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Abstract

Cell cycle arrest is a critical defense tactic in response to DNA damage as
it allows time for DNA repair or induction of apoptosis. When a cell cannot
efficiently induce cell cycle arrest, the result is the inappropriate progression
through the cell cycle and the accumulation of mutated or damaged DNA. The
p53-activated gene p21°P"™WAF! is the principal mediator of cell cycle arrest in
response to DNA damage. Cancer cells unable to mediate cell cycle arrest in
response to DNA damage (cells lacking functional p53 or p21) are more sensitive
to cell death and thus have a heightened sensitivity to DNA -damaging cancer
therapeutics (i.e.: chemotherapies and radiation).

p21, a cyclin-dependent kinase inhibitor, has long been demonstrated to
play a critical role in G1 cell cycle arrest in response to DNA damage through its
interaction with G1-associated cyclin/Cdk complexes. Work described in this
thesis suggests that p21 may also play a significant role in G2 cell cycle arrest.
Experiments demonstrate that in response to DNA damage G2 cell cycle arrest is
aided by the p21-mediated degradation of the G2-associated cyclin, cyclin B1.
Cells lacking or impaired in the ability to upregulate p21 in response to DNA
damage are unable to mediate the degradation of cyclin B1, cannot sustain G2
cell cycle arrest and eventually succumb to cell death. Cell death primarily occurs
through mitotic catastrophe resulting from aberrant entry into M phase in the
presence of DNA damage. Furthermore, preliminary experiments suggest p21
may play a direct role in mediating cyclin B1 degradation. In conclusion, these
results suggest p21-mediated cyclin B1 degradation is necessary to sustain G2
cell cycle arrest and protect cells from death in response to DNA damage.
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Chapter 1: Introduction

1.1. Mammalian DNA Damage Response (DDR) and Cancer

Maintenance of the human genome is paramount to the controlled and
productive life of a cell. The genome is under constant stress applied by both
endogenous and exogenous sources. To protect against these stresses cells
have evolved a number of complex mechanisms to ensure the integrity of their
genomic material. One such mechanism is the mammalian DNA damage
response (DDR). The DDR is a series of prdtein signaling pathways that act to
detect and eliminate damaged or mutated DNA (Figure 1.1). The DDR eithér
directs the repair of the damaged DNA or eliminates the damaged DNA through
the induction of cell death. ‘

The DDR is critical to cellular defence against carcinogenesis. In fact, in
most established cancers the DDR.pathway is severely compromised by either
the downregulation or loss of essential signaling proteins."* The DDR is an
important factor to consider not only when examining cancer prevention but also
cancer treatment. In normal cells the DDR can be indirectly triggered through the
inappropriate activation of oncogenes that occurs during carcinogenesis. In most
cases oncogene activation causes an increase in the rate of cell proliferation. At
this increased rate of cell division the cell is more prone to the development of
“mistakes” or mutations as the genome replicates. These mutations are
recognized as DNA damage and activate the DDR.

As mentioned above, most cancer cells have some impairment in the DDR
pathway.' This impairment is exploited by conventional cancer therapies (i.e.:
chemotherapy and irradiation), which act by directly or indirectly causing breaks
or mutations within the genomic DNA (Figure 1.2). These treatments are
regarded as cancer cell selective. For example, normal cells with an intact DDR
are able to repair the DNA damage caused by the cancer treatments and
continue to grow normally. Conversely, cancer cells with an impaired DDR

become overwhelmed with DNA damage and are unable to sustain cell survival,



Apoptosis DNA Repair

Cell Cycle Arrest

Figure 1.1. Mammalian DNA Damage Response. DNA damage is sensed by
DNA damage/stress sensing proteins/kinases. These kinases/proteins activate a
signaling cascade that results in the phosphorylation/activation of the tumour
suppressor protein p53. p53 can then act to transcriptionally upregulate a variety
of effector genes involved in cell cycle arrest, DNA repair or apoptosis. These
genes act to repair the damaged DNA or eliminate the cell containing the
damaged DNA through induction of cell death. The key mediator of p53-mediated
cell cycle arrest in response to DNA damage is the cyclin-dependent kinase
inhibitor p21.



ONA Damage DNA Repah Viable Cell
DNA Damage Accumulation Cell Death
of DNA Damage

Figure 1.2. DNA-Damaging Cancer Therapeutics. Conventional cancer
treatments (i.e.: chemotherapeutics and irradiation) exploit the fact that most
cancer cells have an impaired DDR. Normal cells within the body have a
functional DDR and are able to repair DNA damage caused by genotoxic
therapeutic agents. In contrast, cancer cells with an impaired DDR are unable to
repair the DNA damage caused by therapeutic agents, accumulate mutations,
are eventually overwhelmed with DNA damage and succumb to cell death.
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resulting in elimination of the cancerous cells. Thus, it is evident that a detailed
understanding of the DDR and the proteins involved is of great consequence to

the study of cancer.

1.2. The Turﬁour Suppressor p53
| Central in the DDR pathway is the tumour suppressor protein, p53 (Figure
1.1). First identified in 1979, p53 is referred to as both the “guardian of the
genome” and the “policeman of the oncogenes”.>® Activated in response to DNA
damage and/or oncogene activation, the importance of p53 is highlighted by the
high incidence of p53 mutations that occur in human cancers. In fact, p53 is the
most frequently mutated gene in human cancers with greater than 50% of
cancerous’cells having lost p53 or expressing an inactive, mutant, p53 and thus
also possessing a deficient DDR.'®"
p53 is a sequence-specific DNA-binding protein that activates the
transcription of numerous effector genes in response to stressful stimuli.'* These
effector proteins are primarily involved in mediating cell cycle arrest, DNA repair
or apoptosis to prevent the continued growth of DNA-damaged cells.® Cells
which posses p53 mutations or disruption in the p53 signaling pathway indirectly
promote tumour development by allowing the growth of damaged or mutated

cells, 116

1.2.1. p53 Activation

DNA damage is detected by DNA damage sensing proteins (i.e.. ATM,
ATR and DNA-PK). These DNA damage sensing proteins activate signaling
cascades that ultimately result in the phosphorylation and transcriptional
activation of p53. Phosphorylation of serine-15 on pb3 is thought to be
particularly important for initiation of p53 transcription and is viewed as the
principal indicator of p53 activation. Serine-15 phosphorylation results in
_increased levels of p53 within the cell by disfupting p53’s interaction with its

negative regulator MDM2.""2% Under normal cell cycle conditions MDM2, an E3



ubiquitin ligase, ubiquitinates p53 resulting in its degradation through the
proteasomal pathway. |

In addition to DNA damage, p53 activation also occurs in response to
oncogene activation leading to increased apoptosis or premature senescence.
The adenovirus E/A oncogene has been shown to induce p53 accumulation and
promote apoptosis when introduced into primary cells.?'?* Furthermore, EIA
activation has also been shown to enhance cell se‘nsitivity to DNA-damaging
agents.?® Endogenous oncogene activation also results in p53 activation, with c-
myc activation leading to increased apoptosis and ras activation resulting in p53-
induced senescence (a permanent form of cell cycle arrest).?®* To date it is
unknown by what mechanism oncogene activation activates p53 but it is thought

to be indirectly through creation of DNA damage (discussed above).

1.2.2. p53 Target Genes and Cell Fate
Some of the more well known p53 effector genes are PUMA, Noxa and
BAX which are involved in apoptosis and GADD45 which is important in DNA
repair. By far the most extensively studied of all p53 target genes is the cyclin-
dependent kinase inhibitor (cdkl) p21 which mediates cell cycle arrest (discussed
in detail below). v
The factors that influence the decision of a cell to undergo cell cycle
arrest, repair its DNA or eIimihate itself through apoptosis are not completely
understood. Although, it does appear these outcomes are not mutually exclusive.
It has been suggested that the extent of DNA damage may be an important
factor in deciding the fate of the cell. For example, if the DNA damage is minor
the cell may induce cell cycle arrest to allow time for DNA repair and continuation
through the cell cycle. In contrast, if the DNA damage is extensive, the cell rﬁay
| arrest for a short period of time while it upregulates genes involved in apoptosis
to trigger cell death. Regardless of the eventual outcome, it appears as though
p53-mediated cell cycle arrest is the initial response to cellular stress and is then
followed by p53-mediated upregulation of genes involved in DNA repair or
apoptosis.>'%? This suggestion is supported by observations that indicate p53 is
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“sitting and primed” on the promoter of the cell cycle arrest gene p21. It has been
shown that in response to stress stimuli this “primed” p53 is rapidly triggered to

initiate transcription of p21, with p21 subsequently mediating cell cycle arrest.?®

1.2.3. Effect of p53 Mutations on Cancer Therapies

Undisputedly an important factor in the DDR, the exact role of p53 as a
mediator of cell cycle arrest has récently become somewhat confusing and
controversial.>**%' Originally p53 was thought to be critical for the induction of
apoptosis and efficient cell death, and thus cells containing mutant p53 were
regarded as apoptosis resistant.’*®? However, closer examinations have
revealed p53 to have some protective properties, particularly through its role in
mediating p21-dependent cell cycle afrest (Figure 1.3).%° In fact, there are now
many cases where, somewhat contradictorily, p53-defective cells are
demonstrated to be more sensitive to DNA-damaging therapeutics than are p53
wild-type cells.** For example, when normal (non-cancerous) cells with p53
mutations encounter DNA damage they are unable to upregulate p21 to mediate
cell cycle arrest. This inability to arrest the cell cycle can contribdte to the
development of cancerous cells as the cell cannot mediate efficient DNA repair
or apoptosis and mutant cells continué to propagate (discussed above).
However, in cancerous cells with intact p53, p21-mediated cell cycle arrest can
act detrimentally as a protective mechanism against DNA-damaging cancer
therapeutics by allowing time for DNA repair to take place. Therefore, it is
apparent that p53’s role as a tumour suppressor gene is context-dependent and

p53 status must be taken into account when considering therapeutic options.

1.3. Cell Cycle and Cyclin/Cdk Complexes

The term “cell cycle” refers to a strictly controlled series of events within a
eukaryotic cell, and is comprised of four distinct phases: 1) G1 phase, in which
the cell grows and prepares to replicate its DNA, 2) S phase or Synthesis, where

the cell replicates its DNA, 3) G2 phase, where the cell continues its growth and



Cell Cycle
Arrest

—— |{DNA Repair ] —P» .

DNA Damayge

No
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Figure 1.3. Effect of p53 Mutations on Cancer Cell Treatment. p53 is known
as a tumour suppressor protein but when treating cancer cells with wild-type p53
it can detrimentally act to protect the cancer cells from cell death. In response to
DNA-damaging cancer therapeutics p53 can mediate cell cycle arrest, allowing
time for the cancer cells to repair its damaged DNA and continue productively
proliferating. In contrast, cancer cells deficient for p53 or possessing mutant p53
cannot mediate cell cycle arrest in response to DNA-damaging therapeutics and
accumulate an extensive amount of DNA damage which ultimately results in cell
death.
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metabolism in preparation for mitosis, and 4) M phase or Mitosis, in which the
cell segregates its chromosomes and cell division occurs.

~ Progression through these individual phases is regulated by the sequential
activation and deactivation of distinct protein complexes (Figure 1.4). These
protein complexes are composed-to two groups of proteins: cyclins and cyclin-
dependent kinases (Cdk). Cyclins are the regulatory subunit of the cyclin/Cdk
complex.®*® Cyclin protein expression and protein stability fluctuate in
accordance with specific cell cycle phases (Figure 1.5). Cyclin D1 expression
begins in early G1 and peaks in early S. Cyclin E is important in the progression
from G1 to S with its expression peaking at the G1/S transition, while cyclin A
expression begins in S phase followed by cyclin B1 expression which peak in late
G2 and early M, respectively.’’° Stringent control of the expression and
degradation of cyclins within their proper phases is critical to productive
progression through the cell cycle. ‘ '

. Contrasting with the highly organized expression of the cyclin regulatory
subunits is that of the catalytic subunits, the Cdks, which are constitutively
expressed throughoutr the ‘cell cycle.”® Cdk2, Cdk4, and cdc2 (Cdk1) are the most
important Cdks in the cell cycle. These Cdks specifically interact with and are
activated by cyclin proteins as they become available, driving the cell cycle
forward (Fig. 2).%C Cdk2 is the most indiscriminate Cdk that interacts with cyclin
D1, cyclin E and cyclin A, whereas Cdk4 and Cdk1 are more selective,

predominately interacting with cyclin D1 and cyclin B1, respectively.’#%42

1.3.1. Cyclin B1

Progression from G2 to M phase of the cell cycle is driven by the activation
of cyclin B1/Cdk1 complexes.* Alternatively termed “M-phase/maturation-
promoting factor” (MPF), cyclin B1/Cdk1 complex activation mediates the
reorganization of subcellular structures by phosphorylation of cell structure
proteins such as lamins, histones, condensins and mictotubule-associated

proteins.*****? These events are essential for nuclear envelope breakdown and



cyclin B/cdk1

,'M'

cyclin A/cdk2 cyclin D/cdk4

cyclin E/cdk2

Figure 1.4. Differential Cyclin/Cdk Activation Regulates Cell Cycle
Transitions. The cell cycle is a strictly controlled series of events that ensure
productive replication of a cell’s genomic material and cell division. G1 is where
the cell grows in size and prepares to replicates its DNA; during this phase cyclin
D/Cdk4 are activated. Transition from G1 to S phase, where the DNA is
replicated, is triggered by the activation of cyclin E/Cdk2 complexes. Throughout
S phase cyclin A/Cdk2 complexes are activated. When DNA replication is
complete the cell enters G2, where it prepares to undergo mitosis or cell division.
Cyclin B1/Cdk1 complexes become activated in early/mid G2 and stay activated
until exit from mitosis where the rapid deactivation of cyclin B1/Cdk is required.
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Periodicity of Cyclin Expression
CyclinD

Cyclin A CyclinB

Vi

Figure 1.5. Regulation of Cyclin Expression Through the Normal Cell Cycle.
Cyclin expression is strictly regulated throughout the cell cycle allowing for
controlled association/activation of cyclin/Cdk complexes depending on cell cycle
phase. Cyclin D expression begins in early G1 and is stable throughout the cell
cycle. Cyclin E protein expression, which is important for entry into S phase,
begins in late G1 and peaks at the G1-to-S transition. Cyclin A protein expression
increases throughout late G1/S peaking in later G2. Cyclin B1 expression begins
in S phase, increases throughout G2, peaks in M phase and is rapidly decreased
prior to exit from mitosis.
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entry into mitosis. Microinjection studies have shown cyclin B1 expression alone
can drive GO/G1 cells into mitosis.*® Furthermore, cyclin B1 has been shown to
be necessary for survival, as cyclin B1 nullizygous mice die in utero.”’

Under normal cell cycle conditions cyclin B1 protein levels are highest at
late G2/early M phase and cyclinB1/Cdk1 activity is sustained from prophase
through to metaphase in the cytoplasm.?*#¢*® However, subsequent entry into
anaphase and exit from mitosis requires rapid deactivation of cyclinB1/Cdk1
activity and translocation into the nucleus. This rapid deactivation is reportedly
achieved through proteasome-mediated destruction of the cyclin B1 protein.*®%?

Under normal cell cycle conditions cyclin B1 protein turnover is mediated
through interaction with the anaphase-promoting complex/cyclosome (APC).****
" The APC is a highly conserved multisubunit E3 ubiquitin ligase that targets cell
cycle regulators, such as cyclins, for degradation. The APC controls the passage
through the cell cycle by specifically targeting proteins for proteolysis. Two
activating receptor subunits can be associated with the APC, cdc20 and cdh1,
and are able to control APC substrate specificity.**>** Substrates for the APC
~ contain one or more short sequences in their N-terminus called a destruction box
(D-box). Both APC®® and APC®™ have been shown to target cyclin B1 for

ubiquitination (and thus degradation) during normal cell cycle progression.5*%¢%8

1.3.2. Cyclin B1 and Cancer
Increasing evidence indicates that the deregulation of cyclin B1 correlates
with both tumour formation and aggressiveness.**®” Overexpression of cyclin B1

has been shown to force the bypass of the G2/M checkpoint.*®

This promotes
aberrant entry into mitosis which results in the formation of cells with damaged or
mutated tetraploid DNA content. Interestingly, although cells overexpressing
cyclin B1 are more aggfessive in tumourigenesis they have been demonstrated
to be more sensitive to DNA damage-induced apoptosis in response to
chemotherapeutic and radioactive agents than are cells with normal cyclin B1
expression. Presumably this sen‘sitivity is a result of the cell's inability to

protectively arrest the cell cyCIe in G2. Indeed, a new type of cell death has been
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identified, termed mitotic catastrophe (MC), that describes this specific mode of
cell death. ®7° MC is characterized by the inappropriate activation of cyclin
B1/Cdk1 and the formation of multinucleate, giant cells with uncondensed
chromosomes and greater than 4N DNA content.>*®®!" Thus, much like

apoptosis, MC represents a hurdle to tumourigenesis.

1.4. The Cyclin-Dependent Kinase Inhibitor p21 ,

The DDR activates a number of “checkpoint control proteins”. In response
to stressful stimuli these proteins act to alter the normal progression of the cell
cycle. Through regulation of cyclin/cyclin;dépendent kinase (Cdk) complex
activity, these checkpoint proteins allow cell cycle arrest and DNA repair. Failure
of such checkpoint control proteins allows for inappropriate progression thrbugh
the cell cycle which ultimately results in the generation of mutant cells or cell
death.

One such checkpoint control protein is the cyclin-dependent kinase
inhibitor p21 (CDKN1A). First identified in 1995, p21 plays a pivotal role in the
DDR as a downstream mediator of p53-induced cell cycle afrest. In this respect

p21 itself is often described as a “tumour suppressor” protein.”*">

p21 mediates
~ both transient and permanent forms of cell cycle arrest by binding to and
inhibiting the activation of cyclin/Cdk complexes which are responsible for cell
cycle progression.”"® Primarily studied with regard to its interaction with Cdk2-
containing cyclin/Cdk complexes (specifically cyclin A/Cdk2 and cyclin E/Cdk2),
p21 is thought to be the principal mediator of DNA damage-induced G1 cell cycle
arrest. "°®" However, more recent reports have also suggested p21 may play a
role in DNA damage-induced G2 cell cycle arrest.”®%%%°

Although p21 is generally regarded to be a tumour suppressor protein
initial experiments in mice did not support this hypothesis, with studies finding
p21 null mice to remain tumour free.®® However, clbser examination revealed that
p21 null mice did develop spontaneous tumours around 16 months of age as

compared to control animals that remained tumour free for over 2 years.?” With
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regard to human cancers, p21 mutations are exceedingly rare although many

tumours are deficient in p21 since they posses mutant and/or deficient p53.%

1.4.1. Cip/Kip Family Members

There are three members of the Cip/Kip family of cyclin-dependent kinase
inhibitors: p21WAFT.CIPY - no 7P and p57HP2) 8991 They constitute a family
because they all share a homologous Cdk inhibitory domain which is both
necessary and sufficient for binding and inhibition of Cdk2- and Cdk4-containing

complexes.’6:92-%

p21 was the first cdkl to be identified and has subsequently
been shown to be a critical negative regulator of the cell cycle in response to
DNA damage. p27 has been demonstrated to play an important role in the
normal cell cycle by regulating cyclin/Cdk activity, particularly in the GO-to-G1
transition. Like p21, p27 is regarded as a tumour suppressor protein and, indeed,
reduced p27 levels in primary cancers have been highly correlated with
decreased patient survival.?’ Less is known about p57. Discovered
simultaneously by two groups looking for homologues of p21 and p27, p57 has

been linked to Wilms tumours and Beckwith-Wiedemann syndrome.*®"

1.4.2, p21 Structure

The p21 protein itself consists of two principal domains (Figure 1.6). The
amino-terminal domain shares sequence homology with the other Cip/Kip family
members. This domain consists of a cyclin-binding region, Cy1, close to the N-
terminus and a Cdk-binding region, termed the K site.”®%® Unlike the other
members on the Cip/Kip family, p21 possesses a second, weaker cyclin-binding
region, Cy2, in its carboxy-terminal domain.”® Although Cy2 binds cyclins more
weakly than Cy1 its presence in conjunction with Cy1 and the K site has been
shown to strengthen p21’s interaction with some cyclin/Cdk complexes.” In
addition to Cy2 the carboxy-terminal domain of p21 also contains a Nuclear
Localization Signal (NLS), necessary for trafficking into the nucleus, and a
Proliferating Cell Nuclear Antigen (PCNA) binding region which allows p21 to
“bind to PCNA and inhibit DNA replication without affecting DNA repair.'%%'%



14

17 24 53 58 140 155 157 162
cyl K Cy2
PCNA

Figure 1.6. Structure of p21. The N-terminus of p21 contains a cyclin-binding
region (Cy1) and a cyclin-dependent kinase-binding region, termed the K site.
The C-terminus of p21 contains a Nuclear Localization Signal (NLS) that
overlaps a Proliferating Cell Nuclear Antigen (PCNA)-interacting region and a
second cyclin-binding region (Cy2).
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1.4.3. p21 as a Mediator of Cell Cycle Arrest

In solution p21 is an unstructured protein theoretically capable of adopting
multiple conformations depending on the targeted protein.'®? In this respect p21
has been described as a universal inhibitor of Cdks. However, p21 has
predominately been shown to associate with cyclin A/Cdk2, cyclin E/Cdk2, cyclin

94-96,102-108 p21 does

D1/Cdk4 and, in some instances, cyclin A/Cdk1 complexes.
not inactivate cyclin/Cdk complexes by dissociation; instead its acts as a
stoichiometric inhibitor.®"*” The a-helix of Cip/Kip proteins initiates first contact
with the cyclin, then the second helix inserts deep inside the catalytic cleft of the
Cdk subunit blocking ATP loading. %' In the case of Cdk2-containing
complexes, Cdk2 conformational changes further lock the catalytic cleft in
inactive form.®® Further consequences of Cdk inhibition also include
dephosphorylation of Rb and downregulation of a large group of E2F-dependent
genes involved in DNA replication and cell cycle progression which aids in cell
cycle arrest.'® |

Having been demonstrated by some groups to have low affinity to Cdk1
(as compared to Cdk2), p21 is thought to play a marginal role in the inactivation
of the G2-associated cyclin B1/Cdk1 complex.”*"*"""'""* Nevertheless, p21
overexpression studies have shown that p21 can inhibit cyclin B1-associated
kinase activity by blocking the activating phosphorylation on Cdk1; however,
these studies have shown only a minor fraction of cyclin B1/cdk1 complexes to
be associated with p21."" Also, recent studies have described a role for p21 in
the nuclear retention of cyclin B1/Cdk1 complexes in response to DNA damage.
"5 This nuclear retention is thought to prevent the activation of cyclin B1/Cdk1
complexes by sequestering them away from activating kinases present in the
cytoplasm. ‘

Regardless of the disputed role of p21 in G2 cell cycle arrest, it is clear

that p21 plays an important role in the mammalian DDR.
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1.5. Summary

In cases where DNA damage is present and it is not beneficial to replicate
DNA, the cell can 1) induce cell cycle arrest, allowing for time to repair the
damaged DNA, or 2) induce apoptosis. The decision ‘between these two
outcomes is mediated by the DDR through the tumour suppressor protein p53
and its down-stream transcriptional targets. p21 is the most well-known
downstream trahscriptional target of p53. In response to DkNA damage, pb3 is
stabilized and activated. This enables p53 to up-regulate genes such as p21
which control cell cycle arrest and apoptosis. p21 has been shown to be the key
mediator of p53-dependent G1 cell cycle arrest after DNA damage. p21 exerts
G1 cell cycle arrest through direct interaction with G1 Cyclin/Cdk complexes
(specifically cyclinA/Cdk2 and cyclinE/Cdk2) with its amino-terminal domain and
also by binding to the proliferating cell nuclear antigen (PCNA) with its carboxy-
terminal domain. This cell cycle arrest is essential to prevent the propagation of
damaged or mutated DNA which can promote tumourigenesis.

Recent studies, included those contained in this thesis, have suggested
that p21 may also play a more important role in G2 cell cycle arrest than
previously thought. The work in this thesis is centered around understanding the
role of p21 in the DDR and G2 cell cycle arrest. More specifically, this work
assess the correlation between p21 expression and cyclin B1 regulation in
response to DNA damage. Of note, the majority of studies contained in this

thesis have been published in the form of a journal article in Cell Cycle.'®



17

Chapter 2: Materials and Methods

2.1. Cell Culture

Isogenic human colon carcinoma cell lines, HCT116 (WT, p53-/- or p21-/-)
were provided by Bert Vogelstein (John Hopkihs, Baltimore, USA). They were
grown in DMEM (Gibco), 10% HIFBS, 1X streptomycin/penicillin (Invitrogen) at
37°C and 5% CO,. Cells were seeded to be 60% confluent at time of DNA
damage treatment. ‘

HCT116 cell were chosen because they are frequently used in the etudy
of the mammalian DNA damage pathway. Their frequent use is due to the high
number of established cell lines with specific gene deletions, particularly genes

involved in the DNA damage pathway (i.e.: p53 and p21).”%%

12.2. DNA-Damaging Agents _

 Cell lines were treated with DNA-damaging age'nt indicated: 5 pg/mL
etoposide (Etp) (Sigma), 150 ug/mL hydroxyurea (HU) (Sigma), 20 J/m? UV (C),
or 12 Gy Gamma-irradiation (IR), for the times indicted (0-72 h). Concentrations

were selected based on previous DNA damage studies using HCT116 cells.
79,117,118

2.3. Cell Cycle Analysis

2.3.1. Detection of Cell Death \
Medium was collected and cells were trypsinzed at indicated times (0 h-48

h) and pelleted by centrifugation at 500 g for 5 min at 4°C. The cell pellet was
washed with PBS and pelleted again at 500 g for 5 min at 4°C. The cell pellet
was resuspended in 70% ethanol to fix the cells and stored at 4°C overnight.

- Cells were pelleted as before, washed with PBS contain 0.2 mg/mL Rnase A
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(Invitrogen) and pelleted again. Finally cells were suspended in 50 pg/mL
propidium iodine (PI) (Sigma) in 0.2 mg/mL Rnase A containing PBS. Cells were
subjected to flow cytometry using fluorescence-activated cell sorter (FACS) (BD
Bioscience) and. cell cycle analysis was performed using Modfit LT™ Flow
Cytometry Modeling Software. Cell death was calculated as the percentage of
cells in the sub-G1 population.

2.3.2. Cell Cycle Analysis
Medium was discarded and cells were washed with PBS two times prior to

trypsinization. Cell cycle analysis preformed as described above.

2.4, Preparation of Whole Cell Lysate

Cells were washed two times with PBS at the indicated times post
treatment, trypinsized and pelleted by centrifugation at 500 g for 5 minutes at
4°C, Pellet was resuspended in lysis buffer (5 times the volume of the pellet) [20
mM HEPES, 150 mM NaCl, 1% Triton-X 100, 5 mM EDTA, 5 mM NaF, 25 mM
B- glycerophophate, 1 mM NazVO,4, 10 mM okadaic acid and 1X protease
inhibitor cocktail (PIC) (Sigma)] and incubated on ice for 10 minutes. Lysates
were then syringed with 26-gauge needle 10-20 times and centrifuged at 23 000
g for 15 min at 4°C. The supernatant was collected and glycerol was added to a
final concentration of 10%. Protein concentration was determined using
Coomasie reagent and bovine serum albumin (BSA) standards following

manufacturer’s instructions (Pierce).

- 2.5. Induction of Artificial Cell Cycle Arrest

Cells were treated with Etp alone, Rocovitine (Ros) alone (10 uM), or Etp
and Ros simultaneously. Cells were harvested and FACS was performed a‘s
described above. Cell cycle analysis was performed using Modfit LT™ Flow
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Cytometry Modeling Software and cell death was calculated as the percentage of

cells in the sub-G1 population.

2.6. Senescence Detection

Senescence was detected using the Senescent Cells Staining Kit (Sigma).
Briefly, cells were seeded in a 6-well plate and treated for the indicated times
with Etp then washed twice in PBS. 1.5 mL of Fixation Buffer® was added and
incubated 7 min at room temperature and rinsed 3 times in PBS. 1mL of Staining
Mixture® was added per well and Parafilm-sealed plates were incubated at 37°C
without CO, (from 2 h - overnight). Plates were then examined under the
microscope for the presence of blue (senescent) cells.

This senescence detection assay was developed by Dimri et al. in 1995
while looking for biomarkers of senescent cells.'"® Briefly, senescent cells were
found to increase expression of the beta-galactosidase gene. Addition of a
Staining Mixture and incubation at pH 6 will turn cells eXpressing beta-

galactosidase blue; indicative of senescent cells.

2.7. Hoechst Nuclear Staining’and Microscopy
| Cells were grown on coverslips and treated as indicated. Cells were
washed with PBS for 5 min, fixed in 4% formaldehyde at room temperature for 15
min and washed 3 times in PBS for 5 min each time. Cells were then stained with
1 mg/mL Hoechst 33258 for 10 min, washed 3 times with PBS for 5 min and

sealed onto slides. Slides were examined using confocal microscopy.

2.8. SDS-PAGE and Western Blot Analysis
Laemmli buffer with 5% B-mercaptoethanol was added 1:1 with cell
lysates (25 ug) and samples boiled for 5 min. Samples were resolved alongside

pre-stained protein markers (BioRad) using 12% Tris-HCI acrylamide gels for
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SDS-PAGE. Gels were transferred to 0.2 pm polyvinyldifluoride (PVDF)
membrane (BioRad) for 70 min at 110V. Membrane were blocked overnight at
4°C in 5% BSA PBST while shaking. Membranes were incubated with the
indicated primary antibodies diluted in 5% BSA PBST for 1 h at roorh
temperature, washed in PBST 5 times for 5 min, incubated with appropriate
secondary antibody for 1 h at room temperature, washed in PBST 3 times for 5
min and then treated with chemiluminescent reagent ECL Plus® (Amersham
Biosciences). Membranes were developed using a Typhoon scanner (Amersham

Biosciences)

2.9. Antibodies

Primary antibodies recognized human p53(DO-1) (Santa Cruz), p21(F-
5)(C-19) (Santa Cruz), cyclin B1(D-11)(GNS1)(H-433) (Santa Cruz), B-actin
(Sigma). Secondary antibodies were goat anti-mouse and goat anti-rabbit
conjugated horseradish peroxidase (HRP) (Jackson Immunochemicals).
Antibodies were used for Western Blot analysis and co-immunoprecipitation

experiments.

2.10. p21 Retroviral Add Back

p21-expressing retroviral vector was created by cloning p21 cDNA from
pCEP4-p21 (Bert Vogelstein) into pBMN IRES Puromycin vector (Craig
McCormick).'? Retrovirus was then made by transfecting Phoenix amphotroptic
packaging cell line using. calcium phosphate. Virus-containing medium was
collected after 72 h, Sequa-brene (Sigma) was added to a final concentration of 4
pug/mL and filtered through a 0.45 pm filter syringe. 50% confluent HCT116 p21-/-
cells were then infected for 24 h with retroviral-containing medium. Virus was
removed, cells given 24 h to recover from infection, selected for 48 h in 1 pg/mL

puromycin (Sigma) and then harvested for immunoblot analysis.
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2.11. siRNA Knockdown

Knockdown of p21 in HCT116 p21+/+ cells was achieved by transfection
of pooled sequences of siRNA targeting p21 or a non-specific sequence
(Dharmacon) using Interferin transfection reagent (Polyplus Transfection Inc). 24
h after transfection of siRNA, cells were treated with 5 ug/mL Etp for the

indicated times.

2.12. Quantitative PCR (Q-PCR) and Statistical Analysis

RNA extraction was carried out using an RNeasy Extraction Kit®
(Qiagen). Production. of cDNA from cytoplasmic RNA (1 ug) was done using the
Superscript || Reverse Transcription Kit® (Invitrovrogen) with random hexamers
(250 ug) for priming amplification. Q-PCR ana’lysis was carried out on the
- MxPro 3000P QPCR machine using Brilliant SYBR Green Q-PCR Master Mix®
(Stratagene) according to manufacturers instructions. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as an internal control for all
samples. QPCR was performed for the amplification of total p53, p21 and cyclin
B1 mRNA levels.

Experiments were completed in replicates of 3 and statistical analysis
involved t-tests and determination of p-values was done using'GraphPad Prism
Software (GraphPad Software Ihc). Statistical significance was assigned ‘to t-

tests resulting in a p-value < 0.05.

2.13. Inhibition of Protein Degradation

Cells treated for the indicated times with 5 ug/mL Etp alone or with Etp
and 1 uM proteaseme inhibitor MG132 (Sigma) added for the last 10 h pre-
harvest. Lysates were collected as described above and subject to SDS-PAGE
- and Western blot analysis with the indicated antibodies.
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2.14. Co-Immunoperception (co-IP) Experiments

Cell lysates (500 pg) were pre-cleared using 4 pug mouse or rabbit normal
lgG (Calbiochem) conjugated to ProteinG Dynal Beads (Invitrogen) for 1 h mixing
end over end for 1 h at 4°C. Cleared lysates were then subject to
immunoprecipitation with 2 pug of indicated antibody conjugated to ProteinG
Dynal Beads for 1h mixing end over end at 4°C. Beads were then washed 5
times with lysis buffer, resuspended in 50 pl Laemmli protein sample buffer with
5% B-mercaptoethanol and boiled for 5 min. Samples were then subject to SDS-

PAGE and Western blot analysis with specified antibodies.

2.15. Immunofluorescence (IF)

Cells were grown on coated glass coverslips and treated as indicated.
Cells were washed once in PBS for 5 min, fixed in 4% formaldehyde for 15 min at
room temperature and washed 3 times in PBS for 5 min. Cells were then blocked
in 10% normal goat serum diluted in 0.03% Triton X-100 in PBS for 1 h at room
temperature. Coverslips were then incubated in the primary antibodies indicated
diluted in 0.01% BSA in 0.03% Triton-X100 in PBS overnight at 4°C. Coverslips
were then washed 3 times in PBS for 5 min, incubated for 1 h in appropriate
secondary at room temperature and washed again in PBS 3 times for 5 min.
Coverslips were then sealed on slides and ekamined using the conflocal

microscope.
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Chapter 3: Results

3.1. Cells with an Impaired DNA Damage Response (DDR) are More
Sensitive to Etoposide-Induced Cell Dath than Cells with an Intact DDR.

As mentioned above, many cancer cells possesses mutated p53."" From a
“cancer development” prospective this is not beneficial, as it impairs the DDR
which acts to protect agaihst cancer development and tumourigenesis.
Somewhat paradoxically, recent studies have suggested that from a “cancer
treatment” prospective an impaired DDR maybe beneficial, as the cell has no
means to combat DNA-damaging cancer therapeutics (Figure 1.2 and FigUre
1.3).5%%121 Tg test this hypothesis, isogenic HCT116 cells specifically deleted for
p53 or p21 were compared in their responses to the DNA-damaging agent Etp.
Etp is a topoisomerase || inhibitor that imhairs the religation of newly synthesized
DNA, causing double-strand DNA breaks. (

HCT116 wild-type (hereafter referred to as p21+/+), p53-/- and p21-/- cells,
were treated with Etp for 0 h, 24 h or 48 h. Cells were then collected and
subjected to FACS Analysis to detect cell death (% of cells in Sub-G1). Cells with
an impaired DDR pathway (i.e. cells lacking p53 or p21) were noticeably more
sensitive to Etp-induced cell death at 48 h as compared to cells with an intact
DDR (HCT116 p21+/+ cells) (Figure 3.1). Given that p21 is downstream of p53 in
the DDR pathway and that HCT116 p53-/- and HCT116 p21-/- were comparably
more sensitive to DNA damage than HCT116 p21+/+, p21 was identified as the
 main mediator of DNA damage sensitivity. _

Interestingly, HCT116 p21+/+ cells with p21 knockdown were particularly
sensitive to cell death, even more so than the HCT116 p21-/- cells. This finding
suggests that continuous culture of the HCT116 p21-/- cell line has allowed the
selection of cells that are somewhat more resistant to DNA damage-induced cell

death than newly p21-deficient cells.
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Figure. 3.1. Cells Impaired in the Ability to Upregulate p21 in Response to
DNA Damage are Sensitive to Etoposide-Induced Cell Death. HCT116 wild-
type (p21+/+), p53-/- and p21-/- cells were treated with 5 ug/ml etoposide (Etp)
for 0 h, 24 h or 48 h. siRNA was used to knockdown (kd) p21 or a non-specific
sequence in HCT116 p21+/+ and cells were treated for 0 h, 24 h or 48 h. After
Etp treatment cells were collected and subject to FACS analysis to detect cell
death as indicated by percent of cell in sub-G1. When treated with Etp for 48 h
both HCT116 p53-/- and p21-/- cells show increased sensitivity to DNA dmage-
induced cell death as compared to HCT116 wild-type cells. HCT116 p21+/+
p21kd cells were particularly sensitive to Etp-induced DNA damage with 50% of
the cell population succumbing to cell death. The discrepancy between HCT116
p21+/+ p21kd and HCT116 p21-/- cell sensitivity to DNA damage-induced cell
death is likely due to the long-term propagation of HCT116 p21-/- in culture which
has allowed selection of more stress-resistant cells. Figure shown is one
representative experiment of three repeated experiments.
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Together these results suggest that cells with an impaired DDR pathway
are more sensitive to DNA damage-induced cell death than are cells with an
intact DDR.

3.2, Cells Lacking p21 are Unable to Sustain Arrest in G2 and Accumulate
Greater than 4N DNA Content in Response to Etp-induced DNA Damage.
Having determined that sensitivity to DNA damage-induced cell death was
_correlated with p21 status, and given that p21 is a known mediator of cell cycle
arrest, cells treated with Etp were subjected to cell cycle analysis.
| HCT116 p21+/+ and p21-/- cells were subjected to Etp treatment for 0 h,
24 h or 48 h. Cell cycle analysis was performed using florescence-activated cell
sorting (FACS) and analysized using ModFit LT software (Figure 3.2.). HCT116
p21+/+ cells were predominately arrested in G2 after 24 h and 48 h of Etp
treatment. Interestingly, although the majority of HCT116 p21—/— cells were in G2
at 24 h post-Etp treatment, by 48 h a significant proportion of cells showed
greater than 4N DNA content. Thus, it appears cells lacking p21 are unable to
sustain G2 cell cycle arrest in response to DNA damage and inappropriately

continue through the cell cycle.

3.3. Cell Cycle Arrest Protects Cells from Etp-Induced Cell Death.

To determine whether the inability to sustain cell cycle arrest is
responsible for the increased cell death seen in cells lacking p21, roscovitine
(Ros), an inducer of cell cycle arrest, was employed. Ros is a purine analog that

122 |n particular, it is a

is a potent inhibitor of cyclin-dependent kinases (Cdk).
competitive inhibitor of cyclin B/Cdk1, cyclin A/ICdk2 and cyclin E/Cdk2.'? Thus,
it acts to “artificially” arrest the cell cycle.

Wild-type HCT116 cells, p53-/- cells and p21-/- cells were treated either
with Etp and Ros alone or both agents simultaneously for up to 48 h and then

subject to FACS analysis to determine the amount of cell death (Figure 3.3). As
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Figure. 3.2. Cells Lacking p21 are Unable to Sustain G2 Cell Cycle Arrest in
Response to Etoposide-induced DNA Damage. HCT116 p21+/+-and HCT116
p21-/- were treated with Etp for 0 h, 24 h or 48 h, collected and subject to FACS
analysis to determine cell cycle profile. HCT116 p21+/+ cells were arrested
primarily in G2 24 h and 48 h post Etp treatment. HCT116 p21-/- cells were
arrested in G2 at 24 h after Etp treatment but by 48 h a significant number of
cells had accumulated greater than 4N DNA content suggesting they were
unable to sustain G2 cell cycle arrest. Figure shown is one representative
experiment of three repeated experiments.
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death. HCT116 p21+/+, p53-/- or p21-/- cells were treated with Etp alone,
roscovitine (Ros) alone or both agents simultaneously. Ros is a cyclin/cdk
inhibitor that acts to artificially induce cell cycle arrest. Cells were collected at Oh,
24 h, 48 h or 72 h and subject to FACS analysis to determine percent of cell
death as indicated by sub-G1 population. When treated with Etp alone HCT116
p53-/- and p21-/- displayed increased cell death 48 h and 72 h post treatment as
compared to HCT116 p21+/+ cells. Addition of Ros at the time of Etp treatment
reduced the amount of cell death seen in HCT116 p53-/- and p21-/- cells. Ros
alone had a negligible effect on cell death. Figure shown is one representative
experiment of three repeated experiments.
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noted previously HCT116 p53-/- and p21-/- cells were sensitive to Etp-induced
cell death. Interestingly, simultaneous treatment of Ros with Etp resulted in
decreased cell death compared to Etp alone. This finding s‘uggests that cell cycle

arrest can act as a barrier to cell death in response to DNA-damaging agents.

3.4. Prolonged Exposure to DNA Damage Results in the Induction of a
Senescence-Like Phenotype. ‘

Some literature suggests cell cycle arrest is only a temporary hurdle to cell
_ death. Studies have shown that in some instances after prolonged periodvs of cell
cycle arrest cells (to their own detriment) re-nter the cell cycle in the presence of
DNA damage, eventually succumbing to cell death.'”® Conversely, more recent
studies have suggested that in response to prolonged exposure to DNA damage
cells can enter a senescence-like phenotype protecting the cell from death.'?4'2°

With this in mind, the reponse of HCT116 p21+/+ cells to\ prolonged
exposure to DNA damage was examined. HCT116 p21+/+ and HCT116 p21-/-
cells were treated with Etp for up to 72 h and subjected to staining for
senescence (a permanent form of cell Cycle arrest) detection (Figure 3.4).
HCT116 p21-/- celis displayed no evidence of senescence induction (blue
staining) up to 72 h Etp treatment. In contrast, by 72 h Etp treatment the majority
of HCT116 p21+/+ cells were stained blue, indicating the induction of
senescence. "

Thus, the ability to induce cell ‘cycle arrest is important to the induction of
senescence and protection against cell death in response to prolonged exposure
to DNA-damaging agents. This finding' has significant implidations when
discussing DNA-damaging cancer therapies for patients harbouring tumours with

intact DDR pathways.
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Figure 3.4. Prolonged exposure to DNA damage induces a senescence-like
phenotype in HCT116 p21+/+ cells. HCT116 p21+/+ and p21-/- cells were
treated with Etp for 0 h, 24 h, 48 h, or 72 h. Cells were then stained using a
senescence detection kit and examined under light microscope. Senescent
positive-staining cells are blue in colour whereas senescence-negative cells
show no colour change. 48-72 h post Etp treatment HCT116 p21+/+ cells stained
positive for senescence. In contrast, even up to 72 h post Etp treatment HCT116
p21-/- cells did not stain positive for senescence. These results suggest p21 is
necessary for the induction of a senescence-like phenotype in response to DNA
damage. Figure shown is one representative experiment of three repeated

experiments.
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3.5. Cells Unable to Mediate Cell Cycle Arrest Die Through Mitotic
Catastrophe (MC) in Response to Etp-Induced DNA Damage.

Having demonstrated that cell cycle arrest protects cells with an intact
DDR from cell death the next step was to determine the mechanism by which
HCT116 p21-/- cells were undergoing cell death. Literature suggests cells that
are unable to sustain G2 arrest inappropriately enter mitosis and die through a
mechanism known as mitotic catastrophe.®® Mitotic catastrophe is characterized
by formation of small fragmented micronuclei and uncontrolled activation of
cyclinB1/Cdk1 complexes.®® _

The nuclei of HCT116 p21+/+ and HCT116 p21-/- cells were observed by
staining with Hoechst 33258 dye and examined using confocal microscopy
(Figure 3.5). While HCT116 p21+/+ cells displayed large .condensed nuclei
following 48 h of Etp treatment (consistent with G2 cell cycle arrest), HCT116
p21-/- cells displayed small fragmented nuclei consistent with descriptions of
mitotic catastrophe. Thus, it appears cells lacking p21 are unable to mediate cell
cycle arrest in response to DNA damage, inappropriately continue through the

cell cycle and die through mitotic catastrophe.

3.6. Cells Impaired in the Ability to Upregulate p21 in Response to Etp-
Induced DNA Damage are Unable to Properly Mediate Cyclin B1
Expression.

Since death by mitotic catastrophe results from uncontrolled activation of
the mitosis-promoting factor (MPF), cyclin B1/Cdk1, cyclin B1 protein levels were
examined in response to Etp treatment.?® |

HCT116 p21+/+ and HCT116 p21-/- cells were treated for 0 h, 24 h or 48
h with. Etp, harvested and subjected to western blot analysis for p53, p21 and
cyclin B1 protein expression (Figure 3.6A).

HCT116 cells with intact p21 showed upregulated p21 expression in
response to Etp and displayed decreased levels of cyclin B1 at 48 h post DNA
damage. In contrast, HCT116 p21-/- cells showed no change in cyclin B1 levels,
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Figure 3.5. Cells lacking p21 are dying though mitotic catastrophe in
response to etoposide-induced DNA damage. HCT116 p21+/+ and HCT116
p21-/- cells were grown on coverslips and treated with Etp for 0 h or 48 h. After
Etp treatment cells were washed, fixed and stained with Hoechst 33258 to
visualize nuclei. Coverslips were then sealed to slides and examined by confocal
microscopy. 48 h post Etp treatment nuclei of HCT116 p21+/+ cells displayed an
enlarged condensed morphology consistent with G2 cell cycle arrest.
Conversely, 48 h post Etp treatment the nuclei of HCT116 p21-/- cells displayed
small fragmented micronuclei consistent with descriptions of mitotic catastrophe.
Pictures shown are representative of three repeated experiments.
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Figure 3.6. Cells Lacking p21 or Impaired in the Ability to Upregulate p21 in
Response to Etoposide-Induced DNA Damage Display Deregulated Cyclin
B1 Protein Levels. (A) HCT116 p21+/+ and HCT116 p21-/- were treated with
Etp for 0 h, 24 h or 48 h. Lysates were collected and subject to western blot
analysis to detect p53, p21 and cyclin B1 protein. At 48 h post Etp treatment
HCT116 p21+/+ cells showed decreased levels of cyclin B1 as compared to O h
and 24 h after Etp treatment. HCT116 p21-/- cells show no change in cyclin B1
levels from 0 h-48 h of Etp treatment. These results suggest p21 is necessary for
. cyclin B1 regulation in response to DNA damage. (B) Pooled siRNA sequences
against p21 or a non-specific control sequence were transfected into HCT116
p21+/+ cells. Cells were simultaneously treated with Etp for 0 h, 24 h or 48 h.
Lysates were harvested and subjected to western blot analysis to detect p21 and
cyclin B1 protein. While the control siRNA had no effect on p21 levels siRNA
against p21 resulted in significantly decreased p21 upregulation in response to
Etp-induced DNA damage. Inhibition of p21 upregulation in HCT116 p21+/+ cells
impaired the ability of these cells to regulate cyclin B1 protein levels. (C) HCT116
p21-/- cells were transduced with p21-containing (pBMN-p21) or empty (pBMN-
EV) reterovirus. 48 h after cell recovery from infection lysates were harvested
and subjected to western blot analysis to detect p21 and cyclin B1 protein. While
transduction with pBMN-EV had no effect on cyclin B1 levels in HCT116 p21-/-
cells, transduction with pBMN-p21, even in absence of DNA damage, resulted in
decreased cyclin B1 protein levels. Together these results suggest p21 is
necessary for proper cyclin B1 regulation in response to DNA damage. B-actin
was used as a loading control in all experiments.



a p2iti+ P21+l
48 Etp(hn)
z

pa3
p21
cyclin B1

practin

b p2i+i+ p2i++
NS siRNA - p21 siRNA
0 24 48 0 A8  Etp (hr)

33



34

suggesting p21 is likely involved in cyclin B1 regulation in response to DNA
damage.

To further strengthen the connection between p21 upregulation in
response to DNA damage and the decrease in levels of cyclin B1, siRNA was
used to knock down p21 expression in HCT116 wild-type cells (Figure 3.6B).
siRNA knockdown of p21 in HCT116 p21+/+ cells significantly impaired their
ability to decrease cyclin B1 in response to Etp-induced DNA damage, whereas
the control knockdown had no effect. Additionally, reintroduction and
overexpression of p21 into HCT116 p21-/- using a retroviral vector resulted in a
decrease in cyclin B1 expression as compared to the control vector (Figure
3.6C). |

Together these results suggest that in response to DNA damage p21
expression is necessary for cyclin B1 downregulation, and -explain why cells

lacking p21 are unable to sustain G2 celi cycle arrest.

3.7. Cells Lacking p53 are Impaired in the Ability to Mediate Cyclin B1
because they Cannot Upregulate p21 in Response to DNA Damage.

It has been suggested that decreased cyclin B1 levels seen in wild-type
cells in response to DNA damage may be the result of p53-mediated
transcriptional repression at the cyclin B1 promoter.'®'?® However, HCT116
p21-/- cells (which possess a functional p53) show no decrease in cyclin B1
levels in response to DNA damage. Additionally, although HCT116 p53-/- failed
to downregulate cyclin B1 after 48 h of Etp treatment, reintroduction of p21 into
these cells restored the ability of these cells to downregulate cyclin B1 in the
absence of p53 (Figure 3.7). Collectively, these data suggest that the
deregulated cyclin B1 expression observed in DNA-damaged HCT116 p33-/-
cells is due to the inability of these cells to upregulate p21 and not due to p53

transcriptional repression at the cyclin B1 promoter.
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Figure 3.7. Cells Lacking p53 are Impaired in the Ability to Upregulate p21
in Response to DNA Damage and Cannot Properly Regulate Cyclin B1
Protein Levels. (A) HCT116 p53-/- cells were treated with Etp for 0 h, 24 h or 48
h. Lysates were collected and subject to western blot analysis to detect p53, p21
and cyclin B1 protein. HCT116 p53-/- cells were impaired in the ability to
upregulate p21 at all time points compared to HCT116 p21+/+ cells. (B) HCT116
p53-/- cells were transduced with p21-containing (pBMN-p21) or empty (pBMN-
~ EV) retrovirus. 48 h after cell recovery from infection lysates were collected and
subjected to western blot analysis to detect p53, p21 and cyclin B1 protein. While
transduction with EV-pBMN had no effect on cyclin B1 levels in HCT116 p53-/-
cells, transduction with pBMN-p21, even in the absence of DNA damage,
resulted in decreased cyclin B1 protein levels. These results suggest p21, but not
p53, is necessary for proper cyclin B1 regulation in response to Etp-induced DNA
damage. B-actin was used as a loading control in all experiments.
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3.8. p21 Mediates the Degradation of Cyclin B1 in Response to Etp-Induced
DNA Damage.

Two possibilities could explain thé cyclin B1 protein downregulation
observed in response to Etp-induced DNA damage: 1) transcriptional repression
at the cyclin B1 promoter, or 2) increased cyclin B1 protein degradation.
Quantitative Real Time PCR (Q-PCR) analysis of cyclin B1 mRNA levels in
HCT116 p21+/+ revealed no significant change in the transcription of cyclin B1
after Etp treatment as compared to non-damaged cells suggesting transcriptional
repression is not the cause of the observed decrease in cyclin B1 protein levels
(Figure 3.8).

Under normal cell cycle conditions the destruction of cyclin B1 occurs
through the proteasomal pathway and is mediated by an E3 ubiquitin ligase
complex, anaphase-promoting complex/cyclosome (APC/C). 395257
Consequently, we tested the effect of the proteasomal inhibitor MG132 on cyclin
B1 levels in response to DNA damage. HCT116 p21+/+ cells were treated with
Etp for 0 h, 24 h or 48 h with MG132 added 10 h before harvest (Figure 3.9.).
The addition of MG132 prior to the 48 h time point abolished the decrease in
cyclin B1 \protein levels seen with Etp alone, confirming the decrease in cyclin B1
protein levels is due to proteasomal destruction.

These results suggest that in respohse to Etp treatment p21 promotes the

degradation of cyclin B1 protein.

3.9. p21-Mediated Cyclin B1 Degradation is a General Response to DNA
Damage that Results in p21 Upregulation.

To determine whether p21-mediated cyclin B1 degradation is a general
response to DNA damage, HCT116 p21+/+ cells were treated with a variety of
DNA-damaging agents for 48 h (Figure 3.10). Etp, gamma-irradiation (IR),
hydroxyurea (HU) and UV were selected because they differ in the ability to
induce p21 expression. Like Etp, IR is able to induce p21 expression and

resulted in cyclin B1 degradation 48 h post treatment. In contrast, treatment with
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Figure 3.8. Cyclin B1 Decrease in Response to DNA Damage is Not Due to
Transcriptional Repression. HCT116 p21+/+ and p21-/- cells were treated with
the DNA-damaging agent Etp for the times indicated. Isolated RNA was
subjected to Q-PCR to measure transcript levels for p53, p21 and cyclin B1 with
GAPDH used as a normalizing control. In response to Etp, HCT116 p21+/+
trancriptionally upregulated p53 and p21 as expected. However, no significant
change in cyclin B1 transcription was observed. HCT116 p21-/- displayed
increased levels of p53 in response to DNA damage with no change in cyclin B1.
These results suggest that transcriptional repression is not responsible for the
decrease in cyclin B1 seen in HCT116 p21+/+ cells in response to DNA damage.
Experiments were completed in replicates of 3 and statistical analysis involved t-
tests and determination of p-values was done using GraphPad Prism Software.
Statistical significance was assigned using t-tests resulting in a p-value< 0.05.
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Figure 3.9. p21 Mediates Cyclin B1 Protein Degradation in Response to Etp-
Induced DNA Damage. HCT116 p21+/+ cells were treated with Etp for 0 h, 24 h
or 48 h. The proteasome inhibitor MG132 was added 10 h prior to harvest.
Lysates were collected and subject to Western blot analysis to detect p21 and
cyclin B1 protein levels. B-actin was used as a loading control. HCT116 p21+/+
treated with Etp alone showed decreased levels cyclin B1 48 h after treatment. In
contrast, HCT116 p21+/+ cells treated with Etp and MG132 did not show a
decrease in cyclin B1 48 h after Etp treatment. These results suggest that cyclin
B1 levels are decreased through increased protein degradation.
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Figure 3.10. p21 Upregulation is Necessary to Mediate Cyclin B1
Degradation in Response to DNA Damage. HCT116 p21+/+ were left
untreated (NoT) or treated for 48 h with DNA-damaging agents (Etp, gamma-
irradiation, HU or UV) differing in their ability to upregulate p21. Lysates were
harvested and subject to western blot analysis to detect p21 and cyclin B1
protein. B-actin was used as a loading control. HCT116 p21+/+ treated with Etp
and gamma-irradiation upregulated p21 in response to DNA damage and were
subsequently able to mediate the degradation of cyclin B1. Conversely, treatment
of HCT116 p21+/+ cells with HU or UV (C) did not result in p21 upregulation and
no deceases in cyclin B1 protein levels were observed. These results suggest
that p21-mediated cyclin B1 degradation is a general response to DNA damage
that results in p21 upregulation.
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HU or UV, which did not induce p21 expression, did not result in degradation of
cyclin B1. These results confirm the role of p21 in mediating cyclin B1
degradation in response to DNA damage and highlight this as a general
response to DNA damage that upregulates p21.

3.10. p21 Interacts with Cyclin B1 in Response to Etp-iInduced DNA
Damage.

Given that p21 upregulation in response to DNA damage was confirmed
as necessary for cyclin B1 degradation, the next objective was to determine the
mechanism of p21-mediated cyclin B1 degradation. Past studies have
demonstrated p21 to have a relatively low affinity to cyclin B1/Cdk1 complexes
compared to Cdk2-containing cyclin/Cdk complexes.'™ Surprisingly, when
HCT116 p21+/+ cells were treated with Etp and subjected to immunoprecipitation
experiments, a significant amount of p21 interacted with cyclin B1 (Figure 3.11A).
Interestingly, even at 48 h of Etp treatment, when cyclin B1 levels were very low,
p21 co-immunoprecipitated with cyclin B1.

To confirm that cyclin B1 and p21 were indeed interacting in response to
DNA damage, immunofluorescence was performed (Figure 3.11B). HCT116
p21+/+ cells were grown on slides, treated with Etp for O h, 24 h or 48 h and p21
and cyclin B1 were detected using specific fluorescent secondary antibodies.
Slides were then examined by confocal microscopy for protein localization.
Consistent with immunoprecipitation experiments, immunofluorescence showed
cyclin B1 and p21 colocalizing after 24 h of Etp-induced DNA damage.

Together these results indicate that in response to DNA damage p21
interacts with cyclin B1. Further experimentation is needed to determine whether
this interaction is necessary for cyclin B1 degradation in response to DNA

damage.
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Figure 3.11. p21 Interacts with Cyclin B1 in Response to DNA Damage. (A)
HCT116 p21+/+ cells were treated with Etp for 0 h, 24 h or 48 h. Lysates were
harvested and subject to immunoprecipitation experiments followed by Western
blot analysis to detect cyclin B1 and p21 protein levels. Immunoprecipitations
were carried out using either cyclin B1 or p21. 24 h after Etp treatment p21 and
cyclin B1 co-immunoprecipitated. Interestingly, even at 48 h when levels of cyclin
B1 are relatively low, p21 still co-immunoprecipitated. (B) HCT116 p21+/+ cells
~were grown on coverslips, treated for 0 h or 24 h with Etp then fixed to
coverslips. Cells were then stained for p21 and cyclin B1 localization. Consistent
with immunoprecipitation experiments, immunoflorescence showed cyclin B1 and
p21 localizing together outside the nucleus (indicated by arrows) at 24 h after Etp
treatment. Together these results suggest that in response to DNA damage p21
and cyclin B1 interact and this interaction may be important for cyclin B1
degradation.
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3.11. Summary. _

Cell cycle arrest is a barrier to cell death induced by DNA damage. When
a cell cannot efficiently induce cell cycle arrest, the result is inappropriate
- progression through the cell cyclei A key mediator of DNA damage-induced cell
cycle arrest is the cyclin-dependent kinase inhibitor p21. The results contained
within this thesis highlight a previously uncharacterized role for p21 in mediating
the degradation of the G2-associated cyclin, cyclin B1. |

In response to Etp-induced DNA damage p21 is upregulated in a p53-
dependent manner. In cells with an intact p53-p21 pathway the primary response
is G2 cell cycle arrest characterized by a decrease in cyclin B1 protein 'Ievels.
With prolonged exposure to DNA damage this cell cycle arrest is shown to
progress to a senescence-like phenotype, protecting cells from death. In
contrast, cells with an impaired p53-p21 DNA damage-sensing pathway (i.e.
HCT116 p21-/- and HCT116 p53-/- cells) are unable to mediate a decrease in
cyclin B1 levels and cannot to sustain G2 cell cycle arrest. The inability to sustain
G2 cell cycle arrest resulted in the formation of small fragmented micronuclei with
the cells eventually undergoing cell death through a process known as mitotic
catastrophe. |

The inability of HCT116 p21-/- cells to sustain G2 cell cycle arrest was due
to vinappropriate levels of cyclin B1. Experimentation revealed that p21 is
necessary for the degradation of cyclin B1 in response to DNA damage. Thus,
cells impaired in the ability to upregulate p21.in response to DNA damage (i.e.
HCT116 p21+/+ p21kd, HCT116 p21-/- and HCT116 p53-/-) cannot efficiently
mediate G2 cell cycle arrest and are consequently more sensitive to DNA
damage-induced cell death. Furthermore, although further experimentation is
needed, preliminary immunoprecipitation and immunofluorescence experiments
suggest p21 may play a direct role in mediating cyélin B1 degradation.

In conclusion, these results suggest p21-mediated cyclin B1 degradation
is necessary to sustained G2 cell cycle arrest and protect cells from death in

response to DNA damage.
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Chapter 4: Discussion

4.1. Cells with an Impaired DDR are Impaired in the Ability to Mediate Cell
Cycle Arrest in Response to DNA Damage and are More Sensitive to DNA
Damage-induced Cell Death.

A study done in 1997 consisting of a 60-cell-line panel of cells differing in
their p53 status found that ce"s lacking p53 continued to metabolize a grth
indicating reagent while cells with intact p53 did not metabolize the indicator
reagent in response to DNA damage.* The original interpretation of this study
was that cells lacking p53 continued to metabolize the indicator reageni because
they were resistant to cell death while cells with intact p53 did not metabolize the
indicator because they were dying through apoptosis. Based on this study most
research was then conducted subscribing to the idea that p53 was necessary for
induction of apoptosis. This theory prevailed for a long time in the study of the
mammalian DNA damage response (DDR) in cancer cells. Since the majority of
cancer cells are deficient in p53 (either through deletion or mutation of the gene)
they should, in accordance with the original hypothesis, be resistant to apoptosis.
However, in recent years the hypothesis has changed and the original study has
been subject to re-interpretation. Work described in this thesis, in conjunction
with other studies, suggests that p53 may aid in protecting cancer cells from cell
death by inducing cell cycle arrest.>! With regard to the above-mentioned study, it
appears as though cells lacking p53 continued to metabolize the indicator
reagent because they were unable to arrest the cell cycle and continued grow in
the presence of DNA damage which eventually resulted in cell death. In contrast,
cells with intact p53 failed to metabolize the indicator reagent because they
underwent cell cycle arrest in response to DNA damage.

Thus, consistent with this new hypothesis, the work described in this

thesis suggests that p53 may play a protective role by inducing p21-mediated cell

cycle arrest in response to DNA damage.
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4.2. Cells Lacking p53 or p21 are More Sensitive to DNA Damage-induced
Cell Death because they Cannot Mediate Cell Cycle Arrest.

Consistent with the above-mentioned hypothesis, cells lacking p53 were
found to be more sensitive to DNA-damage induced cell death than cells with
intact p53 (Figure 3.1). By 48 h a significant number of p53 null cells had
undergone cell death compared to p53 wild-type cells. Since it is proposed that
pS53 wild-type cells are able to resist cell death by inducing cell cycle arrest, cells
lacking the cyclin-dependent kinase inhibitor p21 were also tested. p21 has been
shown to be the principal mediator of p53-dependent cell cycle arrest in response
to DNA damage.”? Cells lacking p21 were also found to be more sensitive to
DNA damage-induced cell death compared to wild-type cells at 48 h post—b
damage. |

Since HCT116 p21-/- cells have been propagated in culture for many
years, and given that p21 is a critical protein in regulation of cell propagation, it is
plausible that the culture as a whole has undergone some adaptations that allow

it to be more resistant than cells with a newly acquired p21 mutation might be.
| With this in mind, siRNA was used to knockdown p21 in wild-type cells and celis
were then subjected to DNA damage. Interestingly, wild-type cells with p21
knockdown were extremely sensitive to DNA damage-induced cell death
compared to control knockdown cells. This finding suggests that the inability of
p53 to upregulate p21 in response to DNA damage sensitizes cells to cell death.’

Evidence also exists that suggests p21 my pléy a role in regulating p53
activity through a negative feedback mechanism. This hypothesis is supported by
findings that demonstrate cells lacking p21 have a higher basal level of p53. '#°
Furthermore, even under normal conditions this increased level of p53 harbours
activating phosphorylations without having encountered additional DNA damage
stimuli.'® Thus, wild-type cells, with intact p53, may be more resistant to cell
death because of both p21-induced cell cycle arrest and the p21-mediated

negative regulation of p53 activation and its apoptosis-inducing functions.
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To confirm that it is indeed cell cycle arrest that is protecting cells from
DNA damage-induced cell death roscovitine (Ros), a chemical cyclin-dependent
kinase inhibitor, was used. Ros mimics the action of p21 by arresting the cell
cycle. Addition of Ros and the DNA-damaging agent Etp simultaneously in both
cells lacking p53 or cells lacking p21 resulted in significantly decreased levels of
cell death as compared to cells treated with Etp alone (Figure 3.3). This finding

confirms cell cycle arrest is an efficient method of protection against cell death.

4.3. Cells Lacking p21 are Unable to Maintain G2 Cell Cycle Arrest and Die
Through Mitotic Catastrophe in Response to DNA Damage.

Cell cycle analysis of wild-type and p21 null cells exposed to DNA damage
revealed that, consistent With previous studies, p21 null cells are unable to
mediate G1 cell cycle arrest.”> More interestingly, cells lacking p21 displayed a
deficiency in maintaining G2 cell cycle arrest (Figure 3.2). Since its discovery p21
has been known to play a major role in G1 cell cycle arrest through its interaction
and inhibition of Cdk2-containing cyclin/Cdk complexes.” However, due to its
relatively low affinity to Cdk1-containing cyclin/Cdk complexes p21 has been
thought to play little or no role in G2 cell cycle arrest. More recent studies along
with the work in this thesis suggests that p21 plays a more significant role in G2
cell cycle arrest than previously described.32:83113.114,116,128

A study published by the Vogelstein group at the Johns Hopkins Oncology
Center showed that cells lacking p53 are unable to sustain G2 cell cycle arrest in
response to DNA damage, with cells bypassing the G2 checkpoint,
inappropriately entering mitosis and accumulating greater than 4N DNA
content.?® They suggest that the inability of these cells to upregulate p21 in
response to DNA damage results in an impaired G2 checkpoint. The FACS
analysis displayed in Figure 3.2 is consistent with this suggestion, with p21 null
cells unable to maintain G2 cell cycle arrest and accumulating a greater than 4N
DNA content. Vogelstein and co-workers suggest that p21 may indeed play a -

role in regulating the mitosis-promoting cyclin B1/Cdk1 complex and demonstrate
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p21 null cells to have inappropriately activated cyclin B1/Cdk1 kinase activity in
response to DNA damage. Cyclin B1 data contained in this thesis also support
this hypothesis and are discussed below. - ’

Since cells lacking p21 cells were shown to be more sensitive to DNA
damage-indcued cell death than wild-type cells the mechanism of cell death was
examined. A particular type of cell death, termed mitotic catastrophe (MC), is
characterized by the inappropriate progression from G2 to M phase in the
presence of DNA damage.®® MC is also characterized by the aberrant activation
of cyclin B1/Cdk1 complexes and the formation of small fragmented
micronuclei.®® Nuclear staining of DNA-damaged p21 null cells revealed the
presence of multiple fragmented micronuclei (Figure 3.5). Conversely, when
treated with DNA damaging agents wild-type cells displayed large condensed
nuclei consistent with G2 cell Cycle arrest.

Together, these observations suggest that cells lacking p21 are unable to
sustain G2 cell cycle arrest in response to DNA damage, continue through the
cell cycle, accumulating greater than 4N DNA content and eventually die through
MC. These findings highlight p21 as a potential target molecule to increésé cell
death in response to DNA-damaging cancer therapeutics. The ability to
upregulate p21 to mediate cell cycle arrest in response to DNA damage allows
for the protection of the cell from cell death. With this said, inhibition of cell cycle
arrest, through direct targeting of p21, coupled with DNA damage therapy may

be a more effective means of triggering cancer cell death.

4.4. Prolonged Exposure to DNA Damage Leads to Senescence in Wild-
Type Cellis.

Having determined that wild-type cells are not dying but undergoing cell
cycle arrest in response to DNA damage, the fate of these cells was examined.

Emerging studies have suggested that in response to prolonged exposure to

DNA damage cells can undergo “DNA damage-induced senescence”.””’
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Senescence was originally described with respect to cellular aging.'®?'3®

As a cell divides its telomeres shorten. After a certain number of cell divisions the
shortened telomeres trigger a signaling pathway that induces a permanent form
of cell cycle arrest also known as senescence. In fact, most cells in the human
body have already undergone senescence.'' More recently senescence has
been associated with oncogene activation and prolonged exposure to DNA

damage 134-136

p21 is believed to be an important protein in mediating the
senescence response.’ In regards to oncogene-induced senescence (OIS) it is
believed the low levels of DNA damage caused by oncogene activation activates
the DDR, protecting the cell from continuing transformation.’®” This sustained
activation of the DDR in response to oncogene activation is akin to prolonged
exposure to DNA-damaging agents.

Exposure of wild-type cells with an intact DDR to the DNA-damaging
agent Etp for 72 h resulted in the induction of senescence as indicated by
positive staining of cells in response to a senescence-detecting agent (Figure
3.4). In contrast, when treated with Etp for 72 h and then subjected to
senescence detection p21 null cells stained negative, indicating the absence of a
senescence phenotype. These findings are consistent with oncogene activation
studies, involving ras activation, which demonstrate p21 to be necessary for
senescence induction.'’®
| Senescence induction as a means of combating cancer is somewhat
controversial.”® The true definition of senescence, as described with respect to
aging, is a form of irreversible cell cycle arrest, essentially rendering the cell
inactive. OIS and DNA damage-induced senescence display features consistent
with true senescence but the idea of having cancerous cells - which are
characterized by the ability to surpass cellular defense mechanisms - present
within the body is unappealing to some. Regardless, most cancer cells possess a
defective DDR and thus favor cell death over senescence in response to DNA
damage, and consequently this is not a major concern when treating cells with

* DNA-damaging therapeutics.
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4.5. Cells with an Impaired DDR Cannot Properly Regulate Cyclin B1
Expression in Response to DNA Damage.

J

Under normal cell cycle conditions cyclin B1 expression is tightly
regulated. Peaking in iate'GZ, cyCIin B1/Cdk1 complexes are responsible for
entry into mitosis.*® However, to exit mitosis cyclin B1 levels must quickly be
reduced.®® This reduction occurs through proteolytic degradation of cyclin B1
(discussed further below). In response to DNA damage the regulation of cyclin
B1 is more complicated. \

Having determined that p21 is necessary for sustained G2 cell cycle arrest
in response to Etp-induced DNA damage the effects of DNA damage on the G2-
associated cyclin, cyclin B1, were then examined. As seen in Figure 3.6A, p53 is
upregulated in response to DNA darhage and this upregulation/activation results
in the increase of p21 as indicated by western blot analysis; Additionally,
increased cyclin B1 levels are seen at 24 h post DNA damage compared to
untreated cells. This increase can be accounted for by the increased number of
cells present in the G2 phase of the cell cycle (Figure 3.2). More interestingly,
although the majority of cells were arrested in G2 at 48 h post Etp treatment
these cells had reduced levels of cyclin B1 compared to untreated cells and cells
treated for only 24 h. Since this decrease cannot be accounted for by decreased
numbers of cells arrested in G2, cyclin B1 levels must be downregulated in
response to DNA damage. In contrast to wild-type cells with an intact DDR, p21
null cells with an impaired DDR response are unable to downregulate cyclin B1
levels in response to DNA damage. This inability to downregulate cyclin B1 in
p21 null cells is consistent with the inability of these cells to mediate G2 cell cycle
arrest and their subsequent death by mitotic catastrophe, as inappropriate
activation of the cyclin B1/Cdk1 mitosis-promoting complex has been shown to
force the bypass of the G2/M checkpoint and allow cells to accumulate greater
than 4N DNA content. These results suggest that p21 is necessary for proper

cyclin B1 regulation in response to DNA damage.
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To further define the relationship between cyclin B1 and p21,
complementary experiments involving p21siRNA knockdown and p21 add back
were conducted. When treated with Etp to induce DNA damage, wild-type cells
with p21 knockdown were impaired in the ability to downregulate cyclin B1 while
control knockdown cells were unaffected in the ability to downregulate cyclin B1
(Figure 3.6B). Additionally, p21 add back into p21 null cells restored their ability
to downregulate cyclin B1 (Figure 3.6C). Of note, DNA damage was not
necessary for p21 null cells with p21 add back for cyclin B1 regulation. This
. suggests DNA damage-induced post-translational modifications of p21 are not '
necessary to mediate cyclin B1 downregulation. Together these experiments
confirm p21 is necessary for proper cyclin B1 regulation in reSponse to DNA
damage. |

Cells lacking p53 or harbouring p53 mutations have - also been
demonstrated to be impaired in the ability to respond to DNA damage.
Specifically, it is reported that p53 null cells are unable to properly mediate cyclih
'B1 regulation in response to DNA damage.'®®'?’ In these reports it is suggested
_that decreased cyclin B1 levels seen in wild-type cells in response to DNA
damage are the result of p53-mediated transcriptional repression at the cyclin B1
promoter.'?'?” However, our demonstration that p21 null cells - which possess a
functional p53 - show no decrease in cyclin B1 levels in response to DNA
damage suggests that this mechanism is not likely. Additionally, while we noted
the lack of cyclin B1 downregulation in cells deficient for p53 as reported by
others, etopic p21 exbression in p53 null cells resulted in dbwnregulation of
cyclin B1 protein levels (Figure 3.7).'2'7 Collectively, our data suggest that the
deregulated cyclin B1 expression observed in DNA-damaged p53 null cells is
due to the inability of these cells to upregulate p21 and subsequently mediate
cyclin B1 degradation, and not due to p53 transcriptional repression at the cyclin

B1 promoter.
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4.6. p21 Mediates the Degradation of Cyclin B1 in Response to DNA
Damage.

Although other groups have similarly observed cyclin B1 downregulation in
response to DNA damage, this thesis is the first to link this response to p21
upregulation. Two hypotheses could explain the p21-mediated cyclin B1 protein
downregulation_ observed in response to DNA damage, one of which is
transcriptional repression at the cyclin B1 promoter and the other involving
increased cyclin B1 protein degradation.

As mentioned above, previous studies have suggested p53-mediated
transcriptional repression rhay be responsible for reduced cyclin B1 levels
observed in response to DNA damage.'?®'? This hypothesis was rejected since
in was found that p21 null cells, which possess functional p53, are impaired in
the ability to regulate cyclin B1 and p21 add back restores the ability to regulate
cyclin B1. However, it is possible that another protein mediates cyclin B1
transcriptional repression in response to DNA damage.' To this end, Quantitative
Real Time PCR (Q-PCR) analysis was performed. Q-PCR showed no significant
change in the transcription of cyclin B1 after DNA damage as compared to non-
damaged cells (Figure 3.8). This suggests transcriptional repression is not the
cause of the observed decrease in cyclin B1 protein.

Under normal cell cycle conditions the destruction of cyclin B1 occurs
through the proteasomal pathway and is mediated by an E3 ubiquitin ligase
complex, anaphase-promoting complex/cyclosome (APC/C). Addition of the
proteasomal inhibitor MG132 blocked the decrease of cyclin B1in DNA damaged
cells. Thus, results suggest that increased proteasomal degradation is
responsible for the decease in cyclin B1 levels in response to DNA-damage
(Figure 2.9). These results suggest p21 mediates the degradation of cyclin B1 in
response to DNA damage.

Of note, although HCT116 p21+/+ showed no significant change in cyclin
B1 transcription at 24 h and 48 h post Etp-induced DNA damage (as assessed
- by Q-PCR) it appears as though there is a slight decreasing trend  in
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transcription. This finding was not completely unexpected, as it has been
demonstrated that HCT116 p21+/+ cells begin to enter a senescence-like state at
72 h (discussed above) post Etp .treatment. Senescence requires that
downregulation of the majority of cell cycle genes and this has primarily been
shown to occur through transcriptional repression.'*® Most probably by 72 h post
Etp-induced DNA damage QPCR analysis of cyclin B1 would display a significant
decrease in cyclin B1 transcription levels as compared to untreated cells. Thus it
appears that at earlier time points post DNA damage (i.e.: 24 h and 48 h) protein
degradation is the main factor in decreasing cyclin B1 Ievéls but at later time
points (i.e.: 72 h+) transcriptional repression becomes more important in cyclin
B1 decrease,helping to aid in the induction of senescence.

Different forms of DNA damage differ in the ability to induce p21.
upregulation. If p21 is necessary-in mediating cyclin B1 degradation, then cells
treated with DNA-damaging agents that do not upregulate p21 should display
’increased cyclin B1 protein levels as compared to cells treated with DNA-
damaging agents that do upregulate p21. Consistent with this hypothesis, cells
treated with hydroxyurea or UV, which do not induce p21 expression, displayed
no changes in levels of cyclin B1 (Figure 3.10.). In contrast, cells treated with Etp
or gamma-irradiation (IR), which do induce p21 expression, displayed decreased
levels of cyclin B1. These results confirm the necessity of p21 in mediating cyclin
B1 downregulation and suggest p21-mediated cyclin B1 degradation is a general
response to DNA damage that results in p21 upregulation.

’ The cellular benefit of complete cyclin B1 degradation in response to DNA
damage as opposed to cyclin B1/Cdk1 inhibition is twofold. Firstly, prolonged
inhibition of cyclin B1/Cdk1 in response to DNA damage is relatively unreliable
and can to lead to slippage through the G2/M checkpoint resulting in the
formation of mutant cell with greater >.4N. Secondly, depletion of cyclin B1 is
required for permanent cell cycle arrest known as senescence (discussed
above). In this situation the majority of cell cycle proteins are downregulated,

~ ensuring a permanent G2 phase cell cycle arrest.
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Of particular note, recent evidence has implicated p21 in the promotion of
the degradation of another important cell cycle protein, Rb."* Work by Broude et
al. has shown that in response to DNA damage, Rb is degraded in a p21-
dependent manner, facilitating G1 phase cell cycle arrest." Although the
mechanism by which p21 promotes this degradation is yet to be determined,
preliminary evidence suggests p21 enhances the proteasomal turnover of Rb,
since proteasomal inhibitors blocked Rb degradation. These results show that
p21 does in fact have the ability to promote the degradation of cell cycle proteins,
further strengthening the hypothesis proposed in this thesis.

4.7. p21 Interacts with Cyclin B1 Following DNA Damage.

Having determined that p21 is necessary for cyclin B1 degradation it is still
unclear whether p21 plays a direct or indirect role in the mechanism of cyclin B1
degradation. In this regard, preliminary studies demonstrate p21 co-
immunoprecipitates with cyclin B1 at 24 h and 48 h post Etp-induced DNA
damage (Figure 3.11A). Furthermore, immunofluorescence studies confirm p21
and cyclin B1 to increase their co-localization following DNA damage. These
results suggest p21 may play a direct role in cyclin B1 degradation (Figure
3.11B). |

Studies conducted by Charrier-Savournin et al. have also demonstrated a
p21/cyclin B1 interaction in response to a number of different DNA-damaging

agents.”"® They suggest that in response to DNA damage p21 interacts with
| cyclin B1 and that this interaction localizes cyclin B1/Cdk1 complexes to the
nucleus, preventing cyclin B1/Cdk1 activation by Cdc25. However, in response to
Etp-induced DNA damage cyclin B1 and p21 seem to co-localize at the outside
the nucleus, perhaps at the centrosome. The centrosome is where cyclin
B1/Cdk1 complexes become activated to mediate their mitosis promoting
activity.'""'*® Given that the majority of cells treated with Etp are in the G2 phase
of the cell cycle, it is conceivable that cyclin B1/Cdk1 complexes would be in

close proximity to where they function in the G2 phase of the normal cell cycle.
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Although many questions are still to be addressed, it may be that in
_addition to preventing cyclinB1/Cdk1 activation, p21 interaction with cyclin B1
enhances cyclin B1 interaction with the APC/C by putting the two in close
proximity and consequently promoting cyclin B1 degradation (discussed further

below).

4.8. Summary

Cell cycle arrest is a critical defense tactic in response to DNA damage.
When a cell cannot efficiently induce cell cycle ‘arrest, the result is the
inappropriate progression through the cell cycle and the accumulation of mutated
or damaged DNA - the defining features of cancer. The work described herein
suggests that while cells with an impaired DDR are more prone to the
- development of cancer this impairment can be éxploited when treating cancer
cells with DNA-damaging cancer therapeutics.

This thesis confirms that cells unable to mediate cell cycle arrest (those
with an impaired DDR) in response to DNA damage are more sensitive to DNA-
damage-induced cell death. Cell death primarily occurs through mitotic
catastrophe, characterized by inappropriate progression through the cell cycle
and the formation of small fragmented micronuclei within the cells that cannot
protectively arrest the cell cycle in response to DNA damage. |

Importantly, the experiments contained within this thesis highlight a
previously uncharacterized role for p21 in the degradation of cyclin B1,
necessary to sustain G2 cell cycle arrest in response to DNA damage. The
degradation of cyclin B1 is proteasome-mediated as its decrease is blocked by
the addition of the proteasomal inhibitor MG132. Although the necessity for p21
"in cyclin B1 degradation in response to DNA damage is without question, it is still
unclear as to whether p21 plays a direct role or indirect role in the mechanism of
cyclin B1 degradation. In this regard, preliminary studies described in this thesis
demonstrate p21 to immunoprecipitate with cyclin B1 following DNA damage.
Consistently, p21 and cyclin B1 were also demonstrated to co-localize following

DNA damage. Together these results suggest p21 may play a direct role in cyclin
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DNA Repair
Cell Cycle Arrest

Apaoptosis /
Mitotic Catastrophe

” Degradation

Figure 4.1. p21 Role in the Mammalian DNA Damage Response (DDR). In
response to DNA damage, stress-signaling kinases/proteins are activated and
signal to the tumour suppressor protein p53. p53 is activated to mediate the
transcription of various p53 effector genes that are involved in cell cycle arrest,
apoptosis and DNA repair. The cyclin-dependent kinase inhibitor p21 is the
principal mediator of cell cycle arrest. p21 upregulation is necessary for G1 cell
cycle arrest and maintenance of G2 cell cycle arrest in response to DNA
damage. p21 aids in G2 cell cycle arrest by promoting the degradation of the G2-
associated cyclin, cyclin B1, thus preventing inappropriate continuation through
the cell cycle resulting in mitotic catastrophe. Cyclin B1 degradation may require
it's interaction of p21 but the exact mechanism of cyclin B1 degradation in
response to DNA damage is yet to be determined. Prolonged exposure to DNA
damage results in the induction of p21-dependent senescence.
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B1 degradation necessary for sustained G2 cell cycle arrest in response to DNA
damage (Figure 4.1). ‘

4.9. Future Directions: Determining the Mechanism of Cyclin B1
Degradation

. 4.;;1. Separating Cell Cycle Arrest and Cyclin B1 Degradation Functions of
p21.

Having demonstrated that p21 and cyclin B1 interact following DNA
damage it is still unclear if this interaction is necessary for cyclin B1 degradation.
It may be that that p21-mediated cell bycle érrest alone is enough to trigger cyclin.
B1 degradation. p21 interaction with cyclin B1 observed following DNA damage
may be a result of p21’s ability to bind a number of different cyclins and of little
consequence to the degradation of cyclin B1.

To address this question it is essential to separate the cell cycle arrest
function of p21 from its ability to interact with cyclin B1. To this end, p21 protein
mutants can be created. As mentioned in the Introduction (Chapter 1), p21
possesses two cyclin-binding regions and a Cdk-binding region (the K site)
(Figure 1.6). These regions can be manipulafed to destroy the cell cycle arresting
properties of p21. These p21 mutants can then be transfected into p21 null cells
to determine if p21 can interact with cyclin B1 and if cyclin B1 degradation is
restored in response to DNA damage. Of note, addition of DNA-damaging agents
may not be necessary, as add back of p21 into p21 null cells did not require DNA
damage to mediate cyclin B1 downregulation (Figure 3.6B). If a mutant can be
generated that does not mediate cell cycle arrest but still binds cyclin B1 and
cyclin B1 levels are decreased in response to DNA damage, then cell cycle
arrest is not necessary for cyclin B1 degradation.

In theory these experiments can be easily conducted, however; closer
inspection of p21 funct'ion reveals some problems that may arise. p21 mediates
cell cycle arrest by binding cyclin/Cdk complexes with its Cdk-binding and cyclin-

binding regions. Hence it is conceivable that p21 uses these same regions to
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bind cyclin B1. Thus, abolishing p21's cell cycle arresting properties may also
- abolish its ability to bind cyclin B1 and these two functions may not be separable.

More extensive experiments may have to be designed.

4.9.2. Determine if Cydlin B1 is Degraded by the APC in Response to DNA
Damage.

As mentioned above, under normal cell cycle conditions cyclin-B1 protein
turnover is mediated through interaction with an E3 ubiquitin ligase, APC 395257
The APC controls the passage through the cell cycle by specifically targeting cell
cycle proteins for proteolysis. Two activating receptor subunits can be associated
with the APC, ‘¢dc20 and cdh1, and are able to control APC substrate
specificity.>*9>°° Both APC®°?° and APC*™"" have been shown to target cyclin B1
for ubiquitination (and thus degradation) during normal cell cycle progression,
suggesting they may also play a role in DNA damage-induced degradation of
cyclin B1.53:%6:%8

Following DNA damage, IP experiments can be conducted to determine
whether cyclin B1 is indeed interacting with the APC or its components.
Additionally, ubiquitination studies can be conducted to demonstrate cyclin B1

ubiquitination in response to DNA damage.

4.9.3. Determine if p21 Promotes the Interaction of Cyclln B1 with the APC
in Response to DNA Damage.

Interestingly, a new report by Amador et al. has found that p21 is able to
interact with APC®®*2°, 4 They show that in the normal cell cycle APC**?° binds
p21 in the G2 phase. This interaction results in the alleviation of p21-mediated
transient arrest in the G2 phase by triggering p21 ubiquitination and degradation,
allowing for the continued passage from G2 to M phase. Given that p21 has the
ability to interact with APC®? and that APC**?® is known to mediate cyclin B1
degradation, it may be that in cases of DNA damage p21 promotes the
interaction of cyclin B1 with APC®?° and thus promotes cyclin B1 degradation.
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This would explain why no cyclin B1 degradation occurs in response to DNA
damage in cells Iacki}ng p21.

To explore this hypothesis further IP studies can be conducted with p21
and APC components including the adaptor protein cdc20. Having determined
that a population of p21 interactes with cyclin B1 following DNA damage (Figure
3.11), further co-IP studies involving p21, cyclin B1 and APC components in
various combinations would provide evidence as to the protein complex formed

within the cell in response to DNA damage.

4.10. Concluding Remarks ‘

In conclusion, although p21 mutations are relatively rare in cancers p53
mutations are very common, and cells with mutant p53 are impvaired in the ability
to upregulate p21 in response to DNA damage. This thesis highlights the
implications of an intact p53-p21 DNA damage-sensing pathway in the treatment
of cancers with DNA-damaging agents and provides insight into the dual role of

p21 as both a tumour suppressor and an oncogene.'*®



10.

11.

12.

13.

60

Reference List

Bartkova, J. et al. DNA damage response as a candidate anti-cancer
barrier in early human tumorigenesis. Nature 434, 864-870 (2005).

Gorgoulis, V. G. et al. Activation of the DNA damage checkpoint and
genomic instability in human precancerous lesions. Nature 434, 907-913
(2005).

Jeggo, P. A. & Lobrich, M. Contribution of DNA repair and cell cycle
checkpoint arrest to the maintenance of genomic stability. DNA Repair
(Amst) 5, 1192-1198 (2006).

Lobrich, M. & Jeggo, P. A. The impact of a negligent G2/M checkpoint on
genomic instability and cancer induction. Nat Rev Cancer 7, 861-869
(2007).

Efeyan, A. & Serrano, M. p53: guardian of the genome and policeman of
the oncogenes. Cell Cycle 6, 1006-1010 (2007).

Finlay, C. A., Hinds, P. W. & Levine, A. J. The p53 proto-oncogene can
act as a suppressor of transformation. Cell 57, 1083-1093 (1989).

Lane, D. P. & Crawford, L. V. T antigen is bound to a host protein in SV40-
transformed cells. Nature 278, 261-263 (1979).

Lane, D. P. Cancer. p53, guardian of the genome. Nature 358, 15-16
(1992).

Linzer, D. I. & Levine, A. J. Characterization of a 54K dalton cellular SV40
tumor antigen present in SV40-transformed cells and uninfected
embryonal carcinoma cells. Cell 17, 43-52 (1979).

Song, H. & Xu; Y. Gain of function of p53 cancer mutants in disrupting
critical DNA damage response pathways. Cell Cycle 6, 1570-1573 (2007).

Hollstein, M., Sidransky, D., Vogelstein, B. & Harris, C. C. p53 mutations
in human cancers. Science 253, 49-53 (1991).

Liu, Z. G. et al. Three distinct signélling responses by murine fibroblasts to

genotoxic stress. Nature 384, 273-276 (1996).

Beroud, C. & Soussi, T. p53 gene mutation: software and database.
Nucleic Acids Res 26, 200-204 (1998).



14.

186.

16.

7.

18.

19.

20.
21.

22,

23.

24,

~ 25.

26.

61

el-Deiry, W. S., Kern, S. E., Pietenpol, J. A., Kinzler, K. W. & Vogelstein,
B. Definition of a consensus binding site for p53. Nat Genet 1, 45-49
(1992).

Barnes, D. M., Dublin, E. A., Fisher, C. J., Levison, D. A. & Millis, R. R.
Immunohistochemical detection of p53 protein in mammary carcinoma: an
important new independent indicator of prognosis? Hum. Pathol. 24, 469-
476 (1993).

Lowe, S. W. Activation of p53 by oncogenes. Endocr. Relat Cancer 6, 45-
48 (1999).

Colman, M. S., Afshari, C. A. & Barrett, J. C. Regulation of p53 stability
and activity in response to genotoxic stress. Mutaf. Res 462, 179-188
(2000).

Prives, C. Signaling to p53: breaking the MDM2-p53 circuit. Cell 95, 5-8
(1998).

Shieh, S. Y., lkeda, M., Taya, Y. & Prives, C. DNA damage-induced
phosphorylation of p53 alleviates inhibition by MDM2. Cell 91, 325-334
(1997).

Unger, T. et al. Critical role for Ser20 of human p53 in the negative

regulation of p53 by Mdm2., EMBO J. 18, 1805-1814 (1999).

Debbas, M. & White, E. Wild-type p53 mediates apoptosis by E1A, which
is inhibited by E1B. Genes Dev. 7, 546-554 (1993).

Lowe, S. W. & Ruley, H. E. Stabilization of the p53 tumor suppressor is
induced by adenovirus 5 E1A and accompanies apoptosis. Genes Dev. 7,
535-545 (1993).

Queridd, E., Teodoro, J. G. & Branton, P. E. Accumulation of p53 induced
by the adenovirus E1A protein requires regions involved in the stimulation
of DNA synthesis. J. Virol. 71, 3526-3533 (1997).

Samuelson, A. V. & Lowe, S. W. Selective induction of p53 and
chemosensitivity in RB-deficient cells by E1A mutants unable to bind the
RB-related proteins. Proc. Natl. Acad. Sci. U. S. A 94, 12094-12099
(1997).

Lowe, S. W., Ruley, H. E., Jacks, T. & Housman, D. E. p53-dependent
apoptosis modulates the cytotoxicity of anticancer agents. Cell 74, 957-
967 (1993).

Hermeking, H. & Eick, D. Mediation of c-Myc-induced apoptosis by pS3.
Science 265, 2091-2093 (1994)..



27.
28.

29.

30.
31.

32.

33.

34,

35.

36.
37.

38.
39.

40.

62

Serrano, M., Lin, A. W., McCurrach, M. E., Beach, D. & Lowe, S. W.
Oncogenic ras provokes premature cell senescence associated with
accumulation of p53 and p16INK4a. Cell 88, 593-602 (1997).

Lukas, J., Lukas, C. & Bartek, J. Mammalian cell cycle checkpoints:
signalling pathways and their organization in space and time. DNA Repair
(Amst) 3, 997-1007 (2004).

Hill, R., Bodzak, E., Blough, M. D. & Lee, P W. p53 binding to the p21
promoter is dependent on the nature of DNA damage. Cell Cycle 7,
(2008).

Levesque, A. A. & Eastman, A. p53-based cancer therapies: Is defective
p53 the Achilles heel of the tumor? Carcinogenesis 28, 13-20 (2007).

Garner, E. & Raj, K. Protective mechanisms of p53-p21-pRb proteins
against DNA damage-induced cell death. Cell Cycle 7, 277-282 (2008).

O'Connor, P. M. et al. Characterization of the p53 tumor suppressor
pathway in cell lines of the National Cancer Institute anticancer drug
screen and correlations with the growth-inhibitory potency of 123
anticancer agents. Cancer Res 57, 4285-4300 (1997).

Evans, T., Rosenthal, E. T., Youngblom, J., Distel, D. & Hunt, T. Cyclin: a
protein specified by maternal mRNA in sea urchin eggs that is destroyed
at each cleavage division. Cell 33, 389-396 (1983).

Pines, J. Cyclins: whéels within wheels. Cell Growth Differ 2, 305-310
(1991). ,

Pines, J. & Hunter, T. Human cell division: the involvement of cyclins A
and B1, and multiple cdc2s. Cold Spring Harb. Symp Quant. Biol 56, 449-
463 (1991).

Pines, J. & Hunter, T. Cyclin-dependent kinases: a new cell cycle motif?
Trends Cell Biol 1, 117-121 (1991).

Jackman, M. R. & Plnes J. N. Cyclins and the G2/M transmon Cancer
Surv. 29, 47-73 (1997).

Reed, S. |. Control of the G1/S trahsition. Cancer Surv. 29, 7-23 (1997).

Reed, S. |. Ratchets and clocks: the cell cycle, ubiquitylation and protein
turnover. Nat Rev Mol Cell Biol 4, 855-864 (2003).

Reed, S. 1. et al. G1 control in mammalian cells. J. Cell SCI Suppl 18, 69-
73 (1994).



41.

42.

43.
44,

45.

46.

47.

48,

49.

50.

51.

92.

63

Elledge, S. J. ef al. CDK2 encodes a 33-kDa cyclin- A-associated protein
kinase and is expressed before CDC2 in the cell cycle. Proc. Natl. Acad.
Sci. U. S. A 89, 2907-2911 (1992).

Hamaguchi, J. R. et al. Requirement for p34cdc2 kinase is restricted to

‘mitosis in the mammalian cdc2 mutant FT210. J. Cell Biol 117, 1041 1053

(1992).
Morgan, D. O. Principles of CDK regulation. Nature 374, 131-134 (1995).

Blangy, A. ef al. Phosphorylation by p34cdc2 regulates spindie association
of human Eg5, a kinesin-related motor essential for bipolar spindle
formation in vivo. Cell 83, 1159-1169 (1995).

Dessev, G., lovcheva-Dessev, C., Bischoff, J. R., Beach, D. & Goldman,
R. A complex containing p34cdc2 and cyclin B phosphorylates the nuclear
lamin and disassembles nuclei of clam oocytes in vitro. J. Cell Biol 112,

523-533 (1991).

Kakino, S., Sasaki, K., Kurose, A. & Ito, H. Intracellular localization of
cyclin B1 during the cell cycle in glioma cells. Cytometry 24, 49-54 (1996).

Kimura, K., Hirano, M., Kobayashi, R. & Hirano, T. Phosphorylation and

activation of 13S condensm by Cdc2 in V|tro Science 282, 487-490
(1998).

Peter, M., Heitlinger, E., Haner, M., Aebi, U. & Nigg, E. A. Disassembly of
in vitro formed lamin head-to tail polymers by CDC2 kinase. EMBO J. 10,
1535-1544 (1991).

Hagting, A., Karlsson, C., Clute, P., Jackman, M. & Pines, J. MPF
localization is controlled by nuclear export EMBO J. 17, 4127 4138
(1998).

Draviam, V. M., Orrechia, S., Lowe, M., Pardi, R. & Pines, J. The
localization of human cyclins B1 and B2 determines CDK1 substrate
specificity and neither enzyme requires MEK to disassemble the Golgi

apparatus. J. Cell Biol 152, 945-958 (2001).

Brandeis, M. et al. Cyclin B2-null mice develop normally and are fertile
whereas cyclin B1-null mice die in utero. Proc. Natl. Acad. Sci. U. S. A 95,
4344-4349 (1998).

Sudakin, V. et al. The cyclosome, a large complex centaining cyclin-
selective ubiquitin ligase activity, targets cyclins for destruction at the end
of mitosis. Mol Biol Cell 6, 185-197 (1995).



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

64

Dawson, I. A, Roth, S. & rtavanis-Tsakonas, S. The Drosophila cell cycle
gene fizzy is required for normal degradation of cyclins A and B during
mitosis and has homology to the CDC20 gene of Saccharomyces
cerevisiae. J. Cell Biol 129, 725-737 (1995).

King, R. W. et al. A 20S complex containing CDC27 and CDC16 catalyzes
the mitosis-specific conjugatlon of ubiquitin to cyclin B. Cell 81, 279-288
(1995).

Kramer, E. R., Scheuringer, N., Podtelejnikov, A. V., Mann, M. & Peters, J.
M. Mitotic regulation of the APC activator proteins CDC20 and CDH1. Mo/
Biol Cell 11, 1555-1569 (2000).

Sigrist, S., Jacobs, H., Stratmann, R. & Lehner, C. F. Exit from mitosis is -
regulated by Drosophila fizzy and the sequential destruction of cyclins A,
B and B3. EMBO J. 14, 4827-4838 (1995).

Yu, H., King, R. W., Peters, J. M. & Kirschner, M. W. Identification of a
novel ubiquitin-conjugating enzyme involved in mitotic cyclin degradation.
Curr. Biol 6, 455-466 (1996).

Burton, J. L. & Solomon, M. J. D box and KEN box motifs in budding yeast
Hsl1p are required for APC-mediated degradation and direct binding to
Cdc20p and Cdh1p. Genes Dev. 15, 2381-2395 (2001).

Dong, Y., Sui, L., Watanabe, Y., Sugimoto, K. & Tokuda, M. Clinical
relevance of cyclin B1 overexpression in laryngeal squamous cell
carcinoma. Cancer Lett. 177, 13-19 (2002).

Gomez, L. A, de Las, P. A., Reiner, T., Burnstein, K. & Perez-Stable, C.
Increased expression of cyclin B1 sensitizes prostate cancer cells to
apoptosis induced by chemotherapy. Mol Cancer Ther. 6, 1534-1543
(2007).

Hassan, K. A. et al. Cyclin B1 overexpreSsion and resistance to

' radlotherapy in head and neck squamous cell carcinoma. Cancer Res 62,

6414-6417 (2002).

Igarashi, T. et al. Divergent cyclin B1 expression and Rb/p16/cyclin D1
pathway aberrations among pulmonary neuroendocrine tumors. Mod.
Pathol. 17, 1259-1267 (2004).

Ma, W. D. et al. Expressions of cyclin B1 and p21cipl in adult acute
leukemia and their correlation. Zhongguo Shi Yan. Xue. Ye. Xue. Za Zhi.
13, 751-758 (2005).

Soria, J. C. et al. Overexpression of cyclin B1 in early-stage non-small cell
lung cancer and its clinical implication. Cancer Res 60, 4000-4004 (2000).



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

65

Suzuki, T. et al. Nuclear cyclin B1 in human breast carcinoma as a potent
prognostic factor. Cancer Sci. 98, 644-651 (2007).

Wang, A.,' Yoshimi, N., Ino, N., Tanaka, T. & Mori, H. Overexpression of
cyclin B1 in human colorectal cancers. J. Cancer Res Clin Oncol. 123,
124-127 (1997).

Yoshida, T., Tanaka, S., Mogi, A., Shitara, Y. & Kuwano, H. The clinical
significance of Cyclin B1 and Wee1 expression in non-small-cell lung
cancer. Ann. Oncol. 15, 252-256 (2004).

Castedo, M. et al. Cell death by mitotic catastrophe: a molecular definition.
Oncogene 23, 2825-2837 (2004).

Okada, H. & Mak, T. W. Pathways of apoptotic and non-apoptotic death in
tumour cells. Nat Rev Cancer 4, 592-603 (2004). '

Russell, P. & Nurse, P. cdc25+ functions as an inducer in the mitotic
control of fission yeast. Cell 45, 145-153 (1986).

Sudo, T. et al. Activation of Cdh1-dependent APC is required for G1 cell
cycle arrest and DNA damage-induced G2 checkpoint in vertebrate cells.
EMBO J. 20, 6499-6508 (2001). :

Waldman, T., Kinzler, K. W. & Vogelstein, B. p21 is necessary for the p53-
mediated G1 arrest in human cancer cells. Cancer Res 55, 5187-5190
(1995).

el-Deiry, W. S. et al. WAF1, a potential mediator of p53 tumor
suppression. Cell 75, 817-825 (1993).

Harper, J. W., Adami, G. R., Wei, N., Keyomarsi, K. & Elledge, S. J. The
p21 Cdk-interacting protein Cip1 is a potent inhibitor of G1 cyclin-
dependent kinases. Cell 75, 805-816 (1993).

Cox, L. S. Multiple pathways control cell growth and transformation:
overlapping and independent activities of p53 and p21Clp1NVAF1/Sd|1 J.
Pathol. 183, 134-140 (1997).

Chen, J., Saha, P., Kornbluth, S., Dynlacht, B. D. & Dutta, A. Cyclin-
blndmg motlfs are essentlal for the function of p21CIP1. Mol Cell Biol 16
4673-4682 (1996).

Hengst, L. & Reed, S. [. Inhibitors of the Cip/Kip family. Curr. Top.
Microbiol. Immunol 227, 25-41 (1998).



78.

79.

80.

81.

82.

- 83.

84.

85.

86.

87.

88.

89.

- 90.

66

Hengst, L., Gopfert, U., Lashuel, H. A. & Reed, S. |. Complete inhibition of
Cdk/cyclin by one molecule of p21(Cip1). Genes Dev. 12, 3882-3888
(1998).

Waldman, T., Lengauer, C., Kinzler, K. W. & Vogelstein, B. Uncoupling of
S phase and mitosis induced by anticancer agents in cells lacking p21.
Nature 381, 713-716 (1996).

Cox, L. S. & Lane, D. P. Tumour suppressors, kinases and clamps: how
p53 regulates the cell cycle in response to DNA damage. Bioessays 17,
501-508 (1995).

Sherr, C. J. & Roberts, J. M. Inhibitors of mammalian G1 cyclin-dependent
kinases. Genes Dev. 9, 1149-1163 (1995).

Baus, F., Giré, V., Fisher, D., Piette, J. & Dulic, V. Permanent cell cycle
exit in G2 phase after DNA damage in normal human fibroblasts. EMBO J.
22, 3992-4002 (2003).

Bunz, F. ef al. Requirement for p53 and p21 to sustain G2 arrest after
DNA damage. Science 282, 1497-1501 (1998).

Chan, T. A., Hwang, P. M., Hermeking, H., Kinzler, K. W. & Vogelstein, B.
Cooperative effects of genes controlling the G(2)/M checkpoint. Genes

Dev. 14, 1584-1588 (2000).

Dulic, V., Stein, G. H., Far, D. F. & Reed, S. |. Nuclear accumulation of
p21Cip1 at the onset of mitosis: a role at the G2/M-phase transition. Mo/
Cell Biol 18, 546-557 (1998). :

Deng, C., Zhang, P., Harper, J. W, Elledge, S. J. & Leder, P. Mice lacking
p21CIP1/WAF1 undergo normal development, but are defective in G1
checkpoint control. Cell 82, 675-684 (1995).

Martin-Caballero, J., Flores, J. M., Garcia-Palencia, P. & Serrano, M.
Tumor susceptibility of p21(Waf1/Cip1)-deficient mice. Cancer Res 61,
6234-6238 (2001).

Soussi, T., Ishioka, C., Claustres, M. & Beroud, C. Locus-specific mutation
databases: pitfalls and good practice based on the p53 experience. Nat
Rev Cancer 6, 83-90 (2006).

Coqueret, O. New roles for p21 and p27 cell-cycle inhibitors: a function for
each cell compartment? Trends Cell Biol 13, 65-70 (2003).

Lee, M.-H. & Yang, H. Y. Negative regulators of cyclin-dependent kinases

and their roles in cancers. Cell Mo/ Life Sci. 58, 1907-1922 (2001).



91.

92.

93.
94.

95.

96.

97.
98.

99.

100.

101.

102.

103.

67

Sherr, C. J. & Roberts, J. M. CDK inhibitors: positive and negative
regulators of G1-phase progression. Genes Dev. 13, 1501-1512 (1999).

Chen, I. T. et al. Characterization of p21Cip1/Waf1 peptide domains
reqwred for cyclin E/Cdk2 and PCNA interaction. Oncogene 12, 595-607
(1996).

LaBaer, J. et al. New functional activities for the p21 famlly of CDK
inhibitors. Genes Dev. 11, 847-862 (1997).

Lin, J., Reichner, C., Wu, X. & Levine, A. J. Analysis of wiId-type and
mutant p21WAF-1 gene activities. Mol Cell Biol 16, 1786-1793 (1996).

Welcker, M., Lukas, J., Strauss, M. & Bartek, J. p21WAF1/CIP1 mutants
deficient in inhibiting cyclin-dependent kinases (CDKs) can promote
assembly of active cyclin D/CDK4(6) complexes in human tumor cells.
Cancer Res 58, 5053-5056 (1998).

Wohlschlegel, J. A., Dwyer, B. T., Takeda, D. Y. & Dutta, A. Mutational
analysis' of the Cy motif from p21 reveals sequence degeneracy and
specificity for different cyclin-dependent kinases. Mo/ Cell Biol 21, 4868—
4874 (2001).

Vidal, A. & Koff, A. Cell-cycle inhibitors: three families united by a common
cause. Gene 247, 1-15 (2000). '

Hatada, |. et al. Genomic imprinting of human p57KIP2 and its reduced
expression in Wilms' tumors. Hum. Mol Genet 5, 783-788 (1996).

Lee, M. H., Reynisdottir, I. & Massague, J. Cloning of p57KiP2, a cyclin-
dependent kinase inhibitor with unique domain structure and tissue
distribution. Genes Dev. 9, 639-649 (1995).

Matsuoka, S. et al. p57KIP2, a structurally distinct member of the p21CIP1
Cdk inhibitor family, is a candidate tumor suppressor gene. Genes Dev. 9,
650-662 (1995).

Thompson, J. S., Reese, K. J., DeBaun, M. R., Periman, E. J. & Feinberg,
A. P. Reduced expression of the cyclin-dependent kinase inhibitor gene
p57KIP2 in Wilms' tumor. Cancer Res 56, 5723-5727 (1996).

Child, E. S. & Mann, D. J. The intricacies of p21 phosphorylation:
protein/protein interactions, subcellular localization and stability. Cell Cycle
5, 1313-1319 (2006).

Dotto, G. P. p21(WAF1/Cip1). more than a break to the cell cycle?
Biochim. Biophys. Acta 1471, M43-M56 (2000).



104.

105‘.
106.
107.
- 108.
109.
11’0.
111.
112.
113.

114.

115.

116.

68

Pan, Z. Q. et al. Inhibition of nucleotide excision repair by the cyclin-
dependent kinase inhibitor p21. J. Biol Chem. 270, 22008-22016 (1995).

Shivji, M. K., Grey, S. J., Strausfeld, U. P., Wood, R. D. & Blow, J. J. Cip1
inhibits DNA replication but not PCNA-dependent nucleotide excision-
repair. Curr. Biol 4, 1062-1068 (1994).

Warbrick, E., Lane, D. P., Glover, D. M. & Cox, L. S. A small peptide
inhibitor of DNA replication defines the site of interaction between the
cyclin-dependent kinase inhibitor p21WAF1 and proliferating cell nuclear
antigen. Curr. Biol 5, 275-282 (1995).

Harper, J. W. ef al. Inhibition of cyclin-dependent kinases by p21. Mol Biol
Cell 8, 387-400 (1995).

Jackson, P. K., Chevalier, S., Philippe, M. & Kirschner, M. W. Early events
in DNA replication require cyclin E and are blocked by p21CIP1. J. Cell
Biol 130, 755-769 (1995). '

Russo, A. A, Jeffrey, P. D., Patten, A. K., Massague, J. & Pavietich, N. P.
Crystal structure of the p27Kip1 cyclin-dependent-kinase inhibitor bound
to the cyclin A-Cdk2 complex. Nature 382, 325-331 (1996).

Chang, B. D. et al. Effects of p21Waf1/Cip1/Sdi1 on cellular gene
expression: implications for carcinogenesis, senescence, and age-related
diseases. Proc. Natl. Acad. Sci. U. S. A 97, 4291-4296 (2000).

Barbo‘ule, N., Lafon, C., Chadebech, P., Vidal, S. & Valette, A.
Involvement of p21 in the PKC-induced regulation of the G2/M cell cycle
transition. FEBS Lett. 444, 32-37 (1999).

Flatt, P. M., Tang, L. J., Scatena, C. D., Szak, S. T. & Pietenpol, J. A. p53
regulation of G(2) checkpoint is retinoblastoma protein dependent. Mo/
Cell Biol 20, 4210-4223 (2000).

Levedakou, E. N., Kaufmann, W. K., Alcorta, D. A., Galloway, D. A. &
Paules, R. S. p21CIP1 is not required for the early G2 checkpoint

response to ionizing radiation. Cancer Res 55, 2500-2502 (1995).
'Smits, V. A. et al. p21 inhibits Thr161 phosphorylation of Cdc2 to enforce

the G2 DNA damage checkpoint. J. Biol Chem. 275, 30638-30643 (2000).

Charrier-Savournin, F. B. ef al. p21-Mediated nuclear retention of cyclin
B1-Cdk1 in response to genotoxic stress. Mol Biol Cell 15, 3965-3976
(2004).

Gillis, L. D., Leidal, A. M., Hill, R. & Lee, P. W. p21(Cip1/WAF1) mediates
cyclin B1 degradation in response to DNA damage. Cell Cycle 8, (2009).



117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

69

Wani, M. A., Wani, G., Yao, J., Zhu, Q. & Wani, A. A. Human cells
deficient in p53 regulated p21(wafl/cip1) expression exhibit normal
nucleotide excision repair of UV-induced DNA damage. Carcinogenesis
23, 403-410 (2002).

Mattia, M., Gottifredi, V., McKinney, K. & Prives, C. p53-Dependent p21
MRNA elongation is impaired when DNA replication is stalled. Mol Cell
Biol 27, 1309-1320 (2007).

Dimri, G. P. et al. A biomarker that identifies senescent human cells in
culture and in aging skin in vivo. Proc Natl. Acad. Sci. U. S. A 92, 9363-
9367 (1995).

el-Deiry, W. S. et al. WAF1/CIP1 is induced in p53-mediated G1 arrest
and apoptosis. Cancer Res 54, 1169-1174 (1994).

Kastan, M. B., Onyekwere, O., Sidransky, D., Vogelstein, B. & Craig, R.
W. Participation of p53 protein in the cellular response to DNA damage.
Cancer Res 51, 6304-6311 (1991).

De Azevedo, W. F. et al. Inhibition of cyclin-dependent kinases by purine
analogues: crystal structure of human cdk2 complexed with roscovitine.
Eur. J. Biochem. 243, 518-526 (1997).

Chang, B. D. et al. p21Waf1/Cip1/Sdi1-induced growth arrest is
associated with depletion of mitosis-control proteins and leads to
abnormal mitosis and endoreduplication in recovering cells. Oncogene 19,
2165-2170 (2000).

Di, L. A, Linke, S. P., Clarkin, K. & Wahl, G. M. DNA damage triggers a
prolonged p53-dependent G1 arrest and long-term induction of Cip1 in
normal human fibroblasts. Genes Dev. 8, 2540-2551 (1994).

Robles, S. J. & Adami, G. R. Agents that cause DNA double strand breaks
lead to p16INK4a enrichment and the premature senescence of normal
fibroblasts. Oncogene 16, 1113-1123 (1998).

Innocente, S. A., Abrahamson, J. L., Cogswell, J. P. & Lee, J. M. p53
regulates a G2 checkpoint through cyclin B1. Proc. Natl. Acad. Sci. U. S.
A 96, 2147-2152 (1999).

Innocente, S. A. & Lee, J. M. p53 is a NF-Y- and p21-independent, Sp1-
dependent repressor of cyclin B1 transcnptlon FEBS Lett. 579, 1001-
1007 (2005).

Taylor, W. R. & Stark, G. R. Regulation of the G2/M transition by p53.
Oncogene 20, 1803-1815 (2001).



129.

130.

131,
132.
133,
134,

135,

136.

137.

138.

1309.

140.

141.

142.

70

Broude, E. V. et al. p21 (CDKN1A) is a negative regulator of p53 stability.
Cell Cycle 6, 1468-1471 (2007).

Hil, R. et al. Hypersensitivity to chromium-induced DNA damage
correlates with constitutive deregulation of upstream p53 kinases in p21-/-
HCT116 colon cancer cells. DNA Repair (Amst) 7, 239-252 (2008).

dda di, F. F. Living on a break: cellular senescence as a DNA-damage
response. Nat Rev Cancer 8, 512-522 (2008).

Zhang, H. Molecular signaling and genetic pathways of senescence: Its
role in tumorigenesis and aging. J. Cell Physiol 210, 567-574 (2007).

Campisi, J. The biology of replicative senescence. Eur. J. Cancer 33, 703-
709 (1997). '

Roninson, |. B. Tumor cell senescence in cancer treatment. Cancer Res
63, 2705-2715 (2003).

Schmitt, C. A. et al. A senescence program controlled by p53 and
p16INK4a contributes to the outcome of cancer therapy. Cell 109, 335-346
(2002).

Shay, J. W. & Roninson, |. B. Hallmarks of senescence in carcinogenesis
and cancer therapy. Oncogene 23, 2919-2933 (2004).

Roninson, I. B. Oncogenic functions of tumour suppressor
p21(Waf1/Cip1/Sdi1): association with cell senescence and tumour-
promoting activities of stromal fibroblasts. Cancer Lett. 179, 1-14 (2002).

Campisi, J. Aging and cancer: the double-edged sword of replicative
senescence. J. Am. Geriatr. Soc. 45, 482-488 (1997).

Han, Z. et al. Role of p21 in apoptosis and senescence of human colon
cancer cells treated with camptothecin. J. Biol Chem. 277, 17154-17160
(2002).

Broude, E. V. et al. p21(Waf1/Cip1/Sdi1) mediates retinoblastoma protein
degradation. Oncogene 26, 6954-6958 (2007).

Heald, R., McLoughlin, M. & McKeon, F. Human wee1 maintains mitotic
timing by protecting the nucleus from cytoplasmically activated Cdc2
kinase. Cell 74, 463-474 (1993).

de Souza, C. P., Ellem, K. A. & Gabrielli, B. G. Centrosomal and
cytoplasmic Cdc2/cyclin B1 activation precedes nuclear mitotic events.
Exp. Cell Res 257, 11-21 (2000).



143.

144,

145.

71
Jackman, M., Lindon, C., Nigg, E. A. & Pines, J. Active cyclin B1-Cdk1
first appears on centrosomes in prophase. Nat Cell Biol 5, 143-148 (2003).

Amador, V., Ge, S., Santamaria, P. G., Guardavaccaro, D. & Pagano, M.
APC/C(CchO) controls the ubiquitin-mediated degradation of p21 in
prometaphase. Mol Cell 27, 462-473 (2007).

Gartel, A. L. Is p21 an oncogene? Mol Cancer Ther. 5, 1385-1386 (2006).



