC 
Symbol;Acc:HGNC:6868] 

CYBA 142.684 25.3533 -2.49258 0.00005 cytochrome b-245 alpha chain [Source:HGNC 
Symbol;Acc:HGNC:2577] 

MGAT5 110.728 20.7047 -2.41898 0.00005 mannosyl (alpha-1,6-)-glycoprotein beta-1,6-N-acetyl-
glucosaminyltransferase [Source:HGNC 
Symbol;Acc:HGNC:7049] 

Genes upregulated in let-7i transfected cells, normalised to senescent cells 

LRRC32 1.55904 19.7746 3.66492 0.000884 leucine rich repeat containing 32 [Source:HGNC 
Symbol;Acc:HGNC:4161] 

MEG9,MIR369,MIR
377,MIR409,MIR41
0,MIR412,MIR496,
MIR541,MIR656 

2.89942 34.6586 3.57938 0.000884  

SLC2A3 7.77067 76.4855 3.29907 0.000884 solute carrier family 2 member 3 [Source:HGNC 
Symbol;Acc:HGNC:11007] 

MEST 31.5636 301.437 3.25552 0.000884 mesoderm specific transcript [Source:HGNC 
Symbol;Acc:HGNC:7028] 

CCDC81 1.5628 14.1054 3.17404 0.000884 coiled-coil domain containing 81 [Source:HGNC 
Symbol;Acc:HGNC:26281] 

ZNF548 2.12163 18.7119 3.14072 0.000884 zinc finger protein 548 [Source:HGNC 
Symbol;Acc:HGNC:26561] 

MIR4680,PDCD4 17.7417 154.628 3.12358 0.000884  

ACTG2 311.814 2589.6 3.05397 0.000884 actin, gamma 2, smooth muscle, enteric [Source:HGNC 
Symbol;Acc:HGNC:145] 

FGF1 4.48789 35.4414 2.98132 0.000884 fibroblast growth factor 1 [Source:HGNC 
Symbol;Acc:HGNC:3665] 

ADAMTS15 1.80762 14.2319 2.97697 0.000884 ADAM metallopeptidase with thrombospondin type 1 
motif 15 [Source:HGNC Symbol;Acc:HGNC:16305] 

SEMA7A 4.82911 37.4883 2.95661 0.000884 semaphorin 7A (John Milton Hagen blood group) 
[Source:HGNC Symbol;Acc:HGNC:10741] 

SH3RF2 1.07288 7.69501 2.84243 0.000884 SH3 domain containing ring finger 2 [Source:HGNC 
Symbol;Acc:HGNC:26299] 

ACTA2 250.956 1788 2.83284 0.000884 actin, alpha 2, smooth muscle, aorta [Source:HGNC 
Symbol;Acc:HGNC:130] 

BAALC 1.1016 7.75975 2.81641 0.000884 brain and acute leukemia, cytoplasmic [Source:HGNC 
Symbol;Acc:HGNC:14333] 

MIR6073,SOX6 3.45161 24.0158 2.79865 0.008229  

MYH11 1.95951 12.436 2.66596 0.000884 myosin heavy chain 11 [Source:HGNC 
Symbol;Acc:HGNC:7569] 
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LIPH 1.26042 7.87146 2.64273 0.000884 lipase H [Source:HGNC Symbol;Acc:HGNC:18483] 

MX1 3.63485 20.5793 2.50122 0.000884 MX dynamin like GTPase 1 [Source:HGNC 
Symbol;Acc:HGNC:7532] 

PTPRN 1.67169 9.45515 2.49979 0.000884 protein tyrosine phosphatase, receptor type N 
[Source:HGNC Symbol;Acc:HGNC:9676] 

HBEGF 2.76697 14.9186 2.43074 0.000884 heparin binding EGF like growth factor [Source:HGNC 
Symbol;Acc:HGNC:3059] 

Genes downregulated in let-7i transfected cells, normalised to senescent cells 

SHISA3 48.3095 2.2401 -4.43067 0.00005 shisa family member 3 [Source:HGNC 
Symbol;Acc:HGNC:25159] 

TRPA1 209.439 10.4992 -4.31818 0.00005 transient receptor potential cation channel subfamily 
A member 1 [Source:HGNC Symbol;Acc:HGNC:497] 

VCAM1 63.9203 4.15924 -3.94188 0.00005 vascular cell adhesion molecule 1 [Source:HGNC 
Symbol;Acc:HGNC:12663] 

FGL2 72.9919 4.95654 -3.88033 0.00005 fibrinogen like 2 [Source:HGNC 
Symbol;Acc:HGNC:3696] 

LOC100506175 35.4807 2.79741 -3.66487 0.00445  

ACKR3 17.8809 1.43671 -3.63757 0.00005 atypical chemokine receptor 3 [Source:HGNC 
Symbol;Acc:HGNC:23692] 

CEBPD 23.2399 2.47095 -3.23346 0.00335 CCAAT/enhancer binding protein delta [Source:HGNC 
Symbol;Acc:HGNC:1835] 

TEK 48.354 5.48461 -3.14018 0.00005 TEK receptor tyrosine kinase [Source:HGNC 
Symbol;Acc:HGNC:11724] 

FIBIN 12.69 1.51823 -3.06323 0.00005 fin bud initiation factor homolog (zebrafish) 
[Source:HGNC Symbol;Acc:HGNC:33747] 

ITGA8 8.71079 1.11207 -2.96956 0.00005 integrin subunit alpha 8 [Source:HGNC 
Symbol;Acc:HGNC:6144] 

HSD17B2 30.0061 3.90989 -2.94006 0.00005 hydroxysteroid 17-beta dehydrogenase 2 
[Source:HGNC Symbol;Acc:HGNC:5211] 

JUND 12.2642 1.61981 -2.92055 0.00005 JunD proto-oncogene, AP-1 transcription factor 
subunit [Source:HGNC Symbol;Acc:HGNC:6206] 

NLRX1 7.41945 1.01496 -2.86989 0.00005 NLR family member X1 [Source:HGNC 
Symbol;Acc:HGNC:29890] 

COL14A1 20.1418 2.77285 -2.86075 0.00005 collagen type XIV alpha 1 chain [Source:HGNC 
Symbol;Acc:HGNC:2191] 

MIR7109,PISD 155.4 22.2931 -2.80132 0.00005  

PNPLA2 36.7647 5.8519 -2.65134 0.00005 patatin like phospholipase domain containing 2 
[Source:HGNC Symbol;Acc:HGNC:30802] 

DHRS3 22.5446 3.62448 -2.63693 0.00005 dehydrogenase/reductase 3 [Source:HGNC 
Symbol;Acc:HGNC:17693] 

C1orf233 10.3553 1.69484 -2.61116 0.00005  

C5orf56 9.52296 1.70314 -2.48322 0.00005 chromosome 5 open reading frame 56 [Source:HGNC 
Symbol;Acc:HGNC:33838] 

TSLP 10.6937 1.99037 -2.42565 0.00005 thymic stromal lymphopoietin [Source:HGNC 
Symbol;Acc:HGNC:30743] 
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10 Appendix IIII

The KEGG pathway depicting the cell cycle shows increased activation of cell cycle 

genes following miRNA transfection of replicatively senescent WI

these images white coloured genes were those not detected in the RNAseq analysis, 

yellow genes are expressed but show no fold change, green genes are upregulated at 

least 0.5 log2 fold and red genes are downregulated at least 0.5 log2 fold.

 

Figure 10-1 Cell cycle regulation 
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The KEGG pathway depicting the cell cycle shows increased activation of cell cycle 

genes following miRNA transfection of replicatively senescent WI

these images white coloured genes were those not detected in the RNAseq analysis, 

genes are expressed but show no fold change, green genes are upregulated at 

least 0.5 log2 fold and red genes are downregulated at least 0.5 log2 fold.

Cell cycle regulation in presenescent cells, normalised to untreated senescent cells.
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The KEGG pathway depicting the cell cycle shows increased activation of cell cycle 

genes following miRNA transfection of replicatively senescent WI-38 fibroblasts. On 

these images white coloured genes were those not detected in the RNAseq analysis, 

genes are expressed but show no fold change, green genes are upregulated at 

least 0.5 log2 fold and red genes are downregulated at least 0.5 log2 fold.  

, normalised to untreated senescent cells. 



 

Figure 10-2 Cell cycle regulation 
cells. 

Figure 10-3 Cell cycle regulation 

Cell cycle regulation in miR-523-3p transfected cells, normalised to untreated 

Cell cycle regulation in miR-639 transfected cells, normalised to untreated 
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, normalised to untreated senescent 

, normalised to untreated senescent cells. 



 

Figure 10-4 Cell cycle regulation

 

 

 

Cell cycle regulation in let-7i-3p transfected cells, normalised to untr
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, normalised to untreated senescent cells. 


