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1-1) Aging 

Aging is a complex and profound biological process that while universally recognized, 

remains poorly understood on a mechanistic level (Jeyapalan and Sedivy, 2008; 

Kirkwood, 2005; Sinclair and Oberdoerffer, 2009). The causes of aging fall into a broad 

spectrum of genetic factors, environmental stimuli, and epigenetic modifications (Antosh 

et al., 2011; Lorenzini et al., 2009; Thompson et al., 2010). Despite the litany of internal 

and external stimuli that may contribute to the process of aging, there are certain aspects 

that remain consistent in many species. The aging phenomenon presents as a progressive 

degeneration of biological function at the cellular, organ and organismal level, eventually 

leading to organismal death (Flatt and Schmidt, 2009; Hughes and Reynolds, 2005; Kong 

et al., 2011). A fascinating aspect of the aging process is that because most organisms 

have already exited the reproductive phase of their life cycles at the onset of aging-related 

decline, natural selection has little chance to directly affect late life factors that contribute 

to the aging phenotype. Never-the-less age related changes appear to be regulated by 

conserved molecular pathways under the influence of evolutionary selection (Flatt and 

Schmidt, 2009; Garinis et al., 2008; Kirkwood et al., 2000). 

One major contributing force behind aging has been proposed to be accumulated DNA 

damage (d'Adda di Fagagna et al., 2004; Ding and Shen, 2008; Herbig et al., 2006; 

Hinkal and Donehower, 2008; Lorenzini et al., 2009). The affronts to the delicate genome 

are many, ranging from external threats to internal chemical byproducts and mechanical 

failures (Burhans and Weinberger, 2007; Di Micco et al., 2006; Salmon et al., 2010). 

External dangers include environmental ionizing, solar UV radiation and free radicals, 

while internal ones include reactive oxygen species produced by natural cellular 
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metabolic processes, such as super oxides, hydrogen peroxide and hydroxyl radicals. All 

of these species have the potential to cause damage to necessary bio-molecules within the 

organism, including DNA (Barja and Herrero, 2000; Bohr, 2002; De Bont and van 

Larebeke, 2004; Ku et al., 1993).  

Yet mechanisms are in place to reduce the accumulation of damage to the genome. The 

DNA damage responses are a set of conserved processes that have evolved to repair both 

single and double strand DNA breaks, inter and intra strand cross-links, base alterations, 

DNA adducts, insertions, deletions, and base pair mismatches (Li et al., 2008a; Lombard 

et al., 2005; Maynard et al., 2009; Shumaker et al., 2006). These repair mechanisms, 

though generally effective, are not without error and, given time, DNA damage and 

mutations accumulate, eventually reaching a critical point at which the cell undergoes 

one of three possible permanent changes: transformation, apoptosis, or cellular 

senescence (Campisi, 2005; Lindahl, 1993; Vijg, 2004).  

  

1-2) Cellular Senescence 

Cellular senescence, as first discovered in 1961 by Hayflick and Moorehead, has been 

used to describe the phenomenon in which cells undergo a physiological change 

rendering them incapable of further replication. In the initial experiment normal human 

fibroblasts were cultured and serially passaged, allowing for continual population 

doublings (Hayflick and Moorhead, 1961). After a seemingly preset number of doublings 

the cells irreversibly lost their ability to replicate. Despite the inability of such cells to 

replicate, it is important to establish that these cells continue to live, and are, in fact, 

metabolically active and genetically stable, as well as resistant to apoptosis (Hampel et 
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al., 2005; Marcotte et al., 2004; Matsumura et al., 1979; Pignolo et al., 1994; Wang, 

1995). In addition to the loss of replication capability, a number of additional phenotypic 

changes occur in cells that have entered the senescent state, including modified cell 

morphology, gene expression patterns, chromatin organization and secretory profiles 

(Bayreuther et al., 1988; Coppe et al., 2006; Dimri et al., 1995; Narita et al., 2003; Zhang 

et al., 2003). Though the underlying molecular biology involved in senescence was not 

known at the time of its discovery, it was proposed to be a potential mechanism of aging, 

as the limited number of cellular divisions seemed to indicate a finite level of 

regeneration over time within the organism, eventually leading to a biological decline 

(Hayflick, 1965). Many of the causes for cellular senescence have since been elucidated 

and although they vary, they all lead to the activation of similar signaling pathways  that 

inhibit the cell cycle (Collado et al., 2007; Herbig and Sedivy, 2006; Jeyapalan and 

Sedivy, 2008). 

  

1-3) Causes of Senescence 

1-3A) Replicative Cellular Senescence: Telomere Attrition 

Cellular senescence induced by continual proliferation, as it was first discovered, is 

caused by the shortening of the telomeres (Bodnar et al., 1998; Harley et al., 1990; 

Hayflick and Moorhead, 1961). In vertebrates the repetitive nucleotide sequence 

associated with telomeres consists of TTAGGG and, in human cells, occupies 

approximately 5,000-15,000 bp on either end of each chromosome (de Lange, 2005; 

Herbig and Sedivy, 2006). The primary function of telomeres is to prevent chromosome 

ends from being recognized as double strand breaks by the cellular DNA damage repair 
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machinery, and to overcome the incomplete end replication problem inherent with linear 

chromosomes (Chan et al., 2001; Olovnikov, 1973; Sfeir et al., 2005). Formation of new 

DNA during replication proceeds only in the 5’ to 3’ direction, as DNA polymerase 

enzymes are only able to add bases to the free hydroxyl at the 3’ end of a DNA strand, 

which allows for the full replication to the end of the leading strand of the replication fork 

by Pol ε. The lagging strand however must be replicated through a series of Okazaki 

fragments, small DNA fragments primed by short RNA polynucleotides which are later 

excised and replaced by Pol δ (Bermudez et al., 2011). When the replication fork reaches 

the end of the chromosome a final RNA primer is used to generate a DNA fragment, 

however once the primer is excised, polymerase is unable to replicate the sequence 

covered by the primer resulting in a shorter 5’ end of the replicated lagging strand (Harley 

et al., 1990; Olovnikov, 1973). Telomerase is a ribonucleoprotein containing an integral 

RNA template (TERC) and a reverse-transcriptase enzymatic sub-unit (TERT) that allows 

for the extension of the 3’ end of the chromosome (Greider and Blackburn, 1985; Harley 

et al., 1990; Mitchell et al., 2010). Human telomerase maintains and elongates the 

telomeres in germ-line, embryonic tissues, and cancers, but is inactive in most healthy 

adult somatic tissue (Hiyama et al., 1995; Shay and Bacchetti, 1997; Ulaner et al., 2001; 

Wright et al., 1996). As cells continue to replicate, the length of the telomeres grow 

increasingly shorter, effectively establishing a molecular clock that continually counts 

down until the telomeres reach the critical length at which they can no longer maintain 

proper structure (d'Adda di Fagagna et al., 2003; Harley et al., 1990; Stewart et al., 2003). 

When this minimum telomere length is reached the DNA damage response becomes 

activated, triggering a cascade of molecular signals that result in the activation of the p53 
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tumor suppressor, a powerful cell cycle regulator, and entry into the senescent state (Ben-

Porath and Weinberg, 2005; Campisi, 2005; Collado et al., 2007; d'Adda di Fagagna et 

al., 2003; Herbig et al., 2004; Takai et al., 2003).  

 1-3B) Premature Cellular Senescence 

In addition to telomere attrition, cellular senescence can be induced prior to telomere 

dysfunction by a number of other factors (Jeyapalan and Sedivy, 2008; Kong et al., 2011; 

Kuilman et al., 2010). Stress induced senescence can occur in vitro when cells are grown 

in improper culture conditions (Parrinello et al., 2003; Ramirez et al., 2001; Sherr and 

DePinho, 2000). Senescence can also be induced, both in vitro and in vivo, by the 

activation of certain oncogenes in otherwise normal cells (Lin et al., 1998; Serrano et al., 

1997; Zhu et al., 1998). Additionally, mutations that cause a loss of function in tumor 

suppressor genes, such as PTEN, NF1 and VHL, can also lead to a senescent state (Chen 

et al., 2005; Courtois-Cox et al., 2006; Young et al., 2008). In all of these conditions, 

there is an activation of either or both of two prominent tumor suppressors, the p53 and 

retinoblastoma (RB) proteins (Campisi and d'Adda di Fagagna, 2007; Hara et al., 1991; 

Shay et al., 1991; Wei et al., 2003).  

1-3C) p53 and RB 

As mentioned previously, in most instances of cellular senescence, regardless of stimuli, 

there is a common activation of either of the p53 or RB tumor suppressor pathways, or 

both (Atadja et al., 1995; Ben-Porath and Weinberg, 2005; Campisi, 2005; Stein et al., 

1990). Though the results of p53 and RB activity are similar, the upstream activating 

mechanisms of these signal transduction cascades are different for each (Kong et al., 

2011). 
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p53 primarily mediates senescence caused by telomere dysfunction, DNA damage 

signals, and oncogene activation. The Ataxia Telangiectasia Mutated (ATM) protein 

kinase phosphorylates and activates p53 in response to double strand breaks, while the 

Ataxia Telangiectasia and Rad3 Related (ATR) kinase activates p53 when single-

stranded DNA persists within the cell, a hallmark of stalled replication forks(d'Adda di 

Fagagna et al., 2003; Herbig et al., 2004). Activated p53 then promotes the expression of 

the CDK inhibitor p21, which in turn binds to and inhibits the activity of CDK2 and 

CDK4 complexes (Sherr and Roberts, 1999; Stein et al., 1999). The complex of CDK2 

with Cyclin E and its activity is necessary for the progression of the cell cycle through the 

G1 phase, and so through p21, p53 activity acts as a brake for cell cycle progression 

(Koff et al., 1992).  

The CDK inhibitor p16 inactivates CDK4 and CDK6, preventing them from forming 

complexes with Cyclin D. The CDK4/CDK6-Cyclin D complex phosphorylates RB, 

causing it to no longer bind and inhibit the E2F-DP transcription factor complex that 

promotes progression of the cell cycle from the G1 phase to the S phase(Fahraeus et al., 

1996; Serrano et al., 1993; Siegert et al., 2000). The presence of p16 maintains RB in its 

active deposphorylated, E2F-DP binding state, thus causing the cell cycle to stall at G1 

(Fahraeus et al., 1996; Serrano et al., 1993). The p16 pathway responds to many non-

genotoxic stimuli, though the mechanisms leading to its up-regulation are not as well 

knows as those for the p53 pathway (Jeyapalan and Sedivy, 2008). Interestingly E2F-DP 

also promotes the transcription of p16.  

There appears to be some cross talk between these two pathways, as p21 and p16 both 

inhibit CDK4/6, maintaining RB activation. In addition, the gene that encodes p16, 
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CDKN2A, also encodes an alternate reading frame (ARF) protein, p14ARF, that inhibits 

Mdm2, a negative regulator of p53 (Clark et al., 2002; Gil and Peters, 2006; Kim and 

Sharpless, 2006; Ofir-Rosenfeld et al., 2008). In some instances the p53-21 and p16-RB 

pathways are induced by the same oncogenic activity, such as RAS, albeit through 

different mechanisms, while in other instances, the two pathways are independently 

activated (Di Micco et al., 2006; Mallette et al., 2007; Ohtani et al., 2001) 

  

1-4) Biomarkers of Senescent Cell 

The most prominent of the physiological changes that occurs in cells entering the 

senescent state is the loss of their ability to replicate (Hayflick and Moorhead, 1961; 

Jeyapalan and Sedivy, 2008). This inability to replicate should be distinguished from 

cellular terminal differentiation, observed in many somatic tissues, which also results in 

cessation of division. However, differentiated cells typically do not express the tumor 

suppressor pathways that are active in most senescent cells, and their exit from the cell 

cycle is the result of a controlled biological program, rather than a response to a critical 

failure in DNA maintenance (Campisi and d'Adda di Fagagna, 2007). While senescence 

has typically been described as an irreversible loss of the ability to replicate, some studies 

have shown that under certain conditions senescent cells can return to the cell cycle 

(Beausejour et al., 2003; Choi et al., 2011; Coppe et al., 2008; Dirac and Bernards, 2003; 

Kuilman et al., 2010). The loss or inactivation of some key components of both the p53 

and RB pathways are required for such reentry, and as such are likely to represent events 

leading to tumorgenesis if they occur in vivo. 



9 

 

 

 

Cells that undergo senescence also display a range of changes to their usual morphology 

(Jeyapalan and Sedivy, 2008; Kuilman et al., 2010). Depending on the cell type and the 

triggering stimuli, these morphological changes can differ greatly. In human lung 

fibroblast cells, the usual fibroblastic morphology alters into a large and flattened change. 

This condition has also been observed in other cell types in stress induced and DNA 

damage induced senescence (Chen et al., 2001; Denoyelle et al., 2006; Parrinello et al., 

2003; Serrano et al., 1997). Some senescence phenotypes caused by oncogene activation 

or tumor suppressor loss display a more varied array of morphologies (Chan et al., 2005; 

Denoyelle et al., 2006; Michaloglou et al., 2005).  

Senescence-associated beta galactosidase (SA-ß-GAL) activity has been shown to 

increase in senescent cells, and has been widely used as a biomarker of cellular 

senescence (Debacq-Chainiaux et al., 2009; Dimri et al., 1995; Itahana et al., 2007; 

Kuilman et al., 2010; Satyanarayana et al., 2003). The elevated SA-ß-GAL activity in 

senescent cells is thought to result from an increase in the size of the cellular lysosomal 

compartment, the organelle to which the enzyme is localized (Kurz et al., 2000; Lee et 

al., 2006). The human genome encodes a single lysosomal beta-galactosidase (GLB1) 

whose pH optimum is 4.5 to match that of the organelle in which it resides however, due 

to the increased abundance of the enzyme in senescent cells, activity can be detected at 

the greatly sub-optimal pH of 6. The activity detectable at pH 6.0 has been designated as 

SA-ß-GAL, and provides a convenient mark of delineation between senescent and non-

senescent cells (Lee et al., 2006; Yang and Hu, 2005).  

Telomere dysfunction-induced foci (TIFs) are another important marker of senescence. 

These foci are identified by immunoflourescent labeling of a phosphorylated form of the 
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histone 2A variant H2AX, designated as γ-H2AX. γ-H2AX is found in nuclear foci 

which localize to sites of double strand breaks (d'Adda di Fagagna et al., 2003; Rogakou 

et al., 1998; Sedelnikova et al., 2004). Given that double strand breaks are a hallmark of 

telomere dysfunction, visualization of γ-H2AX foci by immunoflourescence can be used 

to identify sites of double strand breaks in intact nuclei (d'Adda di Fagagna et al., 2004; 

Herbig and Sedivy, 2006; von Zglinicki and Martin-Ruiz, 2005). Used in conjunction 

with the visualization of telomeres using fluorescence in situ hybridization (FISH) 

techniques, or immunoflourescent detection of telomere binding proteins such as TRF1, 

the TIFF assay can be used to identify colocalization of double strand breaks with 

telomeres (d'Adda di Fagagna et al., 2003; Herbig et al., 2004; Takai et al., 2003). The 

TIF assay has been used to identify senescent cells in either cell culture or tissue samples 

(d'Adda di Fagagna et al., 2003; Garcia-Cao et al., 2006; Herbig et al., 2006). 

Another potential marker of senescenct cells are senescence-associated heterochromatin 

foci (SAHF), which have been identified in a subset of senescent cells (Kosar et al., 2011; 

Narita et al., 2003). These regions of highly condensed chromatin were first identified as 

bright punctate foci in DAPI-stained nuclei of senescent cells. These foci possess many, 

but not all common markers associated with heterochromatin found in replicating cells 

(Funayama et al., 2006; Narita et al., 2006; Zhang and Adams, 2007). SAHF are also 

noted for excluding constitutively heterochromatic regions such as telomeres and 

centromeres (Sedivy et al., 2008; Ye et al., 2007; Zhang and Adams, 2007; Zhang et al., 

2007). Of the factors associated with SAHF, the histone 2A variant macro H2A (mH2A), 

which also associates with facultative heterochromatin in inactivated X-chromosomes, 
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has recently been shown to significantly increase with age in mouse, human, and baboon 

tissues (Kreiling et al., 2011; Zhang et al., 2005).  

Senescent cells, regardless of the causal stimuli, exhibit a significant change in their 

transcriptome compared to replicating cells of the same cell type. In some cases these 

changes in transcription result in a greatly increased production and secretion of some 

extracellular proteins, such as cytokines, chemokines, extracellular matrix components, 

and matrix remodeling enzymes (Campisi, 2005; Krtolica et al., 2001). The secretion of a 

multitude of factors into the surrounding environment has been termed the senescence-

associated secretory phenotype (SASP) (Coppe et al., 2008; Kuilman et al., 2010; Rodier 

et al., 2009). This change in the secretory behavior of senescent cells resembles in some 

aspects the behavior of cells undergoing an inflammatory response that accompanies 

wound healing (Campisi, 2005; Grinnell, 2003). Some, but not all of the factors 

associated with SASP are only present in senescent cells with persistent DNA damage 

and thus not all SASP factors are necessarily markers for all senescent cells (Kuilman et 

al., 2010; Rodier et al., 2009). 

The reasons for the described changes in secretion are not well understood, however there 

are some interesting observations in regards to how the secreted factors affect 

neighboring cells. In some instances senescent cells co-cultured with pre-cancerous cells 

can cause an increase in their tumorgenic potential (Dilley et al., 2003; Krtolica et al., 

2001; Parrinello et al., 2005; Yang et al., 2006). In other instances, secretion of the 

interleukin-6 cytokine and interleukin-8 chemokine, which are released during the 

inflammatory response, are required for cells to enter the senescent state under certain 

stimuli (Acosta et al., 2008; Kuilman et al., 2010; Kuilman et al., 2008). The modified 
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secretome of senescent cells appears to act in a contradictory manner, providing some 

pre-cancerous cells stimulation towards transformation, while suppressing others. It is 

possible that the complex secretions also activate the innate immune response, which 

then might act to clear pre-cancerous and/or senescent cells (Xue et al., 2007).  

  

1-5) Senescence and Aging  

Due to the relationships between senescence and aging, there are strong implications of a 

causal connection between the two, though it has been difficult to link them directly. 

Much work has shown that in aging organisms there is a reduced capacity for cellular 

replication compared to tissues of younger individuals. Tough not universally observed, 

there are data that indicate the in vitro capacity of cells, obtained from human subjects, as 

well as mice and non human primates, to replicate is inversely correlated to the age of the 

donor (Baerlocher et al., 2006; Bierman, 1978; Bruce et al., 1986; Cawthon et al., 2003; 

Cristofalo et al., 1998; Kimura et al., 2007; Martin et al., 1970; Schneider and Mitsui, 

1976; Sugimoto et al., 2006). This would indicate that with progressing age, a larger 

proportion of replicating cells within the organism have undergone increased rounds of 

replication, thus bringing them closer to the end of their replicative lifespan. In addition, 

samples obtained from patients suffering from severe progeroid conditions, such as 

Werner’s syndrome, dyskeratosis congenita and aplastic anemia, show a similar reduction 

in proliferative capacity when compared to cells obtained from similarly aged healthy 

individuals (Blasco, 2005; Chang et al., 2004; Crabbe et al., 2007; Goldstein et al., 1989; 

Huang et al., 2008; Lebel and Leder, 1998; Mason and Bessler, 2004; Multani and 

Chang, 2007). Studies on multiple different human tissues in culture have shown that 



13 

 

 

 

cells loose 33-120 base pairs of telomeric DNA per round of replication (Cawthon et al., 

2003; Olovnikov, 1973; Sfeir et al., 2005). Tissue comparisons from subjects covering 

the range of the human lifespan have indicated that this rate of telomere attrition seen in 

vitro corresponds to an in vivo loss of telomere length as well.  

However, whether or not replicative senescence plays a role in aging has been debated, as 

there is no direct evidence that sufficient numbers of cells reach telomere crisis (or other 

forms of senescence) to have a physiological impact on the organism within its natural 

lifespan. Some evidence has been obtained from patients with the premature aging 

(progeroid) diseases dyskeratosis congenita and aplastic anemia. In the case of 

diskeratosis congenita, a mutation in the gene coding for the RNA sub-unit of human 

telomerase (hTERC) (Vulliamy et al., 2001), or for Dyskerin, a pseudouridine synthase 

that plays a role in both ribosomal RNA (rRNA) processing and telomerase formation 

(Heiss et al., 1998), leading to impaired telomerase activity and dysfunctional bone 

marrow (Marciniak et al., 2000; Vulliamy et al., 2001; Vulliamy et al., 2004). Aplastic 

anemia is a similar condition arising from mutations in the gene coding for the TERT 

reverse transcriptase component of telomerase, also resulting in reduced telomerase 

activity and loss of hematopoietic tissue in the bone marrow (Ball et al., 1998; 

Yamaguchi et al., 2005).  Additionally mouse studies have provided evidence that 

telomere shortening could be a contributing factor to the aging phenotype. Normal mouse 

(Mus musculus) cells do not undergo replicative senescence for two reasons: first, they 

have very long telomeres that do not sufficiently degrade within the 2-3 year lifespan of 

this species, and second, the telomerase gene in mice is active, allowing for the 

regeneration of shortened telomeres (Kipling and Cooke, 1990; Prowse and Greider, 
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1995). Telomerease deficient mice, however, after several generations eventually do 

suffer from telomere crisis in a significant fraction of their cells, and exhibit a number of 

premature aging phenotypes (Blasco et al., 1997; Lee et al., 1998; Rudolph et al., 1999). 

Further, there are data that show overexpression of telomerase in mice leads to extension 

of median lifespan (Tomas-Loba et al., 2008). 

In addition to evidence concerning the role that telomere attrition can play in triggering 

cellular senescence and contributing to a variety of aging phenotypes, there is 

considerable evidence of senescenct cells being found in increasing numbers in aged 

individuals. This has been obtained using several markers, and includes both replicative 

senescence and stress-induced premature senescence. First, a number of studies have 

documented an increased frequency of SA-β-GAL positive cells in biopsies of tissues 

obtained from aged or unhealthy human subjects when compared to young, healthy 

counterparts (Castro et al., 2003; Kurz et al., 2000; Matthews et al., 2006; Paradis et al., 

2001; Price et al., 2002). As discussed previously, increased SA-β-GAL staining has been 

associated with increased lysosomal size that is a hallmark of many senescent cells (Kurz 

et al., 2000; Lee et al., 2006; Yang and Hu, 2005). The double strand break marker γ-

H2AX is typically observed in senescent cells, and both TIF and non-TIF γ-H2AX foci 

appear with increased frequency in cells of old tissues (Herbig et al., 2004; Jeyapalan et 

al., 2007; Sedelnikova et al., 2004). It should be kept in mind that non-TIF γ-H2AX foci 

are simply a marker of double strand breaks, which may result from DNA damage or 

genotoxic stress not associated with cellular senescence. The components of the p53 and 

RB signal transduction pathways are also useful markers for the identification of 

senescent cells (Atadja et al., 1995; Bunz et al., 1998; Lin et al., 1998; Serrano et al., 
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1997; Stein et al., 1990; Vaziri et al., 1997; Wei et al., 2001). p16 has been shown to be 

up-regulated in most if not all senescent cells due to a variety of stimuli. Several tissues 

of humans, mice and non-human primates have been documented to express increased 

p16 with age (Campisi, 2005; Michaloglou et al., 2005; Ressler et al., 2006; Serrano et 

al., 1997; Zindy et al., 1997). Evidence is also accumulating, using some of the markers 

discussed above, that senescent cells may increase in frequency at sites of several 

pathological conditions including osteoarthritis, atherosclerosis, dementia, cirrhosis and 

respiratory disease (Flanary et al., 2007; Kong et al., 2011; Matthews et al., 2006; 

Minamino and Komuro, 2007; Muller et al., 2006; Price et al., 2002; Tsuji et al., 2006; 

Vasile et al., 2001; Wiemann et al., 2002).  

There are two ways in which it has been hypothesized that senescent cells might directly 

contribute to the aging phenotype (Collado et al., 2007). The first is by the simple 

accumulation of senescent cells as the organism ages (Campisi, 2005; Collado et al., 

2007; Sharpless and DePinho, 2004). As time progresses, an increasing fraction of cells 

would be expected to enter into a senescent state, and as they are believed to be resistant 

to apoptosis, they would persist. The altered physiology of the senescent cells is not 

likely to be compatible with their pre-senescent function in the tissue, and as such could 

lead to tissue or organ failure if enough were to accumulate. Additionally, the senescent 

secretome has the potential of inducing inflammation in the surrounding environment, 

leading to higher levels of stress in tissues that accumulate senescent cells. Evidence of 

this effect can be seen in the amelioration of the aging phenotype in mouse BubR1 

hypomorphs when p16 positive senescent cells are conditionally cleared from their 

systems (Baker et al., 2011).  
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The second way in which senescence could contribute to aging is by the depletion of the 

regenerative capacity of tissues, by diluting or exhausting the pools of adult stem cells. 

Most cells in the adult human are post-mitotic and fully differentiated and have a finite 

chronological lifespan. Accordingly, humans rely on a small population of 

undifferentiated stem-cells to replenish and repair damaged tissue (Chambers et al., 2007; 

Krishnamurthy and Sharpless, 2007; Pollina and Brunet, 2011; Sharpless and DePinho, 

2007). Stem-cells have been identified in almost all tissue types including epithelial, 

muscle and neuronal, and play important roles in the replenishment of high-turnover 

tissues, as well as damage repair and wound healing in low turnover tissues (Beltrami et 

al., 2003; Lois and Alvarez-Buylla, 1993; Morrison and Weissman, 1994). Stem cells 

have been shown to acquire very similar senescent phenotypes as the more widely 

studied fibroblasts with increased passage and age in vivo (Chambers et al., 2007; 

Morrison et al., 1996). In addition, the replicative capacity of stem cells has been shown 

to decrease with age, a strong indicator that these cells are undergoing senescence, and 

thus limiting the ability of tissues to regenerate and heal, potentially leading to decline in 

health and to age related pathology (Krishnamurthy and Sharpless, 2007; Pollina and 

Brunet, 2011).  

Although the link between aging and senescence is not yet directly established the role of 

senescence as a cancer-suppression mechanism has been well documented (Campisi, 

2005; Sager, 1991; Sharpless and DePinho, 2004; Wright and Shay, 2001). The removal 

from the cell cycle of a cell that has acquired aberrant growth control is one of the most 

powerful methods of preventing its development into cancer (Kong et al., 2011; Kuilman 

et al., 2010). In fact, an anti-cancer role was first proposed by Hayflick soon after the 
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discovery of the existence of senescence (Hayflick, 1965; Hayflick, 1976). The 

observation that one common trait of almost all metastatic cancers is the activation of the 

normally repressed telomerase gene, or acquisition of alternative methods to maintain 

telomere length, is further evidence of this connection(Bryan et al., 1995; Kim et al., 

1994; Muntoni and Reddel, 2005; Shay and Bacchetti, 1997). Additionally, the pivotal 

roles that the two canonical tumor suppressors p53 and RB play in the promotion and 

maintenance of the senescent state contribute to the idea that senescence is an anti cancer 

mechanism (Campisi, 2005; Hanahan and Weinberg, 2000; Kim and Sharpless, 2006; 

Lowe et al., 2004). 

The apparent contradiction between the presumed deleterious effect of cellular 

senescence during aging, and the beneficial one as a cancer-suppression mechanism, has 

been reconciled by invoking a principal of antagonistic plieotropy. According to this 

hypothesis, senescence would contribute to the fitness of the organism by activating 

inhibiting (or removing) potentially harmful pre-cancerous cells. In young organisms, due 

to the stochastic nature of oncogenic mutations, these occurrences would be rare and the 

senescence response to damage and aberrant replication would be minimal. As organisms 

age however, they accumulate DNA damage and other stressors that can lead to 

dysfunction in normal cellular physiology. Additionally, continued replication of cells for 

natural regenerative processes leads to the erosion of the telomeres. Under these 

conditions, the senescence response becomes more frequent with time, and the 

accumulation of senescent cells could then provide further stressors, leading or 

contributing to the aged phenotype. This potential feedback situation can be inferred from 

studies of the altered secretory behavior of senescent cells. Such cells begin to secrete 
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matrix metalloproteases and cytokines, which lead to a local inflammation response, 

likely causing increased stress to surrounding cells, and even potentially promoting their 

senescence. Given that the deleterious and pro-aging manifestations of senescence are 

likely to occur at a post-reproductive age, they would be largely removed from the effects 

of natural selection. Through such antagonistically pleiotropic connections between 

senescence, cancer and aging, the seemingly contradictory notion that aging, which 

should not be under the influence of natural selection, can be regulated by highly 

conserved mechanisms, can be somewhat resolved. 

  

1-6) Chromatin Organization 

Maintaining the integrity of the genetic information contained within the DNA of each 

cell is of crucial importance to the survival of any organism. To that end, the relatively 

delicate DNA molecule in each chromosome is packaged and secured into a complex 

nucleoprotein structure, which is critical for the regulation of gene transcription, as well 

as DNA replication and repair (Berger, 2007; Groth et al., 2007; Guenther et al., 2007; Li 

et al., 2007; Munoz-Najar and Sedivy, 2011; Zhang and Reinberg, 2001). The basic unit 

of chromatin, called the nucleosome, is composed of an octomer of histone proteins, two 

each of the core histones H2A, H2B, H3 and H4 that form a compact structure around 

which 147 base pairs of DNA is wrapped (Kouzarides, 2007; Luger et al., 1997). The 

histone proteins are primarily globular, but possess unstructured tails at their N-terminals 

that protrude from the core nucleosome structure, and contain sites for a multitude of 

posttranslational modifications (Jenuwein and Allis, 2001; Khorasanizadeh, 2004; 

Kouzarides, 2007; Margueron et al., 2005). Modifications to the histone tails, as well as 
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direct methylation of DNA on cytosine residues, can promote conformational changes in 

the organization of the basic structure of chromatin (Bird, 2002; Gonzalo, 2010; 

Kouzarides, 2002; Kouzarides, 2007; Munoz-Najar and Sedivy, 2011; Sedivy et al., 

2008).  

The modifications of chromatin can also lead to changes in the higher order structure of 

chromosomes. Two basic primary states of chromatin on a genome-wide scale have been 

described: euchromatin and heterochromatin (Grewal and Jia, 2007). Euchromatin has a 

structure that is more accessible to, and associated with transcriptional machinery and 

active transcription. The distribution of euchromatin can differ from cell to cell and 

change with time due to regulation by epigenetic factors. Heterochromatin is 

characterized by being highly compacted with closely and regularly spaced nucleosomse, 

leading to a highly ordered structure. This level of chromatin compaction makes access to 

the DNA by enzymes and non-histone proteins difficult, and these regions are typically 

associated with a high degree of gene silencing, DNase resistance and genomic stability 

(Li et al., 2007; Weaver et al., 2007). Heterochromatin can be further categorized as 

either constituative or facultative (Munoz-Najar and Sedivy, 2011; Trojer and Reinberg, 

2007). Facultative heterochromatin is dynamic: while it is associated with gene silencing, 

the regions in which it is found, and the genes affected by this silencing, can change 

depending on the tissue, specific cell type, location or even over time within the same 

cell, much like euchromatin (Grewal and Jia, 2007; Heard, 2005). Constitutive 

heterochromatin tends to inhabit the same chromosomal regions in all cells regardless of 

tissue type, is stable throughout the life of the organism, and is rarely if ever in a 

euchromatic state. These regions of the genome are usually associated with particular 
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structural functions, such as telomeres, centromeres and highly repetitive transposable 

elements (Munoz-Najar and Sedivy, 2011).  

Repetitive DNA accounts for approximately half of the total human genome (Lander et 

al., 2001; Smit, 1996). Some of these sequences are very small and highly conserved, 

forming functional components of the higher chromosomal structure. These include 

minisatellite tandem repeats which are associated primarily with the telomeres and sub-

telomeric regions, alpha satellite DNA that forms a component of the centromere and 

centrosomes, and gamma satellite DNA that is found in the pericentromeric DNA, acting 

as a boundary to prevent the spread of constitutive centromeric heterochromatin to the 

rest of the chromosome (Kim et al., 2009; Yunis and Yasmineh, 1971). The great 

majority of repetitive sequences in the genome are comprised of a variety of transposable 

elements. These are sequences of DNA that can autonomously replicate and relocate 

around the genome when the proper enzymes are available. There are two classes of 

transposable elements, class 1 and class 2. Class 2 are DNA transposons: they utilize a 

transposase enzyme to excise their DNA sequence from one site in the genome, and 

reinsert it in another. The relative abundance of the class 2 transposable elements in the 

human genome is quite small, and there are believed to be no currently active elements 

within this class. The class 1 transposable elements are referred to as retrotranspososns. 

They transpose through an RNA intermediate that is transcribed from the donor site, 

converted back into DNA using reverse transcriptase, and the resulting DNA fragment 

inserted elsewhere in the genome. The class 1 transposable elements are further 

subdivided into endogenous retroviruses, long terminal repeat (LTR)-RNA transposons 

(derived from retrovirus sequences), long interspersed elements (LINEs), and short 
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interspersed elements (SINEs). Of these, only LINEs and SINEs are believed to be 

currently active in the human genome, and have proliferated to a large degree in the 

preceding tens of millions of years. There are approximately 800,000 copies of the LINE 

L1, and 1,000,000 copies of the SINE Alu (Lander et al., 2001). Together these two 

retrotransposon elements make up roughly one third of the human genome, with L1 being 

17% and Alu 11% of the total (Richard et al., 2008). A fraction of retrotransposable 

elements have been shown to be transcriptionally active at detectable levels human 

somatic cells (Belancio et al., 2010; Faulkner et al., 2009; Rangwala et al., 2009), and 

have been shown to increase in activity under certain conditions: L1 elements transcripts 

are highly up-regulated in cancer (Skowronski et al., 1988; Skowronski and Singer, 

1985), while Alu elements were shown to be induced by genotoxic stresses (Hagan et al., 

2003; Li and Schmid, 2001; Liu et al., 1995; Rudin and Thompson, 2001). It is important 

to note though, that while the transcriptional activity of these retrotransposable elements 

is detectable, the activity is quite small when normalized to actual element number in the 

genome, indicating that the majority of these retrotransposable elements are inactive. 

Since heterochromatinization is thought to be the primary mechanism for the inactivation 

of retrotransposable elements it is important to see if redistribution of heterochromain in 

senescent cells has an effect on the regulation of retrotransposable elements (Conley et 

al., 2008; Liu et al., 1994; Phokaew et al., 2008; Yang and Kazazian, 2006). Also, 

considerable evidence implicates senescence as a mechanism to respond to DNA damage 

and prevent oncogenic transformation, examining the chromatin status of these elements 

in senescent cells should provide further insight into how replicative senescence may play 

a role in aging. 
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1-7) Epigenetic Modifications 

Epigenetics is a term used to describe chromosomal modifications that do not involve the 

alteration of the genomic DNA sequence, yet do result in observable and heritable 

cellular phenotypes (Berger et al., 2009; Goldberg et al., 2007). Epigenetic modification 

and regulation contributes to the differential expression patterns of genes, both spatially 

and temporally. The remodeling of chromatin by epigenetic modifications has been found 

to be an important regulatory mechanism of gene activity (Li et al., 2007). While loss of 

telomeric sequences and the accumulation of mutations and DNA damage are all genetic 

alterations that lead to the senescent state, the sweeping changes that occur in response to 

these stimuli to induce senescence, and which must be maintained in order to sustain this 

altered cell state, are believed to be under epigenetic regulation (Adams, 2007a; 

Denoyelle et al., 2006; Herbig et al., 2006; Narita, 2007). The primary mechanisms 

through which chromatin modifications are mediated are histone modifications and DNA 

methylation (Gonzalo, 2010; Kouzarides, 2007).  

1-7A) CpG Methylation 

Of the modifications attributed to epigenetic regulation and chromatin organization, DNA 

methylation is the only one that occurs as a modification of the DNA molecule itself. 

Cytosine residues present as CpG dinucleotides can be methylated, and these dinucleotide 

pairs are found in abundance proximal to the promoters of genes where they are referred 

to as CpG islands (Bird, 2002; Klose and Bird, 2006). CpG islands tend to be found in an 

unmethylated state in genes that are actively transcribed, and methylation of these sites 

has been shown to be a strong indicator of transcriptional repression (Goll and Bestor, 
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2005). DNA methylation is also associated with condensed heterochromatin in silenced 

regions (Ballestar and Esteller, 2005; Bernstein et al., 2007; Eden et al., 1998; Klose and 

Bird, 2006). DNA methylation is catalyzed by the DNA methyltransferases (DNMTs), 

which methylate the C-5 of the cytosine nucleotide (Okano et al., 1999; Okano et al., 

1998). DNMT3a and DNMT3b methylate cytosines in a de novo fashion, while DNMT1 

methylates newly replicated DNA to maintain the previously established methylation 

pattern (Chen et al., 2004; Okano et al., 1999; Okano et al., 1998).  

1-7B) Histone modifications 

Histone modifications encompass a wide array of post-translational additions to the N-

terminal domains that protrude from the central nucleosome core structure (Gonzalo, 

2010; Kouzarides, 2007; Li et al., 2007). These domains are subject to acetylation, 

methylation, phosphorylation, ubiqutination, ADP-ribosylation, and sumolation. Of these, 

histone methylation and acetylation have been characterized the most extensively and 

their role in regulating gene activity and chromatin structure has been, at least in part, 

elucidated (Nowak and Corces, 2004; Shilatifard, 2006; Sterner and Berger, 2000). These 

modifications can function to alter the structure of chromatin either by altering the 

association of nucleosomes and DNA, or by acting as a binding platform for the 

recruitment of additional, non-histone proteins (Kouzarides, 2007).  

Acetylation of histones occurs on lysine residues, and the acetylation state has an effect 

on the transcription of associated promoters. Histone acetylation is generally associated 

with transcriptional activation, and can act as a platform for the binding of additional 

chromatin modification complexes (Dhalluin et al., 1999; Grunstein, 1997; Hassan et al., 

2002; Jacobson et al., 2000; Kuo and Allis, 1998). Conversely, loss of acetylation has 
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been associated with the repression of transcription, and a transition to a more closed 

chromatin state (Pena et al., 2006; Pruitt et al., 2006; Shi et al., 2006; Sterner and Berger, 

2000; Vaquero et al., 2004).  

Histone methylation has a variable effect on the transcriptional state of the genes in the 

vicinity of the modified nucleosomes, depending both on the specific residue that has 

been methylated, and the degree to which it has been methylated(Gonzalo, 2010; 

Kouzarides, 2007). The lysine and arginine residues on histones 3 and 4 are the most 

studied targets of methylation. Lysine residues H3K4, H3K9, H3K27, H3K36, H3K79 

and H4K20 are some of the targets of these modifications (Feser and Tyler, 2011; 

Gonzalo, 2010). Of these, H3K4, H3K36, and H3K79 are associated with active 

transcription, while H3K9, H3K27 and H4K20 are associated with heterochromatin 

formation and gene repression (Kouzarides, 2002; Li et al., 2007; Mikkelsen et al., 2007).  

  

1-8) Chromatin Modifications Associated with Aging and Senescence 

The changes in transcription profile in aging and senescent cells have been well 

documented, along with a reorganization of distribution of nucleosomes (Gruber et al., 

2010; Hardy et al., 2005; Ishimi et al., 1987; Macieira-Coelho and Puvion-Dutilleul, 

1989; Shelton et al., 1999). There are a significant number of factors that are likely to 

play important roles in the remodeling of chromatin and changes in epigenetic control 

that are increasingly being associated with cellular senescence and aging (Adams, 2007a; 

Feser and Tyler, 2011; Gonzalo, 2010; Jeyapalan and Sedivy, 2008; Kuilman et al., 2010; 

Sedivy et al., 2008). The DNA in senescent cells has been shown to be hypomethylated 

on a global scale, indicating a possible decrease in the extent of heterochromatinization, 
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and consequent effects on gene regulation (Bjornsson et al., 2008; Fuke et al., 2004; 

Romanov and Vanyushin, 1981; Singhal et al., 1987; Wilson and Jones, 1983; Wilson et 

al., 1987). There are certain loci, however, primarily associated with CpG islands, where 

marked increases in methylation have been observed (Ahuja et al., 1998; Fraga and 

Esteller, 2007; Issa et al., 1994; Issa et al., 1996; Kim et al., 2005; So et al., 2011; So et 

al., 2006; Waki et al., 2003; Yatabe et al., 2001). The modifications in DNA methylation 

patterns could be attributed, at least in part, to changes in the expression and/or activity of 

DNMT1 and DMT3b. DNMT1 is responsible for maintaining DNA methylation patterns 

in heterochromatic regions during DNA replication, and has been shown to have 

decreased expression in aging cells resulting in reduced enzyme activity, whereas 

DNMT3b methylates de novo sites, and is upregulated with age and has increased activity 

(Casillas et al., 2003; Fraga and Esteller, 2007; Gonzalo, 2010). These changes in DNMT 

activity could explain why DNA methylation in heterochromatic regions decreases, while 

certain CpG islands, associated with euchromatin, increase in methylation levels. 

The family of lysine deacetylases known as sirtuins (named after the Silent Information 

Regulator (SIR) proteins initially discovered in yeast), have been found to impact aging 

in diverse species, including Caenorhabditis elegans, and Drosophila melanogaster 

(Kaeberlein et al., 1999; Lin et al., 2000; Rogina and Helfand, 2004; Sinclair and 

Guarente, 1997; Tissenbaum and Guarente, 2001; Wang and Tissenbaum, 2006). 

Mammalian genomes encode seven members of the sirtuin family, SIRT1-SIRT7. SIRT1, 

3, 6 and 7 are located in the nucleus and may play a role in the chromatin modifications 

associated with the senescence response and aging(Mao et al., 2011; Nemoto et al., 2005; 

Scher et al., 2007; Tsai et al., 2012). SIRT3, 4 and 5 are located in the mitochondria 
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where they play a role in cellular metabolism and insulin secretion (Haigis and Guarente, 

2006; Haigis et al., 2006; Scher et al., 2007). SIRT2 is the only sirtuin to be found 

predominantly in the cytoplasm, where it is thought to play a role in cell cycle regulation 

through the deacetylation of tubulin (Dryden et al., 2003; Haigis and Guarente, 2006). 

Sirtuins are unique among all other deacetylaces in that their enzymatic activity is 

nicotinamide adenine dinucleotide (NAD) dependent. Sirtuins deacetylate not only 

histones but also a wide variety of other proteins, some of which are important regulators, 

such as p53 (Luo et al., 2001; Vaziri et al., 2001) ERRα (Wilson et al., 2010), PGC1 

(Rodgers et al., 2005), AMPK (Canto et al., 2009), NFkB(Yeung et al., 2004). SIRT1 

expression has been noted to decrease with age in mouse tissues that have high mitotic 

activity, and is also reduced in both mouse and human cells where mitotic activity ceases 

due to replicative senescence (Sasaki et al., 2006). The deacetylation of p53 by SIRT1 

reduces its activity (Vaziri et al., 2001), and hence a reduction of SIRT1 activity would 

correlate with the up-regulation of p53 activity seen in many senescent cells. Up 

regulation of SIRT1 expression by the chemical resveratrol in mouse models has failed to 

reproduce the same lifespan extending phenotypes seen in yeast, worms and flies, 

however, these animals do show reduced signs of age related disease and have an 

extended health-span, indicating the role of SIRT1 in maintaining or prolonging healthy 

metabolic processes (Pearson et al., 2008). SIRT6 is an ADP-ribosyl-transferase, and 

plays a role in DNA damage repair (Liszt et al., 2005; Mostoslavsky et al., 2006). Down 

regulation of SIRT6, which is necessary for DNA base excision repair, can lead to a 

premature aging phenotype, likely through constitutive activation of the DNA damage 

response (Mostoslavsky et al., 2006). SIRT7 plays a role in the transcription of ribosomal 
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RNA (rRNA), implicating it as a moderator of cellular metabolism (Ford et al., 2006). 

SIRT7 expression is high in proliferating tissues, but low in non proliferating ones (Ford 

et al., 2006). SIRT2 deacetylates tubulin and plays a role in mitotic cycle progress, 

development and differentiation. The role this Sirtuin plays in senescent cells is currently 

not established, but studies have revealed accumulation of the SIRT2 protein in mouse 

neuronal tissue with age and it is thought to be a contributor to age related 

neurodegeneration (Maxwell et al., 2011; Pfister et al., 2008; Suzuki and Koike, 2007). 

SIRT3, 4 and 5 are located in the mitochondria where they play a role in cell metabolism 

(Finkel et al., 2009; Guarente, 2011; Haigis and Sinclair, 2010; Verdin et al., 2010). 

SIRT3 has been shown to mediate oxidative stress by activating antioxidant enzymes 

(Qiu et al., 2010; Tao et al., 2010). The roles, if any, SIRT3, 4 and 5 play in either 

senescence or aging have not been established.  

Several changes in histone modification have been documented to occur during aging and 

cellular senescence. Histone acetylation at lysine residues act as binding platforms for 

transcription factors and chromatin-remodeling complexes (Dhalluin et al., 1999; Hassan 

et al., 2002; Jacobson et al., 2000). Lysine acetylation is generally associated with 

transcriptional activity and DNA repair, while loss of acetylation indicates a closed and 

inactive chromatin state (Grunstein, 1997; Jacobson et al., 2000). The Sir2 protein and 

mammalian homolog SIRT1, described previously, are histone deacetylases, and SIRT1 

deacetylates H4K16 and H3K9 (Pruitt et al., 2006; Vaquero et al., 2004). As discussed 

previously, SIRT1 expression decreases in senescent cells, and interestingly, is 

upregulated in a large number of human cancers that also have a loss of H4K16 

acetylation (Fraga et al., 2005).  
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In addition to changes in acetylation, the methylation state of a number of histone 

residues is also an important factor in the regulation of heterochromatin structure 

(Lachner et al., 2003; Martin and Zhang, 2005; Shilatifard, 2006). Methylation of H3K9, 

H3K27, and H4K20 is associated with transcriptional repression while H3K4, H3K36 

and H3K79 methylation is associated with transcriptional activation (Kouzarides, 2002) 

H3K4me3 associates with genes that are transcriptionally active, while H3K27me3 

associates with transcriptionally repressed genes (Mikkelsen et al., 2007). H3K36me3 

indicate sites of non-coding RNA (ncRNA), while H3K9me3 and H4K20mes associate 

with structural heterochromatin domains such as pericentric and telomeric 

heterochromatin (Mikkelsen et al., 2007). Methylated H3K9 acts as a binding site for 

heterochromatin protein 1 (HP1) and methylated H3K27 is a binding site for polycomb 

group (pgc) proteins (Zhang and Reinberg, 2001). Changes in the methylation patterns of 

these histone residues have been observed in aging tissues as well as senescent cells. 

Early studies showed a decline in overall H3 and H4 methylation in rats with age (Thakur 

and Kanungo, 1981). More specific studies have shown an increase in H4K20me3 in 

aged rat liver and kidneys (Sarg et al., 2002). Experiments using senescence-accelerated 

prone mouse 8 (SAMP8) have shown a number of changes in histone methylation 

associated with age in this model system. H4k20me and H3K36me3 decreased in the 

brain while while H3K27me3, H3K79me and H3K79me2 increased (Wang et al., 2010). 

Specific genomic loci have also been reported to undergo changes in histone modification 

during senescence. As mentioned previously, H3K27me3 acts as a binding site for PcG 

proteins which are important repressors of the ink4a/ARF locus (Agherbi et al., 2009). 

The PcG proteins make up two distinct complexes; Polycomb complex 2 (PRC2), 
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composed of EZH2, EED and Suz12 which acts as the initiation complex, and Polycomb 

complex 1 (PRC1), containing RNF2, HPC and BMI1 which acts as a maintenance 

complex (Cao and Zhang, 2004; Kuzmichev et al., 2004). In young mouse embryonic 

fibroblasts (MEFs) the PcG complexes bind to and repress the Ink4a/ARF locus which 

contains H3K27me3, allowing for progression through the cell cycle (Core et al., 2004; 

Gil and Peters, 2006). When these cells senesce, there is a loss of H3K27me3, and as 

such the PcG complexes disassociate with the Ink4a/ARF locus which becomes active 

and halts cell cycle progression (Agherbi et al., 2009).   

In addition to histone post-translational modifications (PTM), there are changes in the 

abundance of total histone proteins, as well as histone variants which contain alternative 

amino acid sequences from the canonical histones. A decrease in H3 variants 1 and 2 

(H3.1, H3.2), and H2A varient1 (H2A.1), and an increase in the H3 variant 3 (H3.3) and 

H2A variant 2 (H2A.2) have been reported in aged rat brain neurons and serially cultured 

human diploid fibroblasts (HDF) approaching senescence(Pina and Suau, 1987; Rogakou 

and Sekeri-Pataryas, 1999). Increased expression of the histone chaperone HIRA, 

responsible for the incorporation of H3.3 into nucleosomes was also noted (Adams, 

2007b; Adams, 2009; DeRan et al., 2008; Jeyapalan et al., 2007). H3.3 unlike H3.1 and 

H3.2, is more easily removed from nucleosomes, and its increased abundance in 

senescent cells and aged tissue may result in changes to chromatin organization (DeRan 

et al., 2008; Feser and Tyler, 2011; Jin et al., 2009).  

The Asf1A/B and CAF-1 chaperones which play a role in the disassembly and 

reassembly of chromatin during DNA replication, damage repair and transcription have 

been shown to have reduced abundance with passage in HDF (Eitoku et al., 2008; Feser 
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et al., 2010; O'Sullivan et al., 2010). Loss of these chaperones could lead to a disruption 

in the normal chromatin organization in senescent cells. Interestingly, an increase in the 

levels of the H2A variant macro-H2A (mH2A), and heterochromatin protein 1 beta 

(HP1ß) has been observed in senescent fibroblasts in culture, as well as in some mouse 

and primate tissues (Kreiling et al., 2011).  

Currently the leading hypothesis is that there is an increase in heterochromatin in 

senescent cells (Adams, 2007a; Dang et al., 2009; Greer et al., 2011; Kreiling et al., 

2011). This hypothesis is mostly supported by the presence in senescent cells of highly 

condensed chromatin, in the form of SAHF (Narita et al., 2003), as well as an overall 

increase in the abundance of heterochromatin constituents (Kreiling et al., 2011). HP1ß 

and mH2A are constituents of SAHF, and their formation is dependent on HIRA, all 3 of 

which are more abundant in senescent cells (Narita et al., 2003; Zhang et al., 2005).  

  

1-9) Methods for Globally Evaluating Chromatin State 

A number of assays can be used to evaluate on a genome-wide scale the abundance and 

localization of chromatin modifications, as well as the conformational stability and 

acessability of chromatin. These include assays to examine DNA methylation such as 

methyl-sensitive restriction PCR assays (Singer-Sam et al., 1990), sodium bisulfate 

assays (Frommer et al., 1992), and MethyLight (Eads et al., 2000); DNase sensitivity 

such as nucleosome phasing (Henikoff et al., 2011; Lohr et al., 1977), DNase-

chip(Crawford et al., 2006), and DNase-seq(Song and Crawford, 2010); and chromatin 

conformation assays such as chromosome conformation capture (Hagege et al., 2007), 

circularized chromosome conformation capture (Zhao et al., 2006), and chromosome 
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conformation capture carbon-copy (Dostie et al., 2006); Chromatin Immunoprecipitation 

assays, XChIP (Breiling and Orlando, 2001), NChIP (O'Neill and Turner, 2003), and 

ChIP-loop (Simonis et al., 2007). Of these, cross-linked chromatin immunoprecipitation 

(XChIP) has been a popular method, which allows the targeting of individual proteins, or 

their post-translational modification, by using antibodies specific for these targets. The 

method also exploits cross-linking with formaldehyde to covalently stabilize short-range 

interactions between DNA and associated chromatin proteins (Bulyk, 2004; Luger et al., 

1997; Solomon and Varshavsky, 1985). Following the shearing of cross-linked chromatin 

and immuneprecipitation, the DNA fragments that are pulled down can be isolated and 

analyzed by a variety of methods. This technique is particularly powerful for identifying 

the genomic binding regions and distribution of specific proteins, including histone 

modifications. 

 

1-10) FAIRE 

An interesting alternative technique, called formaldehyde-assisted isolation of regulatory 

elements (FAIRE), has been used to enrich DNA regions associated with open chromatin, 

as judged by correlation with other methods, including multiple histone marks, DNase 

sensitivity, and RNA polymerase occupancy.  

FAIRE was pioneered in 2003 by the group of Jason Lieb, using S. cerevisiae as the 

model system, and shown to enrich regions of the genome just upstream of active genes 

(Nagy et al., 2003). Subsequent studies demonstrated that similar results could be 

obtained using human cells, whose genomic complexity is orders of magnitude higher 

than that of yeast (Giresi et al., 2007; Giresi and Lieb, 2009). The basis for this method 
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lies in the ability of phenol-chloroform extraction to segregate nucleic acids and proteins 

into the aqueous and organic phases. DNA normally partitions into the aqueous phase, 

however, upon formaldehyde crosslinking of chromatin, DNA is pulled into the organic 

phase by virtue of being covalently bound with histones. Genomic regions that are 

relatively free of nucleosomes or other proteins are thus enriched in the aqueous phase. 

This technique has been shown to enrich DNA associated with transcriptional start sites 

(TSS), active promoters, and DNase hypersensitive sites, and shows a negative 

correlation with nucleosome occupancy. Additionally, the frequency with which 

fragments were associated with the TSS of specific genes was correlated positively with 

the activity of that gene.  

In any of the methods for isolating regulatory elements mentioned above, genome-wide 

profiling of the enriched fragments is done using one of two platforms; tiling microarrays 

or high-throughput sequencing. Microarrays typically employ oligonucliotide probes that 

represent all the unique regions of the genome fixed to a chip. The enriched DNA 

fragments are labeled, hybridized to the chips, and detected using fluorescence. The 

resolution is dependent on probe length and the size of the gap between probes. High-

throughput sequencing relies on generating a library from the enriched DNA samples that 

contain primer sequences affixed to the fragment ends. These primer sequences are 

complementary to probes that are immobilized on a flowcell. The fragments anneal to the 

primer sequences and are sequenced as the complementary strand is elongated. 

Sequencing can be performed by collecting single end reads, or paired-end reads (Kircher 

and Kelso, 2010). 
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1-11) Repetitive Sequences 

One major caveat for both these methods is the lack of information provided on repetitive 

regions of the genome. Microarrays omit these regions entirely, as the probes to detect 

these sequences are not present on the chip. In contrast, high-throughput sequencing 

returns data on all the fragments resent in the enriched DNA sample. However, mapping 

and quantifying reads derived from the repetitive portions of the genome is 

computationally challenging. Algorithms are currently being developed for these tasks. 

These efforts are aided by the continuing improvements of sequencing technologies, 

making the acquisition of long paired-end reads, which greatly aid the mapping, 

increasingly accessible. The repetitive regions of the genome are substantial (some 50% 

of total in humans), but understanding their chromatin structure will be important for 

obtaining a comprehensive picture of chromatin regulation during senescence. 
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Figure 1-1 
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Figure 1-1 Morphologies of senescent human diploid fibroblasts.  

Both images were obtained using the embryonic lung HDF strain designated LF1, under 

standard culture conditions (give reference). (A) A culture at low passage, in exponential 

growth phase. (B) A culture of the same strain passaged into senescence. 
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Figure 1-2 
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Figure 1-2 The p53 and RB pathways regulate senescence by arresting cells in G1 

phase.  

The CDKN2A gene expresses both p16
Ink4a

 and p
14Arf

. p16
Ink4a

 inhibits CDK4 and CDK6 

by preventing them from interacting with Cyclin D. p14
Arf

 inhibits MDM2, an E3 ligase 

that targets p53 for degradation. p53 protein is activated by DNA damage signaling: 

double strand breaks and telomere dysfunction act through ATM, and DNA replication 

stalling acts through ATR. Activated p53 promotes the transcription of p21, which 

inhibits both CDK2 and CDK4/6 by binding to pre-formed CDK-cyclin complexes and 

inhibiting their kinase activity. CDK2 and CDK4/6 phosphorylate and inactivate RB. 

Inhibition of CDK2 and/or CDK4/6 thus maintains RB in its active form, which remains 

bound to the E2F-DP transcription factors and inhibits their activity. Since E2F-DP is 

required for the activation of genes necessary for progression into S phase, cells remain 

arrested in G1 phase. 
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Chapter 2: Materials and Methods 
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2-1) Methods for Chapter 3: FAIRE and Expression Microarray Analysis 

 

2-1A) Cell Culture 

Human diploid fibroblast cells (HDF) strain derived from embryonic fetal lung, 

designated LF1(Brown et al. 1997) was grown at 37
o
C in an atmosphere of 5% CO2 and 

2.5% O2 in F-10 nutrient medium (Thermo Scientific) supplemented with 10% fetal 

bovine serum, penicillin, streptomycin and L-glutamine (Brown et al., 1997; Herbig et 

al., 2004). Cells were serially passaged at 1:4 dilutions when reaching 80-90% 

confluence. For the preparation of FAIRE DNA cells were grown in 15 cm culture dishes 

and were collected at 80-90% confluence. To obtain senescent cells, cultures were 

propagated to replicative exhaustion (passage 50-52, approximately 100-104 population 

doublings). Cultures were monitored by microscopic observation every 2-3 days to assess 

cell division. When replication ceased, the cultures were incubated further for at least 4 

weeks prior to harvesting.  

  

2-1B) Formaldehyde Assisted Isolation of Regulatory Elements (FAIRE) 

DNA was isolated from early passage cells (passage 12) and from senescent cells 

(passage 52) as described by the group of Jason Lieb (Giresi et al., 2007); (Giresi and 

Lieb, 2009). Cells were crosslinked by adding 37% formaldehyde directly to the culture 

media to a final concentration of 1% and incubating at room temperature for 4 minutes on 

a rotating platform. Formaldehyde was quenched by adding glycine to a final 

concentration of 125 mM and incubation was continued for an additional 10 minutes at 
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room temperature. The dishes were washed twice with 5 ml chilled phosphate buffered 

saline (PBS) (Sambrook and Russell, 2001). 1.5 ml PBS containing 1%PMSF was then 

added to each plate on ice, and the cells were dislodged using a cell scraper and 

transferred to a 15 ml tube. Non-crosslinked early passage and senescent cells were also 

processed in parallel as reference chromatin controls and are henceforth referred to as 

“input DNA”. Early passage crosslinked cell samples were pooled from four 15cm dishes 

and, senescent crosslinked samples were pooled from five 15 cm dishes. Early passage 

control samples (input) consisted of one 15 cm dish, and senescent control samples 

(input) consisted of two 15 cm dishes. The cells were pelleted for 4 minutes at 2,000 rpm 

and 4
o
C (Forma 3L GP 4500R centrifuge), The supernatant was aspirated, and the cell 

pellets were resuspended in 1 ml of FAIRE lysis buffer (2% Triton X-100, 1% SDS, 

100mM NaCl, 10mM Tris-HCl pH 8.0, 1mM EDTA), transferred to 2 ml microcentrifuge 

tubes and further homogenized by brief vortexing. Cell suspensions were sonicated in an 

ice water bath using a Fischer Scientific Sonic Dismembrator model 500. Each sample 

received 5 sessions, 2 minutes in length with one second on and one second off at 25% 

intensity, followed by 2 minutes of rest incubation on ice. The samples were spun at 

maximum speed for 5 minutes at 4
o
C in a table top microfuge to remove cellular debris, 

and the supernatants were collected in fresh 1.5 ml microfuge tubes for phenol extraction. 

The supernatants from each sample were divided evenly such that each microfuge tube 

had a maximum of 500 µl of supernatant. An equal volume of 

phenol:chloroform:isoamyl-alchohol 25:24:1 (Sigma) was added to each sample. 

Samples were mixed by vortexing at high speed for 30 seconds, and then centrifuged for 

1 minute at 12,000 rpm in a table top microfuge at 4
o
C. The top aqueous layer was 
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removed to a new tube and extracted again with an equal volume of 

phenol:chloroform:isoamyl-alchohol, while 500 µl of 10mM Tris-HCl pH 7.5, 1 mM 

EDTA (TE) was added to the remaining organic phase. Samples were again vortexed and 

centrifuged, aqueous phases were combined, and extracted a final time with an equal 

volume of phenol:chloroform:isoamyl-alcohol. DNA was precipitated by addition of 2 

volumes of 95% ethanol, 0.1 volumes of 3 M sodium acetate, and glycogen to a final 

concentration of 20µg/ml. Pellets were resuspended in 50 µl 10 mM Tris-HCl pH 7.5 

(without EDTA) and incubated at 37
o
C for 2 hours with an RNase cocktail at a final 

concentration of 0.2mg/ml RNase A and 50U/ml RNase T1 (Fermentas). Proteinase K 

(Invitrogen) was then added to a concentration of 0.2mg/ml and the samples were 

incubated overnight at 65
o
C. The DNAs derived from the same samples were pooled and 

all samples were adjusted to a volume of 500 µl with 10 mM Tris-HCl pH 7.5. A phenol 

extraction was performed as previously described, followed by an ethanol precipitation 

and resuspension in 100µl of 10mM TE. 

 

2-1C) Affymetrix Tiling Microarrays 

Affymetrix human tiling 2.0 arrays require 50µg of DNA for each full set. In order to 

prepare enough DNA for processing, FAIRE and input DNA were linearly amplified with 

Klenow (3’ exo-) enzyme using a random oligonucleotide priming protocol (NEB). In 

addition to template DNA, the reactions contained labeling buffer (NEB) supplemented 

with all dNTPs at 100 µM final concentration. 1µg of each sample was amplified for 2 

hours at 37
o
C in 50µl reactions and the reactions from each biological replicate were 

pooled, phenol extracted and ethanol precipitated. Klenow-amplified DNA samples were 
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sent to the Brown Center for Genomics and Proteomics for processing, where they were 

hybridized to Affymetrix Human Tiling 2.0 Arrays (Affymetrix). 

The data from all tiling arrays were quantile normalized together (FAIRE / input DNA / 

early passage / senescent) to compare the signal level of different arrays, then a non-

parametric test was applied to the comparison of the FAIRE and input DNA samples. The 

Wilcoxon rank sum test was used on all signals within a sliding window centered on each 

probe to compute a p value for signal enrichment, and to compute the fold-change 

between FAIRE and input probes for the early passage and senescent samples using the 

Hodges-Lehmann estimator.  

K-means clustering with 2 clusters was performed on the linearly interpolated FAIRE 

signal from the +/-1500 bp window around the transcription start site to determine 

FAIRE enriched versus non-enriched TSS. Early passage and senescent signals were 

stacked for clustering, and then plotted separately.  

FAIRE enrichment data was expressed as a heat map across the human chromosomes 

where the higher the enrichment signal, the brighter the image. The signal represents an 

averaged FAIRE signal of all probes within a sliding window with a range of 1Mb sliding 

every 100,000 base pairs.  

 

2-1D) qPCR Peak Validation 

Validation of array peaks was performed by qPCR on the FAIRE and input DNA 

samples, following Klenow amplification as described previously, in 25µl reactions using 

SYBR green Master Mix (Applied Biosystems) at default cycling conditions with a 

dissociation curve step. First, a set of 15 primers associated with orphan peaks across an 
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8,000 bp region of chromosome 21, as published by Jason Lieb’s group, were used and 

are listed in Table S-1 (Giresi et al., 2007). Assays were run in triplicate for each 

biological replicate and standardized so that primer set 1 was set to background and 

FAIRE samples were then normalized to input DNA.  

Following the analysis of our data we identified a number of peaks in our samples which 

were used for further verification. First a significant peak present in both senescent and 

early passage samples in the PPM1B house-keeping gene was seen in Integrated Genome 

Browser (IGB) (Nicol et al., 2009). PCR primers were designed to amplify 60-80 

nucleotide fragments from genomic coordinates determined to be associated with the 

apex of the PPM1B enrichment peak, as well as flanking regions successively farther 

from the central peak. Quantitative PCR was performed as above (Table S-2A). Peak 

enrichment was determined for each primer set by calculating the ddCT between the peak 

and flanking primers using primer set PPM1B-1 as background and normalizing FAIRE 

to input DNA. Subsequently an additional 24 peaks were examined by qPCR for validity 

in this manner (Table S-2B). 

 

2-1E) Gene- Expression Microarrays 

Whole cell total RNA was harvested in biological triplicates from early passage and 

senescent cells using Trizol reagent (Invitrogen) according to the manufacturers 

instruction. RNA samples were sent to the Brown Center for Genomics and Proteomics, 

where they were processed and hybridized to Affymetrix Human Genome U133 Plus 2.0 

Arrays. The data from all expression arrays were quantile normalized and processed 

using the full model gcRMA with mismatch probes (Smyth, 2005). The probesets were 
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annotated using all of the mappings in hgu133plus2 REFSEQ from Bioconductor. Data 

were collapsed to account for multiple probe sets mapping to a single gene. For each 

unique gene, the median expression of all probesets that mapped to the gene was used. 

Fold changes and p values were calculated using Limma (Smyth, 2005). 

 

2-1F) Comparison of Expression and Tiling Microarray Data 

18,549 out of 19,524 REFSEQ transcripts mapped to unique TSS identified in the 

clustering analysis of the FAIRE data, and 18,264 of these had unambiguous transcription 

start sites. Probe-sets, using this method, can be counted more than once, if they are 

annotated for more than one gene. In this case, there were 18,142 unique values for early 

passage cell expression, and 18,100 unique values for senescent cell expression, 

indicating that most of the probe-sets were only counted once. To examine correlations 

between a change in chromatin accessibility and fold-change in gene expression two lists 

of genes were generated: those that move from cluster 1 to cluster 2 between early 

passage and senescent cells (FAIRE-gain) and those that move from cluster 2 to cluster 1 

(FAIRE-loss). A t-test analysis was run to compare fold change-gain to fold change-all 

and fold change-loss to fold change-all.  

 

2-1G) FAIRE Signal to Gene Density Correlation  

The mean positive FAIRE signal was calculated in non-overlapping windows of 100,000 

bp across each chromosome. Additionally, for each window, the total number of unique 

TSS was counted. These data were then plotted against each other to generate a scatter 
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plot of FAIRE signal versus TSS content for each 100,000 bp window. The Spearman's 

rank coefficient was calculated for each plot, with the samples from replicating cells 

having a rho of 0.235 and the samples from senescent cells having a rho of 0.069. 

 

2-2) Methods for Chapter 4: Analysis of Repetitive DNA Enrichment and 

Expression 

 

2-2A) DNA isolation 

For the dot-blot experiments DNA was isolated using the FAIRE procedure from early 

passage and senescent cells in biological triplicates as described in the previous section 

with the following alterations. 

Non-crossinked cells were not used for control input DNA, instead, 0.1 volumes of the 

sonicated FAIRE lysate from each biological replicate was removed and decrosslinked in 

an overnight 65
o
C incubation with 0.2mg/ml proteinase K prior to phenol extraction. 

Samples were then processed under the same conditions as described previously. 

  

2-2B) Dot-blot Probe Design 

The Alu probe was designed as a PCR amplified fragment of 285 bp in length based on 

the consensus sequence of the Alu element (Batzer et al., 1996; Weisenberger et al., 

2005) . The primers used to amplify the probe were; forward (AluF) 

CTCACGCCTGTAATCCCAGC; reverse (AluR) TTGAGACGGAGTCTCGCTC 

(Figure 2-1A). The L1 probe was designed as a PCR amplified fragment approximately 
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383 bp in length based on sequences archived in L1 Base (Zemojtel and Penzkofer). The 

primers used to amplify the probe were; forward (L1F) 

TCGCCAAGTCAATCCTAAGC; reverse (L1R) AATGCCTAGGTTTTCTTCTAGGG 

(Figure 2-1B). The 3' ORF2 was chosen as the majority of L1 elements in the genome are 

5' truncated (Coufal et al., 2009). The sequence of this template probe is subject to the 

natural variability of the L1 sequence, but showed >95% sequence homology with all full 

length L1 intact elements and full length L1 with ORF1 disrupted elements annotated in 

L1 Base. DNA fragments to be used for the preparation of radioactive probes were 

generated by performing PCR with the above-indicated primers on human genomic 

DNA, and purifying the resultant fragments on an agarose gel. 

  

2-2C) Dot Bloting and Hybridization  

DNA from the 3 biological replicates for each condition (early passage input, early 

passage FAIRE, senescent input, and senescent FAIRE) were deposited in serial 2-fold 

dilution (from 40ng to 2.5ng per spot) onto a positively-charged nylon membrane 

(BioRad) under alkaline conditions using a 96 well vacuum manifold. DNA was fixed by 

heat incubation at 80
o
C for 2 hours. Membranes were washed in 0.5 X saline sodium 

citrate (SSC) buffer (Sambrook and Russell, 2001), 0.5% SDS for one hour at 65
o
C in a 

rocking water bath within a sealed Tupperware container. Membranes were transferred to 

glass hybridization tubes and 15ml of 65
o
C prehybridization solution (6 X SSPE (SSC 

additionally buffered with phosphate and containing EDTA,) (Sambrook and Russell, 

2001), 5 X Denhardt’s solution, 0.5% SDS, 100 µg/ml denatured herring sperm carrier 
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DNA) was added to each tube and incubated with rotation in a hybridization oven at 65
o
C 

for 2 hours.  

To prepare labeled 100 ng of Alu or L1 PCR amplified and gel purified fragments in a 

volume of 0.5 X TE were boiled in a 1.5ml microfuge tube for 2 minutes. The tubes were 

immediately placed in an ice water bath and 2µl of octadeoyribonucleotide 10 X labeling 

buffer (NEB) were added. dATP, dGTP and dTTP were added to a final concentration of 

25 µM followed by 1 µl of Klenow (3’ exo-) enzyme (NEB), and 2.5 µl of dCTP [α-32P] 

6,000 Ci/mmol (Perkin Elmer). The reaction, pipetted to mix, and incubated at 37
o
C for 

1-2 hours. Labeling reactions were stopped by adding 1 µl of 0.5 M EDTA, and brought 

to a volume of 100 µl with TNE (Sambrook and Russell, 2001) (100mM Tris-HCl pH 

7.4, 2.0 M NaCl, 10 mM EDTA). Unincorporated nucleotides were removed using 

Illustra microspin G-25 gel filtration columns (GE Biomedical) and the labeled probe was 

collected. 1 µl of the probe was tested for incorporation in a scintillation counter. 

Hybridization buffer (5% dextran sulfate (Fisher Scientific), 6 X SSPE, 0.5% SDS) was 

in 50 ml conical tubes in a hot water bath to 65
o
C. 100µl of labeled probe was added to 1 

ml of 1.5 mg/ml carrier DNA, boiled for 2 minutes, and then added to the hybridization 

buffer. Prehybridization buffer was drained from the hybridization tubes containing the 

membranes, and replaced with the hybridization buffer. Membranes were hybridized for 

24 hours. Washing was done twice for 10 minutes in 2 X SSC and 1% SDS at 65
o
C, 

followed by a stringent wash at 60
o
C in 0.1 X SSC and 0.1 % SDS for 30 minutes. The 

latter was repeated until the average background signal on the membrane fell below 200 

cpm using a handheld Geiger counter. The membranes were exposed to storage phosphor 

screens over night and imaged on a Typhoon 9410. Alu blot 1 and L1 blot one indicate 
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the membrane that was originally hybridized with the respective probe. After the first 

hybridization, the membranes were stripped by a 30 minute wash in 0.4 M NaOH at room 

temperature, followed by a 10 minute wash in 1 M Tris pH 8 at room temperature and 

finally two 15 minute washes in 0.1% SDS/10 mM Tris pH 8 at room temperature. These 

washes were sufficient to remove any detectable probe signal using the Geiger counter, 

however to ensure no contamination from the previous probes affected the second 

hybridization the membranes were stored in 0.1% SDS/10 mM Tris pH 8 for two months 

and imaged on the Typhoon to determine that there was no residual signal. The 

membrane designated Alu blot 1 was used to hybridize the L1 probe and was re-

designated L1 Blot 2, while the membrane designated L1 Blot 1 was hybridized with Alu 

probe and re-designated Alu Blot 2.  

  

2-2D) Normalization of Dot Blots 

The concentrations of the DNA samples used to prepare the dot blots initially determined 

using the Nano-Drop instrument (Thermo Scientific), and equivalent amounts of each 

sample were deposited in a dilution gradient on the membrane. To improve the accuracy 

fo the quantitative hybridization, careful qPCR measurements on the DNA samples used 

to prepare the membranes were performed. First, 5 primer sets (TNF1, ETF3, Z281, 

CCD1, C191), which were previously determined to be in FAIRE non-enriched regions 

of the genome for both early passage and senescent cells, were used to perform qPCR on 

highly purified human genomic DNA of known concentration to generate a standard 

curve (Figure 2-1A). The slope of the best fit line generated from this dilution series was 

then used to quantify the yield of qPCR reactions run on the FAIRE and input DNA 
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samples that were used to prepare the dot blots (Figure 2-1B, Table 2-1A). These 

effective DNA concentrations were then used to correct the amounts of DNA blotted on 

the membrane (Table 2-1B & C).  

  

2-2E) Calculation of Signal Intensity and Enrichment 

The signal intensity of each spot on the dot blot membranes was measured as the average 

pixel intensity within a circle with an area of 0.204 centimeters centered on the spot. 

Background and standard error were calculated by measuring 20 evenly spaced circles of 

equal size around the periphery of the membrane. The probe signal relative to total DNA 

was calculated by plotting the background-subtracted signal (Table 2-1D) intensity of 

each spot against the qPCR corrected DNA concentrations in that spot. A best-fit line was 

generated for each sample, and the signal was calculated from the equation of that line 

corresponding to a DNA content of 5 ng (Figure 2-2). 5 ng was chosen as each sample 

had at least one spot that was determined to be close to that value after the DNA 

concentrations were corrected. Biological replicates were then averaged, and FAIRE 

samples were normalized relative to their inputs. Finally, the data from the two separate 

blots, Alu-1/Alu-2 and L1-1/L1-2, were then averaged. Senescent FAIRE signals were 

normalized to early passage FAIRE signals to visualize the increase in FAIRE 

enrichment in senescent cells. Standard error was calculated at each step presented above 

and converted into % error. The % errors were carried through and combined at each 

successive calculation, and the final error bars reflect this combined error calculation. 

 

2-2F) Multiplex Real-Time PCR 
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This assay was adapted from the quantitative PCR experiments described in Coufal et al., 

(2009). Total genomic DNA was isolated from 3 biological replicates of senescent and 

early passage cells. Mutiplex qPCR experiments were performed on ABI 7900 Fast 

Sequence Detection Instruments using Taqman Gene Expression Mastermix (Applied 

Biosystems). The primer and probe sets used in the assays were as follows: L1 ORF2: 

Probe: 5'-AGGTGGGAATTGAAC-VIC, Forward: 5'-

CAAACACCGCATATTCTCACTCA, Reverse: 5'-

CTTCCTGTGTCCATGTGATCTCA; L1 5' UTR: Probe: 5'-TCCCAGCACGCAGC-

6FAM, Forward: 5'ACAGCTTTGAAGAGAGCAGTGGTT, Reverse: 5'-

AGTCTGCCCGTTCTCAGATCT; 5S rDNA: Probe: 5'-AGGGTCGGGCCTGG-6FAM, 

Forward: 5'-CTCGTCTGATCTCGGAAGCTAAG, Reverse: 5'-

GCGGTCTCCCATCCAAGTAC. The reactions were optimized by limiting reaction 

components until duplex reaction efficiencies were equal to individual reactions. The 

ORF2 probe was conjugated with the VIC flourophore while the 5' UTR and 5S rDNA 

control probes were conjugated with 6FAM. The relative copy number of ORF2 was 

calculated as the ratio of ORF2 to control probe and normalized relative to the lowest 

early passage cell value.  

 

2-2G) Transposable Element Expression Analysis 

The expression activity of LINE-1 and Alu elements was determined using quantitative 

PCR methods. Total RNA was prepared from biological triplicates of early passage and 

senescent cells using Trizol reagent (Invitrogen). 1 µg of total RNA was transcribed into 

cDNA in 50µl reactions using the Taqman Kit (Applied Biosystems) supplemented with 
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poly-T primers, according to the manufacturer’s protocol. 1 µl of this reaction was used 

for each sample in subsequent qPCR reactions. qPCR analysis was performed using 

SYBR Green Master Mix (Applied Biosystems) as described previously. Reactions for 

L1 expression used the L1 ORF2 forward and reverse primers described in the Multiplex 

analysis. Alu transcription primers were based on the expressed Alu repeat (EAR) as 

described by Marullo et al., (2010). The EAR primers were: forward: 5'-

GAGGCTGAGGCAGGAGAATCG, and reverse: 5'-TGTCGCCCAGGCTGGAGTG. In 

each experiment GAPDH was used as the normalization control, and relative expression 

was further normalized to the lowest early passage sample. 
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Figure 2-1 
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Figure 2-1 Measurement of the DNA concentrations of dot blot samples using qPCR 

(A) Standard curve generated from qPCR amplification of purified genomic human DNA 

using 5 background primer sets: TNF1, ETF3, Z281, CCD1, C191. Y-axis: Ct values. X-

Axis: amount of DNA (ng) per reaction. A best fit line for each primer set is depicted by 

a dashed line. DNA concentrations for the experimental samples were calculated using 

the equations of the best fit lines generated in A. (B) qPCR results obtained with the 

samples used in the dot blots. Replicate 3 for each condition is shown here. Y-axis: Ct 

values. X-axis: amount of DNA (ng) per reaction 
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Table 2-1  
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Table 2-1 Calculation of the DNA concentrations of dot blot samples based on qPCR 

measurements 

Using the plots from Figure 2-1, the amount of DNA in each spot on the nylon 

membranes was determined. (A) The concentrations derived from 4-4 B averaged across 

the 5 primer sets for biological replicate 3. (B) the amount of DNA blotted in the topmost 

spot on each of the blots for all three biological replicates based on the calculated 

concentration in A and the volume of sample used in the blotting process. The calculated 

error is shown as % error. (C) The entire dilution series for the DNA blotted onto the 

nylon membranes based on the calculated concentrations for L1 blot 1. (D) Background 

subtracted signal intensity calculations for each spot on L1 blot 1. The signal intensity for 

each spot was calculated by averaging the pixel intensity in ImageJ within a circle with 

an area of 0.204 centimeters centered on each spot. Background was calculated from 20 

equally sized spots measured around the periphery of each blot.  

Abbreviations: EPI, early passage input; EPF, early passage FAIRE; SI, senescent input; 

SF, senescent FAIRE. The number following each abbreviations designates the replicate 

(1,2,3). 
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Figure 2-2  
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Figure 2-2 Signal intensities from dot blots plotted against the amount of DNA 

present in each spot 

Best fit lines were generated for each sample. The DNA normalized signal for each 

sample was calculated from the equation of the regression based on an intersection at 

position of 5 ng DNA (vertical line). Y-axis: probe intensity signal. X-axis: DNA content.  
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Chapter 3: FAIRE Analysis of Genome-Wide Changes in Chromatin Accessibility 

During Cellular Senescence 
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3-1) Goals of the Study 

The objective of this set of experiments was to investigate global patterns of chromatin 

reorganization that occur as cell senesce. For this purpose we chose the FAIRE 

methodology (Giresi et al., 2007) to map open chromatin regions from replicating and 

senescent HDF. After preparing DNA from replicating and senescent cells the FAIRE 

enriched samples were analyzed using microarray technologies (chip) on Affymetrix 

whole genome tiling arrays. Using this FAIRE approach, we found a detectable global 

change in chromatin organization that indicates a larger proportion of TSS become 

resistant to isolation in senescent cells. In addition we performed gene expression 

profiling and found that the genes that showed the greatest reduction in FAIRE isolation 

also had the greatest reduction in expression.  

  

3-2) Overview of Experimental Design 

DNA was isolated from replicating and senescent human LF1 cells using the FAIRE 

method described previously. 2 biological replicates were collected for 4 experimental 

conditions: passage 12 replicating cells that were formaldehyde crosslinked, passage 12 

replicating cells that were not crosslinked, passage 53 senescent cells that were 

crosslinked, and passage 53 senescent cells that were not crosslinked. The experimental 

conditions will hereafter be respectively referred to as early passage FAIRE, early 

passage input, senescent FAIRE and senescent input. 

FAIRE and input DNA were linearly amplified and hybridized to Affymetrix Human 

Tiling 2.0 Arrays. The data from all tiling arrays were used to compute the fold-change 

between FAIRE and input probes for the early passage and senescent samples and used to 
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separate TSS into two clusters, open and closed. FAIRE enrichment data was expressed 

as a heat map across the human chromosomes representing an averaged FAIRE signal 

within a sliding window. We identified a number of peaks in our samples which were 

validated by qPCR on the FAIRE and input DNA. Whole cell total RNA was harvested in 

biological triplicates from early passage and senescent cells and hybridized to Affymetrix 

Human Genome U133 Plus 2.0 Arrays. REFSEQ transcripts were mapped to unique TSS 

identified in the clustering analysis. The correlations between a change in chromatin 

accessibility and fold-change in gene expression were examined as well as the correlation 

between mean FAIRE signal and gene density. 

 

3-3) Implementation of the FAIRE-chip method 

In order to validate our implementation of the FAIRE methodology for further 

experimentation, replicate 1 of the early passage FAIRE and early passage input samples 

were analyzed to investigate the reproducibility of the results reported by the Lieb group 

(Giresi et al., 2007). The Lieb group detected a set of FAIRE peaks in an 8,000 bp 

intergenic region of chromosome 21, and also reported a qPCR validation of these peaks. 

The peaks were not associated with any promoters and so were dubbed 'orphan' peaks. 

FAIRE and input samples that we prepared from early passage cells were hybridized to 

array C of the Affymetrix human tiling array 2.0 set, which contains chromosome 21 

probes. The array data were examined using the Integrated Genome Browser (IGB) 

software (GenoViz.org (Nicol et al., 2009)). In the region of interest we found a very 

similar pattern of FAIRE enrichment (Figure 3-1). This was encouraging because we 

employed a different HDF cell line (LF1 versus CRL 2091 used by the Lieb group) as 
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well as a different array platform (Affymetrix versus Nimblegen used by the Lieb group). 

The enrichment observed on the array was further validated using qPCR, employing the 

same primers as described by Giresi et al., (2007). The resulting qPCR data (Figure 3-2) 

showed good agreement with both the Affymetrix tilling array profile, and with the 

previously published data from the Lieb group (Giresi et al., 2007). Having obtained 

these data, which we considered to be an adequate validation of the FAIRE methodology 

in our hands, we proceeded to process the remainder of our samples. The full data set that 

was subsequently analyzed for genome-wide FAIRE enrichment was obtained from 

biological duplicates of early passage FAIRE, early passage input, senescent FAIRE and 

senescent input that were hybridized to full sets of the Affymetrix human tiling 2.0 

arrays.  

  

3-4) qPCR validation of FAIRE-chip data  

Peaks were identified in the microarray data using Affymetrix TAS software, as detailed 

in Chapter 2. A selection of these peaks were evaluated using qPCR, on the same DNA 

prepared for the microarray analyses, to further validate the quality of the array data. The 

housekeeping gene PPM1B was chosen as an example of a gene having a pronounced 

FAIRE enrichment peak in both senescent and early passage samples. Primer pairs were 

designed to amplify sequences located at the apex of the peak detected in the microarray 

data, as well as in flanking regions (Figure 3-3). The qPCR enrichment for each probe set 

was calculated using the comparative Ct method, normalizing FAIRE samples to input 

and using one of the flanking amplicons as a reference control. The qPCR enrichment 

correlated very well with the observed FAIRE enrichment detected by microarray both in 
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early passage and senescent samples. It is worth noting that although the magnitude of 

the enrichment detected by microarray was similar in early passage and senescent cells, 

the enrichment detected by qPCR (which is likely to be more accurate assessment) was 

lower in senescent cells. An expanded view of the PM1B gene, covering some 70 kbp 

(Figure 3-4) shown by expanding the X-axis, showed that the FAIRE enrichment in this 

entire region is primarily located at the promoter, with little enrichment across the gene. 

We also analyzed in a similar manner a situation where a prominent peak appeared in one 

biological condition but not the other. The gene C19orf62 displayed strong enrichment at 

its TSS in early passage but not senescent cells (Figure 3-5), and in both cases the 

correspondence between the microarray and qPCR data was very good.  

  

3-5) FAIRE enrichment in regulatory elements 

3-5A) Transcription Start Sites 

The first analysis conducted on the whole genome array data examined the enrichment of 

FAIRE samples for regulatory elements associated with genic regions. Previously FAIRE 

peaks had been shown to identify nucleosome-free regions associated with transcription 

start sites (TSS) in both yeast and human cell lines (Giresi et al., 2007; Hogan et al., 

2006; Nagy et al., 2003; Yuan et al., 2005). We selected 19,524 of the 26,083 refseq 

genes annotated in the NCBI36/hg18 build of the human genome for analysis as they 

contained unique, or non overlapping TSS. FAIRE enrichment at each TSS was 

calculated as the log2 fold change of FAIRE versus input signals for each probe within a 

10,000 bp window centered on the TSS. Background signal was calculated for early 

passage and senescent samples separately, each by interpolating signal over 530,000 
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random 10,000 bp regions across the genome. The averaged interpolated signal, minus 

the background, for all 19,524 refseq genes that we thus analyzed is shown in Figure 3-6. 

A distinct peak centered on the TSS can be seen in both early passage and senescent 

cells, and notably the magnitude of the peak is considerably higher in the early passage 

samples Thus, on average, TSS in early passage cells display a more open chromatin 

signature when examined using FAIRE. 

 3-5B) Enhancers 

Enhancers are cis-acting DNA elements that regulate transcription, and can act over long 

distances and on multiple promoters. Promoters themselves may be acted upon by 

multiple different enhancers (Maston et al., 2006). 36,589 enhancers were identified by 

Heintzman et al. (2009). We examined this set of elements for FAIRE enrichment. As for 

TSS the FAIRE signal was calculated for each enhancer within a 10,000 bp window 

centered on the enhancer site (Figure 3-7). We found that there was an average 

enrichment of enhancer regions in early passage cells as well as senescent cells, but as we 

saw in the TSS analysis, the enrichment in senescent cells was significantly lower than in 

early passage cells. 

 

3-5C) Replication Domains and Origins of Replication 

Replication domains, also referred to as N-Domains, are regions of genomic organization 

which are flanked at their borders by origins of replication (Huvet et al., 2007). It has 

been observed that in the human genome, the density of genes decreases in the replication 

domain as the distance from a flanking origin increases (Huvet et al., 2007). The 679 

replication domains identified by Huvert et al. (2007) were analyzed for FAIRE 
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enrichment as described above. The transition regions associated with origins and the 

central regions associated with low gene density were assessed. FAIRE enrichment signal 

was calculated in a 10,000 bp window centered at either the origin containing transition 

sites (Figure 3-8BA, or the central regions of the replication domains (Figure 3-8B). We 

found a distinguishable peak in early passage cells at the origins of replication in the 

replication domain transition sites. This peak was absent in senescent cells. The central 

regions of the replication domains show no detectable FAIRE enrichment over 

background in either early passage or senescent cells. 

 

3-6) Clustering analysis of TSS FAIRE enrichment 

We next sought to examine how FAIRE enrichment changes from early passage to 

senescent cells. We therefore performed k-means clustering on the interpolated FAIRE 

signal using the 19,524 TSS selected in our dataset (See Section 3-5A), initially varying 

the number of clusters over a range from 2 to 10 and the window of analysis from 2,000 

to 10,000 bp. No features that were considered significant were detected using the larger 

windows or higher numbers of clusters, however, the analysis reliably detected high and 

low magnitude peaks centered on the TSS. The analysis was therefore performed using 2 

clusters and a window of 3,000 bp centered on the TSS. We further designated the cluster 

with higher enrichment as “signal present” or “open”, and the cluster with the lower 

enrichment as “signal absent” or “closed”. Using this analysis, we found that 7,963 genes 

lacked signal in early passage cells, compared to 10,337 genes in senescent cells. 

Conversely 11,561 genes had signal in early passage cells, as compared to 9,187 genes in 

senescent cells (Figure 3-9A). More TSS were open in early passage cells (approximately 
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60% of all TSS measured), while less than 50% were in this category in senescent cells. 

These data are in agreement with the observation of higher average TSS signal in the 

early passage cells than the senescent cells (Figure 3-6). Of the TSS in the open FAIRE 

cluster, 6,698 genes were common to both early passage and senescent cells (Figure 3-

9B). 4,863 genes that had an open FAIRE TSS in early passage cells moved to the closed 

cluster in senescent cells. 2,489 genes had an open TSS uniquely in senescent cells. This 

indicates that of the genes that undergo chromatin reorganization during senescence, the 

majority (66%) lose FAIRE enrichment, while a smaller proportion gains FAIRE 

enrichment.  

  

3-7) Correlation of FAIRE enrichment atTSS with gene expression data 

We next evaluated whether FAIRE enrichment at TSS correlated with gene expression 

data, and hence, whether changes in FAIRE enrichment could have an impact on 

transcriptional control. To do this we obtained gene expression data from early passage 

and senescent cells, and intersected this data set with the FAIRE clustering analysis 

described above (Section 3-6). RNA expression was obtained using the Affymetrix 

microarray platform (U133 Plus 2.0 arrays; see Materials and Methods in Chapter 2). An 

expression value for each gene was calculated by averaging the expression score of all 

probe-sets that mapped to the gene. Of the 19,524 genes used in the clustering analysis, 

18,549 mapped to corresponding transcripts in the gene expression data set, and 18,264 

had unambiguous TSS. The results for these 18,264 genes (Figure 3-10A.B) show a 

positive correlation between FAIRE status and gene expression. In other words, genes 

associated with an open TSS FAIRE signal have higher average gene expression, both in 
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early passage and senescent cells. Of the genes in cluster 1 (open) in early passage cells, 

80% have an average log2 expression value greater than the median expression value of 

genes in cluster 2 (closed). In senescent cells a similar trend was seen, with 75% of 

cluster 1 genes having an average expression value greater than the cluster 2 median. 

Also of interest is the observation that cluster 1 genes have a higher overall median 

expression value in early passage cells. 

To further examine changes in chromatin accessibility and gene expression we focused 

on the two sets of genes that change their FAIRE TSS status between early passage and 

senescent cells. Genes that move from cluster 1 (open) in early passage cells to cluster 2 

(closed) in senescent cells were designated as “FAIRE-loss” genes, and conversely, genes 

that move in the opposite direction (become open in senescent cells) were designated as 

“FAIRE-gain” genes. For all genes that showed a change in expression value between 

early passage and senescent cells, the percent that increased in expression was calculated 

using a series of log2 fold change expression cutoffs. The same calculations were 

performed for the FAIRE-loss and FAIRE-gain groups as well. The results of these 

computations are shown in Figure 3-11. At a log2 fold change of 0, where there is no 

selection, the total population of genes segregates randomly, with 51% counted as having 

increased expression and 49% showing decreased expression, and a similar segregation is 

seen in the FAIRE-gain and FAIRE-loss groups. As the cutoff threshold is increased, the 

pool of total genes observed decreases, and interesting shifts in the behavior of the 3 gene 

groups emerge. The genes in the total population show a decrease in the percentage of 

genes that have increased expression in senescent cells, indicating that of the genes that 

undergo a change in expression during senescence, a larger (and increasing) proportion 



67 

 

 

 

experience a decrease in expression. The FAIRE-gain and FAIRE-loss populations show 

distinct behaviors from that of the total gene population. The FAIRE-loss population 

shows a much smaller proportion of associated genes increasing expression as the fold 

cutoff increases. This indicates that genes that lose FAIRE enrichment, and thus likely 

have more compact chromatin, lose expression at a higher rate than the general 

population of genes. Conversely, the FAIRE-gain population shows a larger proportion of 

associated genes increasing expression as the fold change cutoff increases, indicating that 

when genes become enriched in FAIRE signal in senescent cells, they tend to also 

acquire increased expression. 

  

3-8) Global patterns of FAIRE enrichment 

3-8A) Chromatin painting 

In order to assess changes in chromatin conformation on a global scale, the average 

FAIRE enrichment was calculated in 1 mega bp sliding windows that were shifted at 

100,000 bp intervals across the entire genome (Figure 3-12). These data were then used 

to “paint” the chromosomes using a heat map associated with average FAIRE signal 

intensities. The chromosomes were grouped together based on their localization on the 

tiling arrays (for example, chromosomes 1 and 6 were grouped together as they both are 

represented on array A). The average FAIRE signal for early passage cells is shown as 

the top track for each chromosome, and the senescent FAIRE signal is displayed across 

the bottom. The degree of FAIRE enrichment is visualized as a heat map, where lighter 

colors represents a higher degree of FAIRE enrichment. Using this analysis we found that 

a higher overall FAIRE enrichment signal was evident across all chromosomes in the 
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senescent cells. It also appeared that the chromatin painting had more “texture” in early 

passage cells, evident as lighter and darker regions of banding, while the senescent cells 

presented a more homogeneous pattern.  

 

3-8B) Comparison of total genomic enrichment with enrichment in regulatory regions 

As an alternative method to assess patterns of global FAIRE enrichment across the 

genome, the signal intensities of the entire set arrays were quantile normalized and the 

result of this normalization is shown in Figure 3-13A. It can be seen that the distribution 

of raw array signals for each sample after the normalization was very uniform. 

Enrichment signal was calculated as the log2 fold-change between corresponding FAIRE 

and input samples. Finally FAIRE enrichment signals for early passage and senescent 

cells were calculated for three categories of probes: total genome, probes within a 3,000 

bp window centered on regulatory regions (TSS, enhancers and replication origins), and 

for probes in non-regulatory regions. The histograms for these three measurements are 

shown in Figure 3-13B-D. In this representation, the greatest number of probes (the peaks 

in the histograms) for all conditions show minimal changes and are thus clustered close to 

log2 = 0. However, the means show small deviations from these trends that are 

characteristic of the individual conditions. Thus, the log2 mean for all probes in early 

passage cells is 0.0195 while in senescent cells it is 0.0381. While absolute magnitude of 

these shifts from zero (no enrichment) is small, the fold change between early passage 

and senescent cells means is 2-fold. It is this difference that was picked up in a visual 

representation in the chromatin painting representation (Figure 3-12). Conversely, when 

the analysis is shifted to probes in regulatory regions, an inverse relationship is seen, 
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namely, the mean of the early passage cells is some >2-fold higher than the mean for 

senescent cells. These data are also consistent with earlier analyses (Figures 3-6, 3-7, 3-8) 

which showed greater enrichment in early passage cells. Finally, data for non-regulatory 

and intergenic regions show a similar trend as that for total probes. In summary, the 

analysis demonstrates quantitatively that there is a higher overall FAIRE enrichment 

across the genome in senescent cells, but in early passage cells regulatory regions are 

enriched by FAIRE to a higher degree.  

 

3-8C) Correlation between FAIRE enrichment signal and gene density  

To determine if the areas of high relative FAIRE signal in the chromatin painting analysis 

corresponded to the higher FAIRE signal observed in the TSS of early passage cells, both 

the mean FAIRE signal and number of TSS present were calculated in a series of non-

overlapping tiled windows with a size of 100 kb that covered the genomic regions 

represented on the arrays. For both the early passage and senescent cells the FAIRE 

signal was plotted against the number of unique TSS for each window (Figure 3-14). We 

found that there is indeed a small correlation between the strength of the FAIRE signal 

and the number of TSS, with a positive Sprearman's coefficient of 0.235 in a given 

window for early passage cells. Correlation between FAIRE signal strength and the 

number of TSS was more than 3 times weaker in senescent cells, with Spearman's 

coefficient of 0.069. These data indicate that while senescent cells have higher mean 

FAIRE signals in this non-overlapping tiled window analysis, these means remain 

constant regardless of the number of gene TSS present in any given genomic region. On 

the other hand, early passage cells have a lower mean FAIRE signal, especially notable in 
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the regions containing no TSS, but the mean signal increases as the number of TSS per 

window increases.  

 

3-9) Summary 

Using whole genome tiling array analysis of FAIRE DNA, we were able to demonstrate a 

significant difference in the magnitude of the TSS signal between early passage and 

senescent cells. Senescent cells showed a decrease in the FAIRE enrichment at TSS, 

suggesting a loss of open chromatin at these loci. We found that this enrichment occured 

in both early passage and senescent cells, but when the averaged signals were compared 

between the two we saw a distinct decrease in the magnitude of the TSS enrichment in 

senescent cells. To further examine the potential loss of open chromatin in important 

regulatory regions of senescent cells, we compared the enrichment of enhancers between 

early passage and senescent cells. As with the TSS regions, we were able to identify 

FAIRE enrichment peaks in both early passage and senescent cells and we found a 

decrease in the enrichment of the enhancer regions in senescent cells relative to early 

passage cells. In addition to TSS and enhancers we evaluated the FAIRE enrichment 

patterns associated with replication domains and found a pattern of enrichment across 

regions proximal to origins in early passage cells that was not seen in the replication 

domain centers. Enrichment was not detectable in senescent cells either in the transitional 

(origin) or central regions.  

A clustering analysis was generated 4 groups based on TSS enrichment: early passage 

FAIRE enriched, senescent FAIRE enriched, early passage non-enriched and senescent 

non-enriched. From this analysis it emerged that senescent cells had a reduced number of 
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genes enriched by FAIRE, and those that were enriched had lower average enrichment 

signals. In addition to the reduced number of TSS that were enriched in senescent cells, 

we also noted an overall reduction in the magnitude of the FAIRE enrichment peak. 

These observations further indicate an overall loss of open chromatin at the TSS of 

senescent cells. However, the presence of TSS that lack enrichment in early passage cells 

but gain enrichment in senescent cells is indicative of gene regulation patterns occurring 

in both directions during senescence, which has been amply demonstrated by gene 

expression studies.  

We examined the total FAIRE signal across the genome in both early passage and 

senescent cells and found that the total mean FAIRE enrichment signal was slightly 

higher in senescent cells when compared to early passage cells. This was also the case for 

probes in non-regulatory regions (which were defined as the total probes minus the 

probes in the regulatory regions), where senescent cells had a slightly higher mean signal 

compared to early passage cells. It should be pointed out that the mean signal in total (as 

well as non-regulatory) probes was very close to zero (0.0195 and 0.0139 for early 

passage total and non-regulatory, respectively), and that the changes in senescent cells 

were very small (0.0381 and 0.0378 for senescent total and non-regulatory, respectively). 

It is unlikely that the very small differences in the mean signals (FAIRE-input log2 fold 

change) between early passage versus senescent cells have a significant meaning.  

We also observed noticeable variations in the patterns of FAIRE signal distribution 

between early passage and senescent cells. Whereas in senescent cells the signal was 

more evenly distributed, in early passage cells the distribution showed more distinct 

regions of high and low FAIRE enrichment. 
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To explore this connection between FAIRE enrichment and gene expression we first 

compared the FAIRE TSS data obtained from the genome tiling arrays to gene expression 

data obtained from mRNA expression arrays. We focused on genes that showed changes 

in TSS FAIRE enrichment between early passage and senescent cells, and compared the 

direction of the TSS enrichment with the mRNA expression level. We indeed observed a 

positive relationship between the change in TSS FAIRE enrichment and transcriptional 

activity. If a TSS showed an increased enrichment in senescent cells, the associated gene 

tended to be more active in senescent cells, and the same was also observed in the other 

direction. First, mean expression scores were calculated for all the genes whose TSS were 

analyzed in the FAIRE data..  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



73 

 

 

 

Figure 3-1 
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Figure 3-1 Comparison of FAIRE-chip output from our study with the original 

study published by Lieb’s group (Giresi et al., 2007). 

Giresi et al. (2007) used the foreskin HDF strain CRL 2091 (ATCC) and NimbleGen 

ENCODE tiling arrays, while we used the lung HDF strain LF1 (Brown et al., 1997), and 

Affymetrix Human 2.0 tiling arrays. (A) Portion of Fig. 3D reproduced from Giresi et al. 

(2007); (B) The corresponding 8 kbp region of chromosome 21 from our data. Y-axis: 

FAIRE enrichment is shown as the log2 ratio relative to input signal at each position. X-

axis: chromosomal position in kbp.  
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Figure 3-2  
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Figure 3-2 real time qPCR Validates FAIRE enrichment.  

A subregion (approximately 3 kbp) of the 8 kbp region shown in Figure 3-1 was used in 

this analysis. The relevant regions of Fig. 3D from Giresi et al. (2007) have been 

reproduced in panels A and B. (A)qPCR enrichment; (B) FAIRE enrichment. Our data 

are shown in panels C and D, and utilized the same primers as those used by Giresi et al. 

(2007). (C) qPCR enrichment; (D) FAIRE enrichment. Y-axis: FAIRE enrichment (B,D) 

is shown as in Figure 3-1. qPCR enrichment (A,C) was calculated using the comparative 

Ct method (Livak and Schmittgen, 2001), normalized to input and is shown as the ratio 

relative to one reference amplicon (asterisk). qPCR signal bars are shown in positions 

corresponding to their genomic coordinates. X-axis: chromosomal position in kbp.  
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Figure 3-3  
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Figure 3-3 qPCR validates FAIRE enrichment at the TSS of the PPM1B gene. 

A 3 kbp region centered at the PPM1B promoter was used in this analysis. Data from 

early passage cells are shown in panels A and B, and from senescent cells in panels C and 

D. (A, C) FAIRE enrichment; (B, D) qPCR enrichment. (E) Schematic of the PPM1B 

gene with the promoter region indicated. Y-axis: FAIRE enrichment (A,C) is shown as 

the log2 ratio relative to input signal for each probe. qPCR enrichment (B, D) was 

calculated using the comparative Ct method as in figure 3-2. X-axis: chromosomal 

position in kbp. 
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Figure 3-4  
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Figure 3-4 Distribution of FAIRE enrichment across the PPM1B gene. 

The coverage of Figure 3-3 has been expanded to approximately 70 kbp to include the 

entire PPM1B gene. Data from early passage cells are shown in panels A and B, and from 

senescent cells in panels C and D. (A,C) FAIRE enrichment; (B,D) qPCR enrichment. 

(E) schematic of the PPM1B gene. Y-axis: FAIRE enrichment (A,C) is shown as the log2 

ratio relative to input signal for each probe. qPCR enrichment (B,D) was calculated using 

the comparative Ct method as in Figure 3-2. X-axis: Chromosomal position in kbp. 
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Figure 3-5  
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Figure 3-5 FAIRE enrichment distribution and qPCR validation of the C19orf62 

gene. 

The gene C19orf62 was identified as having a prominent difference in FAIRE enrichment 

between replicating and senescent cells and qPCR was used to verify this difference. A 

15 kbp region containing the entire C19orf62 gene is shown. Data from early passage 

cells are shown in panels A and B, and from senescent cells in panels C and D. (A,C) 

FAIRE enrichment; (B,D) qPCR enrichment. (E) schematic of the C19oef62 gene with 

the promoter indicated. Y-axis: FAIRE enrichment (A,C) is shown as the log2 ratio 

relative to input signal for each probe. qPCR enrichment (B, D) was calculated using the 

comparative Ct method as in previous figures. X-axis: chromosomal position in kbp. 
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Figure 3-6  

 

 

 

 

 

 

 



84 

 

 

 

Figure 3-6 Averaged FAIRE enrichment at TSS is decreased in senescent cells 

 Enrichment was calculated as the averaged log2 ratio of FAIRE relative to input signals 

for each probe within a 10,000 bp window centered on the TSS. The interpolated data is 

shown as a solid line (blue: early passage; red: senescent) and the shaded region 

represents the standard deviation envelope above and below the mean. Data shown is 

corrected for background, which was calculated by interpolating over 530,000 random 

10,000 bp regions signals from across the genome. Y-axis: FAIRE enrichment is shown 

as the log2 ratio relative to input signal. X-axis: distance from the TSS in kbp. Figure 

adapted from an image generated by Sara Hellenmyer. 
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Figure 3-7  
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Figure 3-7 FAIRE enrichment at enhancers decreases in senescent cells  

Average interpolated FAIRE enrichment at 36,589 enhancer regions. Enrichment was 

calculated as the averaged log2 ratio of FAIRE relative to input signals for each probe 

within a 10,000 bp window centered on the enhance. The interpolated data is shown as a 

solid line (blue: early passage; red: senescent) and the shaded region represents the 

standard deviation envelope above and below the mean. Background was calculated by 

interpolating over 530,000 random 10,000 bp regions signals from across the genome. Y-

axis: FAIRE enrichment is shown as the log2 ratio relative to input signal. X-axis: 

distance from the center of an enhancer in kbp. Figure adapted from an image generated 

by Sara Hellenmyer. 
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Figure 3-8  
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Figure 3-8 FAIRE Enrichment at origins of replication is reduced in senescent cells 

 (A, B) Average interpolated FAIRE enrichment at 679 replication domain transition 

zones (origins) for early passage (A) and senescent (B) cells. (C, D) Average interpolated 

FAIRE enrichment at the same 679 replication domains with the window positioned in 

the center of each domain for early passage (C) and senescent (D) cells. Enrichment was 

calculated as the averaged log2 ratio of FAIRE relative to input signals for each probe 

within a 10,000 bp window centered on the enhance. The interpolated data is shown as a 

solid line (blue: early passage; red: senescent) and the shaded region represents the 

standard deviation envelope above and below the mean. Background was calculated by 

interpolating over 530,000 random 10,000 bp regions signals from across the genome. Y-

axis: FAIRE enrichment is shown as the log2 ratio relative to input signal. X-axis: 

distance from the center of an OR (A, B), or non regulatory region (C, D) in kbp. Figure 

adapted from an image generated by Sara Hellenmyer. 
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Figure 3-9  
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Figure 3-9 FAIRE enrichment at TSS segregate into 2 clusters: Open and Closed 

(A) K-means clustering was performed on the average interpolated FAIRE enrichment 

signal of the 19,524 selected Refseq genes (Section 3-5A) in a 3.0 kbp region centered on 

the TSS to yield 2 clusters. Cluster 1 (left panel) contains genes with greater FAIRE 

enrichment at the TSS while cluster 2 (right panel) contains genes with lesser FAIRE 

enrichment at the TSS. Y-axis: FAIRE enrichment is shown as the log2 ratio relative to 

input signal. X-axis: distance from the TSS in kbp. (B) The distribution of cluster 1 genes 

between early passage and senescent cells. 6,698 are enriched in both early passage and 

senescent cells; 4,863 are uniquely enriched in early passage cells and 2,489 are uniquely 

enriched in senescent cells. (C) Actual enrichment profiles for TSS of representative 

genes in the three categories o panel B. Left panels: genes open in early passage cells that 

become closed in senescent cells. Middle panels: genes open in both early passage and 

senescent cells. Right panels: genes closed in early passage cells that become open in 

senescent cells. Y-axis: FAIRE enrichment is shown as the log2 ratio relative to input 

signal. X-axis: chromosomal position in kbp. Figure adapted from an image generated by 

Sara Hellenmyer. 
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Figure 3-10  
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Figure 3-10 Open cluster genes are more highly expressed than closed cluster genes 

The 18,264 genes that were found in both the FAIRE TSS clustering and gene expression 

data sets were separated into cluster 1 (open) and cluster 2 (closed; see Figure 3-9), and 

the expression values were plotted for each cluster. The solid black line represents the 

median expression score, the central box delineates the 25
th

 and 75
th

 percentiles, and the 

thin lines represent the 5
th

 and 95
th

 percentile. (A) Expression scores of open and closed 

TSS in early passage cells. (B) Expression scores of open and closed TSS clusters in 

senescent cells. 

Y-axis: log2 gcRMA expression value. X-axis: cluster 1 (left) and cluster 2 (right). 

Figure adapted from an image generated by Sara Hellenmyer. 
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Figure 3-11  
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Figure 3-11 Change in FAIRE signal correlates with a change in expression in 

senescent cells 

The percentage of genes with increased expression values in senescent cells is plotted 

against increasing log2 fold-change cutoffs for three sets of genes; all genes are 

represented in black, genes that loose FAIRE enrichment in senescent cells represented in 

blue, and genes that gain FAIRE enrichment in senescent cells represented in red. Each 

cutoff threshold represents the genes in each category that display a change in expression 

value between early passage and senescent cells equal to or greater than the cutoff. Y-

axis: % of genes with increased expression. X-axis: log2 fold-change cutoff. Figure 

adapted from an image generated by Sara Hellenmyer. 
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Figure 3-12  
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Figure 3-12 Global FAIRE enrichment becomes homogeneous in senescent cells 

FAIRE enrichment data is shown expressed as a heat map across all human 

chromosomes. The higher the enrichment signal, the brighter the image. Signal was 

calculated across 1 Mbp sliding windows at 100,000 bp intervals. Centromeres are shown 

as black regions and telomeres are omitted. Each chromosome shows data for both early 

passage (top) and senescent cells (bottom). The relative FAIRE enrichment range is 

displayed for each set of chromosomes whose probes were contained on a single array. 

The entire human genome was represented on 7 arrays. Figure adapted from an image 

generated by Sara Hellenmyer. 
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Figure 3-13  
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Figure 3-13 Normalization and distribution of genomic FAIRE signal 

The raw signal intensities were extracted for all of the arrays (1-7) for each condition. A 

standard quantile normalization was used on all of the intensities (7 arrays put together) 

from each condition, equalizing their histograms. (A) The distribution of genomic FAIRE 

signals represented as histograms. Y-axis: probe density plotted such that the total area of 

the graph = 1. X-axis: normalized probe intensity scores. (B-D) Histograms plotting the 

averaged normalized FAIRE enrichment signal based on the quantile normalized arrays. 

The panels represent the distribution of signals in three sets of probes: (B) All probes in 

the array; (C) probes within a 3,000 bp window centered on regulatory elements (TSS, 

enhancers and origins of replication; (D) Probes in non-regulatory regions (B - C). Y-

axis: probe density plotted such that total area of the graph = 1. X-axis: FAIRE 

enrichment shown as the log2 ratio relative to input signal. Figure adapted from an image 

generated by Sara Hellenmyer. 
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Figure 3-14  
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Figure 3-14 Correlation of TSS clustering to positive FAIRE signal in early passage 

cells 

Mean positive FAIRE signal and number of TSS were calculated in non-overlapping 

windows 100 kbp tiled across the genome. Mean FAIRE signal versus number of unique 

TSS is plotted for each window for both early passage and senescent cells. Spearman’s 

coefficient (rho) was calculated for each panel. (A) Early passage cells had a rho of 

0.235. (B) Senescent cells had a rho of 0.069. Y-axis: FAIRE enrichment shown as the 

log2 ratio relative to input signal. X-axis: number of TSS in each window. Figure adapted 

from an image generated by Sara Hellenmyer. 
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Chapter 4: Changes in Chromatin Accessibility of the Repetitive Human Genome 

During Cellular Senescence 
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4-1) Goals of the Study  

The objective of this set of experiments was to begin to investigate chromatin changes 

during cellular senescence that take place in the repetitive portion of the human genome. 

Repetitive DNA comprises approximately half of the human genome, but the Affymetrix 

tiling arrays contain probes only to the unique sequences of the genome. Thus, our 

analysis described in Chapter 3 was in effect blind to any changes that may have been 

occurring in the repetitive genome. In addition to being of intrinsic interest, our own 

FAIRE data pointed out an interesting paradox in the chromatin changes observed during 

senescence. While a number of studies, including our own (Adams, 2007a; Greer et al., 

2011; Kreiling et al., 2011) have indicated an overall increase of heterochromatin as cells 

become senescent, our FAIRE data indicated a global increase in openness. While the 

changes observed by FAIRE were small in magnitude, they are not consistent with the 2-

3-fold increases in heterochromatic proteins, such as mH2A and HP1 (Kreiling et al., 

2011), that have been documented in senescent cells. We therefore thought it could be 

possible that heterochromatin increased specifically in the repetitive portion of the 

genome, which our FAIRE analysis could not detect. We thought this was especially 

reasonable, as it is known that the repetitive portion of the genome is heavily 

heterochomatinized, and accounts for a large fraction of the total heterochromatin that is 

observed in cells. 

 

4-2) Overview of Experimental Design 

To determine the relative enrichment of repetitive DNA in senescent FAIRE cells we use 

a dot blot assay to determine the relative abundance of L1 and Alu sequences in early 
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passage and senescent cell FAIRE samples compared to total genomic DNA. For the dot-

blot experiments DNA was isolated using the FAIRE procedure from early passage and 

senescent cells in biological triplicates as described in the previously. The blots were 

hybridized with α-32P labeled Alu and L1 probes. The probe signal intensities were 

calculated and the ratio of FAIRE to Input samples were compared to determine the 

relative enrichment for each element between early passage and senescent conditions.  

Additionally we examine the change in expression of L1 and Alu using RT-qPCR and 

evidence of L1 transposition using a multiplex qPCR assay. The expression activity of 

LINE-1 and Alu elements was determined using quantitative PCR methods. Total RNA 

was prepared from biological triplicates of early passage and senescent cells. Reactions 

for L1 expression used the L1 ORF2 primers described in Chapter 2. Alu transcription 

primers were based on the expressed Alu repeat (EAR) also described in Chapter 2. In 

each experiment GAPDH was used as the normalization control, and relative expression 

was further normalized to the lowest early passage sample. 

The L1 transposition assay was adapted from the quantitative PCR experiments described 

in Coufal et al., (2009). Total genomic DNA was isolated from 3 biological replicates of 

senescent and early passage cells. Mutiplex qPCR experiments were performed 

comparing L1 ORF2 copy number to L1 5' UTR and 5S rDNA control probes.  

 

4-3) Dot Blot Analysis of LINE and SINE Sequences in FAIRE Fractions 

In order to examine the relative representation of sequences corresponding to L1 (LINE) 

and Alu (SINE) retrotransposable elements in input and FAIRE DNA preparations, we 

devised a dot blot strategy. Probes for Alu and L1 sequences were made by amplifying 
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representative fragments from genomic DNA and subsequently labeling the amplified 

fragments with 
32

P. Alu primers were designed using the Alu consensus sequence (Batzer 

et al., 1996) and placed in regions that demonstrate minimal sequence divergence 

between Alu families (Figure 4-1A). The L1 probe was designed from a region near the 

3' end of L1 ORF2 (Figure 4-1B). The L1 sequence was obtained from L1 Base 

(Zemojtel and Penzkofer), an online database of annotated active and full-length L1 

elements. The 3' end of ORF2 was chosen as the probe because the majority of L1 

elements present in the genome have truncated 5' ends. Thus, placing the probe towards 

the 3' end should pick up the majority of L1 elements in the genome. The 383 bp probe 

sequence we chose mapped to all 11,901 annotated L1 elements in the L1 database using 

the NCBI36/hg18 2006 annotated human genome data set. 

FAIRE DNA samples from three replicates of early passage and senescent cells were 

prepared using our standard procedure (Chapters 2 and 3). The same HDF cell strain 

(LF1) was used as in Chapter 3, and cells were propagated from the same frozen stocks, 

but the cells were expanded for harvest on a separate occasion (after the experiments in 

Chapter 3 were concluded). The three replicates for the dot blots were expanded from the 

same frozen stock, but the dishes were harvested at different times and all the subsequent 

processing was done separately. The input DNA samples were prepared by separating an 

aliquot equal to 10% of the total sample after the sonication step. This aliquot was then 

de-crosslinked, proteinase-k treated, and phenol extracted. The FAIRE and input DNA 

samples were thus treated in parallel, with the exception that for FAIRE the phenol 

extraction was performed on cross-linked chromatin, whereas for input the extraction was 

performed on de-crosslinked material. This procedure resulted in 4 categories of samples, 
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early passage input, early passage FAIRE, senescent input, and senescent FAIRE. Each in 

turn was made in triplicate, for a total of 12 samples. 

The amount of DNA present in each sample was first quantified using the Nanodrop 

instrument (Thermo Scientific). Each sample was then spotted in two-fold dilution series 

from 40 ng to 2.5 ng DNA per spot.The blots were made by spotting the DNA samples 

onto positively charged nylon membranes under alkaline conditions using a 96 well 

vacuum manifold. It subsequently became apparent that the Nanodrop measurements 

were not sufficiently accurate, and we thus used two additional methods to quantify the 

amount of DNA present in our samples: Quant-it PicoGreen dsDNA Assay Kit 

(Invitrogen) and qPCR. The qPCR was performed with 5 distinct primer pairs to genomic 

regions that were found not to be FAIRE enriched in either early passage or senescent 

cells (Chapter 3). The results of the Pico green and qPCR measurements were in close 

agreement. We then used the qPCR quantification (average of the 5 distinct primer pairs) 

which we felt was the most accurate method to calculate the effective concentration of 

the DNA samples that were deposited on the dot blot membranes. The details of these 

calculations are presented in Chapter 2.  

Radiolabled Alu and L1 probes were hybridized to the membranes, exposed to storage 

phosphor screens, and imaged on a Typhoon 9410 (GE Healthcare) scanner. The raw 

scans are shown in Figure 4-2 for the Alu probe, and in Figure 4-3 for the L1 probe. In 

order to account for inherent variability on each membrane, and to increase the data sets 

for each probe, once image files were acquired for each blot, the blots were stripped and 

rehybridized with the alternative probe. The resulting image files were quantified using 
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ImageJ software, signal intensity values were calculated based on the pixel intensity for 

each spot, and normalized to the amount of DNA present in each spot.  

Based on a regression analysis of the dilution series, an overall DNA normalized 

hybridization signal was derived for each sample (condition and replicate). The 

calculations are discussed in detail in Chapter 2, and the derived data are presented in 

Figure 4-4A. The three replicates for each condition were then averaged (Figure 4-4B), 

and the ratio of FAIRE to input signal was calculated (Figure 4-4C). These data were 

obtained for the Alu and L1 probes, and for the two blots that were done for each probe. 

From this treatment it was apparent that the relative abundance of both Alu and L1 signal 

was lower in the FAIRE fraction than the input DNA, and this was true for both early 

passage and senescent cells. Given that repetitive elements are known to be largely 

heterochromatinized in cells, this was an expected result, given that the FAIRE procedure 

enriches for sequences in a relatively open conformation. We can thus infer that both Alu 

and L1 sequences are under-represented in FAIRE extracted DNA because of their 

relatively closed conformation. 

We next compared the relative representation of Alu and L1 in FAIRE extracted DNA for 

early passage and senescent cells, by normalizing the FAIRE value in senescent cells to 

the value in early passage cells (Figure 4-8B). Interestingly, it became evident that both 

Alu and L1 sequences were enriched in the senescent FAIRE samples relative to the early 

passage samples. The Alu elements showed an average enrichment of two-fold in 

senescent FAIRE samples relative to early passage samples, and the L1 elements showed 

an average enrichment of four-fold. Taken together these data show that repetitive 

elements become more abundant in FAIRE samples prepared from senescent cells, which 
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in turn suggests that repetitive sequences may adopt a more open chromatin conformation 

in senescent cells. 

  

4-4) Analysis of L1 Retrotransposition Events 

One possible explanation for the increased abundance of Alu and L1 sequences in 

senescent cells would be an increased copy number of these elements. Mobilization of 

retrotransposons has been documented in somatic cells, for example, experiments 

reported by Gage’s group showed that engineered L1 elements could retrotranspose in 

human embryonic stem-cell derived brain tissue, and further, developed a quantitative 

multiplex PCR assay that detected increased copy number of endogenous L1 elements in 

adult brain tissue samples relative to other somatic tissues (Coufal et al., 2009). Whether 

retrotransposition can occur in senescent cells has however not been examined. To 

investigate whether the enrichment of L1 elements in senescent cells we observed in our 

dot blot experiments reflected an increased activity of this retroelement, we adapted the 

multiplex quantitative PCR method of Coufal et al. (2009) to examine relative L1 copy 

number in early passage and senescent LF1 cell genomes. Total genomic DNA was 

extracted from three biological replicates of early passage and senescent LF1 cells, and 

the copy number of the L1 ORF2 was determined relative to two different control 

sequences: the L1 UTR, which does not retrotranspose, and the 5S RNA gene, a high 

copy number gene encoding a RNA component of the large ribosomal subunit. Relative 

L1 ORF2 copy number was calculated as the inverse ratio of the L1 ORF2 Ct value over 

the control Ct value. Relative L1 ORF2 values were averaged between early passage and 

senescent replicates, and standardized so that the value of the early passage replicate 
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relative L1 ORF2 was normalized to 1 (Figure 4-6). These experiments did not detect any 

significant increase of L1 retroelement copy number in the senescent cell populations. 

  

4-5) Analysis of Alu and L1 Transcription 

We next investigated whether the increased openness of Alu and L1 elements, indicated 

by the relative enrichment of these DNA sequences in senescent cell FAIRE preparations, 

was functionally correlated with changes in RNA expression. If increased FAIRE signal 

is associated with decreased heterochromatinization, then in turn this would be expected 

to possibly lead to increased transcription. We therefore performed RT qPCR analysis to 

assess the relative transcript levels of these repetitive elements. Total RNA was isolated 

from three replicates of early passage and senescent LF1 cells, and reverse transcribed 

using using the Taqman poly-T reverse transcription reaction kit. The resulting cDNA 

was then subjected to quantitative PCR to determine the transcript levels of Alu and L1 

ORF2 in early passage and senescent cells (Figure 4-7). The Alu transcript was detected 

in senescent cells at three times higher levels than in early passage cells, and L1 

transcripts were detected at ten times higher levels. These data are in agreement with the 

increased enrichment of Alu and L1 DNA elements in senescent cell FAIRE samples we 

observed in the dot blot assays. We thus hypothesize that the heterochromatinization and 

silencing of some retrotransposons families in the repetitive portion of the human genome 

may become relaxed during cellular senescence.  

 

4-6) Summary 
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In these experiments we found a distinct under-representation of both Alu and L1 

elements in FAIRE DNA, prepared from both early passage and senescent cells (this 

under-representation was most evident for the Alu element in early passage cells and 

least evident for the L1 element in senescent cells). These findings are consistent with the 

fact that SINE and LINE repetitive elements are typically heavily heterochromatinized in 

the genome, and would thus be expected to be negatively enriched by the FAIRE 

procedure. When the relative negative enrichment of the Alu and L1 elements between 

early passage and senescent cells were compared, we found clear evidence for a relative 

increase of representation for both the Alu and L1 elements in senescent FAIRE samples. 

Alu elements were present at 2.4-fold higher levels in senescent FAIRE samples, and L1 

elements were found at 4.6-fold higher levels. Quantitative PCR analysis of early passage 

and senescent cell RNA indeed revealed an increase in the transcriptional activity of both 

Alu and L1 elements. Alu transcripts were detected in senescent cells at levels three times 

above early passage cells, and L1 transcription levels in senescent cells were elevated by 

more than 10-fold. These data thus establish a positive correlation between the FAIRE 

enrichment of retrotransposable elements seen in senescent cells and transcriptional 

activity of the elements. 
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Figure 4-1  
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Figure 4-1 Alu and L1 dot blot probe templates 

A) The Alu consensus sequence is shown in black. The sequences and positions of the 

forward and reverse primers that were used to amplify a fragment that was subsequently 

labeled as a probe are shown in red. B) A region of the L1 consensus sequence 

corresponding to the 3' end of ORF2 is shown in balck. The sequences and positions of 

the forward and reverse primers that were used to amplify a L1 probe fragment are shown 

in red. 
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Figure 4-2  
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Figure 4-2 Dot blots hybridized with L1 probe. 

Each sample was spotted as a series of dilutions arranged vertically, and the amount of 

DNA relative to the topmost spot is shown in the Y-axis. The identity of the samples is 

indicated across the top: I-Early Passage Input; II-Early Passage FAIRE; III-Senescent 

FAIRE; IV-Senescent Input. The replicates for each group of samples are labeled 1-3.  

L1 Blot 1 (A) was initially hybridized with L1 probe. L1 Blot 2 (B) was initially 

hybridized with Alu probe, stripped and rehybridized with L1 probe. 
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Figure 4-3 
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Figure 4-3 Dot blots hybridized with Alu probe. 

Each sample was spotted as a series of dilutions arranged vertically, and the amount of 

DNA relative to the topmost spot is shown in the Y-axis. The identity of the samples is 

indicated across the top: I-Early Passage Input; II-Early Passage FAIRE; III-Senescent 

FAIRE; IV-Senescent Input. The replicates for each group of samples are labeled 1-3.  

Alu Blot 1 (A) was initially hybridized with Alu probe. Alu Blot 2 (B) was initially 

hybridized with L1 probe, stripped and rehybridized with Alu probe. 
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Figure 4-4  
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Figure 4-4 Normalized blot signal for 5 ng of DNA show increased TE enrichment in 

senescent cells 

 (A) the calculated probe intensity value for 5 ng from each sample on the 4 blots. Y-axis: 

probe intensity value. X-axis: DNA content (5 ng). (B) The probe intensity values from A 

averaged across the three biological replicates. Y-axis: probe intensity value. X-axis: 

DNA content (5 ng). (C) The enrichment of the FAIRE samples relative to Input signal. 

Early passage is depicted as blue and senescent as red. Y-axis: FAIRE enrichment as the 

ratio of FAIRE probe intensity signal to input probe intensity signal. 

Abbreviations (B): EPI, early passage input; EPF, early passage FAIRE; SI, senescent 

input; SF, senescent FAIRE; (C): EP, early passage; S, senescent 
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Figure 4-5  
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Figure 4-5 Normalized FAIRE enrichment values show increased TE enrichment in 

senescent cells 

The calculations shown in Figures 2-1, 2-2 and Table 2-1 were used to determine FAIRE 

enrichment for L1 blot 2, Alu blo1 and Alu blot 2. (A) The values from Figure 4-4C for 

the L1 blots averaged and normalized to early passage cell values. (B) The values from 

Figure 4-4C for the Alu blots averaged and normalized to early passage cell values. Y-

axis: FAIRE enrichment as the ratio of FAIRE probe intensity signal to input probe 

intensity signal and then normalized to the early passage values. 

The % errors were carried through and combined at each successive calculation, and the 

final error bars reflect this combined error calculation. 
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Figure 4-6  
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Figure 4-6 No increase of L1 copy number in the genome of senescent cells. 

L1 ORF2 copy number in total genomic DNA of early passage and senescent cells was 

determined using multiplex qPCR. Blue bars represent early passage cells, red bars 

represent senescent cells. (A) The L1 ORF2 content relative to the L1 UTR. Y-axis: the 

inverse ratio of L1 ORF2 Ct over L1 UTR Ct. (B) The L1 ORF2 content relative to the 

ribosomal 5S DNA. Y-axis: the inverse ratio of L1 ORF2 Ct over 5S DNA Ct.  
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Figure 4-7  
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Figure 4-7 RNA expression of L1 and Alu elements increases in senescent cells 

The relative levels of L1 and Alu transcripts in early passage and senescent cells were 

measured by quantitative PCR. The reactions were normalized to GAP-DH and relative 

expression was further normalized to the lowest early passage sample (A) L1 transcripts. 

(B) Alu transcripts. Y-axis: qPCR enrichment was calculated using the comparative Ct 

method and is shown as the ratio relative to the lowest input sample.  
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Chapter 5: Discussion 
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5-1) FAIRE is a Promising Method to Study Genome Wide Chromatin Changes 

Cellular senescence has been associated with changes in the frequency and distribution of 

molecular markers of chromatin organization; however it is still unclear as to how these 

changes affect chromatin structure on a genomic scale. Changes in DNA methylation 

have been described, showing an overall loss of methylation with age, yet an increase in 

CpG island (CGI) methylation (Bjornsson et al., 2008; Fraga and Esteller, 2007; Fuke et 

al., 2004; Tra et al., 2002; Wilson and Jones, 1983). Histone modifications, the other 

major epigenetic regulator of chromatin states, can also be mapped using ChIP-chip and 

ChIP-seq approaches to generate global distribution patterns, however over 60 histone 

modifications have been identified, and at least a dozen (H4ac, H3k9me, H3K9me2, 

H3k9me3, H3K9ac, H3S10ph, H3K27me3, H4K8ac, H4K12ac, H3K56ac, H4K16ac, 

H4K20me, H4K20me2, H4K20me3 (Feser and Tyler, 2011)) have been shown to change 

with age, making a complete assessment of the human genome using histone marks a 

complex endeavor (Feser and Tyler, 2011; Kouzarides, 2007; Mikkelsen et al., 2007). An 

alternative technique, formaldehyde assisted isolation of regulatory elements (FAIRE), 

has been shown to identify regulatory elements associated with multiple features of open 

chromatin, including multiple histone marks, DNase sensitivity and RNA polymerase 

occupancy (Giresi et al., 2007; Giresi and Lieb, 2009; Nagy et al., 2003). The goal of this 

project was to identify redistributions in the global pattern of open chromatin in senescent 

cells using the FAIRE technique.  

 

5-2) FAIRE Enrichment of Regulatory Elements 
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Transcription start sites (TSS) are an important regulatory element for gene transcription, 

and the position of nucleosomes within these regions has a major impact on the activity 

of associated genes (Mellor, 2005; Ozsolak et al., 2007). Previously it has been shown 

that FAIRE preferentially enriches DNA sequences associated with regions of 

nucleosome vacancy, a feature shared by active TSS in both human and S. cerevisiae 

cells (Bernstein et al., 2004; Giresi et al., 2007; Yuan et al., 2005). Using whole genome 

tiling array analysis of FAIRE DNA, we were able to demonstrate a significant difference 

in the magnitude of the TSS signal between early passage and senescent cells. Senescent 

cells showed a decrease in the FAIRE enrichment at TSS, suggesting a loss of open 

chromatin at these loci. This analysis encompassed the TSS of 19,538 of the 26,083 

annotated genes in the human genome. Our results are consistent with previous findings 

that documented an average enrichment across all TSS (Giresi et al., 2007; Nagy et al., 

2003; Yuan et al., 2005). We found that this enrichment occured in both early passage 

and senescent cells, but when the averaged signals were compared between the two we 

saw a distinct decrease in the magnitude of the TSS enrichment in senescent cells. This 

finding suggests that relative to early passage cells, TSS in senescent cells have a higher 

density of nucleosome occupancy, which could point to a senescence-associated increase 

in chromatin compaction in the genic regions. Since compact chromatin is less accessible 

to the transcriptional machinery, this evidence points to senescence-associated chromatin 

organizational changes in many TSS, which could contribute at least partially to the 

changes in gene expression that have been documented in senescent cells (Bayreuther et 

al., 1988; Coppe et al., 2006; Dimri et al., 1995; Narita et al., 2003; Zhang et al., 2003).  
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To further examine the potential loss of open chromatin in important regulatory regions 

of senescent cells, we compared the enrichment of enhancers between early passage and 

senescent cells. Enhancers are cis-acting regulators of transcriptional activity, and can 

greatly enhance transcription rates for multiple target promoters at various times under 

distinct conditions, and over substantial genomic distance (Maston et al., 2006). As with 

the TSS regions, we were able to identify FAIRE enrichment peaks in both early passage 

and senescent cells that corresponded with a list of 36,589 previously identified and 

annotated enhancer regions (Heintzman et al., 2009). Enhancers were identified by a 

computational prediction algorithm that identifies enhancers by comparing chromatin 

signatures to a training set comprised of sequences determined to be enhancers through a 

combination of criteria; p300 binding, a distance greater than 2.5 kb from known 5’ ends 

of genes, DNase1 hypersensitivity, cross species conservation, presence of predicted 

regulatory modules (PReMods)(Blanchette et al., 2006), enrichment for H3K4me, and 

depletion of H3K4me3(Heintzman et al., 2007). The 36,589 enhancers were identified 

from H3K4me ChIP-chip in HeLa cells, while an additional set of 24,566 enhancers were 

identified in K562 cells. The majority of the enhancers identified were cell line specific, 

with few shared between HeLa and K562 (Heintzman et al., 2009). This indicates that the 

list is unlikely to be a comprehensive list, and probably includes a lot of enhancers that 

are not active in HDF, and also misses a lot of enhancers that are. As with the TSS, we 

found a decrease in the enrichment of the enhancer regions in senescent cells relative to 

early passage cells. This finding is further evidence for an increase in chromatin 

condensation in the regulatory regions of the genome, and suggests a reduction in 

enhancer-mediated gene activity in senescent cell populations. 
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In addition to TSS and enhancers we evaluated the FAIRE enrichment patterns associated 

with replication domains. These are not canonical regulatory elements in the sense that 

TSS or enhancers are, as they do not directly alter the rate of gene expression. However, 

replication domains have been suggested to be regions of substantial genomic 

organization (Gilbert et al., 2004; Huvet et al., 2007; Necsulea et al., 2009; Sproul et al., 

2005). Replication domains are considered to be the regions of the genome that fall 

between two origins of replication. A high levels of gene density and activity has been 

associated with origin-proximal regions, and the transcription of genes in these regions is 

oriented with replication progression, with a higher proportion of + genes in the 5’ halves 

of replication domains and a higher proportion of – genes in the 3’ halves (Huvet et al., 

2007; Necsulea et al., 2009). We examined 679 of these domains identified by Huvet et 

al., 2007, and found a pattern of enrichment across regions proximal to origins in early 

passage cells that was not seen in the replication domain centers. Enrichment was not 

detectable in senescent cells either in the transitional (origin) or central regions. Since 

senescent cells do not replicate their DNA, it is understandable that chromatin near origin 

regions would become more compact, and the surrounding genes could also be affected 

by this chromatin reorganization, partially contributing to the observed reduction of TSS 

enrichment.  

Since our initial exploration of TSS evaluated the average TSS enrichment across all 

genes in the genome, we did not know if the reduction of FAIRE enrichment in senescent 

cells was due to a reduced number of FAIRE enriched genes, a reduction of FAIRE 

enrichment in all genes, or a combination of both. In order to examine in greater detail 

the populations of genes that undergo a change in FAIRE enrichment during senescence, 
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a clustering analysis was performed to generate 4 groups based on TSS enrichment: early 

passage FAIRE enriched, senescent FAIRE enriched, early passage non-enriched and 

senescent non-enriched. From this analysis it emerged that senescent cells had a reduced 

number of genes enriched by FAIRE, and those that were enriched had lower average 

enrichment signals. Of the 19,524 genes clustered in the analysis, 11,561 were FAIRE-

enriched in early passage cells, compared to 9,187 in senescent cells. In addition to the 

reduced number of TSS that were enriched in senescent cells, we also noted an overall 

reduction in the magnitude of the FAIRE enrichment peak. This observation stood in 

contrast to the pattern seen in the non-enriched clusters, where the average enrichment 

values for early passage and senescent cells were not noticeably different. When we 

examined all the genes that clustered into the enriched group for both early passage and 

senescent cells, we found that 6,698 genes were common to both populations, 4,863 

genes were uniquely enriched in early passage cells, and 2,489 were uniquely enriched in 

senescent cells. These observations further indicate an overall loss of open chromatin at 

the TSS of senescent cells. However, the presence of TSS that lack enrichment in early 

passage cells but gain enrichment in senescent cells is indicative of gene regulation 

patterns occurring in both directions during senescence, which has been amply 

demonstrated by gene expression studies. Nevertheless, while changes in TSS FAIRE 

signals between early passage and senescent cells did occur in both directions, loss of 

signal in senescent cells was the predominant effect (by some 2-fold). 

 

5-3) Genome-wide Patterns of FAIRE Enrichment 
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In order to determine the distribution of open chromatin on a more global scale we 

examined the total FAIRE signal across the genome in both early passage and senescent 

cells. We made graphs where the log2 fold changes between corresponding input and 

FAIRE probes were plotted as histograms to visualize the number of probes that fell in 

any given fold change category. In order to verify what we had previously seen in TSS 

and regulatory regions, we examined the distribution of combined probe signals in 3,000 

bp regions centered on TSS, enhancers and replication domain origins. We found that the 

mean signal in early passage FAIRE samples was 2.3-fold higher in these regions as 

compared to senescent cells, demonstrating that this method of analysis agrees with the 

interpolated background subtracted data used in our initial analysis of FAIRE enrichment. 

The loss of FAIRE signal in senescent cells becomes even more pronounced (4.6-fold) 

when the regulatory region mean signals are normalized to the means of the 

corresponding total array probes. 

We also used this method to examine the signal distribution across the entire genome, 

and found that the total mean FAIRE enrichment signal was slightly higher in senescent 

cells when compared to early passage cells. This was also the case for probes in non-

regulatory regions (which were defined as the total probes minus the probes in the 

regulatory regions), where senescent cells had a slightly higher mean signal compared to 

early passage cells. It should be pointed out that the mean signal in total (as well as non-

regulatory) probes was very close to zero (0.0195 and 0.0139 for early passage total and 

non-regulatory, respectively), and that the changes in senescent cells were very small 

(0.0381 and 0.0378 for senescent total and non-regulatory, respectively). Given the 

nature of the quantile normalization process, one would expect the means of all the 



131 

 

 

 

values (probes) of two data sets that were quantile normalized together to be very similar 

(if not identical), and hence the difference between the two should be zero (or very close 

to it). Hence, it is unlikely that the very small differences in the mean signals (FAIRE-

input log2 fold change) between early passage versus senescent cells have a significant 

meaning.  

We also devised a qualitative visualization of the distribution of open chromatin across 

the genome, which we called chromatin painting. This treatment calculates the average 

FAIRE enrichment signal in a 1 Mb window sliding at 100,000 bp intervals across the 

genome, and presents it as a heat map aligned with the chromosome coordinates. This 

analysis also showed the overall increase in FAIRE signal across the genome of 

senescent cells, since the colors of the heat map were set so as to pick up the small 

differences in mean values discussed above. More interestingly, we also observed 

noticeable variations in the patterns of FAIRE signal distribution between early passage 

and senescent cells. Whereas in senescent cells the signal was more evenly distributed, in 

early passage cells the distribution showed more distinct regions of high and low FAIRE 

enrichment. 

As TSS were found to be enriched in FAIRE signal in early passage cells, we asked 

whether the uneven distribution in FAIRE enrichment along chromosomes seen by 

chromatin painting may correspond to regions of high gene density. To evaluate this, the 

mean FAIRE signal and number of TSS present were calculated in a series of non-

overlapping tilled windows of 100 kb across all the regions represented on the arrays. 

When the mean FAIRE signal was plotted against the number of unique TSS within each 

window, a positive correlation trend appeared in early passage cells (Spearman's 
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coefficient of 0.235). Thus, as the number of unique TSS within a window increases, the 

mean FAIRE signal also tends to increase. When this analysis was applied to senescent 

cells this trend was not observed (Spearman's coefficient of 0.069). This may at least in 

part explain the more homogeneous signal seen by chromatin painting in senescent cells, 

although other factors may also be at play. 

 

5-4) FAIRE Enrichment of LINE and SINE Repetitive Elements 

A major limitation of the microarray platform is that the repetitive portion of the human 

genome is essentially ignored in the analysis. As we were interested in making a truly 

global and genome-wide assessment of chromatin changes during cellular senescence, 

these limitations became very significant. The importance of this issue is underscored by 

the fact that about half of the human genome is composed of repetitive elements which 

comprise most of the heterochromatin in the cell. Since we were unable to evaluate this 

part of the genome using FAIRE-chip, we devised an alternative method based on dot 

blotting hybridization to quantify the representation of repetitive elements in FAIRE 

preparations of DNA. 

The repetitive fraction of the human genome consists primarily of retrotransposable 

elements (Lander et al., 2001; Richard et al., 2008). We investigated two common classes 

of retrotransposons to obtain an indication of what was occurring in the repetitive regions 

of the genome. These elements were the Long Interspersed Element (LINE) family 1 

(L1), and the Short Interspersed Element (SINE) Alu. Together, these two families make 

up about 70% of the repetitive DNA found in the human genome, and 30% of the total 

DNA content (Richard et al., 2008). This level of coverage should provide a 
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representative view of how the repetitive regions of the genome associated with 

facultative heterochromatin change in senescent cells. 

The experimental design was to prepare FAIRE DNA using standard procedures, and use 

it to prepare, along with input control DNA, dot blot membranes. These were then 

hybridized with radioactive probes, and the signal was normalized to the total DNA 

content of each dot. Using this methodology we found a distinct under-representation of 

both Alu and L1 elements in FAIRE DNA, prepared from both early passage and 

senescent cells (this under-representation was most evident for the Alu element in early 

passage cells and least evident for the L1 element in senescent cells). These findings are 

consistent with the fact that SINE and LINE repetitive elements are typically heavily 

heterochromatinized in the genome, and would thus be expected to be negatively 

enriched by the FAIRE procedure.  

We next compared the relative negative enrichment of the Alu and L1 elements between 

early passage and senescent cells. To do this, in addition to normalizing the FAIRE 

signals to their corresponding inputs, we additionally compared these normalized values 

between early passage and senescent cell populations. After this standardization we found 

clear evidence for a relative increase of representation for both the Alu and L1 elements 

in senescent FAIRE samples. Alu elements were present at 2.4-fold higher levels in 

senescent FAIRE samples, and L1 elements were found at 4.6-fold higher levels  

If we consider L1 and Alu elements as representative of facultative heterochromatin 

present in much of the repetitive genome, our experiments indicate that these regions 

partition more frequently into FAIRE fractionated DNA prepared from senescent cells. 

Since FAIRE preferentially isolates genomic regions that have low nucleosome content 
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(Giresi et al., 2007; Nagy et al., 2003), the increased enrichment of transposable elements 

in senescent FAIRE DNA points to a relaxation of the chromatin structure in these 

normally heterochromatic sequences. This result is concordant with a number of reports 

that have shown global DNA hypomethylation in senescent cells and aging tissues 

(Fairweather et al., 1987; Shmookler Reis and Goldstein, 1982; Wilson et al., 1987), and 

that much of this hypomethylation occurs in transposable element sequences (Baccarelli 

et al., 2010; Barbot et al., 2002; Jintaridth and Mutirangura, 2010; Zhu et al., 2011).  

 

5-5) Relationship Between FAIRE Enrichment and Transcription 

If the changes in FAIRE enrichment we detected using the tilling arrays and dot blots 

were indicative of altered chromatin states, we would in turn expect changes in 

transcriptional activity in these regions, as chromatin structure has been shown to have a 

profound effect on the regulation of transcriptional activity (Gilbert et al., 2004; Guenther 

et al., 2007; Li et al., 2007; Sproul et al., 2005). To explore this possibility we first 

compared the FAIRE TSS data obtained from the genome tiling arrays to gene expression 

data obtained from mRNA expression arrays. We focused on genes that showed changes 

in TSS FAIRE enrichment between early passage and senescent cells, and compared the 

direction of the TSS enrichment with the mRNA expression level. We indeed observed a 

positive relationship between the change in TSS FAIRE enrichment and transcriptional 

activity. If a TSS showed an increased enrichment in senescent cells, the associated gene 

tended to be more active in senescent cells, and the same was also observed in the other 

direction. First, mean expression scores were calculated for all the genes whose TSS were 

analyzed in the FAIRE data. When the mean expression scores were compared between 
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the FAIRE enriched and non-enriched clusters, for both early passage and senescent cells, 

80% of genes in early passage cells with enriched TSS had a higher expression value than 

the median of genes with non-enriched TSS. This value dropped to 75% of genes with 

enriched TSS in senescent cells. In addition to showing a positive correlation between 

TSS enrichment and gene expression, these data also show a small trend towards reduced 

transcriptional activity of TSS enriched genes in senescent cells.  

Although retrotransposable elements are in general heavily repressed, some 

transcriptional activity can be detected in many types of somatic cells (Belancio et al., 

2010; Faulkner et al., 2009; Rangwala et al., 2009). Changes in activity have also been 

documented under certain conditions: L1 transcripts are up-regulated in some cancer cells 

(Skowronski et al., 1988; Skowronski and Singer, 1985), and both Alu and L1 

transcription is induced by genotoxic stresses (Hagan et al., 2003; Li and Schmid, 2001; 

Liu et al., 1995; Rudin and Thompson, 2001). There is some evidence that an increase in 

expression of Alu elements is associated with senescence in adipose derived 

mesenchymal stem cells, and that stable depletion of the Alu transcripts increased 

replicative capacity (Wang et al., 2011).  To our knowledge, beyond this example 

transcriptional activity of transposable elements during cellular senescence has not been 

examined. Given the increased abundance of Alu and L1 element DNA in FAIRE DNA 

prepared from senescent cells, we examined the transcription of these elements into 

RNA. We also investigated whether L1 elements can be mobilized in senescent cells, 

leading to increased copy number. Quantitative PCR analysis of early passage and 

senescent cell RNA indeed revealed an increase in the transcriptional activity of both Alu 

and L1 elements. Alu transcripts were detected in senescent cells at levels three times 
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above early passage cells, and L1 transcription levels in senescent cells were elevated by 

more than 10-fold. These data thus establish a positive correlation between the FAIRE 

enrichment of retrotransposable elements seen in senescent cells and transcriptional 

activity of the elements. Furthermore, this correlation is quantitative, as L1 FAIRE 

enrichment and transcription were both higher than those measured for Alu. Our results 

interestingly provide a possible link between stress and cellular senescence, given that 

Alu and L1 transcription has been reported to be induced by genotoxic stress, and that 

replicative senescence is known to be mediated by a DNA damage response. The 

relationship between retrotransposable element activation and genotoxic stress is likely to 

be complex; since transposition (and especially abortive transposition) can lead to DNA 

double strand breaks (Belancio et al., 2010; Lunyak and Atallah, 2011). A potential for 

deleterious feed-forward mechanisms can thus be envisioned, for example, DNA damage 

could lead to transposable element expression and mobilization, which in turn could lead 

to more DNA damage.  

It was therefore of considerable interest to investigate possible retrotransposition of L1 

elements in senescent cells. For this we used a quantitative multiplex PCR method to 

compare the relative copy number of the L1 ORF2 sequence to that of the L1 5'UTR and 

the 5S ribosomal RNA gene. This analysis failed to detect any significant change in 

ORF2 copy number relative to these controls in senescent cells compared to early 

passage cells. This indicates that the L1 FAIRE enrichment we detected in the dot blot 

experiments was due to an opening of the L1 TSS, making it partition more readily in the 

FAIRE fraction, rather than to an increase in L1 element genomic representation. 

Although the multiplex PCR method we used to assess L1 copy number is sensitive and 
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has previously been used to show L1 mobilization in human brain (Coufal et al., 2009), it 

must be kept in mind that due to the high copy number of L1 elements, a small increase 

in copy number is beyond the resolution of any quantitative PCR method. Given that the 

mobilization of even a few transposable elements could have deleterious effects, more 

direct assays to score discrete transposition events will have to be devised. 

 

5-6)Conclusions 

The new insights provided by this work fall into several categories. First, it is clear that 

the FAIRE method can reveal very interesting and relevant changes in genome-wide 

chromatin organization. Second, it is evident that very extensive chromatin changes take 

place as cells undergo replicative senescence. The latter provides a potential mechanism 

to account for the widespread changes in gene expression that have already been 

documented, as our study is one of the first to investigate these changes at the chromatin 

level. 

More specifically, the analysis of the unique fraction of the genome on whole genome 

tiling arrays revealed a general loss of FAIRE signal in senescent cells. Loss of FAIRE 

signal has previously been shown to correlate with higher nucleosome occupancy. This 

loss of signal can thus be inferred to correspond to a more closed chromatin structure. 

The loss of signal affected both TSS and enhancers, two of the most important cis-

regulatory elements for the regulation of transcription. Senescent cells had fewer open 

TSS, and those that were open had a quantitatively lower signal. This conclusion was 

reached using independent methods of data analysis, and it is also supported by recent 

unpublished FAIRE-seq data from the Sedivy lab. Finally, loss of FAIRE openness was 
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correlated with reduced gene expression. A subset of TSS were shown to gain FAIRE 

signal in senescent cells (and also increase their transcription), but this was a small effect 

relative to the overall trend. 

The effects described above were made possible by comparing FAIRE signal in 

regulatory regions to either randomly chosen regions or non-regulatory regions of the 

genome within a single condition (e.g., early passage cells, or senescent cells). It is 

unfortunately not possible to obtain, because of the manner in which the array data are 

normalized, comparisons of whole array mean signals between different arrays or 

conditions. We do however know, from other experiments (Kreiling et al., 2011) that 

senescent cells contain 2-3-fold elevated levels of heterochromatin-associated proteins, 

such as mH2A or HP1. Thus, although the FAIRE experiments cannot measure the total 

heterochromatin content of a cell, the data indicate that senescent cells contain more 

heterochromatin, which results in a general trend of decreasing the openness of TSS and 

decreasing gene expression. It should also be noted that in contrast to some other reports 

(Feser and Tyler, 2011; Li et al., 2008b; O'Sullivan et al., 2010) we do not see changes in 

overall histone content of senescent cells (Kreiling et al., 2011). We thus believe that the 

predominant change that happens in senescent cells is compaction of existing chromatin 

into higher order heterochromatic structures. 

In contrast to what was observed in the unique fraction of the genome on the tiling arrays, 

FAIRE accessibility in the repetitive fraction of the genome increased, as determined by 

dot blot analysis. Although we have not comprehensively examined all regions of the 

repetitive genome, the same trend was observed for Alu and L1 elements, which between 

them comprise a very significant fraction of the repetitive genome. Increased FAIRE 
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signal was accompanied by increased Alu and L1 RNA transcription, further reinforcing 

the overall positive correlation between FAIRE accessibility and permissiveness for 

transcription. The overall effect on genome organization in senescent cells is thus one of 

remarkable homogenization: the repetitive fraction of the genome, which is typically 

more heterochromatic becomes more accessible, and the unique fraction of the genome, 

which is typically more euchromatic becomes more closed. 

 

5-7) Future Directions 

High throughput sequencing technology has become more affordable since the inception 

of this project and is now an equitable alternative to FAIRE-Chip assays. High 

throughput sequencing also provides a number of advantages over microarray analysis. 

The lack of a need for pre-existing array bound probes allows for an unbiased analysis of 

a DNA sample without the high levels of background signal typical of microarray 

technology. Additionally a single genomic sample can be run on a single lane of a 

sequencing flowcell, eliminating the difficult task of normalization between multiple 

arrays necessary for analyzing total genomic human DNA on tiled arrays. Also, since the 

sequencing utilizes libraries derived directly from the DNA experimental and control 

samples, the sequence of repetitive elements are present on the flow cells. While by 

default these regions tend to be ignored by analysis software, programs may be developed 

especially when using paired end reads, that could differentiate certain repetitive 

elements from others based on flanking non-repetitive sequence, or by the random 

variations that have arisen due to random mutation. Current experiments in our lab have 

provided data from the FAIRE samples described in this study as well as new samples 
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that have shown similar results as to those produced by our FAIRE-Chip data, providing 

an independent confirmation of the results discernible in this project (Unpublished Data). 

We would further like to use high throughput sequencing to evaluate a number of histone 

markers associated with gene activation and silencing in order to independently 

corroborate what we have observed with data found in the literature. Additionally this 

project specifically examined senescence induced by replicative exhaustion; there are 

multiple other methods by which to induce the senescent state with genotoxic stresses 

including ROS and radiation, as well as activation of oncogenes, some of which give rise 

to the unique development of SAHF. It would be very interesting to determine if these 

additional senescence stimuli presented discernible patterns of FAIRE enrichment 

distinct from replicative senescence, and also if SAHF would be detectable from the more 

open chromatin conformation we observed in our studies.  

Ultimately it is our desire to develop this assay to be used on mammalian tissues to 

examine senescence in vivo. Previous work by the Lieb group has shown that FAIRE can 

successfully be used on tissue samples; however, whether it can be used to detect changes 

in the number of senescent cells in a tissue sample is still untested (Gaulton et al., 2010; 

Giresi and Lieb, 2009). There are additional obstacles when working with a non-

homogeneous collection of cells as presented in tissue, and differentiating senescence in 

one subset of cells may provide difficult. There is a currently active project attempting to 

elucidate this issue in our lab. 
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Table S-1  

Chromosome 21 primers from Jason Lieb’s group 

ch21-1 ttcagagccccaaagaagaa aatctcagcaggacccttca chr21:32813792+32813858 

ch21-2 tgctgactttccatccatga ctcagacaagcccggtgtat chr21:32814145+32814214  

ch21-3 tgctgagaggagtggttgtg ccgaggaaacacctgtagga chr21:32814395+32814482  

ch21-4 ctctcgtgcacaaatctcca acactccctggtccacagac chr21:32814503+32814578  

ch21-5 ggaaagaagtgcccacaaga tccagggactcatggagaag chr21:32814730+32814793  

ch21-6 cccagcttctgctctgactt tgaggaaactgaggcacaga chr21:32815066+32815133 

ch21-7 accacactaagggcatttcg tgaaggaggctggcttgtta chr21:32815298+32815378 

ch21-8 taagcctgagcaccagtgtg tccaaggctaccatccagtc chr21:32815580+32815642 

ch21-9 ggaaagagccacgataacca agtcccggatccttagttgg chr21:32815717+32815783 

ch21-

10 

agtcacatttcaagcgctca gctcagcactgtccaacaga chr21:32815998+32816082  

ch21-

11 

aggcacagaaatgtgggaac gacaagagacatgcaggggta chr21:32816190+32816271 

ch21-

12 

ctgtcacctctctgggcact agccctttaggctctccaag chr21:32816464+32816554  

ch21-

13 

acccaggaaggaactgcac gggctcagcaaagagaagaa chr21:32816676+32816749  

ch21-

14 

ggctgaggcttgagagtctg gctggagtacagtggcacaa chr21:32817003+32817078  

ch21-

15 

cctggacgacaagagcaaa ggtttggccatttactgtca chr21:32817386+32817484  
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Table S-1 Primers from Jason Lieb’s group 

This set of primers spans a region of chromosome 21 and were used to validate our 

FAIRE protocol. The results of our qPCR and FAIRE-chip analysis were in agreement 

with the results seen by Lieb’s group (Giresi et al., 2007). 
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Table S-2  

A 

PPM1B housekeeping gene primers 

PPM1B1 atcggcctgttaaaccccta ccaagaaaggcttcacaaaga chr2:44248029+44248094 

PPM1B3 cggcgatgatttcattgtta agagtgggaaactgggaagg chr2:44248505+44248593 

PPM1B9 aggtgggcgttatttgattg taggtcctacctcccgaacg chr2:44249111+44249194 

PPM1B13 ttggaagatgctccagagaga gccttctctccaccctagc chr2:44249650+44249734 

PPM1B14 ctcttccctccgcttcagtc catgcaccaggaagagaagc chr2:44250207+44250296 

 

B 

Additional peak verification primers 

Primer Forward Reverse Genomic Coordinates 

CH13-1 ttccattcaactttattgttgtgg tcctaagttggtggctcttca chr13:32511557+32511622 

CH13-2 gctgcaagcgcagaaaata cgctcggtttccgtctaata chr13:102296108+102296186 

CH13-3 cactccacacattctacccaga cggcaggagacttggatct chr13:44936761+44936827 

CH14-1 aggtttgggggaaaaagga cctccaaataacggcatctt chr14:99219955+99220016 

CH15-1 gtgccgtgttcatgatggta caaccatttgtcaccctcct chr15:67741087+67741157 

CH15-2 gagggagggaggagttatgg ttggacctgttacttccatcc chr15:97234822+97234890 

CH15-3 gcaagcatcaggtgactgaa ggttgagtcacttcccctctc chr15:83757812+83757878 

CH15-4 accctccacagtgtctggat ctttggaatgaggtgggaga chr15:23627385+23627447 

CH15-5 aaatctgagccctgcagttg ctcagaaacccaatacacaagat chr15:57255127+57255200 

CH15-6 cctagagcgggtagtgtgga ctgcactgactcccactcaa chr15:65225855+65225925 

CH16-1 cttctgatccctgggctaaa gtgcttgtctgggatcaaca chr16:71469085+71469145 

CH16-2 gtagccggaactgctgctg cagatactgccgccactcac chr16:1602381+1602444 

CH17-1 tcctaaagagcaggcgaaag cggtgtcaggctgagaacta chr17:1566576+1566652 

CH17-2 gggttggaactggggtaaaa ccagcggtcttgcttaaatg chr17:60263326+60263385 

CH17-3 ggaacattaagaatcatccaggtt ggtcccggtatagcagttga chr17:72633204+72633288 

CH17-4 cgggcctaggtactcattgg tggctgagtgtacctcctca chr17:43480504+43480583 

CH17-5 accaagtgaaaccgaaagca cagcgccgtagtttttgag chr17:38793793+38793860 

CH17-6 agcaactaagcgctcgaaag cctttacgtcggatcactgg chr17:38793809+38793887 

CH17-7 gcttccaccctcccagtg acccgagcctaccacctct chr17:4683289+4683350 

CH17-8 caaaaagcgcggagtcac ctttccaactgcccgctaat chr17:72245177+72245236 

CH17-9 ccactggattggtagcaaaaa cctcgattctgattggctgt chr17:35697547+35697622 

CH17-

10 

accccgaactcctctcctta gcgattggctgggatagtag chr17:43081874+43081943 

CH18-1 tggcatagtgcctagagggta ctaatgtccccctgcatgac chr18:1363600+1363693 

CH18-2 ttggtacagacattcaatcaaaca gctcatgttttaggatgattttg chr18:18858254+18858348 
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Table S-2 Peak Validation Primers 

A: Primers used for the PPM1B housekeeping gene which showed a prominent 

enrichment peak in both replicating and senescent cells. B: Primers used to validate 

additional peaks on chromosomes 13, 14, 15, 16, 17 and 18. 
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Table S-3  

Non-peak primers used to set standard curve for dot blot calculations 

Gene Primer Forward Reverse Genomic Coordinates 

TNFAIP6 TNF 1 cttacgggcattggaacatt gctgaaaacccagcaagact chr2:151919656+151919735 

ETFB ETF 3 tccagaacgagggaaaagag gggcaaaaatccaagagtga chr19:51869308+51869386 

ZNF285A Z28 1 cctagtctcagaagaagcagaagg cagtactcctgcaattccccta chr19:44906214+44906287 

CCDC75 CCD 1 ttcccatcacaactcgatcc gaccataaaaacccccaggt chr2:37159612+37159694 

C19orf2 C192 1 atgatgtggaacgaacacga gtgaaagtggccttgcctta chr19:35123931+35124000 
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Table S-3 Primers used for generating a standard curve for dot blot sample 

calculations 

These primers were in non peak regions, and showed little to no FAIRE enrichment in 

either replicating or senescent cells. They were used in qPCR to generate a standard 

curve (shown in Figure 2-1) from genomic DNA to calculate the concentration of the 

replicating and senescent cell DNA samples used in the dot blot experiments. 
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