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The development of cellular senescence is not consistent in cultured bovine
fibroblasts. Numerous factors may be contributing to the variable onset of cellular
senescence, including oxidative stress, telomere shortening and DNA damage. Recent
results indicate that cellular senescence is also associated with markers of DNA
replication. This suggests that cells may be more likely to enter a senescent state
depending on their cell cycle progression. The purpose of this study was to determine
the effect of cell cycle phase on the development of stress-induced premature cellular
senescence (SIPS). Bovine fibroblasts were synchronized at various cell cycle phases,
followed by treatment with increasing doses of H2O2. Senescent cells were detected
using SA-β-galactosidase staining assay. As H2O2 dosage increased, the amount of
cell death by necrosis increased in both unsynchronized and cell cycle synchronized
groups, while the amount of senescence varied depending on cell cycle phase. Our
results suggest that the S phase of the cell cycle is the most resistant to oxidative
damage, the G2/M phase is the most susceptible, and the G1/S phase is the most
likely to enter senescence as a protective measure following low doses of H2O2.
Increased senescence also resulted from an increased recovery time post-H2O2
treatment, and gene expression studies suggest SIPS bovine fibroblasts senesce via
the p53-independent pathway. An improved understanding of SIPS has important
implications for improving cloning efficiency and understanding age-related diseases.
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INTRODUCTION
Oxidative stress evolves from the production of reactive oxygen species
(ROS) - naturally occurring substances (oxygen ions, free radicals, peroxides) derived
both exogenously through environmental factors and endogenously via mitochondrial
production (Giorgio et al., 2007). The presence of ROS leads to oxidative stress and
damage that accumulates over time (Giorgio et al., 2007). This accumulation can
result in such damaging effects as cell death, chromosomal abnormalities and cancerinducing mutations. While apoptosis has long been recognized as a mechanism used
to prevent cellular transformation and cancer, cellular senescence has recently been
examined for its potential protective effects; however, this protection is believed to
come at the cost of cellular aging (Campisi, 2001).
Cellular senescence is a state of permanent cell growth arrest resulting from
the inability to divide after a fixed number of cell divisions, as defined by the
Hayflick limit (Hayflick & Moorehead, 1961; Hayflick, 1965). Almost all cellular
systems exhibit a senescent state (excluding immortalized cells) after a given number
of DNA replications, although the onset and progression varies between organisms
and tissues (Hayflick & Moorehead, 1961). Evidence suggests cellular senescence has
such positive benefits as withdrawing potentially cancerous cells from the cell cycle,
as well as tissue repair (Rodier & Campisi, 2011). However, cellular senescence is
also involved in aging, either by directly contributing to the functional decline of
aging tissues or by indirectly affecting the surrounding non-senescent cells through
protein secretions (Giorgio et al., 2007). These secretions could promote tumor
progression in surrounding cells (Rodier & Campisi, 2011). It has been suggested that
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increased oxidative stress and ROS production can accelerate the onset of cellular
senescence, as cellular senescence is linked to the redox state of the environment
(Giorgio et al., 2007).
The onset of cellular senescence is not homogeneous in cell populations, as
senescence depends on a wide range of factors, including telomere length and
oxidative stress (Chen et al., 2005). Evidence indicates that cell cycle phase and cell
cycle regulatory proteins are involved in cellular senescence, as specific cell cycle
inhibitors are closely associated with the senescent phenotype (Chen et al., 2005).
These variable factors suggest cellular senescence is an increasingly complex
phenomenon to study, and this complexity is only amplified by the current lack of
available senescent markers. No marker of senescence has been identified thus far
that is exclusively specific to the senescent state, and not all senescent cells express
all possible senescence markers (Rodier &Campisi, 2011). Moreover, potential
applications of somatic cell nuclear transfer (SCNT) to agriculture and medicine are
currently constrained by low efficiency and high rates of embryonic, fetal, and
neonatal loss. Multiple factors influence success or failure of each step in the NT
process, and cellular senescence is considered a major barrier to successful SCNT.
One of the most important factors attributing to the success of NT is the cell cycle
coordination between a donor nucleus and a recipient oocyte (Campbell et al., 1996).
However, it is still unclear which cell cycle stage results in the best cloning
efficiency. Therefore, studying the heterogeneous onset of cellular senescence
following exposure to ROS will allow for a better understanding of the complexities
and mechanisms behind cellular senescence, and its association with cell cycle phase.
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REVIEW OF THE LITERATURE
Cellular senescence
Cellular senescence, the irreversible loss of proliferative potential, was first
described nearly five decades ago by Hayflick & Moorehead (1961; Hayflick, 1965)
as a phenomenon that restricts the ability of normal cells to proliferate in culture.
While human fibroblasts in culture initially underwent robust proliferation, cell
proliferation decreased with increasing population doublings, eventually halting
altogether at what has been coined a cell’s Hayflick limit. These non-dividing,
senescent cells, while still metabolically active, would remain in an arrested state for
weeks despite abundant nutrients, growth factors and space congruent for cell
division. It is important to note that senescence cells are different from quiescent
cells, as senescent cells are permanently growth arrested, whereas quiescent cells are
reversibly growth arrested at the G0 cell phase (Campisi, 2001). Hayflick &
Moorehead proposed two potential reasons for the cellular senescence phenomenon.
First, the irreversible growth arrest characteristic of cellular senescence could be an
innate anti-cancer mechanism, preventing cancerous cells from proliferating in
culture ad infinitum. Alternatively, a cell’s entrance into cellular senescence
following a certain number of population doublings could mimic aging in vivo, as
cells’ in vivo lose the ability to regenerate and repair with age. They thus suggested
that cellular senescence could be a negative consequence of aging, resulting in
decreased tissue renewal and function (Hayflick & Moorehead, 1961; Hayflick,
1965). This has lead researchers to debate whether the senescent state is indeed a
beneficial event that minimizes cancer progression, or a negative event that
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encourages aging and aging-associated ailments. Recent evidence suggests it may be
both (Campisi, 2011), which will be discussed further below.

Characteristics of senescent cells
Over the ensuing decades, numerous studies have further identified cellular
characteristics commonly associated with senescence. The universal and necessary
characteristic for identifying senescence is irreversible growth arrest. Senescent cells
fail to initiate DNA replication, largely due to the expression of dominant cell cycle
inhibitors, and this failure usually occurs following exposure to oncogenic stimuli
(Campisi & d’Adda di Fagagna, 2007). Secondly, epigenomic stress is commonly
found in senescent cells. This stress results from varied sources, including
dysfunctional telomeres, disrupted chromatin, direct DNA damage or strong
mitogenic signals (Campisi & d’Adda di Fagagna, 2007). Regardless of the source,
epigenomic stress creates a persistent DNA damage response (DDR) signal. Evidence
has shown that the DDR signal originates from stable, cytologically detectable
nuclear foci, also known as DNA-SCARS (DNA segments with chromatin alterations
reinforcing senescence) (Rodier et al., 2011). The DDR signal is prolonged by the
activation of the p53 tumor suppressor protein, as p53 stimulates transcription of
genes that cause cell cycle inhibition (Campisi & d’Adda di Fagagna, 2007). Thirdly,
senescent cells are often enlarged and binucleated compared to their proliferating
cellular counterparts (Campisi & d’Adda di Fagagna, 2007). They also express
cytologically detectable senescence-associated β-galactosidase (SA-β-gal) activity at
pH 6.0 in fixed cells and tissues (Dimri et al., 1995). Fourthly, senescent cells express
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the cyclin-dependent kinase inhibitor and tumor suppressor protein CDKN2A (also
known as p16INK4a) (Ohtani et al., 2004). In some senescent cells, CDKN2A
activates the tumor suppressor retinoblastoma protein (Rb) to coordinate the
development of cytologically detectable senescence-associated heterochromatin foci
(SAHF) (Narita et al., 2003, Zhang et al., 2005). Finally, the DNA-SCARs commonly
found in senescent cells are believed to contribute to the senescence-associated
secretory phenotype (SASP), in which senescent cells secrete cytokines, growth
factors and proteases that have a wide range of paracrine and autocrine effects
(Young & Narita, 2009). The SASP, which will be discussed in detail below, has
been shown to play a key role in the diverse activities of a senescent cell (Coppe et
al., 2008; Young & Narita, 2009).
It is important to note that while cell culture experiments indicate there are
several hallmarks of senescent cells, not all are completely unique to the senescent
state. Cells respond differently depending on what species, cell type and tissue they
arise from (Campisi, 2011), although studies have shown that almost all divisionallycompetent cells can undergo senescence when appropriately stressed (Campisi &
d’Adda di Fagagna, 2007; Shay & Robinson et al., 2004). Senescent cells are also
different from quiescent and post-mitotic terminally differentiated cells, although this
distinction is not always clear-cut (Campisi, 2011), and there is some evidence of
embryonic stem cells not undergoing senescence (Miura et al., 2004).
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Cell cycle regulation and cellular senescence
The coordinated progression of cell cycle, senescence and apoptosis involves
complex interactions between a wide number of protein families. While these
processes are separate and distinct, they are intimately related in their ability to
control cell fate. To complete cell division, cells move sequentially through each cell
cycle stage. The S phase is designated for cells undergoing DNA replication, and is
preceded by the G1 phase, during which cells prepare for DNA synthesis. After the S
phase is complete, cells move into the G2 phase to prepare for the final phase of
mitosis. Following mitosis, the cell cycle starts again with movement towards the G1
phase. At the entry of the G1 phase, instead of committing to DNA replication, cells
can opt to enter the G0 phase, in which cells enter into a state of cell cycle arrest –
either reversible quiescence or irreversible cellular senescence (Shah & Schwarts,
2001).
Cell cycle is driven by a family of cyclin-dependent serine/threonine protein
kinases (CDK) that regulate the transition between different cell cycle phases, as
outlined in Table 1 (Grana & Reddy, 1995; Johnson & Walker, 1999; Morgan, 1995;
Pines, 1995). CDK levels remain relatively stable throughout the cell cycle; however,
their activating protein, the cyclins, varies depending on the cell cycle phase (Evans et
al., 1983; Pines, 1991). While sixteen different cyclins have been identified, not all of
them are associated with cell cycle phase (Okamoto & Beach, 1994; Peng et al., 1998;
Rickert et al., 1996). It is important to note that while most cyclins are expressed
periodically based on cell cycle progression, cyclin D is synthesized as long as
growth factor stimulation persists (Assoian & Zhu, 1997). To counteract CDK
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activity, cell cycle inhibitory proteins called cyclin-dependent kinase inhibitors
(CDKI) bind either to specific CDKs alone, or to cyclin-CDK complexes (Sherr &
Roberts, 1995). There are two separate families of CDKIs: the INK4 family and the
Cip/Kip family, outlined in Table II (Sherr & Roberts, 1995). Both families of CDKIs
are regulated by external and internal signals, with p21WAF1/CIP1 (also known as
LCMT2) under direct transcriptional control of p53 (el Deiry et al., 1993).
Another level of cell cycle regulation is the cell cycle restriction checkpoints,
which further ensures that cell cycle progression is orderly and sequential (Liu et al.,
2006). Following DNA damage, checkpoints halt cell cycle progression to ensure
time for DNA repair before the cell can progress to the next phase (Liu et al., 2006;
Lukas et al., 2004). This mechanism thus helps to eliminate the development of
potentially cancerous mutations that would result if damaged DNA were allowed to
replicate and propagate (Liu et al., 2006). DNA damage checkpoints are positioned
before DNA replication and mitosis, as the G1/S checkpoint and the G2/M
checkpoint, respectively. There is also some evidence of checkpoints during the S and
M phase (Bartek et al., 2004; Lukas et al., 2004). The arrest resulting from the G1/S
checkpoint is p53-dependent, as p53 expression is rapidly induced following the
detection of DNA damage at the G1/S phase (Levine, 1997). The transcription of
many genes is generated following p53 activation, including p21WAF1/CIP1 (also
known as LCMT2), MDM2 and pro-apoptosis protein Bax (Agarwal et al., 1998).
The specific induction of LCMT2 results in a strong cell cycle arrest, thus preventing
the replication of damaged DNA (Ko & Prives, 1996). Compared to the G1/S
checkpoint, the mechanism of the S phase checkpoint is poorly understood; although
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there is evidence that ATM-mediated phosphorylation of NBS1 is necessary for the S
phase checkpoint to induce an S phase arrest (Bartek et al., 2004; Lim et al., 2000).
The G2/M checkpoint can be initiated in the presence or absence of p53. Cell cycle
arrest at the G2/M checkpoint is maintained by inhibiting the CDK1-cyclin B
complex via activation of protein kinases Chk1 and Chk2. These kinases
phosphorylate Cdc25, inactivating it so that it cannot stimulate the CDK1-cyclin B
complex (Sanchez et al., 1997; Zeng et al., 1998). The role of p53 in mediating a
G2/M arrest is similar to its role with G1/S arrests, as DNA damage leads to increased
p53 expression, and thus LCMT2 expression, as well as mediates dissociation of
CDK1-cyclin B complex by inducing the p53-regulated stress protein Gadd45
(Hermeking et al., 1997; Taylor & Stark, 2001). The M phase arrest occurs through a
spindle checkpoint that detects incorrectly aligned chromosomes and halts cell cycle
in metaphase. Specific proteins associated with M phase arrest include Mad and Bub,
which are activated following the detection of defects in microtubule attachment,
resulting in prevention of the metaphase-anaphase transition (Amon, 1999; Fang et
al., 1998).
Studies have demonstrated that cell cycle phase is closely linked with cellular
senescence. Mouse fibroblasts were shown to readily senesce with DNA content
typical of the G1 phase; however, a primarily G2/M arrest can be induced by a defect
in stress-signalling kinase MKK7 (Wada et al., 2004). Other studies have shown that
tumor cells that retain the ability to undergo senescent-like arrest do so with G2 or S
phase DNA content, despite most tumor cells proliferating indefinitely in culture
(Itahana et al., 2004). There has also been some speculation that a cell may be more
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Table I

Characteristic cyclin expression profiles and activation as a function of
cell cycle stage. Abbreviation CDK is cyclin-dependent kinase.

Cell cycle stage
Early G1 phase
Mid-late G1 phase
S phase
G2/M phase

Table II

Cyclin
D type
E
A
A, B

Kinase activated
CDK4/CDK6
CDK2
CDK2
CDK2

CDKI inhibitor families and their function. CDKIs bind CDK alone or
in CDK-cyclin complexes and regulate CDK activity. Abbreviation:
CDKI is cyclin-dependent kinase inhibitor, CDK is cyclin-dependent
kinase.

CKI

Function

Family Members

INK4 family

Inactivation of G1 CDK
(CDK4, CDK6)

p15(INK4b)
p16(INK4a) or CDKN2A
p18(INK4c)
p19(INK4d)

Cip/Kip family

Inactivation of G1
p21(WAF1/CIP1) or LCMT2
cyclin-CDK complexes
p27(CIP2)
and cyclin B-CDKI1
p57(KIP2)
____________________________________________________________________
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susceptible to entering senescence depending on its cell cycle phase during exposure
to oncogenic stimuli. Numerous studies have described the close relationship between
cell cycle regulatory proteins and the onset of cellular senescence (Alcorta et al.,
1999; Arenallo & Moreno, 1997; Beausejour et al., 2003; Brookes et al., 2002; Deng,
et al., 1995; Gire et al., 2004; Lawless et al., 2010; Leontieva et al., 2010; Narita et
al., 2003). It was also shown that oncogenes can alter the cell cycle phase in which a
cell enters senescence, as specific oncogenes have been shown to cause a fraction of
cells to senesce with G2 phase DNA content (DiMicco et al., 2006; Olsen et al., 2002;
Zhu et al., 1998). Therefore by closely examining the relationship between cell cycle
phase and the onset of cellular senescence, an improved understanding of the
mechanism(s) behind the onset of cellular senescence can be obtained

Cellular senescence and oxidative stress
Cells are constantly exposed to stress and damage, leading to outcomes
varying from complete recovery to cell death. A common cause of DNA damage
evolves from exposure to reactive oxygen species (ROS), which generate oxidative
stress and cellular damage (Mammucari & Rizutto, 2010; Rigoulet et al., 2010;
Stefanos & Sanz, 2011). ROS are naturally occurring substances (oxygen ions, free
radicals, peroxides) with an unpaired electron, and are all potent oxidizing agents
(Rigoulet et al., 2010). ROS accumulation can lead to the loss of molecular function
in cells, as ROS induces oxidative modification of proteins, lipids and DNA (Rigoulet
et al., 2010). ROS are derived both exogenously through environmental factors (ie.
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pollution, smoking, ionizing radiation, UV light), as well as through endogenous
sources (ie. metabolism, inflammation) (Giorgio et al., 2007).
It is generally considered that the majority of endogenously produced ROS are
generated accidently as a byproduct of aerobic metabolism (Mammucari & Rizutto,
2010; Rigoulet et al., 2010; Stefanos & Sanz, 2011). During mitochondrial
respiration, oxidative phosphorylation creates a flux of electrons through the
respiratory chain. Electrons are removed from reduced substrates and are transferred
to molecular oxygen through a series of enzymatic complexes, resulting in the
complete reduction of oxygen to water, without oxygen radical formation (Rigoulet et
al., 2010). However, oxygen radicals can form if partial reduction of oxygen occurs
via electron escape from the mitochondrial ETC. These electrons can then react with
oxygen to form oxygen radicals (Mammucari & Rizutto, 2010; Rigoulet et al., 2010;
Stefanos & Sanz, 2011).
Cells do have defense mechanisms against ROS production via enzymatic and
non-enzymatic mechanisms. Non-enzymatic defense mechanisms include vitamins A,
C, E, urate and bilirubin, while enzymatic defenses include anti-oxidants, such as
dismutases, catalases and peroxidases (Giorgio et al, 2007). These mechanisms help
to carefully regulate the levels of different ROS in order to control the intracellular
redox balance while minimizing excessive oxidation of cellular components
(Giovanni et al., 2008). In healthy cells, this intracellular redox balance between
harmful insults and cellular protective systems is easier to maintain (Giovanni et al.,
2008). However, this balance is progressively lost as intracellular oxidative stress
increases during aging, while intracellular ROS removal by enzymatic and non-
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enzymatic mechanisms decreases progressively over a lifetime (Giovanni et al., 2008;
Mammucari & Rizutto, 2010; Stefanos & Sanz, 2011). This leads to functional
impairment of cells and tissues, which can have an impact on many physiological
processes, and can induce senescence and apoptosis (Giovanni et al., 2008; Harman,
1998; Mammucari & Rizutto, 2010; Stefanos & Sanz, 2011; Stone & Yang, 2006;
Passos & Von Zglinicki, 2006).
It has been suggested that the amount of oxidative stress and damage a cell is
under will ultimately determine its fate. When ROS cause too much damage,
apoptosis is induced; therefore apoptosis is a beneficial mechanism with regard to
preventing cellular transformation and cancer (Campisi, 2011; Kowaltowoski et al.,
2001). Moderate amounts of stress could induce DNA damage and result in cellular
transformation (Campisi, 2011); however, the damage may not be great enough to
trigger the apoptotic pathway. In these cases it has been speculated that cells will
enter senescence as a protective mechanism against cellular transformation and to
prevent the propagation of harmful mutations. Therefore senescence is currently
being argued as a beneficial mechanism preventing cellular transformation and cancer
but with the cost of cellular aging (Campisi, 2011).

Types of cellular senescence
Replicative senescence
Replicative senescence is based on a cell reaching its Hayflick limit following
an accumulated number of population doublings (Hayflick & Moorehead, 1965;
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Hayflick, 1961). It is largely regulated by telomere-attrition (Campisi, 2011) and is
therefore closely linked with telomere-dependent senescence.
Telomere-dependent senescence
Telomeres, located at the ends of mammalian chromosomes, appear to play a
critical role in activating the senescent state. During somatic cell replication, the
repetitive telomeric DNA sequence (TTAGGG)n shortens due to the lack of telomeric
DNA repair mechanisms (Harley et al., 1990). Research has indicated that once
telomere length shortens beyond a specific threshold, a p53-dependent pathway is
activated that permanently halts cell division (Vaziri & Benchimol, 1998). Notably,
only a few shortened telomeres are sufficient to trigger a telomere-dependent
senescence response (Hemann et al., 2001; Martens et al., 2000). Recently, it has been
shown that telomere ‘uncapping’ itself can signal the senescent state (Stewart, 2003),
which could explain how cells can prematurely enter a state of cell growth arrest
despite having long telomeres in vivo or after exposure to oxidative stress (Betts &
King, 1999). Human cells that escaped telomere-initiated senescence have been
shown to continue to proliferate until they enter a state of crisis, called mitotic
catastrophe, characterized by extensive genomic instability and cell death (Shay et al.,
1991). The end replication problem associated with telomere attrition can be resolved
by telomerase reverse transcriptase enzyme (TERT) that adds telomeric DNA directly
to chromosome ends (Collins & Mitchell, 2002). Most normal somatic cells do not
express TERT, or if they do, it is found at levels too low to prevent telomere
shortening; however, germline and cancer cells do express TERT (Effros et al., 2003;
Masutomi et al., 2003). Research has shown that ectopic expression of TERT in
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normal human cells prevents both telomere shortening and senescence resulting from
the end replication problem (Bodnar et al., 1998).
Telomere-independent senescence
Cellular senescence occurring independent of telomere attrition results from
non-telomeric DNA damage. Evidence has shown that rigorous DNA damage
anywhere in the genome causes many cell types to undergo senescence, especially if
the damage results in DNA double stand breaks (DSB) (DiLeonardo et al., 1994;
Parrinello et al., 2003). Chemotherapeutic drugs have been shown to be strong
inducers of DNA damage-induced senescence (Roninson, 2003). Senescent cells were
found in normal cell populations and some tumor cell populations both in culture and
in vivo following exposure to chemotherapeutic agents (Roninson, 2003). When DNA
damage is a product from exposure to various cellular stressors, the onset of cellular
senescence can be accelerated, resulting in SIPS (Brack et al, 2000).
Both damage and telomere-initiated senescence depend on p53 for their
induction, as well as cyclin-kinase inhibitor LCMT2 (also known as p21WAF1)
(DiLeonardo et al., 2004; Herbig et al., 2004; d’Adda di Fagagna et al., 2003). Some
reports have also implicated CDKN2A in DNA damage and telomere-initiated
senescence, suggesting CDKN2A may act as a second barrier preventing proliferation
of DNA damage or dysfunctional telomeres (Beausejour et al., 2003; Jacobs & de
Lange, 2004; Stein et al., 1999). Both telomere attrition and DNA damage trigger a
classical DDR signal, as the DDR enables cells to sense damage and respond to it by
arresting cell cycle progression and repairing damage (Herbig et al., 2004; d’Adda di
Fagagna et al., 2003; Takai et al., 2003; Gire et al., 2004).
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Oncogene-induced senescence (OIS)
An oncogene is either a mutated version of a normal gene, or over-expression
of a gene, that contributes to the production of cancer, as it can induce cellular
transformation when activated. Studies have shown that normal cells can respond to
oncogenes by entering cellular senescence (Dimri et al., 2000; Lin et al., 1998;
Michaloglou et al., 2005; Serrano et al., 1997; Woo & Poon, 2004; Zhu et al., 1998).
This finding was first shown in human fibroblasts following expression of the
oncogenic form of Ras, a family of small GTPases involved in signal transduction
(Serrano et al., 1997). Numerous members of the Ras pathway have been found to
also cause senescence when over-expressed or expressed in oncogenic form (Dimri et
al., 2000; Lin et al., 1998; Michaloglou et al., 2005; Zhu et al., 1998). One study
demonstrated that oncogenes that induce senescence also stimulate cell growth, as
mouse cells exposed to low mitogenic signals were able to resist Ras-induced
senescence (Woo & Poon, 2004). This suggests that the OIS may counteract
excessive mitogenic stimuli that put cells at risk of oncogenic transformation (Woo &
Poon, 2004).
Other types of senescence
Senescence can occur without a detectable DDR signal. This largely occurs
due to “culture stress,” which causes senescence without major telomere erosion
(Ramirez et al., 2001). Culture stressors contributing to cellular senescence include
tissue culture plastic commonly used to house cells grown in culture; serum, as cells
in vivo are exposed to plasma, and thus serum is a foreign substance to them; and
oxidative stress generated by hyper-physiological levels of oxygen. Most cells in
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culture are incubated at 95% atmospheric oxygen, instead of the 2-3% oxygen found
in vivo (Fusenig & Boukamp, 1998; Yaswen & Stampfer, 2002; Parrinello et al.,
2003). Culture shock-induced senescence was observed in keratinocytes grown
without a layer of feeder cells (Ramirez et al., 2001) and when mouse embryonic
fibroblasts were cultured at atmospheric oxygen tension (Parrinello et al. 2003).
Senescence can also result without a detectable DDR if cells lack Pten tumor
suppressor activity, as Pten counteracts pro-proliferative and pro-survival kinases
(Alimonti et al., 2010). In addition, evidence indicates that ectopic expression of
LCMT2 (also known as p21CIP1/WAF1) and CDKN2A(also known as p16INK4)
can cause senescence without a DDR (McConnell et al., 1998; Rodier et al., 2009).

Markers of cellular senescence
Senescent markers are used to identify cellular senescence in culture and in
vivo; however, no marker of senescence has been identified thus far that is entirely
specific to the senescent state, and not all senescent cells have been shown to express
all possible markers (Rodier & Campisi, 2011). One poorly understood feature of
cellular senescence is that it can sometimes take days to develop a senescent
phenotype depending on the species and type of cell (Lawless et al., 2010), making it
difficult to truly assess the level of senescence in culture and in vivo. Nonetheless, as
the hallmark of senescence is growth arrest with no DNA replication, the lack of
incorporation of 5-BrdU or H3-thymidine has been used as a marker of cellular
growth arrest (Chen et al., 2005). Any incorporation of 5-BrdU or H3-thymidine
would indicate the cell was not in a true growth arrested state (Chen et al., 2005).
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Immunostaining for proliferating cell nuclear antigen (PCNA) and ki67 would also
provide the same function (Lawless et al., 2010). One limitation of these techniques is
that they do not specify whether the growth-arrested cell is a senescent, quiescent or
terminally differentiated post-mitotic cell. A second commonly used marker of
cellular senescence is SA-β-gal, which is detected at pH 6.0 by histochemical
staining. SA-β-gal is derived from lysosomal β-galacotsidase and reflects the
increased lysosomal biogenesis commonly found in senescent cells (Lee et al., 2006).
While it is a more specific marker, it also has its downfalls. There has been some
speculation that SA-β-gal expression is not as specific to the senescent state as
originally thought (Coates, 2002; Going et al., 2002). Going, et al. found that β-gal
activity varies in different anatomical sites in upper gastrointestinal tract in humans
(Going et al., 2002). As well, strong β-gal activity was found in proliferating cell
populations in dyplastic epithelia, and no relationship was found between patient age
and the amount of β-gal staining (Going et al., 2002). Other studies have also shown
SA-β-gal activity in quiescent cells and post-mitotic terminally differentiated cells,
which are distinctly different from senescent cells (Krishna et al., 1999; Mouton &
Veneble, 2002; Severino et al., 2000; Yegerov et al., 1998). Besides SA-β-gal,
another commonly used marker of senescence is CDKN2A expression, as assessed by
RT-PCR or western blot. It is important to note that CDKN2A is expressed in many,
but not all senescent cells (Beausejour et al., 2003; Itahana et al., 2003;
Krishnamurthy et al., 2004), and has been expressed by some tumor cells that have
lost pRB function (Gil & Peters, 2006). Cytological markers have also been used to
detect senescence-associated heterochromatin foci (SAHF) (Narita et al., 2003), a
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common marker of cellular senescence. Specifically, SAHF is detected by
preferential binding of DNA dyes, such as DAPI and the presence of histone
modifications associated with heterochromatin and protein, such as H3 Lys 9
methylation and heterochromatin protein 1 (HP1), respectively (Narita et al., 2003).
The absence of truly quantitative tests for markers of senescence is currently a
major limitation of culture studies. While studies of senescence in vivo have described
differential expression of many senescence-associated genes, few of these changes are
truly specific to senescence or occur at magnitude sufficient to be considered likely
markers (Campisi, 2011). It has been suggested that using multiple markers in
combination may provide a more stringent assessment of senescence. Lawless et al.
found that assessing DNA damage foci, DNA replication and SA-β-gal in
combination could provide an effective marker of senescence (Lawless et al., 2010).
DNA damage foci result from both DNA damage- and telomere-dependent
senescence (von Zglinicki et al., 2005; Wang et al., 2009), as both have been shown
to induce a DDR (d’Adda di Fagagna et al., 2003). The DDR recruits ϒ-H2A.x
adjacent to the site of DNA damage, which facilitates foci assembly (Shiloh, 2006).
As well, the absence of proliferation marker ki67 activity demonstrates that the cell is
arrested in a G0 state, and thus is not undergoing DNA replication (Wang et al.,
2009). Lawless et al. found that cells containing greater than five DNA damage foci
(as assessed by ϒ-H2A.x activity) per nucleus, combined with an absence of ki67
while being positive for SA-β-gal provided an effective marker of cellular senescence
in mouse embryonic fibroblasts in premature senescence (Lawless et al., 2010).
There has been some speculation that p66shc may also be an effective marker
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of cellular senescence. As a redox sensor involved in mitochondrial ROS generation,
p66shc has been shown to regulate the intracellular redox balance and oxidative stress
levels (Trinei et al., 2009). In response to specific signals (Pinton et al., 2007; Trinei
et al., 2002;) p66shc generates mitochondrial H2O2 that can trigger mitochondrial
swelling and apoptosis (Giorgio et al., 2005). A key study by Migliaccio et al.
demonstrated that mice lacking p66shc lived 30% longer than control animals, and
that cells derived from these animals did not respond to ROS by entering apoptosis
(Migliaccio et al., 1999). Thus by governing ROS levels, p66shc could play a key role
in the oxidative stress responses implicated in cellular senescence (Nemoto & Finkel,
2002). A key study by Favetta et al. demonstrated that p66shc, and not p53, was
responsible for the senescent-like permanent growth arrest commonly seen in bovine
embryos (Favetta et al., 2004). This suggests that p66shc may play an important role
in senescence in bovine tissue (Favetta et al., 2004), although this has yet to be
determined in adult bovine cells. If combined with other common markers of cellular
senescence, p66shc could prove to be a novel assessor of the senescent state.

Regulation of cellular senescence
The DDR is a signal amplification cascade that senses DNA damage, induces
cell cycle arrest and initiates DNA damage repair (Campisi, 2011). Cellular
senescence regulation depends critically on two potent tumor suppressor pathways
involved in the DDR: the p53-LCMT2 pathway and the pRB-CDKN2A pathway,
sometimes referred to as the p53-dependent pathway and the p53-independent
pathway, respectively, as outline in Figure 1 (Beausejour et al., 2003; Bond et al.,
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1994; Campisi & di Fagagna, 2007; Chen et al., 2005; Collins & Sedivy, 2003; Hara
et al., 1991; Herbig et al., 2004; Jacobs & de Lange, 2004; Lin et al., 1998; Ohtani et
al., 2004; Oren, 2003; Rodier et al., 2007; Shay et al., 1991; Schmitt et al., 2002).
Activities of both pathways are tightly regulated by various post-translational
modifications, such as protein phosphorylation, acetylation and ubiquitination
(Classon & Harlow, 2002; Sharpless & DePinho, 2002).
In the p53-dependent pathway (Figure 1), both the formation of double strand
breaks (DSB) and exposure to replication protein A (RPA)-coated single stranded
DNA (ssDNA) can activate a robust DDR. The DSB are sensed by molecules that
specifically recruit the kinase ataxia telangiectasia mutated protein (ATM) (Falck et
al., 2005). Following ATM’s autophosphorylation and activation, ATM
phosphorylates histone protein H2A.X at the site of DNA damage, creating ϒ-H2A.X.
At the site of DNA damage, an increase in the local concentration of several DDR
factors results from the spread of ϒ-H2A.X, generating a positive feedback loop that
further increases ATM activity (Yamauchi et al., 2008). As for RPA-coated ssDNA,
recruitment of the heterodimeric complex ATR (which is a paralogue of ATM) is
favoured instead of ATM. An increase in both local ATM and ATR activity above a
certain threshold is required to engage DDR factors that function further from site of
DNA damage. When this threshold is exceeded, ATM activates the serine/threonine
kinase protein Chk2, while Chk1 is activated mainly by ATR, although ATM also can
contribute to Chk1 activation (Buscemi et al., 2004; Bekker-Jensen et al., 2006). Both
Chk1 and Chk2 are not retained at DNA lesions, and instead diffuse throughout the
nucleus (Lukas et al., 2003; Bekker-Jensen et al., 2006). All of the upstream DDR
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Figure 1.

DNA damage pathways inducing cell apoptosis and senescence. Entry
into senescence or apoptosis is regulated by a number of proteins that
transmit various stress signals through two cell cycle check-point
pathways: p53-independent pathway, also referred to as the pRBCDKN2A pathway, or the p53-dependent pathway, also referred to as
the pRB-LCMT2 pathway.
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factors and signals then converge on the bottom elements of the DDR cascade and the
key decision making factors p53. A stable arrest is made by the slow induction of p53
following DDR kinases phosphorylation, resulting in the stabilization and
augmentation of p53’s ability to induce transcription of LCMT2 (Deng et al., 1995).
LCMT2 can also contribute to maintaining Rb in its hypophosphorylated growth
inhibited form, as there is evidence supporting a linear p53-LCMT2-pRb pathway
involved in senescence (Bringold & Serrano, 2000; Chen et al., 2000; Liu, 1999).
The p53-independent pathway is based on activities of Rb and CDKN2A
(Figure 1). The level of CDKN2A has been shown to be low in normal proliferating
cells; however, expression significantly increases during cellular senescence (Hara et
al., 1996; Ohtani et al., 2004). The pRb-CDKN2A pathway may be activated through
engagement of p38/MAPK cascade initiated by various stressors, including oxidative
stress, oncogenes and ionizing radiation. Up-regulation of CDKN2A keeps Rb in a
hypophosphorylated growth inhibited form (Narita et al., 2003). This inhibition then
prevents the binding of transcription factor E2F to its targeted gene promoters, and
invokes SAHF formation through recruitment of heterochromatin proteins to E2Fresponsive promoters (Narita et al., 2003). Through mediation of the p38-MAPK
signaling cascade, the pRb-CDKN2A pathway appears to activate senescence
following oxidative stress and oncogene expression (Brookes et al., 2002; Deng et al.,
2004; Kyriakis & Avruch, 2001; Wang et al., 2002). It is important to note that there
is some overlap between the p53-independent and p53-dependent pathways. The p53dependent pathway induces senescence resulting from shortened telomeres, with
CDKN2A playing a less essential role in this senescence process in human fibroblasts
(Brookes et al., 2004; Jacobs & deLange, 2004); however, CDKN2A may have a
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more significant role in telomere-induced senescence in human prostate epithelial
cells (Jarrard et al., 1999).
The DDR mediated arrest can be transient if damage is efficiently removed,
allowing cells to resume normal proliferation, or it can lead to a permanent arrest if
damage is severe, resulting in apoptosis or senescence (Freund et al., 2010). In the
case of senescence, growth arrest is maintained via constant low levels of DDR
signaling (Freund et al., 2010). The requirement and sufficiency of both tumor
suppressor pathways in senescence is currently under debate, as evidence suggests
these pathways function independently in mouse embryonic fibroblasts, but have a
coordinated function in human fibroblasts (Drayton & Peters, 2002; Itahana et al.,
2004). It has been suggested that separate senescence programs could be occurring at
the same time, with some cells over-expressing either LCMT2, CDKN2A or both
(Ben-Porath & Weinberg, 2005). The balanced regulation between these two
pathways in apoptosis and senescence is currently under investigation.

CDKN2A and LCMT2
CDKN2A and LCMT2 are two cell cycle inhibitors commonly expressed by
senescent cells. CDKN2A has been identified as a strong candidate for mediating
cellular senescence, as its over-expression results in senescent-like growth arrest
(McConnell et al., 1998; Kato et al., 1998). It has been shown in both human and
mouse models that the constitutively activated form of oncogenic Ras can rapidly
induce CDKN2A expression without telomere attrition and a cell cycle arrest
resembling cellular senescence (Serrano et al., 1997). The pRb-CDKN2A pathway
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also plays a crucial role in silencing genes required for proliferation by generating
SAHF; however, once established, SAHF no longer require CDKN2A or pRb for
maintenance (Narita et al., 2003). While some senescent stimuli act primarily through
the pRb-CDKN2A pathway, different cell types may show differential expression of
CDKN2A. Indeed, one group demonstrated that epithelial cells in culture were more
prone to induce CDKN2A and growth arrest than fibroblasts (Smorgorzewska & de
Lange, 2002). Nonetheless, multiple studies have clearly indicated that CDKN2A
plays an important role in the induction of senescent growth arrest (Alcorta et al.,
1996; Hara et al., 1996; Noda et al., 1994; Serrano et al., 1997; Randle et al., 2001;
Takahashi et al., 2006; Takeuchi et al., 2010).
On the other hand, LCMT2 is directly induced by p53 (Espinosa et al., 2003;
Jackson & Pereira-Smith, 2006); however, the mechanisms that induce LCMT2 are
not fully understood (Gil & Peters, 2006). The important role LCMT2 plays in the
onset of cellular senescence is well documented (Alcorta et al., 1996; Hara et al.,
1996; Noda et al., 1994; Serrano et al., 1997; Randle et al., 2001; Takeshi et al., 2006;
Takeuchi et al., 2010). Indeed, ectopic expression of LCMT2 causes senescent growth
arrest, which becomes irreversible after three to four days, suggesting cells cannot
resume proliferation even if LCMT2 is removed (Chang et al., 2000; Demidenko et
al., 2009). While both LCMT2 and CDKN2A maintain pRb in a hypophosphorylated
state necessary for growth arrest to occur (Sherr & McCormick, 2002), they do not
behave equivalently (Sherr & Roberts, 1999). Evidence has shown that senescent
cells resulting from the p53-LCMT2 pathway can escape growth arrest following the
inactivation of the p53 pathway, and can proliferate until they undergo mitotic
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catastrophe (DiMicco et al., 2006; Beausejour et al., 2003; d’Adda di Fagagna et al.,
2003; Gire et al., 2004; Won et al., 2006). In contrast, cells that senesce via oncogenic
Ras and fully engage the pRb- CDKN2A pathway for several days cannot resume
growth, even after loss of p53, pRb or CDKN2A expression (Beausejour et al., 2003).
Together, these results suggest that both CDKN2A and LCMT2 play crucial roles in
the onset and maintenance of cellular senescence.

Tumor suppressor p53
Tumor suppressor p53 plays a key role in regulating cell fate through the
induction of senescent growth arrest and apoptosis. Currently, the role of p53 in
senescence is poorly understood, although there is a large body of literature indicating
it has a necessary and pivotal role in the induction of senescence (Braig et al., 2005;
Chen et al., 2005; Donehower et al., 1992; Roberson et al., 2005; Santorino &
Blandino, 2010; Schmitt et al., 2002; tePoele et al., 2002; Ventura et al., 2007; Xue,
2007). Evidence indicates that DDR-inducing stimuli resulted in the induction of
senescence mainly via the p53-dependent pathway (Ventura, 2007; Xue et al., 2007).
It was also shown that increased expression of p53 in sarcoma and liver carcinoma
resulted in senescent growth arrest (Ventura et al., 2007; Xue et al., 2007). While
relatively high levels of p53 induce apoptosis or quiescence, evidence suggests that a
persistently low level of p53 induces senescence (Santorino & Blandino, 2010). Cells
with a naturally truncated p53 protein, resulting in chronically elevated p53,
underwent rapid senescence in culture and demonstrated shortened lifespan and
premature aging (Maier et al., 2004).
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Studies have indicated p53 and LCMT2 expression are intimately related
during senescent growth arrest. It has been shown that apoptotic cells demonstrate an
elevation in p53 expression and an absence of LCMT2 (Chen et al., 2000), while
reduction of p53 prevented telomere- and damage-induced senescence in cells
expressing oncogenic Ras or low levels of LCMT2 (DiMicco et al., 2006; Beausejour
et al., 2003; Brown et al., 1997; d’Adda di Fagagna et al., 2003; Gire et al., 2004;
Won et al., 2006). Therefore, measuring p53 and LCMT2 in combination could
provide a better understanding of the mechanisms behind cellular senescence and its
role in cancer suppression and progression.

Bax and Bcl-2
The B-cell lymphoma-2 (Bcl-2) family of proteins consists of twenty-five proand anti-apoptotic members that interact to maintain a balance between cell survival
and apoptosis (Kang & Reynolds, 2009). Two key members are pro-apoptotic protein
Bax and pro-survival protein Bcl-2 (Kang & Reynolds, 2009). Bax is a soluble,
monomeric, 25kDa protein that does not form homodimers or heterodimers in
apoptotic cells with other members of the Bcl-2 family (Hsu & Youle, 1998; Kang &
Reynolds, 2009). Bax localizes at nuclear and mitochondrial membranes (Oltvai et
al., 1993) and can form ion channels on mitochondrial membranes to induce
cytochrome C release from the mitochondria (Jurgensmeier et al., 1998; Kang &
Reynolds, 2009). Bcl-2 resides on mitochondrial membranes, endoplasmic reticulum
and nuclear envelope (Oltvai et al., 1993), and is thought to form a dimer with Bax
and prevent the release of cytochrome C (Antonsson et al., 1997; Kang & Reynolds,
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2009; Kluck et al., 1997; Yang et al., 1997;). Chen et al. found apoptotic cells had
elevated Bcl-2 expression following H2O2 treatment (Chen et al., 2000). In a separate
study, H2O2 treatment was shown to induce mitochondrial membrane transition and
release cytochrome C from the mitochondria (Stridh et al., 1998; Takeyama et al.,
1993), which is a Bax-related function (Jurgensmeier et al., 1998; Kang & Reynolds,
2009). These results suggest that the elevated Bcl-2 following H2O2 treatment could
be a compensatory mechanism to counteract the effects of Bax. Changes in p53 have
been shown to precede an imbalance of survival versus pro-apoptotic factors in the
Bcl-2 family (Adams & Corey, 1998; Evan & Littlewood, 1998; Reed, 1997). Indeed,
evidence indicates p53 induces expression of Bax to facilitate the release of proapoptotic factors from the mitochondria (Rincheval et al., 2002). As well, it has been
reported that Bcl-2 may be important for cell survival during senescence (Rincheval
et al., 2002). Combined, these results suggest that the balance between the expression
of Bax and Bcl-2 could determine the choice between cell survival, senescence and
apoptosis (Adams & Corey, 1998; Evan & Littlewood, 1998; Kang & Reynolds,
2009; Reed, 1997; Rincheval et al., 2002).

Cellular senescence and aging
The link between cellular senescence and aging was first identified decades
ago by Hayflick & Moorehead (Hayflick & Moorehead, 1965; Hayflick, 1961). Since
then, the increased predominance of senescent cells found in aging tissue containing
mitotically-competent cells has been widely documented in both human and nonhuman primate tissues (Jeyapalan et al., 2007; Erusalimsky & Kurz, 2005; Wang et
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al., 2009). Senescent cells have been located at various sites of age-related
pathologies, including atherosclerosis, renal tubulointerstitial fibrosis,
glomerulosclerosis, osteoarthritis, slow healing venous ulcers and eroded vertebral
discs (Campisi, 2001; Ding et al., 2001; Erusalimsky, & Kruz, 2005; Price et al.,
2002; Roberts et al., 2006; Stanley & Osler, 2001).
Currently, two mechanisms describe how age-related pathologies are linked to
cellular senescence. First, the accumulation of senescent cells in aging organisms may
contribute to the functional decline in tissue repair and regeneration. Evidence
demonstrates that most adult stem cells are capable of undergoing senescence, and
thus senescence could account for the age-associated decline in the number and
function of stem cells in adult organisms (Chen, 2004; Krishnamurthy et al., 2006;
Molofsky et al., 2006; Zhou, 2008). However, it is not known if the rise in senescence
is due to increased generation of senescent cells, decreased elimination of senescent
cells or both (Freund et al., 2010). Secondly, senescent cells have a SASP that
secretes factors controlling important cellular processes, such as cell growth, motility,
differentiation, vascularization and tissue structure (Coppe et al., 2010). Factors
secreted by the SASP may affect stem cell function, as well as normal tissue function
(Freund et al., 2010; Drummond-Barbosa, 2008), and contribute to chronic
inflammation via the release of potent inflammatory cytokines (Coppe & Desprez,
2010; Freund et al., 2010). Indeed, out of the 40-80 factors secreted by the SASP, the
most robustly induced and secreted factors are pro-inflammatory in nature. These
include interleukin-6 (IL-6), IL-8, IL-1, matrix metalloproteinase-1 (MMP-1), MMP3 and insulin growth factor-binding proteins (IGFBP) (Coppe et al., 2008; Kumar et
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al., 1992; Wang et al., 1996). The SASP is a particularly important contributor to
aging, as low levels of chronic inflammation is a common feature of aging tissue, and
this inflammation is believed to contribute to almost every major age-related disease
(Chung et al., 2009; Franceschi et al., 2007). It is important to note that while there is
strong evidence that senescence and SASP increase with age and in many age-related
pathologies, the results are currently only correlative (Freund et al., 2010). No
causation has yet been determined due to the difficulties involved in measuring the
systemic, diffuse nature of chronic inflammation, and the length of time required for
definitive studies (Freund et al., 2010).

Cellular senescence and cancer
Cellular senescence is involved in both tumor suppression and tumor
progression. In mouse and human models, mutations that inactivated the p53dependent and -independent pathways markedly increase the susceptibility to
developing cancers (Campisi & d’Adda di Fagagna, 2007; Ohtani et al., 2007; Rodier
et al., 2007). These results were further supported by the lack of senescent cells found
in aggressive cancers compared to premalignant or early cancer lesions, in which
senescent cells are prominent (Collado et al., 2005; Chen et al., 2005). However,
inactivating p53 significantly increased the development of premalignant lesions into
malignant tumors (Chen et al., 2005). As well, some tumor cells maintain the ability
to senescence, and have been shown to enter senescence in vivo following treatment
with chemotherapeutic drugs, thus suggesting senescence is associated with tumor
regression (Schmitt et al., 2002; Coppe et al., 2010). Together, these results indicate
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senescent cells have an important role in decreasing the progression of malignant
tumorigenesis through their growth arrested state (Campisi & d’Adda di Fagagna,
2007; Collado & Serrano, 2010; Ohtani et al., 2004; Rodier et al., 2007), and
secretory function (Acosta et al., 2008; Kortlever et al., 2006; Kuilman et al., 2008;
Wajapeyee et al., 2008;). Evidence indicates some factors secreted by senescent cells,
including pro-inflammatory cytokine IL-6 and IL-8, as well as pro-apoptotic IGFBP7, further reinforce senescent growth arrest in cancerous lesions (Acosta et al., 2008;
Kortlever et al., 2006; Kuilman et al., 2008; Wajapeyee et al., 2008). It has been
demonstrated that many components of SASP are anti-cancer promoting. Senescent
keratinocytes secrete anti-angiogenic factor maspin (Nickoloff et al., 2004), while
senescent human melanocytes secrete IGFBP-7, which induces senescence in a
fraction of non-senescent melanotypes (DeCarlo et al., 2010; Wajapeyee et al., 2008).
While these SASP factors may reinforce senescence and contribute to tumor
suppression, they can also contribute to tumor progression by their ability to induce a
state of chronic inflammation. As cancer is fueled by inflammation, cellular
senescence is considered to also play a role in tumor progression (Grivennikov et al.,
2010). Numerous SASP factors have been shown to induce phenotypes specific to
malignant cancers in neighboring cells. These SASP factors include vascular
endothelial growth factor (VEGF), which stimulates angiogenesis, a necessary
component for tumor progression; amphiregulin and GRO-α, which stimulate cell
proliferation (Coppe et al., 2010; Young & Narita, 2009); IL-6 and IL-8, which
promote malignant tumorigenesis in cooperation with certain activated oncogenes
(Ancrile et al., 2007; Sparmann & Bar-Sagi, 2004); and epithelial cell migration and
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invasion, which are necessary for tumor growth (Coppe et al., 2010; Young & Narita,
2009). Evidence has shown that senescent cells stimulate tumor progression and
growth in mouse xenograft experiments when senescent stromal cells are co-injected
with pre-malignant and malignant epithelial cells. However, no tumor progression
was witnessed when mice were injected with non-senescent cells (Bartholomew et al.,
2009; Coppe et al., 2010; Liu & Hornsby, 2007). It is not yet clear whether senescent
cells stimulate tumorigenesis in naturally occurring tumors (Coppe et al., 2010).

Evolutionary theory of cellular senescence
The antagonistic effects of cellular senescence have attempted to be explained
by an extension of the evolutionary antagonistic pleiotropy theory (Campisi, 2011;
Rauser et al., 2006). This theory states that biological processes that were selected to
be beneficial in young age may become deleterious in older organisms (Rauser et al.,
2006; Williams, 1957). Therefore, it is hypothesized that the senescence response
evolved as a tumor suppressive mechanism, with the added benefits of improving
tissue repair (Campisi, 2011). However, as many organisms did not experience long
lives due to the fatal hazards of the environment they were evolving in, such as
starvation, predation and infection, selection against processes that promote late life
disabilities are weak (Campisi, 2011). This idea is apparent with senescence, as its
effects in younger organisms are beneficial; however, its effects in older organisms
are detrimental, presumably due to the lack of selection against them (Campisi, 2011).
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RATIONALE
Cellular senescence, the irreversible loss of replicative capacity in cells, can
be induced prematurely when dividing cells encounter oncogenic stresses such as
oxidative stress, UV light and ionizing radiation (Campisi, 2011). Oxidative stress
occurs when aerobic organisms that are constantly producing ROS experience either
an accumulation of ROS over time, or a decrease in their ability to clear ROS from
their cellular systems. This causes oxidative damage to accumulate, resulting in such
damaging effects as cell death, chromosomal abnormalities and cancer-inducing
mutations (Giorgio, 2007). The ability of damaged cells to withdraw from the cell
cycle via cellular senescence is proving to be an important mechanism for preventing
the proliferation of potentially cancerous cells (Campisi & d’Adda di Fagagna, 2007).
The permanent growth arrest characteristic of the senescent phenotype allows for the
suppression of tumorigenesis and the secretion of factors that promote tissue repair.
However, these protective effects against cancer progression come at the cost of
increased cellular aging (Campisi & d’Adda di Fagagna, 2007). Cellular senescence
has been increasingly associated with age-related ailments, including atherosclerotic
lesions, skin ulcers and arthritic joints (Campisi, 2011). Based on this evidence, it is
clear that an improved understanding of cellular senescence is crucial for developing
improved cancer- and aging-related therapies that harness the benefits of senescence,
while minimizing its harmful effects.
The onset of cellular senescence is proving to be increasingly complex, as the
development of cellular senescence is not homogenous in cultured cell populations
(Lawless et al., 2010). This is partly due to ambiguity in the precise detection of
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senescence in cells, as there is a lack of adequate senescence detection markers
(Coates, 2002), specifically in bovine cells. Markers may be over-estimating the
amount of senescence, as variability in the length of time post-ROS treatment that
cells are assessed may affect the amount of senescence measured (Lawless et al.,
2010). This could lead to a false positive, or a form of pseudo-senescence. Cells in
pseudo-senescence are in a state of reversible growth arrest rather than a true
irreversible growth arrest, yet stain positive for SA-β-gal. Other factors that may be
contributing to the variable onset of cellular senescence include oxidative stress,
telomere shortening and cell cycle phase (Campisi, 2011). Recent associations of
senescence with markers of DNA replication indicate cell cycle phase may be a
contributing factor (Lawless et al., 2010). This suggests that controlling for cell cycle
variability may lead to an improved understanding of a cell’s decision to enter a
senescent state. The results of this study will increase our understanding of how cell
cycle phase contributes to the heterogeneous onset of cellular senescence following
ROS exposure, as well as help to develop improved ways of assessing cellular
senescence in bovine fibroblasts. Therefore, the studies in this thesis test the
hypothesis that the heterogeneous onset of cellular senescence in bovine
fibroblasts is affected by their cell cycle phase at the time of ROS exposure. To
test this hypothesis, the following objectives were addressed:
1.

To determine the effect of H2O2 on the induction of senescence, apoptosis and
necrosis at each cell cycle phase.

2.

To assess whether pseudo-senescence is contributing to the amount of
perceived cellular senescence at different cell cycle stages.
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3.

To determine the potential contribution of known molecular mediators of
senescence to cell cycle-dependent alterations influencing H2O2 response.

4.

To evaluate the effectiveness of alternate markers of senescence in bovine
cells at different cell cycle phases.
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MATERIALS AND METHODS
Cell Culture
Cryogenically frozen adult, female bovine fibroblast cells in liquid nitrogen at
-196°C were thawed in a 37°C water bath, washed with 10ml DMEM with 10% FBS,
1% Pen-Strep and 2% L-glutamine (details of reagents can be found in appendix I and
II) and centrifuged to remove remaining frozen media. Cells were seeded at a
population density of 50,000 cells/well on six 35 mm well culture plates (Fisher
Scientific, Ottawa, ON, Canada) in 2ml of DMEM with 10% FBS, 1% Pen-Strep and
2% L-glutamine.

Cell Synchronization
Thymidine-nocodazole:
When cells reached 40% confluency, spent DMEM media was removed and
2ml of DMEM (10% FBS, 1% Pen-Strep, 2% L-glutamine) containing 2mM
thymidine was added for 24 hours (S-phase block). After thymidine block, thymidine
was removed by washing with 2ml 1xPBS and fresh DMEM (10% FBS, 1% PenStrep, 2% L-glutamine) was added for 3 hours to release cells. After 3 hours,
100ng/ml nocodazole was added to the media for 12 hours (M phase block).
Nocodazole was removed by washing with 2ml PBS and 2ml of fresh DMEM (10%
FBS, 1% Pen-Strep, 2% L-glutamine) was added. Cells then progressed
synchronously through the G1- and S-phase 5 hours after being released from second
block.
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Thymidine-thymidine:
At 25-30% confluency, spent media was removed and cells were washed
twice with 2ml 1xPBS followed by adding 2ml DMEM (10% FBS, 1% Pen-Strep, 1%
L-glutamine) containing 2mM thymidine to each well for 18 hours (first block). To
release cells from the thymidine block, thymidine was removed by washing with 2ml
1xPBS, followed by the addition of 2ml of fresh DMEM (10% FBS, 1% Pen-Strep,
1% L-glutamine) for 9 hours. For the second block, 2ml of DMEM (10% FBS, 1%
Pen-Strep, 1% L-glutamine) containing 2mM thymidine were added to cells for 17
hours (second block). To release cells from second block, thymidine was removed by
washing with 2ml 1xPBS and 2ml of fresh DMEM (10% FBS, 1% Pen-Strep, 1% Lglutamine) was added. Cells then progressed synchronously through G2- and mitotic
phase 5 hours following release from second block.
Serum starvation:
At 30-40% cell confluency, cells were washed twice with 2ml 1xPBS and 2ml
of DMEM (1% Pen-Strep, 1% L-glutamine) without serum was added to each well.
After 72 hours, cells were re-stimulated by the addition of 2ml of DMEM (10% FBS,
1% Pen-Strep, 1% L-glutamine) with serum. Cells then progressed synchronously
through the S phase 10 hours after re-stimulation.

H2O2 Treatment
When cells reached 70% confluency, concentrations of 0, 50, 100, 150 and
200 µM of H2O2 in 2ml DMEM (10% FBS, 1% Pen-Strep, 2% L-glutamine) were
added individually to each of the six wells for 2 hours. After 2 hours, the media
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containing H2O2 was removed and stored separately in 15ml tubes for subsequent
dead cell count. Each well was washed with 2ml DMEM (10% FBS, 1% Pen-Strep,
2% L-glutamine) and then replenished with fresh DMEM (10% FBS, 1% Pen-Strep,
2% L-glutamine) and returned to the incubator at 39°C with 5% CO2 under
humidified conditions for 24 or 72 hours.

Dead cell quantification
Using a hemocytometer and 11µl of removed media containing H2O2, the
number of dead cells were counted for each H2O2 concentration (already stored
separately in 15ml tubes) in triplicates. An average was calculated in order to
determine the number of dead cells resulting from a specific concentration of H2O2.
This process was repeated for each of the concentrations of H2O2 used.

Annexin V-FLUOS assay
The non-adherent cells post-H2O2 treatment underwent the Annexin VFLUOS assay (Roche, Laval, QC, Canada) for the detection and quantification of
apoptosis and to differentiate from necrotic cells at a single cell level. Non-adherent
cells were centrifuged at 10,000 rpm for 5 minutes to remove the media immediately
following the two hour H2O2 treatment, and then were washed with 1xPBS, and recentrifuged at 10,000 rpm for 5 minutes. Following the removal of the 1xPBS, cells
were resuspended in 100 µl of Annexin-V-FLUOS labeling solution (20 µl AnnexinV-Fluos labeling reagent and 20 µl Propidium Iodide in 1ml Incubation Buffer). Cells
were incubated at room temperature for 13 minutes and then analyzed by fluorescent
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activated cell sorting (FACS), a specialized type of flow cytometry. FACS used a
488nm excitation and a 515nm bandpass filter for fluorescein detection, and a filter
>600nm for propidium iodide detection. Histograms demonstrating the number of
apoptotic, non-apoptotic and necrotic cells were produced.

SA-β-galactosidase assay
At 24 or 72 hours post-H2O2 treatment, cells were processed with Senescence
Associated (SA)- β-galactosidase Staining Kit (Sigma Aldrich, St. Louis, MO, USA).
The increased recovery time was hypothesized to provide cells with ample
opportunity to repair and re-enter the cell cycle. This would eliminate the potential for
false-positive senescence measurements in cells, also known as pseudo-senescence.
Cells in pseudo-senescence are in a state of reversible growth arrest rather than a true
irreversible growth arrest, yet stain positive for SA-β-gal. A 10x staining solution and
10x fixative solution were both diluted with distilled water to make 1x solutions. The
media was removed from the cells and the wells were washed once with 2ml 1xPBS.
The cells were fixed with 1ml of 1x Fixative Solution for 12.5 min at room
temperature (21°C). The wells were washed twice with 2ml PBS, then 1ml of βgalactosidase stain (930 µl staining solution, 10 µl 500 mM potassium ferrocyanide,
10 µl 500 mM potassium fericyanide, 50 µl 20 mg/ml X-gal in DMF) was added.
Cells were incubated overnight at 39°C at 5% CO2 under humidified conditions, then
images were obtained using phase contrast light microscopy. Four pictures were taken
of each well. The number of β-galactosidase stained cells versus unstained cells were
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counted and used to calculate a final average ratio of the number of stained to
unstained cells in each well.

Immunofluorescence
Previously fixed bovine fibroblasts grown on coverslips and stained with SA-βgalactosidase were blocked in 1ml of antibody blocking solution (0.01% Triton x, 5%
NDS, 1xPBS) at room temperature for 1 hour. Cells were washed in 1xPBS for 20
min at 37-39°C. The combination of either rabbit anti-Ki67 primary antibody
(Abcam, Cambridge, MA, USA) and mouse anti-H2A.X primary antibody (New
England Biolabs, Ltd., Pickering, ON, Canada), or rabbit anti-p66shc (Abcam,
Cambridge, MA, USA) primary antibody and mouse anti-H2A.X primary antibody,
were diluted at 1:100 in antibody dilution buffer (1x PBS, 0.005% Triton x, 0.5%
NDS). They were then incubated in a humidified chamber for 1 hour at 37°C.
Coverslips were next washed three times in 1 ml of 1xPBS at 37°C for 30 min. After
washing, cells were incubated with 1:200 dilution of donkey anti-mouse secondary
anti-body (Sigma Aldrich, St. Louis, MO) and donkey anti-rabbit secondary anti-body
(Sigma Aldrich, St. Louis, MO, USA) at 37°C for 1 hour in a humidified chamber.
Cells were stained with DAPI at a dilution of 1:2000 for 30 minutes at 37°C, followed
by a second and third wash in 1ml of 1xPBS for 30 minutes at 37°C. Coverslips were
mounted on microscope slides using Vectashield (Vector Laboratories, Burlingame,
CA, USA) and sealed with nail polish.
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Imaging
Imaging was completed using an Olympus Fluoview Confocal Microscope
(Olympus, Centre Valley, PA, USA). SA-β-galactosidase stained cells were
visualized with brightfield, while immunofluorescence stained cells were visualized
with DAPI (excitation wavelength 350 nm), FITC (excitation wavelength 494 nm)
and Texas red (excitation wavelength 596 nm). Four images were taken per treatment
group, using the sequential mode and Line Kalman function with a format of 512x512
pixels. The cells in each of the four images were visualized once with the brightfield
setting, and once with the fluorescence lasers in order to assess the combination of
SA-β-galactosidase, Ki67, p66shc and phosphorylated ϒ-H2A.X expression in each
cell. All images were obtained at 40x oil immersion lens with immersion oil. Images
were exported from the confocal Fluoview software to ScionImage software for
further analysis.

Image Analysis
Image analysis was completed using ScionImage software (Scion Corporation,
Frederick, MD) using methods as described previously (Fong et al., 2007; Tolivia et
al., 2006). Briefly, images were inverted, grayscaled and density sliced with a
minimum pixel density of 25 for p66shc and Ki67, and 30 for ϒ-H2A.X. The mean
pixel density of each fluorescent image was obtained for the blue, red and green
colour channels in order to assess changes in the expression of DAPI, Ki67 and
p66shc, and ϒ-H2A.X, respectively. To assess changes specifically in cells positive
for SA-β-galactosidase, the change in the mean pixel density of each fluorescent
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channel was assessed for cells that were stained positive for SA-β-galactosidase
compared to cells that were not stained with SA-β-galactosidase.

RNA Extraction
RNA extraction was performed using TRIReagent (Molecular Research
Centre, Cincinnati, OH, USA), the improved version of the single-step method of
total RNA isolation (Chomczynski & Sacchi, 1987; Chomczynski & Sacchi, 2006).
Bovine fibroblasts plated in monolayer in 100 x 20 mm cell culture dishes were lysed
directly by removing culture media and adding 1ml of TRIReagent. The homogenate
was stored at room temperature for 5 minutes to permit complete dissociation of
nucleoprotein complexes. Following the addition of 200µl of chloroform per 1ml of
TRI Reagent, samples were vortexed for 15 seconds and stored at room temperature
for 10 minutes. The samples were then centrifuged at 13,000 RPM for 15 minutes at
4°C. Following centrifugation, the mixture separated into a lower red phenolchloroform phase, interphase and the colorless upper aqueous phase. RNA remained
exclusively in the aqueous phase, whereas DNA and proteins were in the interphase
and organic phase. The aqueous phase was transferred to a fresh tube, where 500µl
isopropanol was added per 1ml TRI Reagent used for initial homogenization.
Samples were stored at room temperature for 10 minutes and centrifuged at 13,000
RPM for 8 minutes at 4°C, following which the RNA precipitate was visible as a
pellet at the bottom or side of the tube. The supernatant was removed and the RNA
pellet was washed with 1ml 75% ethanol by vortexing for 15 seconds, followed by
centrifugation at 8000 RPM for 5 minutes at 4°C. RNA extract was then centrifuged
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at 13,000 RPM for 3 minutes at 23°C, followed by the removal of the 75% ethanol
wash. The tubes containing the RNA extract pellet were then placed upside down for
2 minutes to allow pellet to dry. 10µl of RNase-free water was then added to each
sample.

DNase Treatment
RNA extract was treated with Turbo DNA-freeTM kit (Ambion, Austin, TX,
USA) to degrade trace to moderate amounts of genomic DNA that could otherwise
result in false positive signals in subsequent RT-PCR. DNase digestion occured by
treating the RNA extract with 0.1 volume of 10x TURBO DNase Bufffer and 1µl
TURBO DNase, mixing gently. The mixture was then incubated for 20 minutes at
37°C, followed by the addition of 0.1 volume resuspended DNase Inactivation
Reagent, mixing well. The extract was incubated at room temperature for 5 minutes,
mixing occasionally, then centrifuged at 10,000xg for 1.5 minutes. The aqueous top
lay was removed and placed in a separate tube. The separate tube containing DNasefree RNA extract was then vortexed for 1 minute, and RNA concentration was then
assessed using a Nanodrop1000 Spectrophotometer (Thermo Scientific, Wilmington,
DE, USA), and diluted to 10ng/µl.

Reverse Transcription
A master mix [5x buffer, 0.1 DTT, dNTP, RNase Inhibitor and Superscript II
(Invitrogen, Burlington, ON, Canada)] was used to reverse transcribe each separate
DNase-treated RNA extract. A new tube was labeled for each RNA extract, and

42

oligodT (1µl), diluted RNA extract and RNase-free water was added for a final
volume of 11.5µl. Tubes were then placed in a PTC-100 Peltier Thermal Cycler
(Biorad Laboratories Canada Ltd., Mississauga, ON, Canada) at 72°C for 2 minutes.
The master mix was warmed briefly at 42°C for 1 minute, then 8.5µl was added to
each tube. Tubes were then incubated at 42°C for 1 hour, followed by 70°C for 30
minutes.

Q-RT-PCR
Gene expression of p53, Bax, Bcl-2, CDKN2A, LCMT2, as well as
housekeeping gene GAPDH, was investigated by real-time polymerase chain reaction
(RT-PCR). Reverse transcribed RNA was amplified using p53, Bax, Bcl-2, CDKN2A
and LCMT2 primers according to Table I. For each RT-PCR reaction, 9 µl of master
mix (H2O, MgCl2, Sybr Green and 0.5µM primer mix of forward and reverse primer)
was added per 1µl of sample. A Lightcycler (Roche, Mississauga, ON, Canada) was
used to load samples and perform q-RT-PCR analysis by relative quantification.
Primers were created with Primer3-BLAST software (NCBI, Bethesda, MD,
USA) and specificity was determined by visualizing amplified q-RT-PCR product by
separation with agarose gel electrophoresis. Samples were mixed with 6x loading
buffer and loaded onto a 1% agarose gel (1% agarose with 1x TAE buffer with 0.5
µg/ml ethidium bromide). cDNA fragments were separated at 100V for 1 hour and
visualized using the UV gel documentation system. Primer efficiency was determined
by standard curves based on primer dilution series. GAPDH was a 10-fold dilution
series, Bax and Bcl-2 was a 5-fold dilution, and CDKN2A (or p16INK4A) and
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LCMT2 (or p21WAF1/CIP1) was a 2-fold dilution. Dilutions were determined based
on the gene’s Ct value (Table I).

Statistical Analysis
All data collected was analyzed with a two-way analysis of variance test
(ANOVA) with homogeneous variance. Data was further verified using Bonferroni
post-test analysis, with statistical significance indicated by P < 0.05. All experiments
were repeated in three separate replicates on different days and analyzed using Prism
Graph Pad software.
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Table I

Primer
GAPDH

Primer sequences, number of cycles, time and temperature for
denaturing and annealing steps for bovine GAPDH, p53, Bax, Bcl-2,
CDKN2A and LCMT2. Primer3-BLAST software used for primer
design.
Sequence

Cycle

For 5'-TTCCTGGTACGACAAT
GAATTTG-3'

Denaturing Annealing

18

95 – 1 min

60 – 1min

28

95 – 1 min

60 – 1min

26

95 – 1 min

60 – 1min

27

95 – 1 min

60 – 1min

28

95 – 1 min

60 – 1 min

28

95 – 1 min

60 – 1min

Rev 5'-GGAGATGGGGCAGGA
CTC-3'
p53

For 5’-CCGAGGCCGGCTCTG
AGTAT-3’
Rev 5’-CTCATTCAGCTCCCG
GAACATCTCGAAGCG-3’

Bax

For 5’-CCACACACACACACA
TTCATTC-3’
Rev 5’-TCATACAACACGGGC
TTCCT-3’

Bcl-2

For 5’-TGTGTGTGGAGAGCG
TCAAC-3’
Rev 5’-CAGCCAGGAGAAATC
AAACAG-3’

CDKN2A For 5'-AGCCATGCCAGCGCAG
ATTC-3’
Rev 5’-AGACAGCGGTTGAACA
GCCC-3’
LCMT2

For 5'-CACTCCTCGTGCGCA
GATTCTG-3'
Rev 5'-TCCGAGCTCTCAAAG
CACAGCG-3'
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RESULTS
The effect of increasing concentrations of H2O2 on unsynchronized and
synchronized bovine fibroblasts.
Bovine fibroblasts were synchronized at different cell cycle phases and treated
with increasing concentrations of H2O2 to determine the number of non-adherent cells
and senescent cells that would result. Figure 1 examines the number of non-adherent
cells following exposure to increasing doses of H2O2 in unsynchronized and
synchronized cells. A statistically significant (p<0.05) difference was found between
the number of non-adherent cells in the unsynchronized group and the G2/M group at
all concentrations of H2O2 (Figure 2). The unsynchronized group was also
significantly different from the S phase at 100µM and 200µM concentrations of H2O2;
however, the unsynchronized group was only significantly different from the G1/S
phase at 50µM (Figure 2).
Figure 3 shows the mean number of non-adherent cells following exposure to
increasing doses of H2O2 in unsynchronized and synchronized cells, with statistical
significance indicated within the individual groups as H2O2 dose increases. While
there is a significant increase in the number of non-adherent unsynchronized cells
after treatment with H2O2 doses of 25µM, a significant increase with respect to
control is only seen at a dose of 200µM (Figure 3). Both the G1/S phase and the
G2/M phase demonstrate that the numbers of non-adherent cells in the control, 25µM
and 50µM exposure are all significantly different from the 200µM group (Figure 3).
The S phase cells showed no significant increase in non-adherent cells as H2O2
concentration increased (Figure 3).
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Figure 2.

The number of non-adherent cells post-H2O2 treatment at different cell
cycle phases, with significance between groups. Different symbols
within a single parenthesis indicate significance (p<0.05).
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Figure 3.

The number of non-adherent cells post-H2O2 treatment at different cell
cycle phases, with significance within groups. Different letters above
columns indicate the columns are significantly different (p<0.05).
Identical letters above different columns indicate no significant
difference between columns.
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Using a SA-β-galactosidase staining kit assessed the amount of stress-induced
cellular senescence that was induced by increasing levels of H2O2. Cells that stained
blue were positive for SA-β-gal and presumed to be senescent, while those that did
not stain with SA-β-gal were presumed to be non-senescent. In the control, the
percentage of unsynchronized cells positive for senescence was significantly lower
than the percentage of G2/M phase cells positive for senescence (Figure 4). However,
as the dose increased to 25uM of H2O2, unsynchronized cells were significantly lower
than both the G1/S phase and the S phase cells, but not the G2/M phase cells (Figure
4). Specifically, the percentage of senescent, unsynchronized cells found in the
control was significantly greater than the percentage found at 50µM, 100µM, 150µM
and 200µM of H2O2. A significant decrease in the percentage of senescent cells
between 25µM and all three groups of 100µM, 150µM and 200µM of H2O2 was also
found in unsynchronized cells (Figure 5). The G2/M phase demonstrated a similar
decreasing trend, with the percentage of senescent, G2/M phase cells following 0µM
and 25µM of H2O2 being significantly greater than the percentage at 150µM and
200µM of H2O2 (Figure 5). Both the G1/S phase and the S phase demonstrated an
increase in cellular senescence following a low dose of H2O2; however, this increase
was only significant in the G1/S phase (Figure 5). The percentage of senescent cells
found at both the control and 25µM treatments were significantly greater than the
percentage of senescent cells found following 100µM, 150µM and 200µM treatments
of H2O2 in G1/S phase cells. The percentage of senescent cells found at the 25µM
treatment of H2O2 alone was also found to be significantly greater than the percentage
found after a treatment of 50µM of H2O2 (Figure 5). In the S phase, the percentage of
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senescent cells following a 25µM dosage of H2O2 was significantly greater than the
percentage found following 150µM and 200µM treatments of H2O2, while the
percentage found at the control of H2O2 was significantly greater than the percentage
found following a 200µM dosage of H2O2 (Figure 5). Notably, no senescent cells
were detected at 150µM and 200µM of H2O2 in any cell cycle phase other than the S
phase (Figure 4 and 5).

Figure 4.

The number of SA-β-gal positive cells post-H2O2 treatment at different
cell cycle phases, with statistical analysis between groups. Different
symbols within parenthesis indicate significance (p<0.05) between
groups.
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Figure 5.

The number of SA-β-gal positive cells post-H2O2 treatment at different
cell cycle phases, with statistical analysis within groups. Different
letters above columns indicate that the columns are significantly
different (p<0.05). Identical letters above columns indicate no
significant difference between columns.
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The effect of increased recovery time post-H2O2 treatment on cellular senescence
in unsynchronized and synchronized bovine fibroblasts.
To assess whether the amount of recovery time post-H2O2 treatment affects
the resulting amount of cellular senescence, bovine fibroblasts were treated with
increasing doses of H2O2 for 2 hrs, and then were incubated for either 24 hours or 72
hours. Following this recovery period, the cells were stained with SA-β-gal to assess
the level of cellular senescence present in the different groups. In the unsynchronized
group, a statistically significant difference (p<0.05) was found between the amount of
cellular senescence following a 24 hour recovery period compared to a 72 hour one at
25µM and 50µM doses of H2O2. No significant difference was found between the 24
and 72 hour recovery period post- H2O2 treatment in the G1/S phase, S phase or G2/M
phase (Figure 6).

Flow cytometry analysis of the proportion of necrosis and apoptosis in nonadherent cells post-H2O2 treatment.
Flow cytometry was used to assess the non-adherent cells immediately postH2O2 treatment for apoptosis and necrosis. An Annexin-FLUOS assay was used to
categorize the non-adherent cells into three groups: apoptotic, necrotic or unstained.
The unsynchronized cells demonstrated consistently high levels of apoptosis, from
85.19% apoptosis in the control to 82.43% apoptosis at 200µM of H2O2 (Figure 7).
Levels of necrosis slowly increased as H2O2 concentration increased, from 10.96% at
0µM to 28.47% at 200µM of H2O2 (Figure 7). The proportion of unstained cells
remained fairly consistent ranging from 2.85% in the control to 1.89% at 200µM,
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Figure 6.

The percentage of SA-β-gal positive cells following a 24 hour or 72
hour recovery period post-H2O2 treatment at different cell cycle
phases. Asterisk on top of a single parenthesis indicates significance
(p<0.05) between 24 and 72 hour groups at each cell cycle phase.
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with an average of 2.06% unstained cells out of the total amount of non-adherent cells
in the unsynchronized group (Figure 7). The S phase demonstrated similar results to
the unsynchronized group, with high levels of apoptosis at all concentrations of H2O2,
with similar amounts of apoptosis in the control and 25µM (67.61% and 67.30%,
respectively), and very little change in the level of apoptosis as H2O2 concentration
increased (Figure 7). The level of necrosis in the S phase as H2O2 concentration
increased was greater than the amount in the unsynchronized group, demonstrating a
slight increasing trend only in the basal levels, but if the difference between the
200µM treated cells is compared to the controls, the difference is only 7% (Figure 7).
Levels of unstained cells were greater in the S phase compared to the unsynchronized
group, ranging from 4.35% to 6.84% unstained cells (Figure 7). The highest amount
of unstained cells in the S phase was found in the control, while the lowest was found
in the 150µM group (Figure 7). The G1/S phase also demonstrated similar levels of
apoptosis to the S phase group; however, the G1/S phase apoptosis results are more
variable, ranging from 62.63% in the control to 55.38% at 200µM of H2O2 (Figure 7).
The levels of necrosis in the G1/S phase stayed relatively similar in the control and
the 25µM group; however, there was a sharp increase in necrosis at 50µM (37.87%)
(Figure 7). The amount of unstained cells was more variable in the G1/S phase, with
17.30% of non-adherent cells in the 0µM group found unstained, and 13.77% in the
25µM group (Figure 7). The amount of unstained cells declined as H2O2 increased,
ranging between 3.78% and 9.11% at the larger doses of H2O2 (Figure 7). The G2/M
phase demonstrated the lowest amount of apoptosis in the control (55.37%) compared
to the other phases (Figure 7). After a low dose of 25µM of H2O2, the amount of
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necrosis rapidly increased with 55.86% of the non-adherent cells staining for necrosis
(Figure 7). The amount of necrosis continued to increase with increasing doses of
H2O2, resulting in 68.76% necrosis at 200µM, while the level of apoptosis remained
consistent at approximately 67% in the 100µM, 150µM and 200µM concentrations
(Figure 7). The amount of unstained cells in the G2/M phase as H2O2 concentration
increased slowly declined, from 19.56% at 0µM to 3.20% at 200µM (Figure 7).

Figure 7.

Flow cytometry preliminary results for apoptosis and necrosis in nonadherent cells post-H2O2 treatment at different cell cycle phases. No
statistical analysis completed due to sample size of one.
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Expression of p53, CDKN2A, LCMT2, Bax and Bcl-2 in H2O2 treated
unsynchronized and synchronized cells.
To determine the mechanism behind cell cycle phase alterations in the
induction of senescence following ROS exposure, gene expression of key molecules
involved in cell cycle and senescence were assessed at each cell cycle phase (p53,
CDKN2A, LCMT2, Bax and Bcl-2). Gene expression in bovine fibroblasts was first
assessed by RT-PCR in an untreated control, then again following a two hour
treatment with 25µM of H2O2 and a 24 hour recovery period, as well as following
treatment with 25µM of H2O2 and a 72 hour recovery period (Figure 8). Results
indicate that p53 expression significantly increases following exposure to a low dose
of H2O2 following a 24 hour recovery period; and significantly increases again
following a 72 hour recovery period in unsynchronized and all synchronized groups
(Figure 8). The synchronized groups had a higher baseline amount of p53 in untreated
bovine fibroblasts, while both unsynchronized and synchronized cells had a similar
expression level of p53 following a low doses of H2O2 and a 24 hour recovery period
(Figure 8). Notably, the S phase cells had the highest amount of p53 activity
following a 72 hour recovery period (Figure 8). No significant difference was found
in the expression of Bax or Bcl-2 following a low dose of H2O2 and a 24 or 72 hour
recovery period in unsynchronized or synchronized cells, although Bcl-2 expression
was found to be considerably lower than Bax expression (Figure 8). There was also
no significant difference in LCMT2 activity following a low dose of H2O2 and a 24 or
72 hour recovery period in unsynchronized or synchronized cells (Figure 8). A
significant increase in CDKN2A expression was found in unsynchronized cells
following exposure to the low dose of H2O2 and a 72 hour recovery period (Figure 8).
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In G2/M phase cells, there was a significant increase in CDKN2A expression in the
untreated group compared to the 24 hour recovery period post-H2O2 treatment, but
not the 72 hour period (Figure 8). No significant changes in CDKN2A expression was
found in the G1/S phase or the S phase cells (Figure 8).

Immunofluorescence analysis of ki67 and ϒ-H2A.x expression in synchronized
cells stained with SA-β-gal post-H2O2 treatment, following a 24 and 72 hour
recovery period.
Due to the lack of reliable senescent markers, it has been suggested that using
senescent markers in combination may provide a more stringent method of assessing
cellular senescence (Lawless, 2010). Bovine fibroblasts were treated with increasing
doses of H2O2 for 2 hours, and then were placed in the incubator to recover for either
24 hours or 72 hours. Following the recovery period, cells were co-stained with SA-βgal and immunofluorescence antibodies for ki67 and ϒ-H2A.X. Previous work
suggests that cells stained positive for SA-β-gal and ϒ-H2A.X, but are ki67 negative,
will be in a senescent state. Figure 9 demonstrates the immunodetection of ki67 and
ϒ-H2A.X, co-stained with SA-β-gal, following a 24 hr recovery period post-H2O2
treatment in unsynchronized cells. The images displayed in Figure 9 are a
representative sample to demonstrate the changes ki67 and ϒ-H2A.X in
unsynchronized cells as H2O2 dosage increases. The rest of the images from this study
can be found in Appendix III. The yellow arrows demonstrate the strong correlation
between the location of the SA-β-gal stain (Figure 9, fifth column from the left) and
the presence of ϒ-H2A.X (Figure 9, second and fourth column from the left).
Notably, SA-β-gal stained cells can be visualized up to a treatment of 100µM, which

57

correlates with the data on unsynchronized cells from Figure 5 (Figure 5, 9). In Figure
5, a sharp decline in SA-β-gal positive cells following treatment with 150µM and
200µM of H2O2 occurs (Figure 5). Figure 10 examines the quantitative analysis of
ki67 and ϒ-H2A.X in cells stained positive for SA-β-gal following a 24 hour recovery
period post-H2O2 treatment. Significant differences between ki67 and H2A.X are
evident in the unsynchronized group at 25µM of H2O2; in the G1/S phase at 0µM,
25µM and 50µM of H2O2; in the S phase at 0µM, 25µM and 200µM of H2O2; and in
the G2/M phase in all groups except for 100µM of H2O2 (Figure 10). Despite these
significant results, the specific combination of cells stained positive for SA-β-gal and
ϒ-H2A.X, but negative for ki67, is only found at 200µM of H2O2 in the S phase and
G2/M phase following a 24 hour recovery period post-H2O2 treatment (Figure 10).
Figure 11 examines the expression of ki67 and ϒ-H2A.X in cells stained
positive for SA-β-gal following a 72 hour recovery period post-H2O2 treatment. No
significant difference was found between ki67 and ϒ-H2A.X in the unsynchronized
group; however, ki67 and ϒ-H2A.X expression was found to be significantly different
in every group in the G2/M phase (Figure 11). The S phase had a significant
difference between ki67 and ϒ-H2A.X expression at 0µM, 25µM and 100µM of
H2O2, while the G1/S phase had a significant difference at 0µM, 25µM and 50µM of
H2O2 (Figure 11). Only the G2/M phase demonstrated the specific combination of
cells stained positive for SA-β-gal and ϒ-H2A.X, but negative for ki67, and this
combination was only found at 150µM and 200µM of H2O2 (Figure 11).
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Figure 8.

RT-PCR results for expression of p53, Bax, Bcl-2, LCMT2 and
CDKN2A following a 24 hour and 72 hour recovery period post-H2O2
treatment of 25µM of H2O2 at different cell cycle phases. Control
group indicates no treatment, the 24 hr group is treated with 25µM
H2O2 and assessed following a 24 hr recovery period, while the 72 hr
group is treated with 25µM of H2O2 and assessed following a 72 hr
recovery period. Different symbols within a single parenthesis indicate
significance (p<0.05).
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Figure 9.

Immunodetection of ki67 and ϒ-H2A.X, co-stained with SA-β-gal, following
a 24 hr recovery period post-H2O2 treatment in unsynchronized cells.
Images show different H2O2 treatments: control (images A-E), 25µM (images
F-J), 50µM (images K-O), 100µM (images P-T), 150µM (images U-Y) and
200µM (images Z-AE). Different stains are organized in columns from left to
right. First column is DAPI (blue stain), second column is ϒ-H2A.X (green
stain), third column is ki67 (red stain), fourth column is a composite image of
DAPI, ϒ-H2A.X and ki67, and fifth column is a brightfield image with dark
colouration representing SA-β-gal. Yellow arrows demonstrate colocalization between ϒ-H2A.X (second and fourth column from left) and SAβ-gal stain (fifth column from left). Images for similarly treated
synchronized cells can be found in Appendix III.
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Figure 10.

Quantitative analysis of the immunodetection of ki67 and ϒ-H2A.X
in SA-β-gal positive cells following a 24 hr recovery period post-H2O2
treatment at different cell cycle phases. Analysis was performed by
measuring mean pixel density of ki67 and ϒ-H2A.X from confocal
images. Asterisk within a parenthesis indicates significance (p<0.05)
between ki67 and ϒ-H2A.X mean pixel density at each cell cycle
phase.
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Figure 11.

Quantitative analysis of the immunodetection of ki67 and ϒ-H2A.X in
SA-β-gal positive cells following a 72 hr recovery period post-H2O2
treatment at different cell cycle phases. Analysis was performed by
measuring mean pixel density of ki67 and ϒ-H2A.X from confocal
images. Asterisk within a parenthesis indicates significance (p<0.05)
between ki67 and ϒ-H2A.X mean pixel density at each cell cycle
phase.
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Immunofluorescence analysis of p66shc expression post-H2O2 treatment in
synchronized cells stained with SA-β-gal following a 24 hour and 72 hour
recovery period.
Due to the potential of the stress adaptor protein p66shc to act as a novel
marker of senescence, the level of p66shc expression was assessed in bovine
fibroblasts following a 24 hour or 72 hour recovery post-H2O2 treatment. Bovine
fibroblasts were stained with both SA-β-gal and immunofluorescence antibody
p66shc and ϒ-H2A.X; however, only p66shc expression was quantified, as no direct
relationship between p66shc and ϒ-H2A.X has been described in the literature. Figure
12 examines the immunodetection of p66shc and ϒ-H2A.X, co-stained with SA-βgal, following a 24 hr recovery period post-H2O2 treatment in unsynchronized cells.
The images displayed in Figure 12 are a representative sample to demonstrate the
changes in p66shc and ϒ-H2A.X in unsynchronized cells as H2O2 dosage increases.
The rest of the images from this study can be found in Appendix III. The yellow
arrows demonstrate the strong correlation between the location of the SA-β-gal stain
(Figure 12, fifth column from the left) and the presence of ϒ-H2A.X (Figure 12,
second and fourth column from the left). Notably, SA-β-gal stained cells can be
visualized up to a treatment of 100µM, which correlates with the data on
unsynchronized cells from Figure 5 (Figure 5, 12). In Figure 5, a sharp decline in SAβ-gal positive, unsynchronized cells following treatment with 150µM and 200µM of
H2O2 occurs (Figure 5). Figure 13 examines p66shc expression in bovine fibroblasts
following a 24 hour recovery period post-H2O2 treatment at different cell cycle stages.
The results are separated into p66shc expression in cells positive for SA-β-gal and
p66shc expression in cells negative for SA-β-gal. In both unsynchronized SA-β-gal
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negative and positive cells, no statistically significant p66shc expression was found as
H2O2 dosage increased. The same result was found for the S phase group (Figure 13).
In the G1/S phase group, a statistically significant increase in p66shc expression was
found between the control and 50µM of H2O2 in cells that were negative for SA-βgal; however, in cells positive for SA-β-gal, a significant difference was found
between the control and 50 µM of H2O2 (Figure 13). As well, the difference in p66shc
expression in cells positive for SA-β-gal at 50µM of H2O2 was found to be
statistically significant from 100µM, 150µM and 200µM of H2O2, while p66shc
expression in cells positive for SA-β-gal at both the control and 25µM of H2O2 were
found to be statistically significant from 100µM, 150µM and 200µM of H2O2 in the
G1/S phase (Figure 13). No statistically significant difference in p66shc expression
was found in cells negative for SA-β-gal as H2O2 dosage increased in the G2/M phase
group; however, p66shc expression at the control, 25µM, 50µM and 100µM of H2O2
was found to be statistically significant from 150µM and 200µM of H2O2 in cells
positive for SA-β-gal in the G2/M phase (Figure 13).
Figure 14 examines p66shc expression in bovine fibroblasts following a 72
hour recovery period post-H2O2 treatment at different cell cycle stages. The results
are separated into p66shc expression in cells positive for SA-β-gal and p66shc
expression in cells negative for SA-β-gal. In unsynchronized cells negative for SA-βgal, p66shc expression remained consistently high, with the control and 25µM found
to be significantly different from p66shc expression at 50µM and 100µM, while
expression at 50µM was found to be significantly different from 100µM (Figure 14).
In unsynchronized cells positive of SA-β-gal, a sharp decline in p66shc activity
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occurs following a low dose of 25µM of H2O2, with no p66shc expression at 50µM of
H2O2 or greater (Figure 14). Expression of p66shc in both the control and cells treated
with 25µM of H2O2 was found to be significantly different from 50µM, 100µM,
150µM and 200µM of H2O2 in unsynchronized cells positive of SA-β-gal (Figure 14).
In the G1/S phase, no significant p66shc expression was found in cells negative for
SA-β-gal. In cells positive for SA-β-gal, p66shc expression was similar at 0µM,
25µM and 50µM of H2O2, but no p66shc expression was present at 100µM, 150µM or
200µM of H2O2 (Figure 14). The expression of p66shc in the control cells and cells
treated with 25µM and 50µM of H2O2 compared to 100µM, 150µM and 200µM of
H2O2 was found to be statistically significant in cells negative for SA-β-gal in the
G1/S phase (Figure 14). No significant difference in p66shc expression was found in
cells negative for SA-β-gal or positive for SA-β-gal in the S phase, or in cells
negative for SA-β-gal in the G2/M phase (Figure 14). In cells positive for SA-β-gal in
the G2/M phase, p66shc expression increased following a 25µM dose of H2O2, and
then declined as H2O2 dosage increased, with no p66shc expression at 100µM,
150µM and 200µM of H2O2 (Figure 14). Cells positive for SA-β-gal at 25µM of H2O2
had a level of p66shc expression that was significantly different from the p66shc
expression found at 50µM, 100µM, 150µM and 200µM of H2O2 (Figure 14).
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Figure 12.

Immunodetection of p66shc and ϒ-H2A.X, co-stained with SA-β-gal,
following a 24 hr recovery period post-H2O2 treatment in unsynchronized
cells. Images show different H2O2 treatments: control (images A-E), 25µM
(images F-J), 50µM (images K-O), 100µM (images P-T), 150µM (images UY) and 200µM (images Z-AE). Different stains are organized in columns
from left to right. First column is DAPI (blue stain), second column is
ϒ-H2A.X (green stain), third column is p66shc (red stain), fourth column is a
composite image of DAPI, ϒ-H2A.X and p66shc. Fifth column is a
brightfield image with dark colouration representing SA-β-gal. Yellow
arrows demonstrate co-localization between ϒ-H2A.X (second and fourth
column) and SA-β-gal stain (fifth column). Images for similarly treated
synchronized cells can be found in Appendix III.
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Figure 13.

Quantitative analysis of the immunodetection of total p66shc in SA-β-gal positive cells
and negative cells following a 24 hr recovery period post-H2O2 treatment at different cell
cycle phases. Different letters above columns indicate significance (p<0.05). Identical
letters above columns indicate no significant difference between columns.

67

Figure 14.

Quantitative analysis of the immunodetection of total p66shc in SA-βgal positive cells and negative cells following a 72 hr recovery period
post-H2O2 treatment at different cell cycle phases. Different letters
above columns indicate significance (p<0.05). Identical letters above
columns indicate no significant difference between columns.
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DISCUSSION
This study examined whether the heterogeneous onset of cellular senescence
following exposure to ROS is affected by cell cycle phase at the time of ROS
exposure. Four objectives were outlined in order to assess the relationship between
cell cycle and ROS-induced cellular senescence. First, the effect of ROS on the
induction of senescence, apoptosis and necrosis at different cell cycle stages was
evaluated. Second, the effect of variable recovery periods post-ROS treatment on the
induction of cellular senescence at different cell cycle stages was examined to
determine if pseudo-senescence was present. Third, the expression of genes related to
cell cycle were evaluated following various recovery periods post-low dose-H2O2
treatment at different cell cycle stages. Finally, the expression of alternate markers of
senescence were examined in senescent cells following various recovery periods postH2O2 treatment at different cell cycle stages to determine an improved method of
assessing cellular senescence in bovine cells.
To examine the first objective, bovine fibroblasts were treated with increasing
doses of H2O2 and were assessed for the amount of apoptosis, necrosis and SA-β-gal
measured senescence that resulted. We have found that as ROS dosage increases, the
amount of senescence varies depending on cell cycle phase, while the amount of cell
death by necrosis, and not apoptosis, increases in both unsynchronized and cell cycle
synchronized groups (Figure 2-5,7). This suggests cells may be incurring oxidative
damage to the degree that they bypass programmed cell death via apoptosis, and
instead enter necrosis, which is characterized by cell swelling and release of
intracellular contents (Laporte et al., 2006). This rise in necrosis in bovine fibroblasts
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is a different result than what has been documented in mice and human fibroblasts
exposed to H2O2. Human cells treated with 150µM of H2O2 resulted in either cellular
senescence or apoptosis (Chen et al., 2000), while mice cells experienced no change
in viability following 500µM of H2O2 (Zhang et al., 2010). Therefore, the rise in
necrosis as H2O2 dosage increases in our study indicates that bovine fibroblasts may
be more susceptible to H2O2-induced cellular damage than other species. Notably, in
the present study, the lowest amount of necrosis was found in unsynchronized cells,
while the synchronized cells had more non-adherent cells in a necrotic state as H2O2
concentration increased (Figure 7). This suggests that cell synchronization at each cell
cycle phase may render cells more susceptible to necrotic death, rather than apoptotic
death, following H2O2 treatment. This is an important finding, as cell synchronization
is a crucial element in SCNT that is used to minimize the number of apoptotic cells
and to improve cell cycle synchrony between donor nucleus and oocytes cytoplasm
(Wilmut et al., 1997; Wolf et al., 1998). Our results suggest that some of the cell
synchronization methods used in SCNT may require further modification, as there is a
large amount of necrosis that potentially results from cell synchronization protocols,
which could contribute to low cloning efficiencies (Dalman et al., 2009; Kurosaka et
al., 2002). It is important to note that it is currently unclear whether our finding of
increased necrosis in synchronized cells results from the cell synchronization
techniques or from the behaviour of cells following H2O2 exposure. However, one
study demonstrated that apoptotic cells detached from their cell culture plate up to 32
hours following H2O2 treatment ranging from 50 to 200µM (Chen et al., 2000). Since
the non-adherent cells in the present study were collected immediately following the
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removal of the H2O2 treatment, the actual amount of apoptosis, and potentially
necrosis, may be under-estimated. Collecting non-adherent cells again following a
longer recovery period post-H2O2 treatment may provide a better assessment of the
actual levels of apoptosis and necrosis that result.
As H2O2 concentration increased, the amount of cellular senescence was
measured in both unsynchronized and synchronized cells. While unsynchronized cells
and G2/M cells demonstrated a significant decline in measured senescence as H2O2
dosage increased, the G1/S phase and S phase synchronized cells experience a
significant increase in senescence at low doses of H2O2, followed by a slow decline as
H2O2 increased (Figure 4 and 5). Based on the similarity in measured senescence
between the unsynchronized cells and the G2/M phase cells, we can speculate that
there may be a higher proportion of G2/M cells present in the unsynchronized group
at any given time. The increase in senescence following a low dose of H2O2 in the S
phase and the G1/S phase suggests that a cell’s entry into senescence or cell death
may be based on a certain threshold of oxidative stress and damage, as low amounts
of oxidative stress were shown to induce a growth arrested state, whereas higher
doses induced cell death. This supports the idea that cells may enter into a senescent
state prematurely as a means of halting the progression of cells with low amounts of
cellular transformation that may not trigger a full apoptotic response (Campisi, 2011).
This idea is further supported by the current literature, as studies suggest that
determinants of a cell’s entry into apoptosis or senescence include cell type, nature
and intensity of stress (Campisi, 2011; D’Adda di Fagagna et al., 2003; Rebbaa et al.,
2003; Seluanov et al., 2001), and the manipulation of pro- and anti-apoptotic proteins
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(Crescenzi et al., 2003; Rebbaa et al., 2003; Seluanov et al., 2001). As well, the
mechanism by which senescent cells resist apoptosis are poorly understood. Some
studies suggest it could be a result of expression changes in protein that inhibit,
promote or implement apoptotic death (Marcotte et al., 2004; Murata et al., 2006), or
p53 might transactivate genes that arrest proliferation rather than those that facilitate
apoptosis (Jackson & Pereira-Smith, 2006).
The results in the study indicate that the onset of cellular senescence and cell
death following ROS exposure is influenced by cell cycle phase. The G2/M phase
appears to be the most susceptible to oxidative damage due to its sharp decline in
senescence following low doses of H2O2 coupled with its high levels of necrosis as
H2O2 dose increased. The G2/M phase had the highest level of necrosis of all
unsynchronized and synchronized groups, with the amount of necrosis exceeding the
amount of apoptosis following treatment with 50uM of H2O2 and greater. Studies
have shown that senescent cells with DNA content typical of the G2 phase resulted
following oncogene activation (DiMicco et al., 2006; Olsen et al., 2002; Zhu et al.,
1998). As well, tumor cells that retain the ability to undergo senescent-like arrest have
been found to contain senescent cells containing G2 phase DNA content (Itahana et
al., 2004). It was also shown that when cells were exposed to damage during the G2
phase, cells could initiate a growth arrest in the presence or absence of p53,
suggesting G2 phase senescence does not always occur via the typical DDR pathway
(Itahana et al., 2004). This indicates that G2 phase senescence may be more closely
linked with OIS than damage-induced senescence.
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Further assessment of the results from objective one indicates the S phase of
the cell cycle may be the most resistant to oxidative damage. The S phase cells
demonstrated very little increase in the amount of senescence following a low dose of
H2O2 compared to the S phase untreated control level of senescence. This was
followed by a slow decline in measured senescence as H2O2 dosage increased (Figure
4 and 5). Notably, the S phase is the only group to have senescent cells following
each dose of H2O2. As well, the S phase cells experienced the lowest amount of nonadherent cells following treatment with 200µM compared to the unsynchronized and
synchronized groups (Figure 2). The S phase non-adherent cells also had a consistent
level of apoptosis, and only a slight increase in necrosis, as H2O2 dosage increased
compared to the other unsynchronized and synchronized groups (Figure 7). This
suggests that the S phase is resistant to much higher doses of H2O2 than the other cell
cycle phases. This is in contrast to studies found in the literature that have shown
DNA-damaging treatments administered during S phase chromosomal replication are
more lethal (Hanawalt, 1966; Tyrrell et al., 1972). Another report indicated that
following exposure to a genotoxic compound, DNA in the S phase was more
susceptible to forming DSB (Ha et al., 2004). One potential explanation for the
increased S phase susceptibility to oxidative stress found in these studies is due to the
loosened DNA structure found during S phase DNA replication, specifically at
replication origins (Schechter et al., 2004) or telomeres (Smorgorzewska & de Lange,
2004). However, one study did indicate that S phase cells were more resistant to
cytotoxic damage from DNA drugs (Shah & Schwartz, 2001). One potential
explanation for the S phase resistance to oxidative damage found in this study is the
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up-regulation of telomerase during the S phase of the cell cycle (Inui et al., 2002;
Masutomi et al. 2003). It can be speculated that telomerase may repair DNA damage
in non-telomeric sites of damage. It can also be speculated that there would be an
evolutionary advantage to having an S phase that is more resistant to oxidative
damage. It is paramount for organismal survival that S phase DNA replication is
tightly regulated to minimize the propagation of harmful mutations; therefore, there
may be more protective factors (ie. antioxidants) at work during the S phase. It is
important to note that the above studies were completed in human and mice cells, as
the literature indicates the response to oxidative stress between different species and
cell types can vary. Arai et al. found that the mouse osteoblastic cell line MC3T3-E1
experienced no changes in cell viability following a two hour treatment of 500µM of
H2O2, while Chen et al. found that the same dose of H2O2 in the human diploid IMR90 cell line resulted in the majority of cells entering senescence, with 20% of the cells
recovering and re-entering the cell cycle (Arai et al., 2007; Chen et al., 2004).
However, another study on IMR-90 cells that were treated with 150µM of H2O2
resulted in either a senescent growth arrest or apoptosis, while a 300µM dose of H2O2
resulted in most cells entering necrosis (Chen et al., 2000). In addition, Zhang et al.
found human embryonic lung fibroblasts responded to a two hour treatment of 400µM
of H2O2 by entering senescence (Zhang et al., 2010). Therefore, due to the variable
response to oxidative damage in different species and cell types, it is possible S phase
in bovine cells may behave differently than in humans or mice. This could then
account for the increased S phase resistance to oxidative damage in bovine cells
compared to the S phase of human or mice.

74

As well, large amounts of research have focused on assessing the efficacy of
the serum starvation (SS) protocol that is widely used to synchronize cells in the S
phase of the cell cycle. This protocol requires 72 hours of SS, followed by restimulation with serum. It has been shown that high levels of apoptosis were found
following SS, suggesting that SS is a major inducer of apoptosis (Dalman et al.,
2009). As well, it was demonstrated that SS for at least 48 hours induced apoptosis in
murine and human cell lines (Milles et al., 1997) and in pig fetal fibroblasts (Kues et
al., 2002; Ruhl et al., 1999). A study in bovine and porcine culture cells indicated that
48 hours of SS caused massive DNA fragmentation, a hallmark of apoptosis (Gibbons
et al., 2002; Kues et al., 2002). This suggests that while the results in the present
study indicate the S phase had a consistently high amount of apoptosis as H2O2
dosage increased, this may be attributed to the SS protocol rather than the treatment.
Had the cells been synchronized in a different manner, the level of apoptosis may be
substantially lower, which would further reinforce the notion that the S phase is more
resistant to oxidative damage.
Finally, the results from objective one also indicate that the G1/S phase
appears to use senescence as a protective mechanism from low doses of H2O2 more
readily than other cell cycle phases. Following a lose dose of H2O2, the amount of
senescence increased significantly in the G1/S phase, which was followed by a sharp
decline as H2O2 dosage continued to increase, with no senescence past 150µM or
200µM of H2O2 (Figure 4 and 5). As well, the G1/S phase had the largest amount of
non-adherent cells following 200µM of H2O2, although a greater proportion of these
cells were apoptotic rather than necrotic (Figure 2-5,7). The literature currently
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suggests that most cells appear to senesce following the G1/S cell cycle checkpoint
rather than the S or G2/M checkpoint. Evidence has suggested that this could be a
result of telomere erosion taking place at the next cell cycle in G1 by one or more
DNA exonucleases that function following completion of DNA replication, as active
telomere remodeling reported (Deckbar et al., 2007). As well, there are reports that
the G1/S phase checkpoint also may be more sensitive to exposed DNA ends than the
G2/M phase checkpoint. It has been suggested that the G2/M checkpoint has a higher
activating threshold and requires nearly twenty DSBs for its enforcement (Huang et
al., 1996). When analyzed cytologically, telomere-induced senescence is usually
characterized by less than twenty DDR foci, and therefore a less stringent G2/M
phase checkpoint might explain accumulation in the G1 phase (Huang et al., 1996).
To examine the second objective, unsynchronized and synchronized bovine
fibroblasts were treated with increasing doses of H2O2, and then given either 24 hours
or 72 hours to recover before SA-β-gal measured senescence was assessed. The
increased recovery time was hypothesized to provide cells with ample opportunity to
repair and re-enter the cell cycle. The results indicate that increasing the recovery
period before measuring cellular senescence post-H2O2 treatment resulted in
increased senescence in only the unsynchronized group, and only following 25µM
and 50µM doses of H2O2 (Figure 6). This suggests bovine fibroblasts require a longer
period of time for permanent growth arrest to occur. Chen et al. reported that DNA
repair of oxidative damage is a continuous process that begins 24 hours following
H2O2 exposure and can last up to nine days (Chen et al., 2005). The authors also
showed that even between days six to nine, cells that exhibit a senescent phenotype
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were still undergoing DNA repair. This indicates that reparable DNA damage can be
repaired even in cells that contain persistent DNA damage, and that the onset of
cellular senescence increases with a longer recovery period post-H2O2 treatment
(Chen et al., 2005). This is further supported by the results of the present study. Chen
et al. also suggested that it is possible that only the persistent DNA damage is
responsible for irreversible cell cycle arrest (Chen et al., 2005). As well, cell cycle
arrest induced by DNA damage may have two waves of action. The first arrest
provides time for repair but only lasts a few hours, whereas the slower and
irreversible arrest may function to remove cells from the cell cycle (Nyberg et al.,
2002). Therefore, it is clear that cells in culture require ample time post-H2O2
treatment to enter a senescent state. This can lead to potential problems when
assessing and comparing the onset of cellular senescence between studies, as
depending on the timing post-H2O2 treatment that senescence was measured, the
outcome may vary.
To examine the third objective, RT-PCR was completed to evaluate changes
in gene expression of p53, CDKN2A, LCMT2, Bcl-2 and Bax following treatment
with 25µM of H2O2, and either a 24 or 72 hour recovery period post-H2O2 treatment
in unsynchronized and synchronized cells. The results indicate that p53 expression
significantly increased as recovery period increased post-H2O2 treatment in both
unsynchronized cells and synchronized cells (Figure 8). Tumor suppressor p53 has
been studied at length for its capability to regulate cell fate through the induction of
cell cycle arrest and apoptosis; however, very little insight has been made into the role
of p53 in cellular senescence (d’Adda di Fagagna, 2008). Generally, p53 is tightly
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regulated to keep expression levels low, which is evident in the present study by the
low expression of p53 in unsynchronized, untreated cells (Figure 8). The literature
currently indicates that high levels of p53 are associated with apoptosis (Takashi et
al., 2006), as DNA damage can lead to rapid induction of p53 activity (Levine et al.,
1997). However, persistent low levels of p53 are associated with the induction of
senescence (Takashi et al., 2006). In the present study, p53 expression increased postH2O2 treatment, as well as with a longer recovery period (Figure 8). However, it is
unclear whether the increased p53 expression following a 72 hour recovery period is
associated with an increase in cellular senescence or an increase in apoptosis. This
discrepancy is due to our experimental model, which only assessed apoptosis at the
24 hour recovery period, and not the 72 hour period. As well, changes in p53 have
generally been shown to precede an imbalance in the expression of pro-survival Bcl-2
and pro-apoptotic Bax (Adams & Corey, 1998; Evan & Littlewood, 1998; Reed,
1997). However, the present study did not find a significant difference in Bax or Bcl2 expression post-H2O2 treatment, or following an increased recovery period in
unsynchronized or synchronized cells (Figure 8). This suggests that p53 expression in
our cells may not yet be high enough to induce this imbalance.
As well, the expression of CDKN2A and LCMT2 have both been closely
linked to cellular senescence (Campisi, 2001; Braig & Schmitt, 2006; Chang et al.,
2002; Jackson & Pereira-Smith, 2006; Mason et al., 2004; Shelton et al., 1999;
Trougakos et al., 2006; Yoon et al., 2004; Zhang, 2003). Since p53 is known to
activate LCMT2 to establish and maintain growth arrest (Espinosa et al., 2003;
Jackson & Pereira-Smith, 2006), the discrepancy between significantly increased p53
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expression and non-significant LCMT2 expression post-H2O2 treatment in this study
suggests bovine cells are not undergoing senescence via the p53-dependent pathway
(Figure 8). In contrast, CDKN2A expression significantly increased post-H2O2
treatment in unsynchronized cells after a 24 hour and 72 hour recovery period, as well
as in G2/M phase cells following a 24 hour recovery period (Figure 8). This could
indicate that bovine fibroblasts senesce via the pRB-CDKN2A pathway (also known
as the p53-independent pathway). However, further analysis must be completed to
confirm this finding, as evidence has shown that CDKN2A transcripts can be
alternatively spliced to produce either p14ARF or p16, which can be p53 dependent
or independent (Du et al., 2011; Gallagher et al., 2005; Petronzelli et al., 2001).
Numerous studies have supported the role of the pRb-CDKN2A pathway in
senescence (Alcorta et al., 1996; Hara et al., 1996; Kato et al., 1998; McConnell et al.,
1998; Noda et al., 1994; Serrano et al., 1997; Randle et al., 2001; Takahashi et al.,
2006; Takeuchi et al., 2010). It has been shown that stimuli that produce a DDR also
engage the pRb-CDKN2A pathway, but it generally occurs secondary to p53 (Jacobs
& deLange, 2004; Stein et al., 1999). However, some senescent stimuli have been
shown to act only through the pRb-CDKN2A pathway (Smogorzewska & deLange,
2002). As well, one group reported that cells that fully engaged the pRb-CDKN2A
pathway for several days usually could not resume growth after inactivation of p53,
pRb or CDKN2A (Beausejour et al., 2003). This suggests that, in the present study,
bovine cells may be in a more stringent form of senescence following exposure to
25µM of H2O2 and a 72 hr recovery post-H2O2 treatment in unsynchronized cells,
compared to if they had arrested via the p53-dependent pathway. Also, species-
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specific differences in the onset of cellular senescence have been shown to exist, as
disrupting telomeres engages p53 in mice, while it engages p53 and pRb-CDKN2A in
humans (Smogorzewska & deLange, 2002). As studies have shown that some, but not
all senescent cells of different species express CDKN2A (Beausejour et al., 2003;
Itahana et al., 2003; Krishnamurthy et al., 2004; Smogorzewska & deLange, 2002),
the present study provides evidence that CDKN2A expression may be linked with
cellular senescence in unsynchronized and G2/M phase bovine cells.
To examine the fourth objective, bovine fibroblasts were co-stained with
immunofluorescent antibodies ki67 and ϒ-H2A.X, as well as histochemical stain SAβ-gal to assess their efficacy as alternative markers of senescence. We found that the
combination of cells positive for SA-β-gal and ϒ-H2A.X, but negative for ki67, was
found only at the highest dose of H2O2 (200µM) following a 24 hour recovery postH2O2 treatment in S phase and G2/M phase cells (Figure 10). However, at 72 hours
post-H2O2, this combination was not found in the S phase but was found in the G2/M
phase at both 150µM and 200µM of H2O2 (Figure 11). This suggests the combination
of cells positive for SA-β-gal and ϒ-H2A.X but negative for ki67 could be an
effective marker of senescence at specific levels of oxidative stress, however it is cell
cycle dependent. Previous work that analyzed the efficacy of ki67, ϒ-H2A.X and SAβ-gal as a marker of senescence when used in combination tested them using a
computer model that simulated a cell population proliferating and then undergoing
replicative senescence (Lawless et al., 2010). The authors also tested the markers for
a more broad use with immunohistochemistry (Lawless et al., 2010). Both methods
demonstrated that the combination was successful as a marker of cellular senescence
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in mouse cells. The authors do caution that their data may not be extendable to other
tissues and species, due to the low efficiency of SA-β-gal, and the potential for the
sensitivity of ϒ-H2A.X to differ in other tissues and species (Lawless et al., 2010).
The immunofluorescent and brightfield images obtained demonstrate colocalization of ϒ-H2A.X expression and SA-β-gal, with virtually no ki67 activity
found directly where SA-β-gal stained the cells (Figure 9). This correlation strongly
suggests that irreparable DNA damage is responsible for the permanent cell cycle
arrest in bovine fibroblasts. The results from Chen et al. also confirm this correlation
(Chen et al., 2005). The phosphorylation of H2A.X is one of the first processes
initiated by DSBs, and a large amount of ϒ-H2A.X paired with SA-β-gal suggests
senescence occurred via the DDR pathway (Adams & Corey, 1998; Reed, 1997), as
was suggested previously by the results from our gene expression studies (Figure 8).
Persistent DDR signaling appears to be a distinguishing feature of cellular senescence
and could make an important contribution to a cell’s decision to undergo senescence
(d’Adda di Fagagna, 2008). Therefore, it appears that the correlation of ϒ-H2A.x and
SA-β-gal expression, with the absence of ki67, has an important role in the onset of
cellular senescence.
Another potential marker of cellular senescence, p66shc, was analyzed in
objective four. As an important redox enzyme, p66Shc is activated by oxidative stress
through the phosphorylation of the critical serine 36 residue (Pinton & Rizzuto,
2008). This phosphorylated form of p66shc enters the mitochondria and causes
increased ROS production (Zhang et al., 2010). It is important to note that the p66shc
antibody used in this study is a non-phosphorylated form that is specific for both the
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serine and threonine residues of p66shc, and is thus referred to as a measure of total
p66shc. Expression of total p66shc was found to significantly increase in G1/S phase
cells following low dose of H2O2, with expression rapidly decreasing at higher doses,
measured 24 hours post-H2O2 treatment (Figure 13). As well, total p66shc levels were
only found to significantly decrease expression as H2O2 dosage increased in SA-β-gal
positive cells, measured after a 72 hour recovery post-H2O2 treatment in
unsynchronized, G1/S phase and G2/M phase cells (Figure 14). These results suggest
total p66shc expression varies with the cell cycle, but it may not be a suitable marker
of cellular senescence. The close link between the G1/S and G2/M phase and p66shc
is likely due to p66shc’s role as a redox enzyme in the mitochondria (Zhang et al.,
2010), as both G1/S and G2/M checkpoints have been found to respond to
mitochondrial dysfunction by arresting cells, either in a senescent state or apoptotic
state (Owusu-Ansah et al., 2008). Regardless of this association, p66shc functions too
far upstream of the DDR signaling to truly act as an efficient marker of cellular
senescence (Zhang et al., 2010).
Study Limitations
A limitation of this study is that only one marker, SA-β-gal, was used to
evaluate levels of cellular senescence for the first two objectives of this study. It has
previously been discussed that while SA-β-gal is widely used, there is debate
regarding its effectiveness as a stringent marker of senescence (Coates, 2002; Going
et al., 2002). Therefore, the level of senescence measured may be an over-estimation
of the true prevalence of senescent cells induced by ROS exposure due to false
positives. Detection of ϒ-H2A.x, ki67 and p66shc used antibodies developed in
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rodents based on human sequences. This hinders the binding affinity for antibody to
protein due to potential differences in the homology between ϒ-H2A.x, ki67 and
p66shc from human and cattle. Immunofluorescence was used to analyze expression
of ki67, ϒ-H2A.x and p66shc; however, this method is not the most accurate form of
measuring protein levels. Analyzing changes in ki67, ϒ-H2A.x and p66shc by
western blot may provide a more accurate indication of changes in protein expression.
As well, the p66shc antibody used in this study is a non-phosphorylated form that is
specific for both the serine and threonine residues of p66shc. Only the serine 36
phosphorylated p66shc is translocated into the mitochondria for further ROS
production (Pinton & Rizzuto, 2008; Zhang et al., 2010); therefore, the changes in
total p66shc activity measured in this study may be attributed to other factors in the
cell besides ROS exposure. Another limitation of this study is the cell cycle phase of
the unsynchronized cells and synchronized cells has not been confirmed with flow
cytometry. Therefore, it is unclear if the unsynchronized cells contain an equal
distribution of all cell cycle phases or if there is a higher proportion of cells in a
certain cell cycle phase. The proportion of cells that were successfully cell cycle
synchronized in each group is also unknown; therefore, the efficiency of the
synchronization protocols used in this study is unclear.

Future directions
Future directions include further elucidation of the role of cell cycle proteins
in the onset of cellular senescence. This includes analyzing cell cycle protein
expression to see whether the results seen from the gene expression studies can be
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extended to protein expression. Most of the work performed on cellular senescence
occurs in vitro, and therefore future work should examine whether the same
relationship between the onset of cellular senescence and cell cycle is prevalent in
vivo. Due to the current lack of stringent senescent markers, further research should
be performed on the relationship between the combination of SA-β-gal and ϒ-H2A.X
positive cells that are negative for ki67 to determine whether this combination of
markers would be an effective indicator of cellular senescence in vivo. While this
study used one dose of H2O2 to induce senescence, exposing cells to a chronic level
of H2O2 would be useful to assess whether an accumulation of H2O2 over time
induces the same results. Experiments using antioxidants would also be useful to
assess whether the oxidative damage induced by H2O2 could be reversed. As well,
experiments that test whether synchronizing cells at the cell cycle phase most
resistant to oxidative damage will improve SCNT efficiency can now be carried out.
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SUMMARY AND CONCLUSION
This study illustrates that cell cycle phase affects the onset of cellular
senescence, as well as apoptosis and necrosis, following H2O2 exposure. We showed
that as H2O2 dosage increases, the amount of cell death by necrosis increases in both
unsynchronized and cell cycle synchronized groups, while the amount of senescence
varies depending on cell cycle phase. Our results suggest that the S phase of the cell
cycle is the most resistant to oxidative damage, the G2/M phase is the most
susceptible, and the G1/S phase is the most likely to enter senescence as a protective
measure following low doses of H2O2. Increasing the recovery period before
measuring cellular senescence post-H2O2 treatment will provide a better assessment
of SAβ-gal measured senescence in unsynchronized cells. While p53 expression is
high in all cell cycle phases post-H2O2 treatment, our results suggest bovine
fibroblasts senesce via the p53-independent pathway. The combination of cells
positive for SA-β-gal and ϒ-H2A.X, but negative for ki67, may be an effective
marker of senescence at high doses of H2O2, while unphosphorylated, total p66shc is
not an effective marker of senescence. Therefore, we conclude that the heterogeneous
onset cellular senescence in bovine fibroblasts is affected by their cell cycle phase at
the time of ROS exposure. The link between cell cycle and cellular senescence
requires further investigation to determine whether the changes in gene expression in
key cell cycle molecules can be extended to protein expression. Further studies will
enable a better understanding of the onset of cellular senescence and its complex role
in cancer, aging and SCNT, and may offer potential targets for therapeutic
interventions and for improving cloning efficiencies.
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APPENDIX I – RECIPES FOR SOLUTIONS
Antibody blocking buffer
Triton X…………………………………….

5 µl

NDS………………………………………...

2.5 µl

PBS…………………………………………

50 ml

Mix slowly. Keep refrigerated.

Antibody dilution buffer
Triton X…………………………………….

2.5 µl

NDS………………………………………...

25 µl

PBS…………………………………………

50 ml

Mix slowly. Keep refrigerated.

DMEM
FBS………………………………………..

5 ml

L-glutamine……………………………….

10 ml

Pen-strep…………………………………..

2.5 ml

Dulbecco’s Modified Eagle Medium
(High glucose)…………………………….. 490 ml
Mix well. Keep refrigerated.
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PBS
Dulbecco’s Phosphate Buffer Saline……….

9.6 g

H2O…………………………………………

1L

Mix well. Store at room temperature.

Reverse Transcription Master Mix
5x Buffer……………………………………

4 µl

0.1 M DTT………………………………….

2 µl

dNTPs………………………………………

1 µl

RNase Inhibitor…………………………….

0.5 µl

Superscript II……………………………….

1 µl

Mix components on ice and use fresh.

RT-PCR Master Mix
H2O…………………………………………. 6.2 µl
MgCl2……………………………………….

0.8 µl

Sybr Green………………………………….

1 µl

0.5 µM primer mix …………………………

1 µl

Mix well and use fresh.
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TAE Buffer
Tris Base……………………………………. 242 g
Glacial Acetic Acid………………………… 57.1 ml
EDTA………………………………………. 18.6 g
H2O…………………………………………. 1 L
Makes a 30X stock. Store at room temperature.
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APPENDIX II – SOURCES OF SUPPLIES AND MATERIALS
0.1% Dithiothreitol (DTT)……………………
4’,6-Diamidino-2-phenylindole………………
Dihydrochloride Hydrate (DAPI)…………….
5X RT Buffer…………………………………
ϒ-H2A.x primary antibody…………………...
Annexin-V-FLUOS assay…………………….
Chloroform…………………………………...
Dimethylformamide…………………………..
DMEM Media………………………………...
dNTP………………………………………….
Donkey anti-mouse IgG……………………....
Donkey anti-rabbit IgG……………………….
Dulbecco’s Phosphate Buffer Saline…………
EDTA………………………………………....
Ethanol………………………………………..
Ethidium bromide…………………………….
Fetal Bovine Serum (FBS)…………………...
Fisherbrand Microscope Slide………………..
Glacial Acetic Acid………………………… ..
Glass coverslips………………………………
H2O – PCR grade……………………………..
Hydrogen peroxide……………………………
Isopropanol……………………………………
Ki67 primary antibody………………………..
L-glutamine………………………………… ...
Magnesium chloride (MgCl2)………………...
Natural Donkey Serum (NDS)………………..
Nocodazole…………………………………...
Oligo dT primers…………………………… ..
p66shc primary antibody……………………..
Penicillin-streptomycin……………………….
Primer3-BLAST software…………………….
Propidium iodide……………………………..
RNA-free H2O………………………………..
RNasin Inhibitor………………………………
Senescence Associated-β-galactosidase Kit….
Superscript II………………………………….
Sybr Green……………………………………
Thymidine…………………………………….
TRI Reagent…………………………………..
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Invitrogen, Burlington, ON
Sigma-Aldrich, Oakville, ON
Sigma-Aldrich, Oakville, ON
Invitrogen, Burlington, ON
New England Biolabs, Ltd.,
Pickering, ON
Roche, Mississauga, ON
Fisher Scientific, Nepean, ON
Sigma-Aldrich, Oakville, ON
Sigma-Aldrich, Oakville, ON
Invitrogen, Burlington, ON
Sigma-Aldrich, Oakville, ON
Sigma-Aldrich, Oakville, ON
Gibco, Burlington, ON
Fisher Scientific, Nepean, ON
Commerical Alcohols Inc,
Brampton, ON
BioRad Laboratories,
Mississauga, ON
Sigma-Aldrich, Oakville, ON
Fisher Scientific, Nepean, ON
Fisher Scientific, Nepean, ON
Fisher Scientific, Nepean, ON
Roche, Mississauga, ON
Fisher Scientific, Nepean, ON
Fisher Scientific, Nepean, ON
Abcam, Cambridge, MA
Sigma-Aldrich, Oakville, ON
Invitrogen, Burlington, ON
Millipore, Billerica, MA
Sigma, Oakville, ON
Invitrogen, Burlington, ON
Abcam, Cambridge, MA
Gibco, Burlington, ON
NCBI, Bethesda, MD
Roche, Missisauga, ON
Quiagen, Toronto, ON
Fisher Scientific, Nepean, ON
Sigma-Aldrich, Oakville, ON
Invitrogen, Burlington, ON
Roche, Mississauga, ON
Sigma-Aldrich, Oakville, ON
Molecular Research Centre, Inc.,
Cincinatti, OH

Tris Hydrochloride…………………………...
Triton-X………………………………………
Turbo DNA-free kit…………………………..
Vectashield Mounting Medium………………
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Fisher Scientific, Nepean, ON
Fisher Scientific, Nepean, ON
Ambion, Streetsville, ON
Vector Laboratories, Burlingame,
CA

APPENDIX III – IMMUNOFLUORESCENCE IMAGES

Figure 15.

Immunodetection of ki67 and ϒ-H2A.X, co-stained with SA-β-gal,
following a 24 hr recovery period post-H2O2 treatment in G1/S phase cells.
Images show different H2O2 treatments: control (images A-E), 25µM (images
F-J), 50µM (images K-O), 100µM (images P-T), 150µM (images U-Y),
200µM (images Z-AE). Different stains are organized in columns from left to
right. First column is DAPI (blue stain), second column is ϒ-H2A.X (green
stain), third column is ki67 (red stain), fourth column is a composite image
of DAPI, ϒ-H2A.X and ki67. Fifth column is brightfield image with dark
colouration representing SA-β-gal.
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Figure 16.

Immunodetection of ki67 and ϒ-H2A.X, co-stained with SA-β-gal,
following a 24 hr recovery period post-H2O2 treatment in S phase cells.
Images show different H2O2 treatments: control (images A-E), 25µM (images
F-J), 50µM (images K-O), 100µM (images P-T), 150µM (images U-Y),
200µM (images Z-AE). Different stains are organized in columns from left to
right. First column is DAPI (blue stain), second column is ϒ-H2A.X (green
stain), third column is ki67 (red stain), fourth column is a composite image of
DAPI, ϒ-H2A.X and ki67. Fifth column is brightfield image with dark
colouration representing SA-β-gal.
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Figure 17.

Immunodetection of ki67 and ϒ-H2A.X, co-stained with SA-β-gal, following
a 24 hr recovery period post-H2O2 treatment in G2/M phase cells.
Images show different H2O2 treatments: control (images A-E), 25µM (images
F-J), 50µM (images K-O), 100µM (images P-T), 150µM (images U-Y),
200µM (images Z-AE). Different stains are organized in columns from left to
right. First column is DAPI (blue stain), second column is ϒ-H2A.X (green
stain), third column is ki67 (red stain), fourth column is a composite image of
DAPI, ϒ-H2A.X and ki67. Fifth column is brightfield image with dark
colouration representing SA-β-gal.
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Figure 18.

Immunodetection of ki67 and ϒ-H2A.X, co-stained with SA-β-gal, following
a 72 hr recovery period post-H2O2 treatment in unsynchronized cells.
Images show different H2O2 treatments: control (images A-E), 25µM (images
F-J), 50µM (images K-O), 100µM (images P-T), 150µM (images U-Y),
200µM (images Z-AE). Different stains are organized in columns from left to
right. First column is DAPI (blue stain), second column is ϒ-H2A.X (green
stain), third column is ki67 (red stain), fourth column is a composite image of
DAPI, ϒ-H2A.X and ki67. Fifth column is brightfield image with dark
colouration representing SA-β-gal.
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Figure 19.

Immunodetection of ki67 and ϒ-H2A.X, co-stained with SA-β-gal, following
a 72 hr recovery period post-H2O2 treatment in G1/S phase cells.
Images show different H2O2 treatments: control (images A-E), 25µM (images
F-J), 50µM (images K-O), 100µM (images P-T), 150µM (images U-Y),
200µM (images Z-AE). Different stains are organized in columns from left to
right. First column is DAPI (blue stain), second column is ϒ-H2A.X (green
stain), third column is ki67 (red stain), fourth column is a composite image of
DAPI, ϒ-H2A.X and ki67. Fifth column is brightfield image with dark
colouration representing SA-β-gal.
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Figure 20.

Immunodetection of ki67 and ϒ-H2A.X, co-stained with SA-β-gal, following
a 72 hr recovery period post-H2O2 treatment in S phase cells.
Images show different H2O2 treatments: control (images A-E), 25µM (images
F-J), 50µM (images K-O), 100µM (images P-T), 150µM (images U-Y),
200µM (images Z-AE). Different stains are organized in columns from left to
right. First column is DAPI (blue stain), second column is ϒ-H2A.X (green
stain), third column is ki67 (red stain), fourth column is a composite image of
DAPI, ϒ-H2A.X and ki67. Fifth column is brightfield image with dark
colouration representing SA-β-gal.
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Figure 21.

Immunodetection of ki67 and ϒ-H2A.X, co-stained with SA-β-gal, following
a 72 hr recovery period post-H2O2 treatment in G2/M phase cells.
Images show different H2O2 treatments: control (images A-E), 25µM (images
F-J), 50µM (images K-O), 100µM (images P-T), 150µM (images U-Y),
200µM (images Z-AE). Different stains are organized in columns from left to
right. First column is DAPI (blue stain), second column is ϒ-H2A.X (green
stain), third column is ki67 (red stain), fourth column is a composite image of
DAPI, ϒ-H2A.X and ki67. Fifth column is brightfield image with dark
colouration representing SA-β-gal.
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Figure 22.

Immunodetection of p66shc and ϒ-H2A.X, co-stained with SA-β-gal,
following a 24 hr recovery period post-H2O2 treatment in G1/S phase cells.
Images show different H2O2 treatments: control (images A-E), 25µM (images
F-J), 50µM (images K-O), 100µM (images P-T), 150µM (images U-Y),
200µM (images Z-AE). Different stains are organized in columns from left to
right. First column is DAPI (blue stain), second column is ϒ-H2A.X (green
stain), third column is ki67 (red stain), fourth column is a composite image of
DAPI, ϒ-H2A.X and ki67. Fifth column is brightfield image with dark
colouration representing SA-β-gal.
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Figure 23.

Immunodetection of p66shc and ϒ-H2A.X, co-stained with SA-β-gal,
following a 24 hr recovery period post-H2O2 treatment in S phase cells.
Images show different H2O2 treatments: control (images A-E), 25µM (images
F-J), 50µM (images K-O), 100µM (images P-T), 150µM (images U-Y),
200µM (images Z-AE). Different stains are organized in columns from left to
right. First column is DAPI (blue stain), second column is ϒ-H2A.X (green
stain), third column is ki67 (red stain), fourth column is a composite image of
DAPI, ϒ-H2A.X and ki67. Fifth column is brightfield image with dark
colouration representing SA-β-gal.
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Figure 24.

Immunodetection of p66shc and ϒ-H2A.X, co-stained with SA-β-gal,
following a 24 hr recovery period post-H2O2 treatment in G2/M phase cells.
Images show different H2O2 treatments: control (images A-E), 25µM (images
F-J), 50µM (images K-O), 100µM (images P-T), 150µM (images U-Y),
200µM (images Z-AE). Different stains are organized in columns from left to
right. First column is DAPI (blue stain), second column is ϒ-H2A.X (green
stain), third column is ki67 (red stain), fourth column is a composite image of
DAPI, ϒ-H2A.X and ki67. Fifth column is brightfield image with dark
colouration representing SA-β-gal.
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Figure 25.

Immunodetection of p66shc and ϒ-H2A.X, co-stained with SA-β-gal,
following a 72 hr recovery period post-H2O2 treatment in unsynchronized
cells. Images show different H2O2 treatments: control (images A-E), 25µM
(images F-J), 50µM (images K-O), 100µM (images P-T), 150µM (images UY), 200µM (images Z-AE). Different stains are organized in columns from
left to right. First column is DAPI (blue stain), second column is ϒ-H2A.X
(green stain), third column is ki67 (red stain), fourth column is a composite
image of DAPI, ϒ-H2A.X and ki67. Fifth column is brightfield image with
dark colouration representing SA-β-gal.
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Figure 26.

Immunodetection of p66shc and ϒ-H2A.X, co-stained with SA-β-gal,
following a 72 hr recovery period post-H2O2 treatment in G1/S phase cells.
Images show different H2O2 treatments: control (images A-E), 25µM (images
F-J), 50µM (images K-O), 100µM (images P-T), 150µM (images U-Y),
200µM (images Z-AE). Different stains are organized in columns from left to
right. First column is DAPI (blue stain), second column is ϒ-H2A.X (green
stain), third column is ki67 (red stain), fourth column is a composite image of
DAPI, ϒ-H2A.X and ki67. Fifth column is brightfield image with dark
colouration representing SA-β-gal.
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Figure 27.

Immunodetection of p66shc and ϒ-H2A.X, co-stained with SA-β-gal,
following a 72 hr recovery period post-H2O2 treatment in S phase cells.
Images show different H2O2 treatments: control (images A-E), 25µM (images
F-J), 50µM (images K-O), 100µM (images P-T), 150µM (images U-Y),
200µM (images Z-AE). Different stains are organized in columns from left to
right. First column is DAPI (blue stain), second column is ϒ-H2A.X (green
stain), third column is ki67 (red stain), fourth column is a composite image of
DAPI, ϒ-H2A.X and ki67. Fifth column is brightfield image with dark
colouration representing SA-β-gal.
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Figure 28.

Immunodetection of p66shc and ϒ-H2A.X, co-stained with SA-β-gal,
following a 72 hr recovery period post-H2O2 treatment in G2/M cells.
Images show different H2O2 treatments: control (images A-E), 25µM (images
F-J), 50µM (images K-O), 100µM (images P-T), 150µM (images U-Y),
200µM (images Z-AE). Different stains are organized in columns from left to
right. First column is DAPI (blue stain), second column is ϒ-H2A.X (green
stain), third column is ki67 (red stain), fourth column is a composite image of
DAPI, ϒ-H2A.X and ki67. Fifth column is brightfield image with dark
colouration representing SA-β-gal.

129

