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Abstract

The study of growth arrest specific (GAS) genes is critical for our understanding
of quiescence cell states. C/EBP- is a transcriptional activator which is central to the
expression of GAS genes in growth arrested cells. C/EBP-J is involved in the activation
of numerous pathways, including mitogenesis, cytokine signaling, stress response, etc.
Thus, it requires signaling cues which confer specificity in terms of gene expression.

Here we used the p20K gene in chicken embryonic fibroblasts as a model system
to study the control mechanisms of GAS genes. p20K is expressed in conditions such as
contact inhibition mediated growth arrest and mild hypoxia. Here we explored the
control mechanism mediated by ERK2 at the p20K promoter (QRU), as a mode of
regulation which confers C/EBP-f binding specificity.

In this study we demonstrate that ERK2 is recruited to the QRU in proliferative
cells, i.e. where p20K is repressed. Using ChIP analysis we show that ERK2 binds
directly to the QRU in proliferative cell states, but not in growth arrested cell conditions.
Using a similar approach we demonstrate that ERK2 binding to the QRU is lost in states
of hypoxia, where p20K is strongly induced. Furthermore, we show that this interaction is
specific to ERK2 and is not observed with the related ERK1 kinase. Lastly, we employed
transient expression assays to illustrate that ERK2 acts as a transcriptional repressor of
the QRU. Through these experiments we have illustrated that ERK2 mediated
transcriptional repression is a novel control mechanism at the QRU which skews C/EBP-

B mediated signaling networks in proliferating cells.



MSc Thesis- M. Athar McMaster University - Biology

Acknowledgments

| would like to thank my supervisor, André Bédard, for giving me the opportunity
to complete my Master’s degree in his lab. His vast knowledge, guidance, and mentoring
have been invaluable to the progression of my project and my development as a person. |
would also like to thank my lab members; past and present, including: Ying Wu, Jenny
(Lizhen) Wang, Bart Maslikowski, Alicia Pepper, Flora Suen, Jen Erickson, and Ben
Fielding. Their advice helped me keep my project on track, their critical analysis kept my
thoughts logical, their skepticism kept my ideas from becoming too radical, and lastly,
their providing laughs kept me sane.

| would also like to thank my family and friends for encouragement and support
during the course of my Master’s. Although | became very preoccupied, they remained
loyal and accommodeating.

Lastly, I would like to thank the funding agencies which allowed me to conduct
the research comprising my Master’s project. This includes grants from: the Canadian
Institutes of Health Research (CIHR) and the National Science and Engineering Research

Council of Canada (NSERC).



MSc Thesis- M. Athar McMaster University - Biology

Table of Contents

Half fI1 e PagE. e et e
T O PO ... et e

DS o o1 A< 0] (= PN ||

ACKNOWIEAGEMENTS ... e e e e e e e e e e
Table Of CONMTENTS ... e e e e e e e
RS 0 o [0 =S

List Of @DDreViations ... .o e e e e e e

Chapter One: INTRODUCTION

1.1 Cell proliferation and the cell CyCle ....... ... e
1.2 Mitogens and MitogeniC SIgNAIING ... ...ouuir ittt e e e e eeen
1.3 Cell cycleregulation and CanCar ..........oove oot e e e e e ae s
O 1 1S o= g o PP
LB P20K .o ]
1.8 QRU ..ottt e,
L7 CIEBP-P ..o e e e e e
1.8 Control of GAS gene expression by C/EBP-B .......coooiii i
1.9 ERK2 asatranscriptional FERIrESSOr ... uieitee et e e e e e e ee e e ene
LI0 REONAIE. ..ottt e e e e e e e e e e e

Vi

Page

.16
19
22
.23
.23
.30
31
.33



MSc Thesis- M. Athar McMaster University - Biology

Table of Contents Cont’d

Chapter 22 METHODS

2L Cel CURUIE ..o e e e e e e e e
2.2 SDS-PAGE and Western Blotting AnalySIS .......oevveiiiiiiiii e
2.2.1 Cell culture CoNdIitioNS .......oeniie et e e e e e
2.2.2 Cell lysate preparation ...........e oo i e e e e
2.2.3 SDS-PAGE and Western BIOttiNg .......c..ovvieiieiiiiii i,
2.3 Electromobility Shift Assay (EMSA) ANalYSIS ....ccoiviiiii e
2.3.1 Cell culture CoNdItioNS .........eeiieie e e e e
2.3.2 Nuclear extract preparation .............eeeie it et i
2.3.3 Probegenerationand labeling ..o
2.3.41NteraCtion rEACLIONS ... ...ttt e e et
2.3.5PAGE and deteCliON .......c.ui it et e e
2.4 Chromatin Immunoprecipitation (ChIP) AnalysiS .........cooooi i,
2.4.1 Cell culture CoNdItioNS ........oeeiieie e e e e
2.4.2 ChIP lySate preparalion ..........o. e eie e e e ee e e ean e
2.4.3 Immunoprecipitations, Washes, and DNA Extraction ........................
2.4.4 PCR Amplification of Purifled DNA ... e e
2.5 IMMUNOPIECIPITALIONS ... . vttt et e e e e e e e e e e e e ee e e eaaanas
2.6 Cloning of ERK2 OVerexpression VECION ... ... ..vuv v v s ees e ee e e e e
2.7 Transient Expression AnalysSiS (CAT ASSAY) ...vveiiniiiieeeee et e e e e aennes

2. . L TrANS OO ONS . ..ot e

vii

Page

.35
.35
.35
.36
.36
37
.37
.37
.38
.39
40
.40
.40
41
41

43

45
.46

.46



MSc Thesis- M. Athar McMaster University - Biology

Table of Contents Cont’d
Page
2.7.2 Preparation of cell lysate ........ooovviiiiiiii AT
2. 7.3 Normalizationof cell lysate ............cooviiiiiiiii A7
2TACAT ASSAY ..o e e e A8
2.7.5QUantificalion ........cccoiiiiii i e 49
Chapter 3: RESULTS
3.1 Egtablishment of a set of conditions under which ERK2 can be studied ................ 50
3.2 ERK2 binds to the QRU in states of p20K transcriptional repression...................53

3.2.1 Analysis of ERK2 binding to the QRU Electromobility Shift Assay

3.2.2 Analysis of ERK2 binding to the QRU by Chromatin | mmunoprecipitation

3.2.3 ERK2 bindsto the QRU in states of normoxia but not hypoxia............... 64
3.3 ERK2 acts as atranscriptional repressor of theQRU ..................ccciivvnttl....66
Chapter 4: Discussion
4.1 p20K expression and transcriptional repressionby ERK2 ...........cccovevivinnl 72
4.2 ERK2 bindsto the QRU in states of transcriptional repression ..........................74
4.3 ERK2 acts as atranscriptional repressor of theQRU ...t ... 76
A A FULUrE IrECLIONS ... .t et e e et e e e e et et e e e re e eenee 202 83
4.5 CONCIUSIONS ... ...t et e e e e e e e e et e ee e ee e e e O
Chapter 5: REFERENCES

B D RE B ONCES ... oo e e e e e e .88

viii



MSc Thesis- M. Athar McMaster University - Biology

List of Figures

Page
Figure 1: A depiction of the mammaliancell cycle...............coo 0.8
Figure 2: A depiction of the ERK1/2 phosphorylation cascade module. ....................13
Figure 3: A schematic representation of the p20K gene and its promoter region ......... 25
Figure 4: p20K isinduced in cell states of growth arrest and cellular stress................ 52

Figure 5: Schematic representation of WT vs. EBS mutant probes used for EMSA ......55
Figure 6: Complex formation onthe EBS of theQRU.................ccoiveiiiviie et e...56

Figure 7: ERK2 binds to the QRU in cycling cells but not in contact inhibited cells .....59

Figure 8: ERK1 does not bind to the QRU in proliferative cell states.......................61
Figure 9: ERK1 and ERK?2 antibodies are capable of immunoprecipitation ...............63
Figure 10: ERK2 does not interact with the QRU in conditions of hypoxia................ 65

Figure 11: Schematic representation of CAT constructs used to study transcriptional

10115 PR ¢
Figure 12: ERK2 acts as atranscriptional repressor of QRU .............cccceeeve et .70
Figure 13: Schematic model of QRU transcriptional control inCEFs ....................... 81



MSc Thesis- M. Athar McMaster University - Biology

List of Abbreviations

AP-1 Activator Protein 1

ATF Activating transcription factor
bZIP Basic leucine zipper domain
C/EBP CCAAT/enhancer-binding protein
CAT Chloramphenicol acetyltransferase
CDK Cyclin-dependent-kinase

CEF Chicken embryonic fibroblast
ChiP Chromatin |mmunoprecipitation

CHOP10 C/EBP homologous protein 10

CKI CDK-inhibitory-subunit

CREB Cyclic AMP — responsive element binding protein 1
DAPK Death associated protein kinase

DBD DNA binding domain

DMEM Dulbecco’s modified Eagle's medium
EBS ERK?2 binding site

ECL Enhanced chemiluminescent substrate
EGF Epidermal growth factor

EMSA Electromobility shift assay

ERK1 Extracellular signal-regulated kinase 1
ERK?2 Extracellular signal-regulated kinase 2

ERK3 Extracellular signal-regulated kinase 3



ERK4
ERK5
ERK7
Ex-FABP
G-CSF
GATE
GAS
GPCR
HRP
IFN-y
IL-1
IL-6

1P

JAK
INK1
INK2
INK3
LAP
LIP
MAPK
MAPKAPK

MAPKK

MSc Thesis- M. Athar McMaster University - Biology

Extracellular signal-regulated kinase 4
Extracellular signal-regulated kinase 5
Extracellular signal-regulated kinase 7
Extracellular fatty acid binding protein
Granulocyte colony stimulating factor
Gamma activated transcription element
Growth arrest specific

G-protein coupled receptor

Horse radish peroxidase

Interferon gamma

Interleukin-1

Interleukin-6

I mmunoprecipitation

Janus tyrosine kinase

c-Jun N terminal kinase 1

c-Jun N terminal kinase 2

c-Jun N terminal kinase 3

Liver activating protein

Liver inhibiting protein
Mitogen-Activated Protein Kinase
MAPK-activated protein kinase

MAPK kinase

Xi



MSc Thesis- M. Athar McMaster University - Biology

MAPKKK MAPK kinase kinase

MK2 MAPK-activated protein kinase 2
MK3 MAPK-activated protein kinase 3
MK5 MAPK-activated protein kinase 5
MNK MAPK-interacting kinase

MPF M-Phase promoting factor

MSK Mitogen and stress activated kinases
NEMO NF-«xB essential modulator protein
NGF Nerve growth factor

NLK NEMO-like kinase

ORC Origin of replication complex
PDGF Platelet-derived growth factor
PKA Protein kinase A

PKC Protein kinase C

pRB Retinoblastoma protein

QRU Quiescence responsive unit

RSK p90 ribosomal S6 kinase

RTK Receptor tyrosine kinase

SDS-PAGE SDS polyacrylamide gel electrophoresis
shRNA short hairpin RNA
STAT Signal transducer and activator of transcription

TAD Transactivation domain

Xii



MSc Thesis- M. Athar McMaster University - Biology

TGF-B Tumor growth factor beta
TNF-a Tumor necrosis factor apha

ZIP Leucine Zipper domain

xiii



MSc Thesis- M. Athar McMaster University - Biology

Chapter 1: INTRODUCTION

This chapter aimsto provide an overview of known concepts pertaining to cellular
proliferation and its regulation. This includes topics pertaining to growth arrest and the
regulatory mechanisms relating to changes in proliferative/non-proliferative cell states.
1.1 Céll proliferation and the cell cycle

In 1858 Rudolf Virchow published his work describing the nature of cellular
origins. In this landmark publication he popularized the term “Omnis cellula e cellula™,
which is Latin for "every cell originates from another existing cell like it."(Tan et al.,
2006). This statement marks the triggering of a relentless pursuit to understand what cells
are and how they come into existence. Although in Virchow's time scientists were
limited to studying cells with crude microscopes, technology has come far enough to
allow usto study several facets of cellular activity in rigorous detail. These technological
advancements have allowed scientists to probe the inner working of replicating cells and
decipher the orchestrated events which comprise cellular replication.

Somatic cells generate progeny cells by participating in the process known as the
cell cycle. This is a mechanism by which an existing cell can duplicate its genetic
material and then subsequently divide into two identical daughter cells (Alberts et al.,
2002). This fundamental process is orchestrated by the cell cycle control system. This
system regulates the progression through the cell cycle while simultaneously ensuring
that cell integrity and functionality is maintained (Alberts et a., 2002). The cell cycleis
divided into 2 major phases. Interphase and M phase (Alberts et al., 2002). Interphase is

further broken downinto G1, S, and G2 phase (Alberts et al., 2002). G1 is a growth phase

1
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prior to S phase and subsequent to mitosis (Alberts et al., 2002). This growth phase
allows the cell to establish sufficient nutrients to facilitate DNA replication (Alberts et
al., 2002). This phase can vary in time because, depending on environmental cues, it is at
this juncture that cells decide whether around of cell cycle should be initiated (Alberts et
al., 2002). Furthermore, this phase harbors the Restriction point, a critical commitment
period for cells (Alberts et al., 2002). If the cell cycle progresses beyond the restriction
point the cell is fully committed to the completion of the cell cycle and cannot revert to a
non-proliferative state until the cycle is completed (Pardee, 1974; Alberts et al., 2002).
This redtriction point marks the transition between non-proliferative (quiescent) and
proliferative states based on external signals such as nutritional availability, growth
stimuli, etc (Pardee, 1974; Alberts et al., 2002). Following G1 phase is S phase. In this
phase the entire genomic content of the cell is duplicated (Alberts et a., 2002). This
phase typically takes half the mammalian cell cycle and is followed by another growth
phase: G2 (Alberts et a., 2002). The G2 phase allows time for the cell to establish
sufficient nutritional reservoirs to undergo mitosis (Alberts et a., 2002). Following G2
phase the cell enters M phase, which is marked by an abrupt nuclear and cytoplasmic
division. This is encompassed within the process of mitosis, which compared to the rest
of the cell cycle, is very quick and drastic. During M phase (mitosis) the cell will
disassemble the nuclear envelope, condense chromosomes, align these chromosomes at
the metaphase plate, and then segregates sister chromatid to opposite poles of the cell
(Alberts et al., 2002). This then allows for the nuclei to reassemble around the DNA and

allows for cytokinesis to occur (Alberts et a., 2002). Cytokinesis entails the division of



MSc Thesis- M. Athar McMaster University - Biology

the cytoplasmic contents of the cell into two separate bodies, ending with a pinching of
the cell membrane to encapsulate the resulting daughter cells (Alberts et al., 2002). Thus,
in this fashion a single cell can reproduce to create two identical daughter cells. A
schematic representation of the cell cycle phases is depicted in Figurel.

The cell cycle is choreographed by a family of serine/threonine kinases known as
Cyclin-dependent-kinases (CDKs) and their regulatory sub-units, which are known as
Cyclins (Morgan, 1997). Together these protein complexes drive the cell cycle forward
and coordinate timing of cell cycle events such that they are observant of internal and
external signaling cues (Morgan, 1997). This includes instances such as external
signaling from other cells and internal responses to stress such as DNA damage (Morgan,
1997). There are approximately 10 cyclin dependent kinases, however only CDK1 and
CDK2 are central to cell cycle functions while the others are shown to have secondary
roles (Morgan, 1997). During the initiation of S phase CDK2 forms a complex with
Cyclin E, which acts to prime the cell for DNA replication and induce DNA synthesis
(Morgan, 1997). CDK2 then binds Cyclin A for the remainder of S-phase and throughout
G2 phase, promoting progression of DNA replication and advancement of the cell cycle
(Morgan, 1997). Towards the end of the cell cycle there is an accumulation of Cyclin B-
CDK1 complex, also known as M-phase promoting factor (MPF) (Morgan, 1997). MPF
prepares the cell for mitosis and advances the cell cycle through the distinct phases of
mitosis until anaphase, where it is poly-ubiquitinated and broken down (Morgan, 1997).
This degradation marks the onset of mitotic completion and allows for chromosomal

segregation and cytokinesis to occur (Morgan, 1997).
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In higher eukaryotes cell proliferation is dependent on the presence of growth
factors and mitogenic signaling. It has been demonstrated that mitogenic signaling
stimulates the activation of CDK4 and CDK6 by Cyclin D (Matsushime et al., Xiong et
al., and Motokura et al., 1991; Matsushime et al., 1992; Meyerson et al., 1994; Sherr,
2000). This occurs in the G1 phase, prior to the Restriction Point and is fundamental to
the initiation of S-phase (Sherr, 2000). During early G1 phase Retinoblastoma protein
(pRb) is responsible for exerting a repressive effect on the cell cycle (Weinberg, 1991).
This repression is primarily mediated by the binding of pRb to the E2F family of
transcription factors, impeding their activation (Wienberg, 1991; Nevins, 1998). E2F
regulates the expression of DNA synthesis associated genes and genes involved in
driving the cell cycle into S-phase (Nervis, 1998). Furthermore pRb also recruits histone
deacetylases and chromatin remodeling complexes to the promoters of E2F responsive
genes which administers an additional repressive effect (Brehm et al., Luo et a., and
Magnaghi-Jaulin et al., 1998, Zhang et al., 2000). In cells lacking mitogenic stimulation,
Cyclin D is very unstable and short-lived due to its constant degradation (Sherr, 1993;
Sherr 2000). However, upon mitogenic stimulation Cyclin D becomes stabilized allowing
the formation of Cyclin D-CDK4/6 complexes (Sherr, 1993; Sherr 2000). These active
kinase complexes phosphorylate pRb, causing it to lose its affinity for E2F (Ewen et al.
and Kato et al., 1993). In doing so Cyclin D-CDK4/6 mitigates the cell cycle repression
by pRb, in response to mitogenic stimulation (Ewen et al. and Kato et a., 1993). This
event allows E2F to function as a transcriptional activator, facilitating the expression of

several genes involved in DNA synthesis (Nervins, 1998). Additionally E2F now
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activates the expression of Cyclin E, Cyclin A, and E2F itself, forming positive feedback
loops (Bartek et a., Duronio et al, and Sanchez et a., 1996). Cyclin E-CDK2
collaboratively phosphorylate pRb along with cyclin D-CDK4/6 which facilitates the loss
of mitogen dependence (Fang et al., 1991; Krude et a., 1997, Lundberg et a., 1998).
This independence of mitogenic signals marks the progression of the cell cycle beyond
the Restriction point and the commitment of the cell to cell cycle completion (Sherr,
1993; Sherr 2000). Shortly after the restriction point Cyclin A-CDK2 mediates the
degradation of Cyclin E and the inactivation of E2F, while promoting progression of the
cell cycle through S-phase (Morgan, 1997; Sherr, 2000) The action of Cyclin-CDK
complexesis depicted in Figure 1.

The progression of the cell cycle in response to Cyclin-CDK activity is countered
by CDK-inhibitory-subunits (CKIs) (Harper et al., 1996). This encompasses two families
of regulatory proteins: the Cip/Kip family and the INK4 family (Harper et al., 1996;
Johnson and Walker, 1999; Sherr, 2000). The Cip/Kip family of proteins includes
p21°Pt p27%P and p57X""? (Harper et al., 1996; Johnson and Walker, 1999; Sherr,
2000). p21“P* counters the progression of the cell cycle primarily by inhibiting CDK2
although interactions with other CDK's have been reported (Morgan, 1997; Johnson and
Walker, 1999; Sherr, 2000). p21°" is also capable of inhibiting DNA replication by
interacting with PCNA, a DNA synthesis elongation factor (Johnson and Walker, 1999).
Additionally p21°** is induced by p53 by virtue of a p53 binding site in the promoter of
the gene (Johnson and Walker, 1999). Thus it is expressed in response to p53 activation

and mediates stalling of the cell cycle in response to DNA damage, cellular stress, and
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other p53 induced cellular events (Johnson and Walker, 1999). p27""* is also a potent
CDKZ2 inhibitor (Morgan, 1997; Johnson and Walker, 1999; Sherr, 2000). Its expression
is increased in the absence of proliferative signaling (Johnson and Walker, 1999;
McDonald et al., 2001). Thus its expression results in the establishment of cell cycle
stalls until such time that a proliferative cell state is signaled (McDonald et al., 2001).
p57<'"? is another family member involved in stalling the cell cycle by inhibiting CDKs
(Morgan, 1997; Johnson and Walker, 1999; Sherr, 2000). The INK4 family of proteins
are specific inhibitors of Cyclin D-CDK4/6 (Morgan, 1997; Johnson and Walker, 1999;
Sherr, 2000; McDonald et al., 2001). There are 4 members in this family: p15"<*®,
p16NKAA  p18INKIC  p1gINKID (M organ, 1997; Johnson and Walker, 1999; Sherr, 2000;
McDonald et a., 2001). These proteins prevent the association of Cyclin D with CDK4/6
and also inhibit the activity of assembled Cyclin D—-CDK4/6 complexes (Morgan, 1997;
Johnson and Walker, 1999; Sherr, 2000; McDonald et al., 2001). Furthermore, the INK4
family of proteins has been implicated in displacing p21 and p27 bound to Cyclin D-
CDK complexes (Morgan, 1997; Johnson and Walker, 1999; Sherr, 2000; McDonald et
al., 2001). This makes them readily available to inhibit other Cyclin-CDK complexes
such as Cyclin E-CDK2 (Morgan, 1997; Johnson and Walker, 1999; Sherr, 2000;
McDonald et a., 2001). This amplifies the repressive role played by CKls by an indirect
displacement mechanism of the INK4 proteins (Morgan, 1997; Johnson and Walker,
1999; Sherr, 2000; McDonald et al., 2001). Thus, the INK4 family has a strong role in the

establishment of growth arrested cell states.
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In response to mitogenic signaling Cyclin D and E become up-regulated
(Matsushime et al., Xiong et al., and Motokura et al., 1991; Matsushime et al., 1992;
Meyerson et al., 1994; Sherr, 2000). As cyclin D/E accumulate active Cyclin D/E-CDK2
complexes form which act to sequester CKls (Johnson and Walker, 1999; Sherr, 2000;
McDonald et al., 2001). Furthermore, active Cyclin D/E-CDK?2 complexes are capable of
phosphorylating p27"'"(Sheaff et al., 1997; Vlach et al., 1997; Montagnoli et al., 1999;
Nguyen et al., 1999). This phosphorylation allows p27<"™ to be recognized by an E3
ubiquitin ligase, thus resulting in its ubiquitination and subsequent degradation (Pagano
et a., 1995; Vlach et a., 1997; Montagnoli et al., 1999; Nguyen et a., 1999). This
contributes to the release of the cell cycle repression by CKls and the passing of the cell
cycle through the Restriction point (Morgan, 1997; Johnson and Walker, 1999; Sherr,
2000; McDonald et al., 2001). Conversely, a lack of mitogenic signaling results in
decreased levels of Cyclin D/E which leads to CKIs overcoming the proliferative drive of
Cyclin-CDK complexes (Morgan, 1997; Johnson and Walker, 1999; Sherr, 2000;
McDonald et al., 2001). This ultimately leads to stalling of the cell cycle and growth
arrest (Morgan, 1997; Johnson and Walker, 1999; Sherr, 2000; McDonald et al., 2001).

The action of these CKlsis depicted in Figure 1.
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CDK1

CyclinA

CDK1

Figure 1: A depiction of the mammalian cell cycle. The 4 phases of the cell cycle
are driven by the influence of CDKs and their regulatory unit, cyclins. These
Cyclin-CDK complexes control the activation of proteins which promote the
progression of the cell cycle through the different phases. The action of these
Cyclin-CDK complexes is opposed by CKIs which act to repress the function cell
cycle potentiators. Cells can also exit the cell cycle and enter a “resting” state
referred to as quiescence or Go.
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The cell cycleisthus a series of coordinated phases. These phases are acted upon
by the pressures of Cyclin-CDK complexes driving the cycle forward and the
antagonistic pressures of CKls which act to circumvent this progression. In doing so
these processes create a regulated and controlled mechanism for eukaryotic cellular
replication.

1.2 Mitogens and Mitogenic signaling

In contrast to prokaryotic cells, eukaryotic cells require growth signals in order to
be stimulated into entering cellular proliferation. In this setting growth factors secreted by
control cells are received at the recipient cell’s surface. These growth factors activate
several downstream pathways. Perhaps the most important pathway in terms of cellular
proliferation is the mitogenic pathway, which stimulates cellular proliferation and
aurvival. This mitogenic stimulation is mediated largely by Mitogen-Activated Protein
Kinases (MAPKS).

MAPKSs are a family of kinases which regulate several facets of cellular function
including growth, proliferation, differentiation, survival, motility, stress response,
apoptosis, and metabolism (Shaul et al. and Pimienta et al., 2007). There are 14 members
in the MAPK family in mammals and these proteins are further categorized based on the
role these proteins play in cellular regulation (Cargnello et al., 2011). These categories
are as follows: extracellular signal-regulated kinase 1 and 2 (ERK1/2), c-Jun N-terminal
kinase 1, 2, and 3 (INK 1/2/3), p38, extracellular signal-related kinase 5 (ERKD),
extracellular signal-related kinase 3 and 4 (ERK3/4), extracellular signal-related kinase 7

(ERK?7), and NEMO-like kinase (NLK) (Cargnello et al., 2011). ERK1/2, INKSs, p38, and
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ERKS5 represent conventional MAPK proteins, as they all follow a particular pattern of
activation and regulation (Chen et al., 2001; Pimienta et al., 2007). However ERK3/4,
ERK7, and NLK deviate from this conventional pattern of cellular signaling and are
referred to as atypical MAPKs (Coulombe et al., 2007).

Conventional MAPKs follow a conserved pattern of activation where a series of
kinases form a phosphorylation cascade (Cargnello et al., 2011). Here a MAPK kinase
kinase (MAPKKK) will become activated by upstream signals and phosphorylate a
MAPK kinase (MAPKK) (Cargnello et al., 2011). This MAPK kinase will then become
activated and phosphorylate a MAPK (Cargnello et a., 2011). Dua phosphorylation of
MAPKSs on a conserved Threonine-X-Tyrosine motif results in the activation of kinase
activity (Robbins et al., 1993; Cargnello et al., 2011). These systematic phosphorylations
occurring in response to external signaling are representative of a three-tier
phosphorylation cascade which is typical of conventional MAPKs. Once activated
MAPKs then phosphorylate several targets in the cytoplasm, nucleus, at the cell
membrane, mitochondria, golgi, and endoplasmic reticulum (Yoon et al., 2006; Yao et
al., 2009). Depending on which MAPKSs are activated several classes of MAPK-activated
protein kinases (MAPKAPK) become targeted for phosphorylation. This includes several
types of MAPKAPKS such as p90 ribosomal S6 kinase (RSKs), Mitogen and stress
activated kinases (MSKs), MAPK interacting kinases (MNKs), and MAPK-activated
protein kinases2/3/5 (MK2/3/5) (Cargnello et al., 2011).

IJNKs are activated in response to cellular stresses such as heat shock,

ionizing/UV radiation, oxidative stress, DNA damaging agents, cytokines, and

10
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DNA/protein synthesis inhibitors (Bogoyevitch et al., 2010). The p38 family of MAPKs
are also activated in response to different stresses including oxidative stress, hypoxia,
ischemia, and signaling through Interleukin-1 (IL-1) and Tumor necrosis factor apha
(TNF-a) (Cuadrado et al.,, 2010). ERK5 has been reported to become activated in
response to growth factors, oxidative stress, and hyperosmolarity (Wang et a., 2006).
The ERKL1/2 sub-family of MAPKs are perhaps the most crucial when
considering cell proliferation. When these kinases were originally cloned it was found
that they were strongly phosphorylated in response to growth factors (Cooper et a., 1982;
Kazlauskas et al. and Ray et al., 1988; Boulton et al., 1990; Boulton et al., 1991).This
includes activation by platelet-derived growth factor (PDGF), epidermal growth factor
(EGF), and nerve growth factor (NGF) (Boulton et al., 1990). ERK1/2 were also found to
be activated in response to insulin stimulation (Boulton et al., 1990). These growth
factors dignals typically activate the canonical three-tier ERK1/2 phosphorylation
cascade. This involves reception of the growth factor signal at the cell surface, mainly by
receptor tyrosine kinases (RTKs) (Alberts et al., 2002). Upon ligand binding these RTKs
dimerize and trans-phosphorylate one another (Alberts et a., 2002). This activation event
enables the localization and binding of adaptor proteins to RTK intracellular domains
(Alberts et al., 2002). These adaptor proteins become activated and initiate downstream
signaling cascades (Alberts et a., 2002). In response to growth factors this downstream
signaling is usually funneled through Ras, a protein kinase implicated in several different
aspects of cell behavior (Alberts et a., 2002). In the case of the ERK1/2 signaling

module, Ras activates the Raf family of proteins, which are MAPKKKSs (Alberts et al.,

11
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2002). These activated Raf kinases then phosphorylate the next tier of the module:
MEK1/2, which are MAPKKs (Alberts et a., 2002). These in turn phosphorylate ERK1/2
(MAPKS) on the conserved Thr-Glu-Tyr motif, resulting in activation (Plotnikov et al.,
2010; Cargnello et al., 2011). Other signal receptor pathways can also activate the
ERK1/2 module as well. This includes G-protein coupled receptors (GPCR) and cytokine
receptors (Raman et al, 2007). The ERK2 phosphorylation cascade module is depicted in

Figure 2.
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Figure 2: A depiction of the ERK 1/2 phosphorylation cascade module. Typically
stimuli such as mitogenic or cytokine singling result in the activation of Raf. This
initiates a phosphorylation cascade, which results in the subsequent phosphorylation
of MEK1/2 and ERK1/2. ERK1/2 then become activated, translocate to the nucleus,
and phosphorylate hundreds of targets. Relevant ERK1/2 targets are depicted in this
figure.
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Once ERK1/2 become activated there are several key events which are triggered.
Firstly, ERK1/2 kinase activity is initiated, allowing these proteins to phosphorylate
hundreds of downstream targets (Yoon et al., 2006). Secondly, the phosphorylation of
ERK1/2 results in its nuclear translocation (Chen et al., 1992; Lenormand et al., 1993).
This enable ERK1/2 to activate several dormant transcription factors resulting in the
alteration of cellular gene expression. The translocation and accumulation of ERK1/2 in
the nucleus occurs minutes after growth factor stimulation. However, cells lacking
growth factor simulation have very little nuclear ERK1/2 (Chen et al., 1992; Lenormand
et al., 1993). Some of the relevant ERK?2 activation targets are depicted in Figure 2.

Activated ERK1/2 plays a central role in the initiation of the cell cycle. Studies
have indicated that in order for a cell to effectively transition from G1 to S phase there
must be a sufficient accumulation of active ERK1/2 (Yamamoto et a., 2006). After the
G1/S transition activated ERK1/2 are no longer required (Meloche, 1995). This ERK1/2
activation requirement is one of the primary means by which MAPKs have temporal
control over the cell cycle because cell cycle initiation is regulated by several events
which are triggered by activated ERK1/2. Briefly, upon mitogenic stimulation activated
ERK1/2 translocates to the nucleus. Once in the nucleus these kinases phosphorylate
several transcription factors, one of which is ElIk1 (Gille et al, 1995). It has been shown
that activated Elk1 regulates the expression of several proteins. One of these EIk1 induces
the expression of c-Fos, a member of the AP-1 family of transcription factors (Gille et d,
1995). Furthermore, sustained ERK1/2 activation has been shown to induce expression of

other AP-1 family members such as Fral, Fra2, c-Jun, JunD and JunB; however the exact
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mechanisms behind this induction are unknown (Cook et al., 1996; Balmanno et al.,
Cook et al., 1999). Many of these AP-1 gene products are unstable and require direct
phosphorylation by ERK1/2 in order to be stabilized (Whitmarsh et al., 1996; Murphy et
al., 2002). Furthermore, JunD and Fra2 require phosphorylation of their transactivation
domains by ERK1/2 in order to facilitate functional activation (Murakami et a., 1997;
Vinciguerra et al., 2004). The promoter of Cyclin D1, one of the Cyclin D proteins,
contains an active AP-1 binding site (Herber et al., 1994; Albanese et al., 1995).
Furthermore, induction of Cyclin-D is required for the formation of active Cyclin D-
CDK4/6 complexes. As previously mentioned, accumulation of these Cyclin D-CDK4/6
complexes are necessary for driving cells past the restriction point and into S-phase.
Thus, by inducing and stabilizing AP-1 family members, ERK1/2 indirectly provoke the
expression of Cyclin D and stimulate the cell thorough the G1/S phase boundary
(Meloche et a., 2007; Plotnikov et a., and Cargnello et a., 2011).

ERK1/2 stimulate cell cycle entry by other means as well. c-Myc is a member of
the Myc family of transcription factors, which regulate cell growth, proliferation, and cell
death. Reports indicate that c-Myc is highly unstable. However after phosphorylation by
ERK1/2; in response to mitogenic stimulation, c-Myc becomes stabilized. This
stabilization allows Myc to form hetero-dimeric complexes with Max, its dimerization
partner, thus forming active transcription factor complexes. These active Myc-Max
hetero-dimers have been shown to induce expression of Cyclin D1 and Cdk4; and repress
expression of p21 (Bouchard et al., 1999; Claassen et a., Coller et al., 2000). This further

favors progression of the cell cycle and stimulates cells past the G1/S phase boundary.
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Additionally ERK1/2 have roles in inhibiting repressors of the cell cycle such as p27 by
phosphorylating several other transcription factors (Meloche et al., 2007; Plotnikov et al.,
and Cargnello et al., 2011).

The mitogenic signaling pathway is the primary mediator of cell cycle entry and
transduction of growth factor signals into a measureable cell response. This cell cycle
stimulation is primarily facilitated by functional roles of ERK1/2. This MAPK acts to
skew protein signaling networks to favor the accumulation of factors required for cell
cycle entry and inactivate cell cycle repressors. In doing so ERK1/2 are critical playersin
the regulation of cell cycle control and cellular proliferation.

1.3 Céll cycle regulation and cancer

Due to the clonal expansion nature of cells within atumor, those cells which have
a selective advantage in comparison to surrounding cells will grow faster. This generates
a small scale natural selection process, where cells which have undergone advantageous
mutations grow faster then surrounding cells. Cells which have undergone deleterious
mutations die and are lost. This implies that mutations which give a tumorigenic cell a
growth advantage will favor progression of the tumor. Thus, genes which regulate cell
proliferation and the cell cycle are eligible candidates for being oncogenes or tumor
SUPPressors.

It has been well documented that genes involved in cell cycle regulation play a
critical role in the development and progression of cancer. Several genes in the Cyclin,
CDK, and CKI families are mutated or mis-regulated in cancer cells (Johnson and

Walker, 1999; Sherr, 2000; McDonald et al., 2001). Generally these mutations result in
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uncontrolled cell proliferation leading to tumorigenesis. Sequential mutation of genes
involved in cell cycle regulation can give rise to more aggressively dividing cells.

Cyclins and CDKs are observed to be mutated in several cancers. Cyclin D has
been observed as being amplified or up-regulated in several different types of tumors
(Johnson and Walker, 1999; Sherr, 2000; McDonald et al., 2001). Furthermore, animal
models where Cyclin D is mis-regulated show that Cyclin D can play a strong role in
tumorigenesis (Motokura et al., 1991; Lovec et a., 1994; Wang et al., 1994). Cyclin E
has been found to be overexpressed in breast, colon, and leukemic cancers (Leach et al,
1993; Keyomarsi €t al., 1995). Cyclin A was reported to be mutated in human hepatomas
(Wang et al., 1990). CDK4 and 6 are overexpressed in several tumors and tumor cell
lines (Johnson and Walker, 1999; Sherr, 2000; McDonald et al., 2001). Additionally
CDK4 and 6 mutations which confer resistance to INK4 regulation have also been found
in human tumors (Wolfel et al., 1995; Easton et d., 1998). These genetic changes act to
drive the cell cycle in a more pronounced manner resulting in increased cell proliferation.

INK4 family members are also mutated in several different types of tumors
(Kamb, 1998). Often these are missense mutations, deletion mutations, or mis-regulation
of gene methylation (Kamb, 1998). Most often these mutations result in the expression of
inactive INK4 proteins which can no longer inhibit Cyclin D-CDK4/6 (Kamb, 1998). The
gene encoding p57<'*? was observed as being rearranged in two different familial cancer
disorders (Polyak et al., 1994; Matsuoka et a., 1995). The gene encoding p21°"* has
been shown to be altered in some instances of cancer (el-Deiry and Kamb, 1998).

However its role as a tumor suppressor stems mainly as a mediator of p53 dependent
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growth arrest during the cell cycle (Deng et al., 1995; el-Deiry and Kamb, 1998). p53 is
one of the most frequently altered genes in human cancer and its mutation often resultsin
deactivation of the p53 response (Ko et al., 1996; Levine, 1997). This confers resistance
to apoptosis and increased mutation rate, resulting in sustained cell mutations and thus
cancer progression (Ko et al., 1996; Levine, 1997). The inactivation of p27<'™ by loss of
expression and increased degradation has also been reported in certain cancers (Tan et a.,
and Loda et al., 1997). Lastly, pRb is mutated in numerous tumor types and is also
targeted by oncogenic viruses (Ludlow, 1993). All of these mutations are involved in the
inactivation of cell cycle repressors. This illustrates the importance of these proteins in
control of the cell cycle and the maintenance of cellular integrity.

Several different cancers harbor alterations to the mitogenic signaling pathway.
For example several RTKs are mutated or up-regulated in several cancers, resulting in
increased or constitutive activation (Sawyers, 2003; Gshwind et al, 2004). Ras activation
mutations are observed in approximately 30% of cancers (Davies et al., 2002;
Downward, 2003). These mutations result in the constitutive activation of Raf, leading to
constant mitogenic signaling through ERK 1/2 despite a lack of mitogenic signals (Davies
et al., 2002; Downward, 2003). This constitutive activation causes cells to lose sensitivity
to growth signals and harbor permanent cell cycle stimulation, resulting in cancerous
growth. Similarly, several proteins controlling the MAPK signaling pathways have been
mutated in cancers. This includes members such as Src, Raf, Rho, and several MAPKAPs

(Kim et al., 2009; Eisinger-Mathason et al., Niault et a., 2010). All of these mutations
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remove control of the cell cycle and result in cells which are being stimulated to divide
regardless of external and internal cues.

Mutations in genes which regulate the cell cycle are very prominent in all types of
cancers. Thisincludes Cyclin-CDK genes which tend to incur over-activity mutations and
CKI genes which incur inactivating mutations. Furthermore, genetic mutations in the
mitogenic signaling pathway are observed to increase the likelihood of signaling in the
absence of proper external signals. Together these mutations serve to drive the cell past
the restriction point whilst ignoring cellular cues to stall the cell cycle or enter growth
arrest. These mutations are fundamental to the loss of cell cycle control and illustrate how
important this regulation is to the maintenance of cellular integrity.

1.4 Quiescence

Most cells within the human body are differentiated and are thus in a state where
they no longer divide. The remainder of cells have proliferative potential however even
these cells have the ability to exit the cell cycle, entering a resting state referred to as
quiescence or Gy (Smith et al., 1973; Martin et a., 1976). This is a form of reversible
growth arrest that is a distinct cell state rather than a simple stalling of G1 phase (Smith
et a., 1973; Martin et al., 1976; Zetterberg et d., 1985). Quiescence is the result of
altered gene expression in response to a lack of mitogenic signaling or the stimulation of
anti-growth signaling (Polyak et al., 1994). Thus there are different stimuli which can
cause cells to enter this state of growth arrest. However it has been observed that there
are characteristic proteins which are specifically induced by the quiescent cell state, the

quiescent program if you will, and these proteins are expressed regardless of which type
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of stimulus induces the cells state (Coller et al., 2006). Thus, quiescence is characterized
by the activation and expression of proteins which are specific to the establishment and
maintenance of the Gy state (Schneider et al., 1988; Coppock et al., 1993; Coller et al.,
2006).

It has been observed that p27<'"" levels are high in quiescent cells. This is
consistent with reports documenting that p27KiIOl expression is induced in response to
conditions which cause cellular growth arrest (Polyak et al., 1994). This includes
induction conditions such as density mediated growth arrest (contact inhibition) and anti-
proliferative signaling such as Tumor Growth Factor — beta (TGF-8) signaling (Polyak et
al., 1994). It is thought that p27<"™ is involved in regulating the establishment and
maintenance of quiescent cell states until such times where cells re-enter the cell cycle. In
which case p27°"* is marked for degradation and its repressive functions mitigated. As
previously mentioned, p275""* is phosphorylated and degraded in response to mitogenic
signaling. Simultaneously Cyclin D is up-regulated in response to mitogenic signaling.
This is thought to generate antagonistic pressures which allow cells to switch between
cell cycle progression and growth arrest.

Additionally the establishment and maintenance of quiescence has been recently
tied to factors required for DNA replication. DNA replication is triggered in early S
phase by a group of proteins known as the Origin of Replication Complex (ORC)
(Sroeber et al., 2001; Blow et al., 2005). These ORC complexes, which are bound to
DNA, become activated in response to S-phase Cyclin-CDK complex activity (Sroeber et

al., 2001; Blow et al., 2005). CDCE6 is a protein which acts as an activation factor for
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ORC and is required for “firing” of ORC complexes (Blow et al., 2005). This activation
isacritical initiating event for DNA replication (Blow et al., 2005). Following this firing,
CDCE6 is phosphorylated by late S-phase/G2 phase Cyclins causing it to become localized
to the cytoplasm and degraded (Blow et al., 2005). This inactivation step is key in
ensuring that only one round of DNA replication is initiated. In quiescent cells it is
observed that CDC6 is down regulated (Madine et a., 2000; Stoeber et al., 2001; Eward
et a., 2004; Kingsbury et al., 2005). This down regulation is more severe with longer
guiescence times (Eward et a., 2004; Kingsbury et a., 2005). This repression is thought
to contribute to the additional time required by quiescent cells to re-enter the cell cycle
(Madine et al., 2000; Stoeber et al., 2001; Eward et al., 2004; Kingsbury et al., 2005).
Furthermore, serum stimulation has been shown to stabilize CDC6 by direct
phosphorylation by Cyclin E-CDK2 (Mailand et al., 2005). This mechanism has been
proposed to be involved in returning cells to a proliferative state upon mitogenic
stimulation. Although more work is required to decipher the finer details of CDC6
involvement in quiescence, it would appear that regulation of DNA replication activators
is one method employed by quiescent cells in order to establish a non-proliferative cell
state.

Thus both transcriptional and post-translational regulatory mechanisms are
involved in the generation of a quiescent cell state. Some genes which are expressed
solely in a quiescent cell state can be used as markers for quiescence. These genes are
often referred to as Growth Arrest Specific (GAS) genes (Schneider et al., 1988; Fornace

et al., 1989; Coppock et al.,1993; ). The exact function of many different GAS genes is
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poorly understood. However some of these genes have high affinity for lipids, are
involved in repressing DNA synthesis, are proteins which regulate proliferation/survival,
or proteins which enhance the cellular response to mitogens.
1.5 p20K

By studying GAS genes one can gain a better understanding of the mechanisms
involved in regulating a quiescent cell state. One such GAS gene which has been well
characterized in Chicken Embryonic Fibroblasts (CEFs) is p20K. p20K is also known as
Extracellular Fatty Acid binding protein (Ex-FABP), Protein Ch21, and Quiescence-
Specific-Protein. It is a member of the lipocalin family of proteins (Cancedda et al.,
1990). Typically this family is composed of extracellular proteins which have high
affinity for hydrophobic molecules such as fatty acids (Akerstrom et al., 2000). In the
case of p20K, reports indicate a preferential binding to long chain unsaturated fatty acids
such as linoleic acid, oleic acid, and archidonic acid (Cancedda et al., 1996).
Furthermore, it has been implicated in bone development, cartilage development, heart
development, myocyte development, inflammatory responses, and cell survival
(Cancedda et al., 1988; Cancedda et al., 1990; Gentili et al., 1998; Cancedda et al.,
Cermelli et al., 2000; Di Marco et al., 2003; Gentili et al., 2005). Although perturbation
of p20K has been shown to affect all of these processes, its functional role is still unclear.
This 20kDa protein is shown to be a marker of quiescence and is thus a GAS gene. By
using p20K expression as a model to study the regulation of GAS genes one can gain a

better understanding of how cells regulate and establish a quiescent cell state.
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p20K was originally discovered as a protein which was synthesized in response to
cells entering quiescence as a result of high density (Bédard et al., 1987). It was further
observed that p20K was repressed in conditions where cells were actively dividing
(cycling), was stimulated with growth factors/insulin, or was transformed using an
oncogenic form of Src (Bédard et al., 1987; Bédard et al., 1989). Additionally it was
discovered that p20K is regulated transcriptionally in response to conditions inducing
growth arrest (Bédard et al., 1989).
1.6 QRU

The transcriptional regulation of p20K suggested that the promoter region of this
gene plays arole in the regulation of the gene expression in response to conditions which
induce growth arrest. Thus, in 1993, through a series of promoter dissection experiments
it was observed that a 48 bp fragment of the p20K promoter was responsible for
activation of p20K in response to quiescence inducing events (Mao et al., 1993). This
region spans from -217 to -169 bp from the transcriptional start site (Mao et al., 1993). It
was thereafter called the Quiescence Responsive Unit (QRU) (Mao et al., 1993). The
QRU has been demonstrated to confer activation in response to growth arresting inducing
stimuli including serum starvation, contact inhibition, and hypoxia (Mao et a., 1993; Ben
Fielding and Romita Ghosh (Unpublished Results)). A schematic representation of p20K
and upstream promoter regions are depicted in Figure 3.
1.7 C/IEBP-B

Although it was clearly demonstrated that the QRU was required for expression of

p20K and possibly other GAS genes, it was unknown what trans-acting factors bind to
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this element and regulate its activation. Until 1999 these trans-acting activators remained
elusive. It was in this year that Kim et al. demonstrated that C/EBP-3 binds directly to the

QRU and is responsible for p20K gene expression in response to quiescent cell states

(Kimet al., 1999).
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CTCCTCAGGGCTTGCAACACTTTCCTCTTTCCGTAAGCGTCTGTTTAC
GAGGAGTCCCGAACGTTGTGARAGGAGAAAGGCATTCGCAGACARATG

Figure 3: A schematic representation of the p20K gene and its promoter
region. The promoter of p20K consist of a TATA box at the -24 bp region and a
quiescence responsive unit (QRU) which spans from -217 to -169 bp of upstream
of the transcriptional start site. The QRU is bound by C/EBP-B at the sites
depicted in the figure. The binding of C/EBP-B is required for the transcriptional
activation of p20k. Furthermore, putative ERK2 binding sites in the QRU are also
shown.
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The CCAAT/enhancer-binding protein (C/EBP) group of proteins is a family of
transcription factors. This family of proteins has roles in many aspects of cell behavior,
including cell cycle progression, extracellular signaling, tissue development, cellular
differentiation, immune function, energy metabolism, adipogenesis, and viral
pathogenesis (Nerlov, 2007; Tsukada et al., 2010). This family of transcription factors
abides by the conventional structure of transcription factors. Typically family members
contain a DNA binding domain (DBD) and a transactivation domain (TAD) (Nerlov,
2007; Nerlov, 2008; Tsukada et al., 2010). The DNA binding domain consists of a
leucine zipper (ZIP) which is a region very rich in hydrophobic residues and a basic
region containing several arginine and lysine residues. In the case of the C/EBP family it
is called the basic leucine zipper domain (bZIP) (Nerlov, 2007; Nerlov, 2008; Tsukada et
al., 2010). Upon dimerization these domains form a tertiary structure such that it favors
interaction of basic residues in the bZIP domain with acidic DNA (Nerlov, 2007; Nerlov,
2008; Tsukada et al., 2010). The affinity conferred by this interaction allows C/EBP
homo and hetero-dimers to bind DNA. Differences in bZIP domain sequence and thus
structure allow for the recognition of different DNA binding sequences (Tsukada et al.,
2010). This allows for different homo and hetero-dimers of the C/EBP family to
recognize different sequences of DNA based on which dimers have been formed
(Tsukada et a., 2010). The transactivation domain promotes gene transcription by means
of interaction with other protein complexes which ultimately recruit and activate gene
transcription (Nerlov, 2007; Nerlov, 2008; Tsukada et al., 2010). There are 6 genes in the

C/EBP family: C/EBP-0, C/EBP-B, C/EBP —y, C/EBP-§, C/EBP-¢, and C/EBP-( (Nerlov,
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2007; Nerlov, 2008; Tsukada et al., 2010). The expression profile of these genes varies
greatly from tissue to tissue (Nerlov, 2007; Nerlov, 2008; Tsukada et al., 2010). These
family members are capable of forming homo or hetero-dimers with one another.
Furthermore, individual proteins can associate with other bZIP harboring transcription
factors (Tsukada et al., 2010). This allows for very diverse regulation of the C/EBP
factors and the resulting outcome of genes which become enhanced / repressed in
response to simuli (Tsukada et a., 2010).

C/EBP-a and C/EBP-f are the best studied genes of the family. C/EBP- itself
has 3 isoforms. Liver Activating Protein (LAP) (p33), LAP* (p38), and Liver Inhibitory
Protein (LI1P)(p20) (Descombes et al., 1990; Descombes et al., 1991). As the names
suggest, LAP and LAP* are activating isoforms of C/EBP-f, as they contain full TADs
(Descombes et al., 1990). LIP is a short isoform which contains a bZIP domain and thus
is capable of dimerization (Descombes et al., 1991). However since LIP lacks a TAD,
LIP containing complexes are inactive in transcriptional activation (Descombes et al.,
1991). In this manner LIP can act as a suppressor of LAP and LAP* by acting like a
dominant negative mutant protein which sequesters activating isoforms away from
C/EBP-B binding sites (Descombes et al., 1991). C/EBP- was originally discovered as a
protein which binds to the promoter of Interleukin-6 (IL-6) and activates its expression in
response to Interleukin-1 (IL-1) stimulation (Akira et al., 1990). Since then it has been
demonstrated that C/EBP-3 acts as an activation factor to several genes involved in
numerous cellular processes. These include genes such as IL-8, IL-1, Tumor Necrosis

Factor-a (TNF-a), granulocyte colony stimulating factor (G-CSF), al-acid glycoprotein,
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a2-microglobulin, and C-reactive protein, to name afew (Akiraet al., 1997). The diverse
and numerous targets of C/EBP-f are the result of context dependent signals and
interaction with other transcription factors in response to signaling events. Levels of
C/EBP-3 are observed as remaining fairly stable; however there are events which can
trigger a mild increase in expression (Akira et al., 1990). This includes signaling cues
such as cytokine and glucose stimulation (Akira et a., 1990). Other signaling events can
act to increase the transcriptional activation activity of C/EBP-B by increasing DNA
binding affinity (Poli et a, 1990; Roy et al., 2000). Much of this activity is regulated by
post-translational modifications, namely phosphorylation by several protein kinases. This
includes protein kinase A (PKA), protein kinase C (PKC), RSK (Trautwein et al., 1993;
Buck et al., 1999; Buck et a., 2001). Furthermore it has been demonstrated that ERK1/2
directly phosphorylate C/EBP-f resulting in significantly increased transactivation
potential (Nakajima et al, 1993; Hanlon et al., Hu et al., 2001). This phosphorylation by
ERK1/2 has been shown to be critical for activation of several C/EBP-B mediated
responses (Nakajima et al, 1993; Hanlon et al., Hu et al., 2001; Cloutier et al., 2009).
C/EBP-B homo-dimers bind to the consensus DNA sequenceof TT/IGNNGNA A C/T
(Ryden et al., 1989; Osada et al., 1996). Here the doublet Adenosines and the central
Guanine seem to be the most critical determinants for binding affinity. Several studies
indicate that C/EBP-B homo-dimers are able to bind sequences that slightly deviate from
the described consensus (Mahony et al., 2007; Tsukada et al., 2011). C/EBP-B is also
capable of forming hetero-dimers with other bZIP superfamily transcription factors. This

includes members of the CREB/ATF family which are involved in stress response
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(Newman et al., 2003). This adds an increased element of regulation, by increasing the
activating potential of C/EBP-f for other genes based on which hetero-dimers are formed
(Tsukada et al., 2011). Furthermore, C/EBP- is capable of forming hetero-dimers with
C/EBP-C (CHOP10) (Ron et a., 1992). Hetero-dimerization of C/EBP-f and CHOP10
causes loss of binding affinity for the C/EBP-B consensus site (Ron et al., 1992). In this
fashion, CHOP10 acts as a negative regulator of C/EBP-B, by generating C/EBP
complexes which are unable to bind to promoter activation elements (Ron et al., 1992).
C/EBP-f plays a prominent role in mediating interferon gamma (IFN-y) signaling.
Canonically, IFN-y signaling response genes are activated by Janus tyrosine kinase (JAK)
— Signal Transducer and Activator of Transcription (STAT) signaling pathways (Stark et
al., 1998; Li et a., 2007). In this signaling pathway IFN-y binds to its ligand receptors
which activate JAK1 and JAK2 signaling kinases (Stark et a., 1998; Li et a., 2007). This
activation event facilitates the phosphorylation of STAT1 by JAK1 and JAK2 (Stark et
al., 1998; Li et al., 2007; Shuai et al., 1993). Phosphorylated STAT1 now forms active
homo-dimers, migrates to the nucleus, binds to promoter regions of | FN-y induced genes,
and activates transcription (Stark et al., 1998; Li et al., 2007; Shuai et al., 1993). Most
IFN-y induced genes are transcriptionally activated in this manner. A sub-set of IFN-y
induced genes are under the control of Gamma Activated Transcription Elements (GATE
elements) (Roy et al., 2000). These 5° proximal promoter elements are involved in the
induction of gene expression in response to IFN-y stimulation (Roy et al., 2000). It was
found that C/EBP-B binds to GATE elements and activates transcription in an IFN-y

signal dependent manner (Roy et al., 2000; Xiao et a., 2001). This was mediated by
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C/EBP-3 consensus binding motifs within GATE elements (Roy et al., 2000; Xiao et al.,
2001). Furthermore, it was shown that this C/EBP-B driven response requires activation
by ERK1/2 and that the ERK1/2 signaling cascade is involved in the IFN-y response
(Favata et al., 1998; Roy et a., 2002; Meng et a., 2005).
1.8 Control of GAS gene expression by C/EBP-§

It is now a well established fact that C/EBP-$ plays a role in the activation of
GAS genes. As previously mentioned, p20K is a growth arrest specific gene, induced in
conditions of contact inhibition and serum deprivation. Furthermore, this induction
occurs at the transcriptional level and is dependent on the QRU. In 1999 Kim et al.
demonstrated that this transcriptional activation was mediated by C/EBP-p. C/EBP-f
binds to 2 distinct sites in the QRU, in a quiescent state dependent manner (Kim et al.,
1999). These binding sites conform to the consensus sequence of C/EBP-$ with slight
deviation (Kim et al., 1999). Disruption of the C/EBP-§ binding sites in the QRU or
disruption of C/EBP-B levels /activity causes p20K expression to be abolished (Kim et
al., 1999). C/EBP-J itself is a very rare protein in CEFs (Kim et al., 1999). Albeit there is
amild induction of C/EBP-p in a quiescent cell state, the expression levels of this protein
remain relatively low (Kim et al., 1999). This induction suggests that C/EBP-f is a GAS
gene itself (Kim et al., 1999). Thus the regulation of C/EBP-f plays a strong role in the
whether p20K is expressed. As illustrated above, C/EBP-f has context dependent
activation. It isinvolved in numerous processes and is regulated in several different ways.
An example of this context dependent activation in CEFs is the role of C/EBP-§ in

growth arrested vs. proliferative cells (Gagliardi et al., 2003). In normal CEFs, C/EBP-j

30



MSc Thesis- M. Athar McMaster University - Biology

represses activities associated with proliferation (Gagliardi et al., 2003). However in
transformed or actively dividing CEFs, C/EBP-B potentiates processes associated with
tumorigenicity (Gagliardi et al., 2003). This begs the question, what is it about growth
arrested states that confer this particular behavior of C/EBP-$ at the QRU? How does
mitogenic stimulation cause repression of C/EBP-3 dependent GAS genes and how is
C/EBP-B specificity in gene activation controlled?
1.9 ERK2 asatranscriptional repressor

As previously described, ERK2 is a well established modulator of several
transcriptional  activators and repressors. Until 2009 it was thought that any
transcriptional repression observed in response to ERK2 activation was the result of its
kinase activity. However, in 2009 Hu et al. demonstrated that ERK2 functions also by
direct interaction with DNA, acting as a transcriptional repressor (Hu et al., 2009). This
study involved using a high throughput proteomics approach to probe the whole human
DNA-protein interactome. It resulted in the profiling of 17718 direct DNA-protein
interactions with 460 distinct DNA motifs (Hu et al., 2009). Many of these interactions
were known or expected (Hu et a., 2009). However, an unanticipated result was the
direct binding of ERK2 to a consensus DNA sequence (G/C A A A G/C), which will be
referred to as a ERK2 binding site (EBS) from here onwards (Hu et al., 2009). In this
study it was demonstrated that ERK2 binds directly to the EBS sequence (Hu et al.,
2009). This binding is dependent on the newly characterized DNA binding domain of
ERK?2, which roughly spans amino acids 259-277 (Hu et al., 2009). Furthermore DNA

binding activity of ERK2 is distinct from its kinase activity, i.e. ERK2 does not need to
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be capable of kinase activity in order to bind DNA directly (Hu et al., 2009). Additionally
Hu et a. demonstrated that ERK2 plays a physiological role in response to IFN-y
signaling (Hu et al., 2009). As previously mentioned, IFN-y causes the induction of
several genes. This induction is dependent on activation by C/EBP-f binding to GATE
elements in the promoter region of these genes. Hu et al. observed that there were ERK2
consensus binding sites embedded in the GATE elements (Hu et al., 2009). There were
typically two ERK2 binding sites positioned a few nucleotides apart in most of the
observed GATE elements (Hu et a., 2009). Based on this observation they conducted
experiments illustrating that ERK2 binds directly to EBS within the GATE elements of
several IFN-y induced genes (Hu et a., 2009). Furthermore, the binding of ERK2
conferred transcriptional repression (Hu et al., 2009). The model proposed by thiswork is
that ERK2 maintains transcriptional repression of GATE element-regulated genes in
basal conditions (Hu et al., 2009). However, C/EBP-f is phosphorylated and activated by
ERK2 in response to certain stimuli such as cytokine stimulation (Roy et al., 2002). This
activated C/EBP-B is able to remove ERK2 mediated repression and thereby induce
transcriptional activation (Hu et al., 2009). As nuclear ERK2 levels increase, C/EBP- is
removed from GATE elements and transcriptional repression by ERK2 isreinstated, in a
negative feedback fashion (Hu et al., 2009). Crosstalk between C/EBP-f and ERK2
explains the observed dynamics seen in GATE elements and is thought to underlie the

regulation of IFN-y singling response.
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1.10 Rationale

Preliminary studies suggested that CHOP10 plays a repressive role at the QRU
(Shi Yan (Unpublished Results)). It has been observed that in states where CHOP10 is
down-regulated, there is increased formation of C/EBP-B homo-dimers, which results in
the activation of p20K. Along these lines, knockdown of CHOP10 by shRNA results in
super-induction and prolonged expression of p20K during serum starvation. However,
depletion of CHOP10 did not result in induction of p20K in cycling cells. Therefore, we
hypothesize that an additional control mechanism operates to block the expression of
p20K in actively dividing cells.

In 2009, it was shown that ERK2 binds directly to a DNA consensus motif (Hu et
al., 2009). These motifs consist of a direct repeat of a 5 basepair sequence, which is
referred to as ERK2 binding sites (EBS) (Hu et al., 2009). Interestingly, a potential ERK2
binding motif is also present in the p20K QRU. In this context, EBS are nested in
between and slightly overlapping the two C/EBP- binding sites, which are required for
activation of the p20K promoter in growth arrested cells. These binding sites are depicted
in Figure 3. This observation suggests that ERK2 binds to the QRU and therefore may
compete with C/EBP- or function as a transcriptional repressor.

In this project, we investigate the potential role of ERK2 as a DNA binding

protein and transcriptional repressor of the QRU during proliferative cell states.
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1.11 Objectives

The primary objective of this project was to characterize the potential interaction
of ERK2 with the QRU and determine the role of this kinase in the regulation of the
p20K promoter.

In order to determine if ERK2 was playing arole at the QRU we first examined
whether ERK?2 interacted with the QRU directly, and if so whether this interaction was
regulated. This was primarily addressed by Chromatin Immunoprecipitation assays
(ChIP) analysis.

Finally, | sought to examinetherole of ERK2 in the control of the p20K
promoter by forced expression of ERK2 in combination with transient expression assays.
This involved utilizing p20K promoter reporter constructs which either lacked or
contained QRU regions. In doing so any influence of ERK2 on the promoter activity of

p20K would be observed.
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Chapter 2: Methods

2.1 Céll culture

Chicken Embryonic Fibroblasts (CEFs) were cultured in high glucose DMEM
(Gibco #11995) supplemented with 5% heat inactivated cosmic calf serum (Hyclone
#AUA33984), 5% Tryptose Phosphate Broth (Sigma #T78782), 1%
penicillin/streptomycin (Gibco #15140) and 1% L-Glutamine (Gibco #25030). Culture
conditions for these CEFs were 41.5°C and 5% medical grade CO». These cells were split
every 2-3 days into 10 cm plates (BD Falcon #353003) using 0.05% Trypsin-EDTA
(Gibco #25300) at 1:3 dilutions. Cells were generally used for 10 passages at which point
they were discarded and fresh cells were thawed.
2.2 SDS-PAGE and Western Blotting

2.2.1 Céll culture conditions

CEFs used for western blotting analysis were in either contact inhibited or cycling
cell states. Contact inhibited cells were split 1:3 72 hours prior to harvesting. Cycling
cells were split 1:3 40 hours prior to harvesting. Contact inhibited plates had media
changed at the same time as the cycling cell plates were split. This was to avoid bias
created by serum stimulation and to avoid acidosis. Cells which were to be grown in
hypoxic conditions were split 1:3 and left overnight to attach and recover for cycling cell
states. Following this overnight incubation cells were placed into a hypoxic chamber set
at 2% O for 24 h, after which they were harvested. The hypoxic chamber used for these
experiments was calibrated prior to use. Normoxic cells used in parallel to hypoxic

experiments were split at the same time but were left in a normal incubator (21% O,)
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overnight and then during the entire 24 h duration as well, after which they were
harvested. Cells were inspected visually to ensure that they were either contact inhibited
or cycling prior to harvest.

2.2.2 Cdll lysate preparation

Once cells had been incubated in appropriate conditions for the designated period
of time cells were collected. This was done by washing cells with 10mL of 1xPBS pH 7.4
(137 mM NaCl, 2.7 mM KCI, 4.3 mM NaHPO,, 1.47 mM KH2PO,) twice. Cells were
then lysed directly on the plate using 300uL of 1x SDS Sample Buffer (2% SDS, 10%
glycerol, 5% B-mercaptoethanol, 60 mM Tris pH 6.8, Halt protease and phosphatase
inhibitor cocktail (Halt — #78441)). Cell lysate was scraped off the plate, collected and
heated at 100°C for 5 min. Samples were then vortexed for 10 sec and centrifuged at
maximum speed (16000 x g) for 10 min at 4°C, to pellet cellular debris. The supernatant
was transferred to a new microcentrifuge tube and lysates were stored a -80°C until they
were used.

2.2.3 SDS-PAGE and Western Blotting

Samples were thawed on ice and protein concentration was determined using a
Bradford Assay. One hundred micrograms of protein lysate was aliquotted for each
sample and volumes of each sample were normalized to the lowest concentration sample.
These sample were then resolved on a 12% SDS-polyacrylamide gel. Gels were
transferred to a nitrocellulose membrane (Mandel Scientific). Membranes were blocked
with milk solution (5% skim milk powder, 0.02% Na azide, dissolved in 1IXTBS pH 7.6

(50 mM Tris-HCI, 150 mM NaCl) for 1 hour a room temperature. Blots were incubated

36



MSc Thesis- M. Athar McMaster University - Biology

in their respective primary antibodies in blocking buffer over night at 4°C. The antibodies
used were: rabbit a-p20K (1:2000 dilution), rabbit a-ERK1 (1:1000 dilution, Santa Cruz
#sc-94), and mouse a-ERK2 (1:2000 dilution, Millipore #05-157 clone 1B3B9). After
primary antibody incubations blots were washed four times with 1 x TBS pH 7.6 and
incubated with their respective secondary antibodies for 1.5 hours in 5% milk solution
(5% skim milk powder in 1 x TBS pH 7.6). The secondary antibodies used were: HPR
conjugated o-Rabbit 1gG (1:10000 dilution, Cell signaling #7074), and HPR-conjugated
a-Mouse 1gG (1:10000 dilution, Cell signaling #7076). Following secondary antibody
incubations, blots were washed in 1 x TBS four times. Detection was then carried out
using ECL (Pierce Thermo #32106) and hyperfilm (GE Healthcare #28906839)
following the manufacturer’s protocol.
2.3 EMSA Analysis

2.3.1 Cdll culture conditions

CEFs used for Electromobility Shift Assay (EMSA) analysis were in either
contact inhibited or cycling cell states. Contact inhibited cells were split 1:3 72 hours
prior to harvesting. Cycling cells were split 1:3 16 hours prior to harvesting. Contact
inhibited plates had media changed at the same time as the cycling cell plates were split.
Thiswasto avoid bias created by serum stimulation and to avoid acidosis.

2.3.2 Nuclear extract preparation

Cells were harvested for nuclear lysate which was to be used for interaction
reactions with labeled probe. This was done by allowing cells to complete the designated

time period for their respective incubations. Cells were inspected visually to ensure that
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they were either contact inhibited or cycling prior to harvest. Nuclear lysate was prepared
by scraping cells from plates in 1 x PBS. The cytoplasmic fraction was removed by
resuspending cells in 400uL of cytoplasmic lysis buffer (10 mM HEPES pH 7.9, 10 mM
KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, and Halt protease and phosphatase
inhibitor cocktail). This resuspension was incubated on ice for 15 min at which time 25
uL of 10% NP-40 was added and samples vortexed for 10s. Nuclei were pelleted in a
microcentrifuge at 11,000 x g for 3 min at 4C . Nuclei were then solublized in 50 uL of
nuclear extraction buffer (20 mM HEPES pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM
EGTA, 1 mM DTT, and Halt protease and phosphatase inhibitor cocktail). This
resuspension was incubated on ice for 15 min, shaking vigoroudly. Insoluble debris was
removed by centrifugation at 16,000 x g for 5 min. The supernatant was transferred to a
new microcentrifuge tube. Protein concentration was then determined using Bradford
assays and nuclear extracts were diluted to 2 pg/uL.. Ten microgram aliquots were then
frozen at -80°C until use.
2.3.3 Praobe generation and labeling

Fragments corresponding to -200 to -179 bp region of the QRU were generated
by ordering oligonucleotides which correspond to the sense and anti-sense sequence of
this region. These fragments had Hindl Il restriction sites placed on the ends of the coding
region in case cloning into a vector was later required. For the ERK2 binding site mutant
QRU probe, oligonucleotides for WT QRU was altered such that one of the alanines in
the center triplet of the ERK2 consensus motif was mutated. In this case both ERK?2

binding sites were mutated. This mutation was mindful of neighboring C/EBP- binding
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sites and these binding sites remained intact. The sequences for these oligonucleotides are
as follows:
WT QRU F: AGCTTACACTTTCCTCTTTCCGTAAGCT,
WT QRU R: GCTTACGGAAAGAGGAAAGTGTAAGCT,
EBS Double Mutant QRU F: AGCTTACACTGTCCTCGTTCCGTAAGCT,
and EBS Double Mutant QRU R: AGCTTACGGAACGAGGACAGTGTAAGCT.
Refer to Figure 7 for a schematic representation of these probes. EBS mutant QRU
probes where a single ERK2 binding site was mutated were also ordered, however these
oligonucleotides have not been used as of yet. Oligonucleotides were ordered from
Mobix. Upon arrival these oligonucleotides were diluted to 100 mM and stored at -20°C.
In order to form duplex QRU probes for EMSA these single stranded oligonucleotides
were biotin labeled using a 3' end Biotin labeling kit (Pierce Thermo #89818). This was
done according to the manufacturer's protocol. Following biotin end labeling,
complementary oligonucleotides were annealed by mixing equal volume of single
stranded complementary oligonucleotides into a single solution. This was then heated to
90°C for 1 min and allowed to cool slowly to room temperature. Once cooled the reaction
was frozen and stored at -20°C until use.

2.3.4 Interaction reactions

Labeled probe and nuclear protein extract were incubated together in order to
assess whether any complexes would form. This interaction reaction was conducted by
adding 2 pg of poly dI-dC, 2 pg of nuclear protein extract, and 200 fmol of probe to al x

interaction buffer (25 mM HEPES pH 7.5, 50 mM KGlu, 0.1% Triton X-100, 2 mM
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MgAcC,, 5% glycerol, 3 mM DTT, and Halt protease and phosphatase inhibitor cocktail)
for afinal reaction volume of 20 uL. The reaction was conducted at room temperature for
30 min and loaded on to a non-denaturing polyacrylamide gel.

2.3.5PAGE and detection

Completed reactions were loaded onto a prerun 4.8% non-denaturing
polyacrylamide gel. Thiswas then run in 0.5 x TBE (10x = 121.1g Tris, 55g Boric Acid,
7.4g EDTA (Sodium salt)) at 4°C. A mock sample containing bromophenol blue was
loaded beside actual reactions. Once the dye ran approximately 2/3 of the gel,
electrophoresis was stopped and the gel was then transferred onto a nylon membrane
(Schleicher & Schell Bioscience) in 0.5 x TBE. Following transfer, the membrane was
crosslinked using a 312 nm UV lamp for 10 min. Detection was then carried out using a
HPR-conjugated streptavidin Chemiluminescent kit (Peirce Thermo #89880) and
hyperfilm (GE Healthcare #28906839). This was done according to the manufacturer’s
protocol with the exception that washes in between blocking and binding steps were
increased in duration by three fold.
2.4 ChlP Analysis

2.4.1 Cdl culturing conditions

CEFs used for ChIP analysis were in either contact inhibited or cycling cell states.
Contact inhibited cells were split 1:3 72 hours prior to harvesting. Cycling cells were split
1:3 40 hours prior to harvesting. Contact inhibited plates had media changed at the same
time as the cycling cell plates were split. This was to avoid bias created by serum

stimulation and to avoid acidosis. Cells which were to be grown in hypoxic conditions
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were split 1:3 and left overnight to attach and recover for cycling cell states. Following
this overnight incubation cells were placed into a hypoxic chamber set at 2% O, for 24h,
after which they were harvested. The hypoxic chamber used for these experiments was
calibrated prior to use. Normoxic cells used in parallel to hypoxic experiments were split
at the same time but were left in a normal incubator (21% O5) overnight and then during
the entire 24 h duration as well, after which they were harvested. Cells were inspected
visually to ensure that they were either contact inhibited or cycling prior to harvest. These
cellswere then all harvested at roughly the same time.

2.4.2 ChIP lysate preparation

Once samples had undergone their designated experimental conditions, cells were
fixed using 1% formaldehyde for 10 min. Excess formaldehyde was quenched using 10 x
glycine (1.25 M glycine). Cells were then washed twice with 10 mL of cold 1 x PBS and
harvested by scraping in 1 x PBS. Cell pellets were resuspended in 1 mL of SDS Lysis
Buffer (1 % SDS, 10 mM EDTA, 50 mM Tris pH 8.1, Halt protease and phosphatase
inhibitor cocktail). Lysates were stored at -80°C.

2.4.3 Immunoprecipitations, Washes, and DNA Purification

Lysates were thawed on ice. Four hundred microliters of the original lysate was
used per immunoprecipitation (IP). These 400ul aliquots were sonicated using an
inverted cup horn sonicator. The sonication conditions are as follows: set to 50% output,
for a total of 6 minutes, in 20 second pulses of sonication /rest. Samples were then
centrifuged at maximum speed to remove insoluble debris. The entire 400 puL. sample was

then pre-cleared using blocked Protein A beads (Millipore #16-757). Afterwards these
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beads were removed and discarded. Samples were diluted to 1mL final volume using
ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-
HCL pH 8.1, 167 mM NaCl, Halt protease and phosphatase inhibitor cocktail). At this
point a 10 uL pre-immune input sample was taken, and the remainder of sample was
divided into two immunoprecipitations: an 1gG IP control and an experimental 1P sample
(=500 pL each). Experimental immunoprecipitations were conducted using the following
antibodies: mouse a-ERK2 (4 pg, Millipore #05-157 clone 1B3B9) or rabbit a-ERK1 (4
ng, Santa Cruz #sc-94). IgG IP controls contains 4 pg of their respective host’s IgG. The
IP's were diluted further to a tota volume of 1 mL. Once antibody was added
immunoprecipitations were conducted overnight at 4°C with constant rotation. Following
this incubation antibody complexes were pulled down using blocked Protein A beads for
1 h. During this 1 h incubation 2 pg of rabbit a-mouse 1gG (Jackson |mmunoresearch
#315-005-003) was added to all samples to increase mouse antibody affinity for Protein
A beads. After this incubation bound antibody — protein — DNA complexes were pulled
down with Protein A beads using centrifugation.

These beads and bound complexes were then placed through a series of washes:
once with low salt immune complex wash buffer (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris-HCI pH 8.1, 150 mM NaCl), once with high salt immune complex
wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI pH 8.1, 500
mM NaCl), once with LiCl immune complex wash buffer (0.25 M LiCl, 1% NP-40, 1%
deoxycholic acid (sodium salt), 1 mM EDTA, 10 mM TrissHCI pH 8.1), and twice with

TE Buffer (10 mM TrissHCI, 1 mM EDTA pH 8.0). All wash solutions were 4°C. All
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sample washes used 1mL of wash solution and were incubated on a nutator for 5 min,
after which beads were pelleted by centrifugation and subjected to the next wash.

Following these washes, bound complexes were eluted using 100 pL of elution
buffer (0.1IM NaHCOs;, 0.005% SDS) incubated at room temperature for 15 minutes.
Beads were pelleted using centrifugation, after which the supernatant was transferred to a
new microcentrifuge tube. This elution was repeated once more and elution fractions
were combined. These samples were then de-crosslinked over night at 65°C. Following
this incubation samples were subjected to RNA digestion using RNase A and protein
degradation using Proteinase K. DNA was ethanol precipitated, pelleted, and resuspended
in20 uL 1 x TE buffer.

2.4.4 PCR Amplification of Purified DNA

PCR reactions were used to assess whether the QRU was immunoprecipitated.
This entailed using ChIP purified DNA as template DNA for PCR reactions. Primers
against the p20K promoter region carrying the QRU were used in order to amplify any
QRU bearing genomic DNA which may have been pulled down. In addition to a PCR
reaction which amplifies the QRU, a reaction containing p20K intron primers was also
conducted in parallel to ensure that the QRU specifically was purified. Thus, there were 3
samples for every primer set: a pre-immune control IP, an IgG control, and an
experimental 1P, all three of which were done in duplicate; once for the p20K intron and
once with the QRU. PCR reactions were conducted using GoTaq Green PCR mix
(Promega #M712B). A typical PCR reaction was composed of 12.5 uL of 2x GoTaq

Green PCR Mix, 0.25-1 pL template DNA (ChIP purified DNA), and 1 mM forward and
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reverse primers. These PCR reactions were brought to a final volume of 25 pl and
subjected to amplification. p20K intron primers were used at 2 mM concentration
because better amplification was observed. The PCR program used was as follows: 94°C
for 5 min, (94°C for 30 sec, 55°C for 30 sec, 72°C for 35 sec) x 15 cycles, after the first
15 cycles the elongation time increases by 5 sec every cycle to atotal of 40 cycles, 72°C
for 10 min, 4°C until samples are removed. Following amplification PCR reactions were
resolved using agarose gel electrophoresis. This was then subjected to visualization using
ethidium bromide and a UV transilluminator.
2.5 Immunopr ecipitations

I mmunoprecipitation experiments were performed as a control to illustrate that
both ERK1 and ERK2 antibodies were capable of immunoprecipitation. Here cells were
fixed, collected, lysed, and sonicated as described in the Chl P section. Following this the
lysate was removed of debris, and pre-cleared with Protein A beads. A 10 pL aliquot was
taken as a pre-immune input, which was empirically 1% of the amount of protein used in
the IP. Following this; as was done for ChlP, samples were diluted to 1 mL with ChIP
dilution buffer and placed into the IP reaction overnight with either 4 ng of ERK1 or
ERK?2 antibodies. The next day, washes were conducted the exact same manner as was
done for ChIP. Fractions were eluted in a similar manner as described in the ChIP
protocol, followed by the same de-crosslinking incubation. After de-crosslinking elutions
were resuspended in 4 x Lamelli Buffer (8%  SDS, 40% Glycerol, 20% pB-
Mercaptoethanol, 0.008% Bromophenol Blue, 0.125M Tris pH 6.8) and boiled for 5 min.

Thiswas then analyzed by SDS-PAGE and western blotting as described in section 2.2.3.
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I mmunoprecipitations were blotted for with the antibody used to immunoprecipitate, thus
allowing us to gauge whether protein was being purified under ChiP conditions.
2.6 Cloning of ERK 2 overexpression vector

Mammalian ERK2 was cloned into atransient expression vector called pCAGIG.
Originally ERK2 was sent to use by the Zhu group at John Hopkins University, School of
Medicine. This was in a yeast expression vector caled pEGH-A-ERK2. Using
GATEWAY recombination based cloning ERK2 was shuttled from this yeast expression
vector into a pCAGIG which was modified with a GATEWAY Cassette cloned into the
EcoRV sites. This shuttling was done according to manufacturer’s protocol (Invitrogen).
This entailed using a BP clonase reaction in order to shuttle ERK2 (in a GATEWAY
Cassette) from pEGH-A-ERK?2 to an intermediate vector called pPDONR201. A LR
clonase reaction was then used to shuttle ERK2 to our modified destination vector
pCAGIG. This results in a vector which has ERK2 cloned into an open reading frame of
the pCAGIG vector. This vector is under the control of a CAG promoter and thus should
overexpress ERK2 in CEFs. The products of these cloning reactions were transformed
into DH5a competent cells (Invitrogen #18265-017) and grown on LB Agar with
ampicillin (100 pg/mL). This selects for positive clones only as the GATEWAY system
negatively selects for clones lacking ERK2 recombination. Resulting colonies were
inoculated and cultures were harvested for plasmid DNA using a mini-prep kit (Bio-Basic
#BS614) according to manufacturer’s protocol. The presence of ERK2 in pCAGIG was
confirmed with sequencing. Maxi-preps of this vector and the empty vector control were

conducted for transfections according to the manufacturer’s protocol (Qiagen #12163).
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2.7 Transient Expression Analysis (CAT Assays)

2.7.1 Transfections

Transient expression assays required that several different vectors be co-
transfected in different combinations. In order to do this we employed the calcium
phosphate method of transfection. Here we ethanol precipitated DNA, resuspended it in
water and precipitated it into cell growth medium using 142.2uM CaCl, and 2 x HBSP
(1.5 mM N&HPO,, 10 mM KCI, 280 mM NaCl, 12 mM Glucose, 50 mM HEPES, pH
7.12). Cells were allowed to incubate with precipitated DNA for 4 hours at which point
they were shocked with a 15% glycerol solution for 30 seconds, washed and incubated
overnight for recovery. These cells were either split the following day or had media
changed.

In the case of CAT assays we employed 2 different CAT constructs. These
constructs are depicted in Figure 13. The first construct is pJFCAT-169. This contains the
promoter region of p20K up to but excluding the QRU. The pJFCAT-217 construct
contains the promoter region of p20K up to and including the QRU. These two constructs
were transfected with pCH110. This is a vector that contains the lacZ gene under the
control of a SV40 promoter. This promoter is constitutively active and is not subject to up
regulation or down regulation based on cellular states. These constructs were also co-
transfected with either pCAGIG or pCAGIG-ERK2. The transfection reactions were set
up as follows: 10 pg of either pJFCAT-169 or pJFCAT-217, 5 pg of PCH110, 5 pg of
either pCAGIG or pCAGIG-ERK2, and 10 pg single stranded salmon sperm DNA.

Different combinations of these vectors were transfected into CEFs which were then
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grown to confluency (contact inhibited) or split such that they would be cycling at the
time of harvest. Transfections for each condition were conducted in triplicate in order to
allow for statistical analysis. All transfections were done using plasmid DNA which was
amplified in DH5a Escherichia coli and purified using a Maxi-Prep kit (Qiagen #12163).

2.7.2 Preparation of cell lysates

Cells were collected by scraping in the media in which they were grown. These
cells were pelleted and resuspended in 5 mL of TEN buffer (40 mM Tris-HCI pH 7.5, 10
mM EDTA, 150 mM NaCl). Cells were pelleted again and resuspended in 150 pL of 250
mM TrissHCI pH 8.0. These cells were then transferred to a microcentrifuge tube. In
order to lyse these cells the samples were subjected to freeze thaw cycles. This entails
freezing in adry ice methanol bath for 5 min and then heating in a 37°C water bath for 5
min. This was repeated a total of 3 times. After this, cellular debris was removed by
centrifugation at maximum speed (16000 x g) for 3 min. The supernatant (lysate) was
transferred to a new microcentrifuge tube and stored at -80°C until use.

2.7.3 Normalization of lysates

Due to the fact that individual transfections can have different transfection
efficiencies, we need to normalize the amount of lysate we use so that the level of
transfected plasmid is equal between all of our samples. This function was fulfilled by the
pCH110 plasmid. Since it has a SV40 promoter, levels are fairly consistent in different
conditions. The SV40 promoter drives expression of a lacZ gene which is then translated
into B-galactosidase. We used the level of B-galactosidase activity to normalize all of our

samples such that we account for transfection efficiency. In order to do this we conducted
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B-galactosidase assays for all of our samples. This entails generating a reaction
containing 20 pL of lysate, 211 pL of sodium phosphate buffer (0.1 M NaHPO, pH
7.3), 3 uL of 100 x Mg”* Buffer (100 mM MgCl,, 5 M B-Mercaptoethanol), and 66uL
ONPG (4 mg/mL o-nitrophenyl-p-D-galactopyranoside in Sodium Phosphate Buffer).
These reactions were incubated at 37°C for 20 min at which point they were stopped
using 500 puL of 1 M N&COs. The absorbencies at 410 nM were measured and used as a
gauge for transfection efficiencies of each sample. Lysates containing an equal level of B-
galactosidase activity were then assayed for CAT activity.

2.7.4 CAT Assay

Normalized volumes of lysate based on the results of the B-galactosidase assay
were used for each reaction. The final volume of each reaction was brought to 165 pl and
all samples were heated at 65°C for 10 min. Following this incubation 10 puL of a 1:1
mixture of acetyl-Co A (23.3 mg/mL) and C** labeled chloramphenicol (Perkin Elmer
#NEC408A250UC) was added to each reaction. These reactions were then incubated at
37°C for 30 min. Following this another 5 uL of acetyl-Co A was added and the reaction
was allowed to continue for another 30-45 min. Following this reaction, all of the C**
labeled chloramphenicol and acetylated products were extracted using 800 pl ethyl
acetate. This extracted solution was then transferred to a new microcentrifuge tube and
subjected to speed vacuum drying. Dried samples were resuspended in 20 pL of ethyl
acetate. These samples were then blotted onto a thin layer silica chromatography plate.
The different chloramphenicol species were then resolved by running this

chromatography plate in 95:5 chloroform: methanol solvent. This plate was then dried
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and exposed to a phosphor imaging screen (Molecular Dynamics) overnight. The
different unacetylated and acetylated products were quantified.

2.7.5 Quantification

Unacetylated and acetylated products were quantified using |magequant. Briefly,
this entailed getting a density report on all the species of chloramphenicol present in each
individual sample. This density report was then used to determine percentage conversion
of chloramphenicol. That is to say that the relative amount of acetylated chloramphenicol
was determined and compared to unacetylated chloramphenicol. Then the percentage
conversion (acetylted : total chloramphenicol) was calculated. The percentage conversion
for each reaction was determined. The mean was taken for each condition and the
standard error was determined for each condition as well. These values were then
graphed using Excel. Error bars represent standard error. Furthermore T-Tests were
conducted on samples we wished to compare in order to determine statistical

significance.
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Chapter 3: RESULTS

3.1 Establishment of a set of conditionsunder which potential ERK 2 transcriptional
repression can be studied

In order to establish that ERK2 acts as a transcriptional repressor for the QRU as
it does for GATE elements in interferon signaling, the conditions under which p20K is
expressed or repressed must first be established. In the case of interferon signaling it was
shown that there is basal repression of IFN-y induced genes until IFN-y signaling
molecules activate downstream signaling proteins and induce gene expression (Roy et al.,
2000; Xiao et al., 2001; Hu et al., 2009). This signaling event resulted in removal of
ERK2 mediated transcriptional repression (Hu et al., 2009). In the case of p20K it has
been previously shown that transcriptional repression occurs in proliferative cell states,
that is to say when cells are cycling (Bédard et al., 1987; Bédard & al., 1989; Mao €t al.,
1993). In contrast, CEFs arrested by contact inhibition express copious amounts of p20K
(Bédard et a., 1987; Bédard et al., 1989; Mao et a., 1993). Furthermore, preliminary
work conducted by Romita Ghosh and Ben Fielding (Bédard lab members) indicated that
p20K is also induced in response to moderate hypoxia (2% O for 24h).

In order to establish p20K expression patterns in which possible ERK2 repression
could be observed, CEFs were grown to confluency (contact inhibition) or seeded such
that they were still proliferating at the time of harvesting (cycling). This was done in
either normoxic (21% O,) or hypoxic conditions (2% O, for 24h). Cells grown under

these conditions were collected for protein lysates which were then subject to SDS-PAGE
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and western blotting analysis using a p20K specific antibody. These results are shown in

Figure 4.
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Figure 4: p20K is induced in states of growth arrest and cellular stress.
Western analysis of protein lysates from CEFs grown in normoxia (21% O,) or
hypoxia (2% O, for 24h) in either contact inhibited or cycling cell states.
I mmunoblotting was conducted using an antibody specific for p20K. ERK1 was

52



MSc Thesis- M. Athar McMaster University - Biology

In cycling samples which were grown in normoxia (a proliferative cell state),
p20K expression was virtually undetectable. However in quiescence cell states (in this
case contact inhibition induced growth arrest), there was a stark induction of p20K
expression. Additionally p20K is further induced in hypoxic conditions, in both cycling
and contact inhibited cell states. This provides a set of defined cell states and two
different inducing conditions under which to study p20K and potential ERK2 mediated
transcriptional repression.

3.2 ERK 2 interactswith the QRU in states of p20K transcriptional repression

3.2.1 Analysis of ERK 2 binding to the QRU by Elelctromobility Shift Assay

(EMSA)

Assuming that ERK2 is playing a role in inhibiting the expression of p20K in
cycling cells, we would expect that it be bound to the QRU in cycling cell states since
there is strong repression of p20K in this cell state. Particularly, it would be bound to
ERK?2 binding sites which are nested between C/EBP-f binding sites in the QRU.

The sequence of the QRU is known, thus it is not difficult to use mutational
analysis to generate QRU probes in order to assess the potential interactions of ERK2
with the QRU. This approach was used in combination with EMSA in order to assess
whether we could detect ERK2 specifically binding to the QRU. Here we generated DNA
duplex probes which either corresponded to the WT QRU sequence or mutant QRU
probes which have a single nucleotide base pair mutation in both putative ERK2 binding
sites (EBS Mutant QRU). The region used to generate these probes spans from -200 to -

179 bp from the transcriptional start site. This fragment corresponds to the region of the
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QRU which harbors both putative ERK2 binding sites, as well as a partial C/EBP-j
binding site A and a full C/EBP-B binding site B. There is a slight overlap between
C/EBP-B and ERK?2 bhinding site consensus sequences. Therefore caution was taken when
generating these mutants, such that C/EBP-f binding site sequences were not disturbed,
but ERK2 binding sites were completely abolished. A schematic representation of these
probes is depicted in Figure 5 and ERK2/C/EBP-f binding sites are illustrated in Figure
3. These WT and EBS mutant probes were then labeled with a biotin terminal transferase
and used in interaction reactions with nuclear lysates from either contact inhibited or
cycling CEFs. These interaction reactions were then subjected to non-denaturing
polyacrylamide gel electrophoresis. Once this electrophoresis was completed, migrated
probe and/or complexes were transferred onto a nylon membrane. This then allows for
the use of dsreptavadin conjugated HPR to detect any biotinylated probe, and by
association any shifts created by interacting protein complexes. This EMSA analysis is

shown in Figure 6.
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Entire QRU

CTCCTCAGGGCTTGCAACACTTTCCTCTTTCCGTAAGCGTCTGTTTAC
GAGGAGTCCCGAACGTTGTGARAAGGAGAAAGGCATTCGCAGACARAATG

WT QRU AGCTTACACTTTCCTCTTTCCGTAAGCT
TCGAATGTGAAAGGAGAAAGGCATTCGA

Probe
EBS Mutant QRU  AGCTTACACTGTCCTCGTTCCGTAAGCT
TCGAATGTGACAGGAGCAAGGCATTCGA

Probe

Figure 5: Schematic representation of WT and EBS mutant probes used for
EM SA analysis. Two different probes were used to assess whether ERK2 binds to
the QRU via the putative ERK2 binging motifs. WT QRU probe consist a duplex
DNA fragment which corresponds to -200 to -179 bp of the QRU. Another probe
was generated such that the consensus ERK2 binding motifs were destroyed by
mutating one of the alanines in the central triplet. Caution was taken in generating
these mutations such that C/EBP- binding sites were not destroyed. These probes
were then used in interaction reactions using nuclear lysate from CEFs, and were
subjected to EMSA analysis in order to detect any possible complexes.
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Figure 6: Complex formation on the EBS of the QRU. EMSA analysis of
WT QRU Probe or Probe which has had both ERK2 binding sites destroyed
with single nucleotide mutations (Mutant EBS probe). These mutations
destroy the consensus sites for ERK2 but leave the partial C/EBP- sites at the
extreme ends of the probe, intact. These probes were incubated in an
interaction reaction with nuclear lysates from either contact inhibited or
cycling CEFs. These reactions were then subject to non-denaturing gel
electrophoresis and subsequent detection procedures.
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WT QRU probes bind to a very prominent and distinct complex generating an
obvious shift. This shift occurs in both contact inhibited and cycling cell state samples.
This complex was greatly diminished when the ERK2 binding sites in the QRU were
mutated in both contact inhibited and cycling cell samples.

This EMSA analysis was ultimately unsuccessful at showing that ERK?2 binds to
the QRU in vitro. We deem this experiment unsuccessful in the sense that we did not see
any regulated difference between contact inhibited and cycling lysate samples. This
would indicate that the observed shift is not controlled by cell state. Furthermore, there is
no evidence definitively illustrating that the observed shift is an ERK2 complex. The
C/EBP-B binding site is still intact in these probes and thus the observed complex may be
a C/EBP-B containing complex, however this is unlikely. Super-shift experiments; where
we attempted to shift this observed complex using an ERK2 specific antibody, were
conducted however these experiment were un-successful at producing ERK2 antibody
bound shifts. We attribute the failure of this specific experiment to the fact that EMSA is
an in vitro approach to studying this binding event and is subject to several caveats and
technical limitations.

3.2.2 Analysis of ERK 2 binding to the QRU by Chromatin

I mmunopr ecipitation (ChlP)

Chromatin Immunoprecipitation (ChiP) analysis is a very sensitive method of
detecting DNA — protein interactions in vivo. This assay involves using an antibody to
purify DNA sequences bound by a specific protein and then using traditional DNA

analysis tools to study purified DNA directly. This in vivo approach allows us to
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determine if a protein is binding to a specific DNA sequence within cells. Thus, it is very
sensitive and is also an extremely biologically relevant method of studying DNA-protein
interactions. In order to study a potential ERK2 interaction with the QRU we employed
ChIP analysis. Briefly, this experiment entailed taking either contact inhibited or cycling
CEFs and crosslinking all DNA and proteins using formaldehyde. We then lysed these
fixed cells, sonicated the lysates to break the chromatin into approximately 200-600 bp
fragments. We removed a pre-immune input sample and placed the remainder into an
immunoprecipitation reaction with a-ERK2 antibody or 1gG (IP negative control). Once
these immunoprecipitations were completed antibody bound ERK?2 was captured using
Protein A beads. These beads were processed through a series of washes to remove
unbound and non-specific cellular matter and then de-crosslinked. The protein and RNA
was removed from these samples, leaving only DNA which was bound, and thus purified
by ERK2. These purified DNA samples were then used as template DNA in PCR
reactions using primers specific for the QRU. Thus, if ERK2 binds to the QRU we would
expect to see it being precipitated and then amplified in PCR reactions. To ensure that
only the QRU was being immunoprecipitated a parallel PCR reaction was carried out
using primers against a p20K intron sequence. This essentially acts as a specificity
control, ensuring that ERK?2 is specifically bound to the QRU and not a distant DNA site
which gets precipitated when we purify ERK2 bound sequences. By conducting this
experiment we assayed for ERK2 interacting with the QRU in conditions where p20K is

transcriptionally repressed. The results for this ChlP/PCR analysis are shown in Figure 7.
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Figure 7: ERK2 binds to the QRU in cycling but not contact inhibited cells. ChIP
analysis of contact inhibited and cycling CEFs. Lysates were immunoprecipitated using an
a-ERK2 monoclonal antibody. 1gG was used as an |IP negative control. Precipitated DNA
was used in PCR reactions containing primers which amplify the QRU. As a negative
control reactions with primers against a p20K intron were carried out in parallel to ensure
that the QRU was being specifically pulled down.
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Figure 7 clearly shows that ERK2 immnoprecipitates with the QRU in cycling
cells but not in contact inhibited cells. This strongly indicates that ERK2 interacts with
the QRU in proliferative cell states (where p20K is repressed). However in quiescent
cells states such as contact inhibition (where p20K is expressed) there is no detectable
ERK2 bound. This lends support to the notion that; like with GATE elements, ERK2
plays atranscriptional repressive role at the QRU during proliferative cell states.

In order to further substantiate this observation we conducted similar ChiP
analysis using an antibody against ERK1. This serves to demonstrate that this
phenomenon is specific to ERK2. Seeing as how Hu et a. did not observe ERK1 binding
to DNA in their proteomics study it would seem like a strong candidate for using as a
specificity control. Additionally, ERK1 lacks critical amino acids in the region analogous
to the DNA binding domain, which are present in its ERK2 counterpart. This may
mitigate ERK1’s DNA binding ability. Thus the same ChIP assay was conducted using
ERK1 and ERK?2 antibodies in parallel samples in order to IP these ERK proteins and
possibly the QRU. Similarly ChIP purified DNA samples were used in PCR reactions
which utilized QRU amplifying primers. Simultaneously, p20K intron primers were used

as anegative control. The results of this assay are in Figure 8.
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Figure 8: ERK 1 does not bind to the QRU in proliferative cell states. ChIP analysis
of contact inhibited and cycling CEFs using ERK2 or ERK1 antibodies. 1gG was used as
an IP negative control for a-Erk2 and o-Erkl. PCR reactions were carried out with
primers against the QRU. Negative control reactions with primers against a p20K intron

were carried out in parallel.
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Figure 8 illustrates that the QRU is only immunoprecipitated in cycling cells
using a-ERK2 but not by using a-ERK1. In this manner ERK1 serves as a valid negative
control for testing the physiological relevance of ERK2 binding to the QRU.
Furthermore, this abides by the results predicted by our putative model, further lending
support that this is a genuine phenomenon.

As a control experiment we ensured that both antibodies were capable of
immunoprecipitating their respective proteins under ChlIP conditions. This entails
subjecting samples to the same harvesting, immunoprecipitating, and washing conditions
as done in the actual ChiP assays. However, in this case we test whether the antibodies
are immunoprecipitating the protein of interest by subjecting the samples to western
blotting analysis following ChIP washes. In this way we can ensure that the observed
lack of ERK1 interaction with the QRU is not the results of ERK1 antibody’ s inability to
immunoprecipitated ERK1. This control immunoprecipitation assays are shown in

Figure 9.
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=———IgG Heavy Chain
IP ERK1
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IP ERK2 4 ~——ERK2

Figure 90 ERK1l and ERK2 antibodies are capable of
immunoprecipitating under ChlP conditions. Erkl and Erk2
immunoprecipitations were conducted using conditions used for ChlP assay
analysis. These samples were subject to western analysis following standard
ChIP washes. Each | P was blotted for with its respective antibody.
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Here we can clearly see that both ERK1 and ERK2 antibodies are
immunoprecipitating their respective proteins under ChlIP assay conditions. This
solidifies the results obtained in Figure 7 and 8 because any shortcoming of the antibody
in terms of immunoprecipitation can be ruled out.

3.2.3 ERK 2 bindsto the QRU in conditions of normoxia by not hypoxia

Following these results we sought to lend additional support to this phenomenon.
Thiswas done by using ChlIP analysis once again. As you may recall from Figure 4, there
isastark induction of p20k in hypoxic conditions. This implies that in hypoxia CEFs will
express p20K, even if they are cycling. Our model suggests that if ERK2 is acting as a
transcriptional repressor of the QRU we would be unable to immunoprecipitate the QRU
in hypoxic conditions, just as was the case for contact inhibited cells. Thus we conducted
an experiment using hypoxic conditions as an additional means to assess the interaction
of ERK2 with the QRU. In this experiment we utilized either contact inhibited or cycling
CEFs in normoxic (21% Oy) or hypoxic (2% O, for 24h) conditions. These cells were
then collected as was described for standard ChIP  analysis. Chromatin
immunoprecipitations were conducted using ERK2 antibody and 1gG was used as a
negative control. Purified DNA was then subject to PCR amplification using either
primers for the QRU or for a p20K intron as a negative control. The results of this

analysis are shown in Figure 10.
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Figure 10: ERK 2 does not interact with the QRU in conditions of hypoxia. ChIP
analysis of contact inhibited or cycling CEFs in normoxic and hypoxic conditions
was conducted. CEFs were grown in normoxic conditions (21% O;) or hypoxic
conditions (2% O,) and seeded such that they were contact inhibited or cycling in
either condition. Lysates were immunoprecipitated using an o-Erk2 monoclonal
antibody. 1gG was used as an | P negative control. Precipitated DNA was used in PCR
reactions where primers amplifying the QRU were utilized. Negative control
reactions with primers against a p20K intron were carried out in parallel.
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This experiment clearly demonstrates that in normoxic states ERK2 is only bound
to the QRU in cycling cells, whereas this interaction is lost in normoxic contact inhibited
cells or cells in hypoxic conditions. This datum supports that in states where p20K is
expressed, such as in response to contact inhibition or hypoxia, ERK2 is no longer
interacting with the QRU. However in states where p20K expression is repressed ERK?2
interacts with the QRU. This experiment further supports the notion that ERK2
dependent transcriptional repression at the QRU is a significant mechanism for p20K
regulation.
3.3ERK?2 actsasatranscriptional repressor of the QRU

The evidence we have presented until now has illustrated that ERK2 interacts
with the QRU in states where p20K is repressed. That isto say that in growth arrested or
hypoxic cell states p20K is expressed. Simultaneously, ERK2 has not been detected
interacting with the QRU in these quiescent cell states in vivo. Whereas in proliferative
cell states; where p20K is repressed ERK2 has been detected as being bound to the QRU
in vivo. Although this is circumstantial evidence of ERK?2 acting as a transcriptional
repression of p20K, in order to truly determine if ERK2 is functionally active at the
QRU, functional assays are required. In order to demonstrate that ERK 2 acts functionally
as a transcriptional repressor of the QRU we undertook transient expression assays in
order to investigate its functional role.

Briefly, this entailed conducting transient expression assays which utilized a
reporter gene downstream of a promoter element. Here we utilized the chloramphenicol

acetyltransferase (CAT) system. CAT is an enzyme which acetylates chloramphenicol,
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using acetyl — Coenzyme A as an acetyl donor. Expression vectors placing this gene
downstream of promoter elements can be used to control the expression of CAT. CAT
activity is directly proportional to the levels of CAT and thus the activity of the
promoters which drive its expression. Thus, this CAT system can be used to assess
whether certain promoter elements activate or repress gene expression. Different
promoter elements are tested for transcriptional activation in different conditions by
cloning these elements upstream of the CAT gene. These constructs are then transfected
in cells and CAT activity of the resulting constructs in a given condition is indicative of
promoter activation. The level of CAT activity is assessed by conducting CAT assays
with lysates which are normalized for transfection efficiency. The amount of acetylated
chloramphenicol is detected using thin layer chromatography. The percentage conversion
(acetylated species) is calculated and used to gauge activation by promoter elements in
different conditions.

Using this system, we utilized two different CAT constructs. One of these
construct contains a fragment of the p20K promoter which excludes the QRU (-169) and
the other construct contains a fragment of the p20K promoter which contains the QRU (-
217) (Marc et d., 1993). A schematic diagram of these two constructs is depicted in

Figure 11.
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Figure 11: Schematic representation of CAT constructs used to study
transcriptional repression of the QRU. The -169 CAT construct bears the
p20K promoter up to but excluding the QRU. The -217 construct bears the
entire p20K promoter region including the QRU. Both of these promoter
fragments were placed upstream of the CAT reporter gene. These constructs
were expressed in CEFs and used to assess transcriptional activation or
repression by measuring CAT activity.
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The -169 construct is missing the QRU and the -217 construct contains everything
that is present in the -169 construct in addition to the QRU. Thus, we would expect the -
169 construct to have no quiescence responsive activity. Conversely, we expect the -217
construct to be strongly induced in response to a quiescent cell state, such as contact
inhibition. Since the -217 construct contains the QRU we can use this as a tool to gauge
whether there is transcriptional repression of the QRU in response to ERK2
overexpression.

In order to assess whether ERK?2 is acting as a transcriptional repressor at the
QRU we transfected the -217 CAT construct into CEFs which were either harvested in
contact inhibited or cycling conditions. Furthermore, these -217 CAT constructs were co-
transfected with an ERK2 overexpression vector or an empty vector control.
Additionally the -169 CAT construct was used in parallel to the -217 CAT transfection as
an activation dead negative control. Thus, if ERK2 is actually acting as a transcriptional
repressor of the QRU we expect that samples where ERK2 is overexpressed to have
reduced CAT activity in comparison to -217 constructs which were co-transfected with
an empty vector control. The QRU confers quiescence dependent activation of p20K,
thus we expect strong activation in contact inhibited samples in comparison to cycling
samples. However repression by ERK?2 should be observed in both cell states. Lastly, we
expect to -169 to have virtually no transcriptional activation, as the QRU is required for
transcriptional activation of the p20K and thus CAT in this context. The results of this

transient expression assay experiment are shown in Figure 12.
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Figure 12: ERK2 acts as a transcriptional repressor of the QRU. Transient
expression assays using the CAT system were conducted in CEFs. CEFs were
transfected with either an activation dead p20K promoter construct (-169) or a QRU
bearing construct of the p20K promoter (-217). These CAT vectors were co-transfected
with either an ERK2 overexpression vector or an empty vector control. Once transfected
CEFs were seeded such that they would be contact inhibited or cycling at the time of
harvest. Lysates were normalized and CAT activity was gauged by separating acetylated
chloramphenicol by thin layer chromatography. The acetylated and non-acetylated
species were quantified and percentage conversion was calculated. This was then
normalized to the -217 — contact inhibited — empty vector control sample. Statistical
analysis confirms significance to p < 0.01. (* = p<0.01).
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Based on Figure 12 we can deduce that ERK?2 acts as a transcriptional repressor
of the QRU. This is based on the observation that in both contact inhibited and cycling
conditions there is a significant reduction in CAT activity when ERK?2 is overexpressed.
There is an observed 2.5 fold and a 2.7 fold reduction of relative CAT activity in contact
inhibited and cycling cells respectively, when ERK2 is overexpressed. These observed
reductions are statistically significant (p < 0.01). Additionally we see a strong reduction
of CAT activity between contact inhibited and cycling cells in both ERK2 overexpression
and empty vector control transfected cells. This is expected as there is induction of p20K
in contact inhibited cells and whereas p20K is repressed in cycling cells. Furthermore,
both sets of -169 constructs in both assayed conditions have minimal CAT activity. This
is expected because the activation of p20K; and thus CAT in our vectors, is dependent on
the QRU. Seeing as how -169 CAT congtructs lack the QRU, we expect to see very

minimal induction, and thus no CAT activity.
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Chapter 4: Discussion

4.1 p20K expression and transcriptional repression by ERK 2

Preliminary data suggested that CHOP10 plays a repressive role at the QRU (Shi
Yan). Here it was observed that overexpression of CHOP10 caused a decreased induction
of p20K in quiescent cells states (Shi Yan (Unpublished Results)). Furthermore,
inhibition of CHOP10 by the expression of shRNA caused super-induction of p20K in
guiescence cells states (Shi Yan (Unpublished Results)). However in these experiments
the disruption of CHOP10 never resulted in the expression of p20K in cycling cells. This
suggested the existence of an additional mechanism regulating the repression of p20K in
proliferative cells states. In 2009, it was shown that ERK2 binds to a DNA consensus
motif directly (Hu et al., 2009). These motifs usually consisted of two ERK2 binding
sites separated by 2-3 nucleotides (Hu et al., 2009). It was then that we noticed the
presence of this ERK2 binding motif nested between the C/EBP-$ binding sites of the
QRU (Fig 3). Additionally, Hu et al. demonstrated that ERK2 acts as a transcriptional
repressor a these binding sites in GATE elements, which are elements bound by C/EBP-
B/ATF hetero-dimers. Therefore, these observations suggested that ERK2 functions as a
repressor of the QRU when cells are actively dividing. Additionally, we know that
C/EBP-B can become activated by several different conditions and mediate
transcriptional induction of genes in numerous pathways (Akira et al., 1997; Tsukada et
al., 2011). Therefore, there must be additional factors and mechanisms which provide
gpecificity in the pattern of C/EBP-f dependent gene expression. One suspected

mechanism is competition of C/EBP-B and other transcription factors for binding and
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recruitment of a limited number of transactional co-activators. Another mechanism
providing specificity in the C/EBP-B dependent expression profile may thus be
transcriptional repression by ERK?2.

The rationale supporting this potential phenomenon generated a model where
ERK2 acts as a transcriptional repressor of quiescence specific genes. This mechanism
dictates that during proliferation, cells are constantly receiving and processing mitogenic
signals. This results in ERK2 activation and subsequent localization to the nucleus. Once
ERK?2 is localized to the nucleus it activates several transcription factors. One of these
transcription factors is AP-1 (Wang et al., 2011). Interestingly AP-1 plays a repressive
role of GAS genes such as p20K (Gagliardi et al., 2003). We now know that ERK2 also
acts as a transcriptional repressor via direct interaction and repression of promoter
elements (Hu et al., 2009). Thus, it would seem consistent for ERK2 to act as a
transcriptional repressor of quiescence specific genes in proliferative cell states because
ERK?2 acts as critical mediating factor for the mitogenic response. Additionally, the entry
of Gy is associated with a reduction of ERK1/2 activity and induction of C/EBP-p. A
corresponding decrease in CHOP10 levels would promote the formation of potent
C/EBP-3 homo-dimers, removal of ERK2 on the QRU, and subsequent expression of
p20K would follow.

In the experiments described in chapter 3.1 we confirmed that the quiescence
specific protein p20K was strongly induced in contact inhibited cells. However in cycling
cells, which are in a proliferative cell state, this induction was abolished. Furthermore,

there was a very strong induction of p20K in hypoxic conditions in both contact inhibited
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and cycling cells. The expression profile of p20K allowed us to predict which conditions
may harbor potential p20K repression by ERK2 and when this potential repression would
not be observed.

Hypoxic growth conditions may be a stress for cells and thus result in decreased
proliferation, which can lead to areduction in ERK1/2 activation. This questions whether
our hypoxic cycling cell samples were actually still dividing. Preliminary studies
conducted by Yudi Camacho (Bédard lab) have shown that CEFs growing in hypoxia
have no alteration to proliferation rates when compared to cells grown in normoxia. This
indicates that cycling cells growing in hypoxia are not expressing p20K due to growth
arrest per se, because these cells grow at the same rate. Rather, the observed induction of
p20K is the results of the hypoxia signaling networks activating GAS gene expression in
actively dividing and contact inhibited cells. Although it may seem counter intuitive that
agrowth arrest specific gene (p20K) is being induced in cells which are actively dividing,
preliminary studies indicate that contact inhibited cells carry a hypoxic gene expression
signature (Bart Maslikowski and Romita Ghosh (Unpublished results)). Consistently,
recent paradigm shifts in the hypoxia field support that hypoxia is a physiologically
common phenomenon, and plays a strong role in regulating cell states. This reasons that
hypoxia and growth arrest are not mutually exclusive conditions, rather they are an
intertwined signaling network.

4.2 ERK 2 bindstothe QRU in states of transcriptional repression
Through a series of DNA interaction experiments we demonstrated that ERK2 is

recruited to the QRU. Furthermore, this interaction was contingent upon proliferative cell
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states only. In nearly all cases binding of ERK2 to the QRU in a quiescent cell state was
not observed.

Although our EMSA analysis was unsuccessful, using ChIP analysis
demonstrated that ERK2 is recruited to the QRU in vivo. Furthermore, we illustrate that
this binding occurs only in conditions where p20K is transcriptionally repressed. Figure
9 clearly illustrates that ERK?2 interacts with the QRU in cycling cells but not in contact
inhibited cells. Thus, ERK2 is bound the QRU in states where p20K is repressed. This
phenomenon was further validated when a similar ChlP analysis was conducted using
hypoxic conditions. Figure 12 clearly illustrates that ERK2 binds to the QRU in cycling
cells, where p20K is repressed. However ERK2 was undetectable at the QRU contact
inhibited cells or in conditions of mild hypoxia, where there is strong induction of p20K.
These results convincingly demonstrate that ERK2 binds to the QRU in proliferative cells
states. Additionally, we used ERK1 as a control to illustrate that this phenomenon is
specific to ERK2. Due to the fact that ERK1 was not described as having any DNA
binding affinity, it isavalid control for ensuring that thisis areal phenomenon. Figure 10
illustrates that ERK2 was specifically immunoprecipitated with the QRU, but ERK1 did
not. ERK1 and 2 are very closely related. Having 83% identity and 89% similarity, one
would expect these proteins to have very similar regulations and activities. However
structural analysis by Hu et al. (2009) revealed that ERK2 includes a DNA binding
domain which is missing in ERK1. Our results further substantiate that ERK?2 is recruited
to the p20K promoter, whereas ERK1 is not. All of this ChIP analysis illustrates that

ERK?2 specifically interacts with the QRU in proliferative cell states. However this is
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only circumstantial evidence that ERK2 acts as a repressor of the QRU during conditions
where p20K expression is inhibited.
4.3 ERK 2 actsasatranscriptional repressor of the QRU

ChIP analysis provided circumstantial evidence for ERK2 playing a
transcriptional repression role at the QRU. This was deduced from the fact that ERK2
was only detected at the QRU when p20K was transcriptionally repressed. In order to
further validate this phenomenon functional evidence was required. To address this issue
we employed transient expression assays which utilized an ERK2 overexpression
approach. The results of this experiment clearly indicated that ERK2 overexpression
caused the repression of the QRU. This functional data in combination with the ChiP
analysis strongly suggest that ERK?2 acts as a transcriptional repressor of the QRU in
proliferative cell states.

These data support a model where mitogenic stimulation causes the activation of
ERK2. Once activated, ERK2 binds to the QRU and represses transcription. C/EBP-
may be inhibited by direct contact or by steric hindrance with ERK2 when it occupies the
QRU. Since C/EBP-f binding activity increased in contact inhibited CEF; as determined
by EMSA analysis, competition between C/EBP-B and ERK2 for interaction with the
QRU is a more likely mechanism for regulation control of the QRU (Kim et al., 1999).
Either way C/EBP-B is unable to activate transcription of p20K due to this mitogenic
stimulation and subsequent activation of ERK2. Once cells exit the cell cycle; either by
contact inhibition, serum starvation, external / internal signaling cues, etc., signaling

networks favor the activation of the QRU. This is in part through activation of C/EBP-3
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at the QRU. Simultaneously, mitogenic signaling pathways are dampened, implying that
nuclear ERK2 may become scarce or is regulated such that it loses efficacy as a
transcriptional repressor. This allows for the expression of quiescence specific genes such
asthe p20K. This model is depicted in Figure 13.

Originally this model was proposed as a mechanism for the observed repression
of p20K in cycling cells. Previous studies have suggested that CHOP10 plays an
important role in the regulation of p20K expression in growth arrested cell states (Shi
Y an, Romita Ghosh and Ben Fielding, Unpublished Results). However it was observed
that the down regulation of CHOP10 by shRNA did not induce the expression of p20K in
cycling cells, as was initially expected. This led us to believe that there was an additional
mechanism for p20K repression. The study conducted in 2009 by Hu et al. directed usto
the putative ERK?2 binding sites and the possibility that ERK2 may act as a repressor at
the QRU. The work presented here suggests that ERK2 binding is a significant
mechanism in the control of quiescence specific gene expression. Furthermore, this may
serve as a specificity mechanism controlling the expression profile of C/EBP-B dependent
gene activation. Indeed, v-Src leads to activation of C/EBP-J in CEFs, a process which is
required for the activity of 1L-8 during transformation (Gagliardi et al., 2001). However;
despite the activation of C/EBP-f, these conditions do not lead to p20K expression.
Interestingly, v-Src activates ERK1/2 kinases through the Ras pathway. Thus, ERK2 may
provide specificity in the pattern of C/EBP-3 dependent gene expression in proliferating
and v-Src transformed CEFs. This illustrates that p20K expression is under the control of

several regulatory mechanisms. Thus, control of quiescence specific genes is multi-
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faceted and contains redundant modes of regulation. Interestingly, ERK2 transcriptional
repression was coupled with C/EBP-3 mediated regulation of GATE elements. Here we
have shown that this same coupling exists for regulation of the QRU. Thus, this may hint
that the interplay between the ERK?2 transcriptional repressor and the C/EBP-f activator
IS a reoccurring theme in transcriptional regulation of many pathways. It also suggests
that there must be a complex feedback mechanism regulating the activation / inactivation
of these transcription factors depending on signaling cues.

There are still aspects of this model which remain unclear. Firstly, C/EBP-f is
phosphorylated and activated by ERK2 in response to certain stimuli such as IFN-y
stimulation (Roy et al., 2002). How this interaction plays a role in the regulation of the
QRU isstill unclear. It may be that ERK2 dependent phosphorylation of C/EBP-J plays a
greater role in response to mitogenic or cytokine signaling than in the case of quiescence
specific gene regulation. Interestingly, DAPK; a Ser/Thr kinase involved in apoptosis and
autophagy, is a gene product induced by IFN-y (Deiss et al., 1995, Lin et al., 2010). It
contains a GATE element in its promoter, and the induction of DAPK is dependent on
C/EBP-B (Gade et al., 2008). It was observed that phosphorylation of C/EBP-$ by ERK2
is a requirement for the induction of DAPK upon IFN-y stimulation (Gade et al., 2008).
Additionally, when DAPK is induced it binds to and sequesters ERK2 in the cytoplasm
(Chen et al., 2005). This results in attenuation of ERK2 activity, thus functioning as a
negative feedback loop (Chen et al., 2005). Such negative feedback mechanisms may
exists in the regulation of the QRU as well, although how exactly this would function is

unclear. Secondly, the dynamics of how ERK2 and C/EBP-f interact at the QRU and the
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resulting effect on gene expression is obscure. During mitogenic signaling there is a
massive influx of ERK2 into the nucleus. This may compete any C/EBP-B molecules
away from the QRU. Once bound ERK?2 remains stably bound and represses transcription
until such a time where nuclear ERK2 becomes scarce; such as in times of lack of
mitogenic signaling or growth arrest. Furthermore, a quiescence cell context favors
C/EBP-B activation at the QRU. Such control mechanisms may involve inactivation /
removal of ERK2 which would allow C/EBP-f to activate transcription of p20K. Thirdly,
it is known that other factors play an active role at the QRU. As previously mentioned,
CHOP10 plays a repressive role at the QRU in quiescent cell states. How CHOP10 and
ERK?2 collaboratively regulate p20K gene expression in response to external/internal cues
is not entirely clear. Lastly, it is well established that ERK1/2 induces, stabilizes, and
activates the AP-1 family of transcription factors (Cook et al., Whitmarsh et a., 1996;
Murakami et al., 1997; Balmanno et a., Cook et a., 1999; Murphy et al., 2002
Vinciguerra et al., 2004). This family has been shown to oppose the roles of C/EBP- in
growth arrested CEFs and repress the expression of p20K (Gagliardi et al., 2003). This
suggests that ERK2 functions as a transcriptional repressor directly (by interacting with
the QRU) and indirectly (activation of AP-1) to repress GAS gene expression.

p20K was identified as a quiescence specific protein in 1987. Since then many
aspects of its regulation have been divulged. We know more about the dynamic processes
which modulate the expression of quiescence specific genes than ever before. p20K and
the QRU have been a strong model in studying the regulation of not just p20K

specifically but quiescence genes in general. The regulation of p20K can be generalized
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to the mechanisms which are involved in regulating signaling networks which control cell
proliferation and growth arrest. By gaining a better understanding of how quiescence
specific genes are regulated, we are one step closer to understanding what constitutes the
cellular pressures which drive proliferation or growth arrest. The regulation of these

processes is critical for our understanding of several proliferative diseases such as cancer.
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Figure 13: A schematic model of QRU transcriptional control in CEFs.
Evidence presented in this thesis supports the notion that ERK2 acts as a
transcriptional repressor of the QRU in proliferative cell states. Actively dividing
cells are observed to have consistent activation of ERK2. Thus, in these states,
ERK?2 acts as atranscriptional repressor of GAS genes such as p20K. As cells enter
growth arrest there is a loss of ERK2 activation, which results in the ability of
C/EBP-B to bind to the QRU and induce p20K expression. In response to ER stress
or apoptosis there is up-regulation of CHOP10. This results in the formation of
CHOP10 and C/EBP-p hetero-dimers. This causes loss of C/EBP-$ dependent gene
expression, and leads to the repression of p20K. There is a potential CHOP10-
C/EBP-f hetero-dimer binding site in the QRU, but whether binding actually occurs
and if it serves afunction is till unclear.
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4.4 Futuredirections

Additional experiments can be conducted in order to generate evidence in support
of ERK2 mediated transcriptional repression of QRU. These primarily utilize other
techniques and approaches in order to confirm that this is a genuine aspect of GAS gene
regulation.

Kinetics experiments where quiescent CEFs are serum stimulated for differing
amounts of time and then assessed for p20K expression would be useful. If an inverse
relationship between ERK?2 activation and p20K expression is observed then this lends
support to the idea that ERK2 plays a repressive role at the QRU. Furthermore this may
support aregulatory model where competition is involved. Since there is a massive influx
of ERK2 when cells are serum stimulated, the sudden increase in ERK2 concentration in
the nucleus may be sufficient in competing off C/EBP-B. If there is a sharp decrease in
p20K expression in response to serum stimulation one can use serum stimulation in
conjunction with ChIP analysis to confirm that the observed repression is a results in
ERK2 binding to the QRU. This would affirm the repressive role of ERK2 at the QRU
and support a competition based mode of regulation.

Overexpression experiments can be conducted to establish whether there is
increased repression of p20K in both proliferative and quiescent CEFs in response to
increased levels of ERK2. This may provide additional evidence that ERK2 plays a
repressive role at the QRU. However these experiments may be difficult as ERK2

regulates hundred of factors, one of which is C/EBP-B. The fact that ERK2 is so

83



MSc Thesis- M. Athar McMaster University - Biology

promiscuous in terms of the number of pathways that get activated in response to
stimulation, may complicate whether we see a clear cut result at the QRU.

Knockdown experiments where ERK?2 levels are decreased using shRNA vectors
may also be a useful approach to studying this transcriptional repression role. Although
this may be complicated for the same reasons listed for overexpression studies, there is
still the potential that one would see the release of transcriptional repression of the QRU
in response to ERK2 knockdown. Previous studies have reported that knockdown of
ERK2 results in increased expression of IFN-y induced genes (Huang et al., 2008). We
now realize that this was the result of the loss of ERK2 mediated transcriptional
repression of GATE elements (Huang et al., 2008). By knocking down ERK2 we may
observe similar effects on GAS genes, namely p20K. This would provide additional
support that GAS genes are under the control of ERK2 mediated transcriptional
repression.

Additional transient expression assays can be conducted using either CAT or
Luciferase reporter assays as tools to gauge repression of the QRU by ERK2. Here we
have illustrated that ERK2 represses the QRU when overexpressed. Additional transient
expression assays can be conducted in order follow up on this observation. Firstly,
repression by ERK?2 overexpression can be confirmed in hypoxic conditions. This would
lend support to the notion that ERK2 mediated repression is a genuine mechanism
working in different cellular contexts. Secondly, transient expression assays which
overexpress ERK1 instead of ERK2 can be conducted as well. This would serve to

reiterate that this repression phenomenon is specific to ERK2. This would be functional
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data supporting ERK?2’ s specific repressive role at the QRU. Thirdly, experiments where
the WT QRU and ERK2 binding site mutants are placed into reporter constructs would be
very useful. With these expression vectors we would be able to assess whether disrupting
these ERK2 binding sites has any effect on QRU activation in cycling cells. As we
believe that ERK2 functions as a transcriptional repressor, the results of these
experiments may support the notion that ERK2 specifically represses the QRU by
binding to these sites in cycling cells. As CHOP10 down-regulation is not sufficient to
induce the expression of p20K, ERK2 would provide the ‘fail safe” mechanism to repress
GAS gene expression in actively proliferating cells. We predict that ERK2 binding site
mutants will be insensitive to ERK2 overexpression.

Additional EMSAs can be conducted to further affirm the interaction of ERK2
with QRU. Although we have in vivo evidence of ERK2 binding to the QRU during
states of transcriptional repression, EMSA analysis can provide in vitro support, which is
still additional evidence that this interaction exists. Furthermore EMSA analysis presents
an aternative method of study binding to ERK2 to the QRU when putative ERK2
binding sites are mutated. This would require that we be able show ERK2 specific shifts,
which entails doing “super-shift” experiments where an ERK2 bound shift is super-
shifted by using an ERK2 specific antibody. This would show that the observed shift is a
complex containing ERK2. Furthermore, competition reactions can be conducted using
cold probes in the reaction to compete off the binding of ERK2 to the hot QRU probe.
Here we would use cold WT probe to try to abolish the observed shift, whereas when we

use cold EBS mutant probe we would expect that this shift will be unaltered. This

85



MSc Thesis- M. Athar McMaster University - Biology

experiment would support that ERK2 binds specifically to the putative ERK2 binding
sites in the QRU. Perhaps the most definitive and effective method of illustrating that
ERK2 binds the QRU in vitro is by purifying recombinant ERK2 and using this
recombinant protein in EMSA interaction reactions to illustrate that ERK2 directly binds
to the QRU. Previous studies have used this approach with some success (Hu et al.,
2009).

Our data suggest that ERK2 is a novel mechanism of QRU repression in
proliferative cell states. Further insight into the dynamics of this mechanism would be
useful. Experiments studying how ERK2 interacts with C/EBP-f specifically at the QRU
would be interesting. Whether this is simply a competition based model or whether there

is an underlying mode of regulation present would be an interesting facet to study.
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4.5 Conclusions

Through a series of ChIP analysis we have demonstrated that ERK2 specifically
binds to the QRU during states of p20K transcriptional repression. Furthermore, ERK2 is
functionally associated with transcriptional repression of the QRU. Thus it can be
inferred that ERK2 acts as a transcriptional repressor of the QRU in proliferative cell
states. Additionally we have illustrated a novel instance of ERK2 mediated
transcriptional repression of a C/EBP-B controlled gene. Originally the control of GATE
elements was the only reported occurrence of this control mechanism. However with this
we have shown that this occurs for GAS genes as well. Thus, the coupling of ERK2
mediated transcriptional repression and C/EBP-§ transcriptional activation occurs in

more than one occasion and may be a mode of regulation for several inducible pathways.

87



MSc Thesis- M. Athar McMaster University - Biology

Chapter 5: REFERENCES

Akerstrom B, Flower DR, Salier JP. Lipocalins: unity in diversity. Biochim Biophys
Acta. 2000 Oct 18;1482(1-2):1-8

Akira S, Isshiki H, Sugita T, Tanabe O, Kinoshita S, Nishio Y, Nakajima T, Hirano
T, Kishimoto T. A nuclear factor for IL-6 expression (NF-IL6) isa member of
a C/EBP family. EMBO J. 1990 Jun;9(6):1897-906.

Akira S, Kishimoto T. NF-IL6 and NF-kappa B in cytokine gene regulation. Adv
Immunol. 1997;65:1-46

Albanese C, Johnson J, Watanabe G, Eklund N, Vu D, Arnold A, Pestell RG.
Transforming p21ras mutants and c-Ets-2 activate the cyclin D1 promoter
through distinguishable regions. J Biol Chem. 1995 Oct 6;270(40):23589-97.

Alberts B, Johnson A, LewisJ, Raff M, RobertsK, Walter P. Molecular Biology of
the Cell, 4™ edition, Garland Science, 2002, 17:983-1025

Balmanno K, Cook SJ. Sustained MAP kinase activation is required for the expression
of cyclin D1, p21Cipl and a subset of AP-1 proteinsin CCL39 cells. Oncogene.
1999 May 20;18(20):3085-97

Bartek J, Bartkova J, Lukas J. The retinoblastoma protein pathway and the restriction
point. Curr Opin Cell Biol. 1996 Dec;8(6):805-14.

Bédard PA, Balk SD, Gunther HS, Morisi A, Erikson RL. Repression of quiescence-
specific polypeptides in chicken heart mesenchymal cells transformed by Rous
sarcoma virus. Mol Cell Biol. 1987 Apr;7(4):1450-8

Bédard PA, Yannoni Y, Simmons DL, Erikson RL. Rapid repression of quiescence-
specific gene expression by epidermal growth factor, insulin, and pp60v-src.
Mol Cell Biol. 1989 Mar;9(3):1371-5

Blow JJ, Dutta A. Preventing re-replication of chromosomal DNA. Nat Rev Mol Cell
Biol. 2005 Jun;6(6):476-86

Bogoyevitch MA, Ngoel KR, Zhao TT, Yeap YY, Ng DC. c-Jun N-terminal kinase

(INK) signaling: recent advances and challenges. Biochim Biophys Acta. 2010
Mar;1804(3):463-75

88



MSc Thesis- M. Athar McMaster University - Biology

Bouchard C, ThiekeK, Maier A, Saffrich R, Hanley-Hyde J, Ansorge W, Reed S,
Sicinski P, Bartek J, Eilers M. Direct induction of cyclin D2 by Myc
contributes to cell cycle progression and sequestration of p27. EMBO J. 1999
Oct 1;18(19):5321-33

Boulton TG, Yancopoulos GD, Gregory JS, Slaughter C, Moomaw C, Hsu J, Cobb
MH. Aninsulin-stimulated protein kinase similar to yeast kinases involved in
cell cycle control. Science. 1990 Jul 6;249(4964):64-7.

Boulton TG, Nye SH, RobbinsDJ, Ip NY, Radzig ewska E, M orgenbesser SD,
DePinho RA, Panayotatos N, Cobb MH, Yancopoulos GD. ERKs: afamily
of protein-serine/threonine kinases that are activated and tyrosine
phosphorylated in response to insulin and NGF. Cell. 1991 May 17;65(4):663-
75

Brehm A, Miska EA, McCance DJ, Reid JL, Bannister AJ, KouzaridesT.
Retinoblastoma protein recruits histone deacetylase to repress transcription.
Nature. 1998 Feb 5;391(6667):597-601

Buck M, Pali V, van der Geer P, Chojkier M, Hunter T. Phosphorylation of rat serine
105 or mouse threonine 217 in C/EBP beta is required for hepatocyte
proliferation induced by TGF alpha. Mol Cell. 1999 Dec;4(6):1087-92

Buck M, Pali V, Hunter T, Chojkier M. C/EBPbeta phosphorylation by RSK creates a
functional XEXD caspase inhibitory box critical for cell survival. Mol Cell.
2001 Oct;8(4):807-16

Cancedda DF, Manduca P, Tacchetti C, Fossa P, Quarto R, Cancedda R.
Developmentally regulated synthesis of alow molecular weight protein (Ch 21)
by differentiating chondrocytes. J Cell Biol. 1988 Dec;107(6 Pt 1):2455-63

Cancedda FD, Dozin B, Ross F, Molina F, Cancedda R, Negri A, Ronchi S. The
Ch21 protein, developmentally regulated in chick embryo, belongs to the
superfamily of lipophilic molecule carrier proteins. J Biol Chem. 1990 Nov
5;265(31):19060-4

Cancedda FD, Malpeli M, Gentili C, Di Marzo V, Bet P, Carlevaro M, Cermelli S,
Cancedda R. The developmentally regulated avian Ch21 lipocalin is an
extracellular fatty acid-binding protein. J Biol Chem. 1996 Aug
16;271(33):20163-9

89



MSc Thesis- M. Athar McMaster University - Biology

Cancedda DF, Dozin B, Zerega B, Cermelli S, Cancedda R. Ex-FABP: afatty acid
binding lipocalin developmentally regulated in chicken endochondral bone
formation and myogenesis. Biochim Biophys Acta. 2000 Oct 18;1482(1-2):127-
35

Cargnello M, Roux PP. Activation and function of the MAPK's and their substrates, the
MAPK-activated protein kinases. Microbiol Mol Biol Rev. 2011 Mar;75(1):50-
83

Cermelli S, Zerega B, Carlevaro M, Gentili C, Thorp B, Farquharson C, Cancedda
R, Cancedda FD. Extracellular fatty acid binding protein (Ex-FABP)
modulation by inflammatory agents. "physiological” acute phase response in
endochondral bone formation. Eur J Cell Biol. 2000 Mar;79(3):155-64

Chen RH, Sarnecki C, Blenis J. Nuclear localization and regulation of erk- and rsk-
encoded protein kinases. Mol Cell Biol. 1992 Mar;12(3):915-27

Chen Z, Gibson TB, Robinson F, Silvestro L, Pearson G, Xu B, Wright A,
Vanderbilt C, Cobb MH. MAP kinases. Chem Rev. 2001 Aug;101(8):2449-76

Chen CH, Wang WJ, Kuo JC, Tsai HC, Lin JR, Chang ZF, Chen RH. Bidirectional
signals transduced by DAPK-ERK interaction promote the apoptotic effect of
DAPK. EMBO J. 2005 Jan 26;24(2):294-304

Claassen GF, Hann SR. A role for transcriptional repression of p21CIP1 by c-Myc in
overcoming transforming growth factor beta -induced cell-cycle arrest. Proc
Natl Acad Sci U S A. 2000 Aug 15;97(17):9498-503

Cloutier A, Guindi C, Larivée P, Dubois CM, Amrani A, McDonald PP.
Inflammatory cytokine production by human neutrophils involves C/EBP
transcription factors. J Immunol. 2009 Jan 1;182(1):563-71

Coller HA, Grandori C, Tamayo P, Colbert T, Lander ES, Eisenman RN, Golub
TR. Expression analysis with oligonucleotide microarrays reveals that MY C
regulates genes involved in growth, cell cycle, signaling, and adhesion. Proc
Natl Acad Sci U S A. 2000 Mar 28;97(7):3260-5

Coller HA, Sang L, Roberts JM. A new description of cellular quiescence. PLoS Biol.
2006 Mar;4(3):e83

Cook SJ, McCormick F. Kinetic and biochemical correlation between sustained
p44ERK1 (44 kDa extracellular signal-regulated kinase 1) activation and
lysophosphatidic acid-stimulated DNA synthesis in Rat-1 cells. Biochem J.
1996 Nov 15;320 (Pt 1):237-45

90



MSc Thesis- M. Athar McMaster University - Biology

Cook SJ, Aziz N, McMahon M. The repertoire of fos and jun proteins expressed during
the G1 phase of the cell cycle is determined by the duration of mitogen-
activated protein kinase activation. Mol Cell Biol. 1999 Jan;19(1):330-41

Cooper JA, Bowen-Pope DF, RainesE, RossR, Hunter T. Similar effects of platelet-
derived growth factor and epidermal growth factor on the phosphorylation of
tyrosine in cellular proteins. Cell. 1982 Nov;31(1):263-73

Coppock DL, Kopman C, Scandalis S, Gilleran S. Preferential gene expression in
quiescent human lung fibroblasts. Cell Growth Differ. 1993 Jun;4(6):483-93

Coulombe P, Meloche S. Atypical mitogen-activated protein kinases: structure,
regulation and functions. Biochim Biophys Acta. 2007 Aug;1773(8):1376-87

Cuadrado A, Nebreda AR. Mechanisms and functions of p38 MAPK signalling.
Biochem J. 2010 Aug 1;429(3):403-17

DaviesH, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S, Teague J, Woffendin
H, Garnett M J, Bottomley W, DavisN, DicksE, Ewing R, Floyd Y, Gray
K, Hall S, Hawes R, Hughes J, Kosmidou V, Menzies A, Mould C, Parker
A, StevensC, Watt S, Hooper S, Wilson R, Jayatilake H, Gusterson BA,
Cooper C, Shipley J, Hargrave D, Pritchard-JonesK, Maitland N,
Chenevix-Trench G, Riggins GJ, Bigner DD, Palmieri G, Cossu A,
Flanagan A, Nicholson A, Ho JW, Leung SY, Yuen ST, Weber BL, Seigler
HF, Darrow TL, Paterson H, MaraisR, Marshall CJ, Wooster R, Stratton
MR, Futreal PA. Mutations of the BRAF gene in human cancer. Nature. 2002
Jun 27;417(6892):949-54

DeissLP, Feinstein E, Beriss H, Cohen O, Kimchi A. Identification of a novel
serine/threonine kinase and a novel 15-kD protein as potential mediators of the
gamma interferon-induced cell death. Genes Dev. 1995 Jan 1;9(1):15-30

Deng C, Zhang P, Harper JW, Elledge SJ, Leder P. Mice lacking p21CIPL/WAF1
undergo normal development, but are defective in G1 checkpoint control. Cell.
1995 Aug 25;82(4):675-84.

Descombes P, Chojkier M, Lichtsteiner S, Falvey E, Schibler U. LAP, anovel
member of the C/EBP gene family, encodes a liver-enriched transcriptional
activator protein. Genes Dev. 1990 Sep;4(9):1541-51

Descombes P, Schibler U. A liver-enriched transcriptional activator protein, LAP, and a

transcriptional inhibitory protein, LIP, are translated from the same mRNA.
Cell. 1991 Nov 1;67(3):569-79

91



MSc Thesis- M. Athar McMaster University - Biology

Di Marco E, Sessarego N, Zerega B, Cancedda R, Cancedda FD. Inhibition of cell
proliferation and induction of apoptosis by ExXFABP gene targeting. J Cell
Physiol. 2003 Sep;196(3):464-73

Downward J. Targeting RAS signalling pathways in cancer therapy. Nat Rev Cancer.
2003 Jan;3(1):11-22

Duronio RJ, Brook A, Dyson N, O'Farrell PH. E2F-induced S phase requires cyclin E.
Genes Dev. 1996 Oct 1;10(19):2505-13

Easton J, We T, Lahti JM, Kidd VJ. Disruption of the cyclin D/cyclin-dependent
kinase/INK 4/retinoblastoma protein regulatory pathway in human
neuroblastoma. Cancer Res. 1998 Jun 15;58(12):2624-32

Eisnger-Mathason TS, Andrade J, Lannigan DA. RSK in tumorigenesis: connections
to steroid signaling. Steroids. 2010 Mar;75(3):191-202

el-Deiry WS. p21/p53, cellular growth control and genomic integrity. Curr Top
Microbiol Immunol. 1998;227:121-37

Eward KL, Obermann EC, Shreeram S, Loddo M, Fanshawe T, Williams C, Jung
HIl, Prevost AT, Blow JJ, Stoeber K, Williams GH. DNA replication
licensing in somatic and germ cells. J Cell Sci. 2004 Nov 15;117(Pt 24):5875-
86

Ewen ME, SlussHK, Sherr CJ, Matsushime H, Kato J, Livingston DM. Functional
interactions of the retinoblastoma protein with mammalian D-type cyclins. Cell.
1993 May 7;73(3):487-97

Fang F, Newport JW. Evidence that the G1-S and G2-M transitions are controlled by
different cdc2 proteins in higher eukaryotes. Cell. 1991 Aug 23;66(4):731-42

Favata MF, Horiuchi KY, Manos EJ, Daulerio AJ, Stradley DA, Feeser WS, Van
Dyk DE, PittsWJ, Earl RA, Hobbs F, Copeland RA, Magolda RL, Scherle
PA, Trzaskos JM. Identification of a novel inhibitor of mitogen-activated
protein kinase kinase. J Biol Chem. 1998 Jul 17;273(29):18623-32

Fornace AJ Jr, Nebert DW, Hollander MC, Luethy JD, Papathanasiou M, Fargnoli
J, Holbrook NJ. Mammalian genes coordinately regulated by growth arrest
signals and DNA-damaging agents. Mol Cell Biol. 1989 Oct;9(10):4196-203

Gade P, Roy SK, Li H, Nallar SC, Kalvakolanu DV. Critical role for transcription
factor C/EBP-betain regulating the expression of death-associated protein
kinase 1. Mol Cell Biol. 2008 Apr;28(8):2528-48

92



MSc Thesis- M. Athar McMaster University - Biology

Gagliardi M, Maynard S, Miyake T, Rodrigues N, Tjew SL, Cabannes E, Bedard
PA. Opposing roles of C/EBPbeta and AP-1 in the control of fibroblast
proliferation and growth arrest-specific gene expression. J Biol Chem. 2003 Oct
31;278(44):43846-54

Gentili C, Cermelli S, Tacchetti C, Cossu G, Cancedda R, Descalzi Cancedda F.
Expression of the extracellular fatty acid binding protein (Ex-FABP) during
muscle fiber formation in vivo and in vitro. Exp Cell Res. 1998 Aug
1,242(2):410-8

Gentili C, Tutolo G, Zerega B, Di Marco E, Cancedda R, Cancedda FD. Acute phase
lipocalin Ex-FABP isinvolved in heart development and cell survival. J Cell
Physiol. 2005 Mar;202(3):683-9

GilleH, Kortenjann M, Thomae O, Moomaw C, Slaughter C, Cobb MH, Shaw PE.
ERK phosphorylation potentiates Elk-1-mediated ternary complex formation
and transactivation. EMBO J. 1995 Mar 1;14(5):951-62

Gschwind A, Fischer OM, Ullrich A. The discovery of receptor tyrosine kinases:
targets for cancer therapy. Nat Rev Cancer. 2004 May;4(5):361-70

Hanlon M, Sturgill TW, Sealy L. ERK2- and p90(Rsk2)-dependent pathways regulate
the CCAAT/enhancer-binding protein-beta interaction with serum response
factor. J Biol Chem. 2001 Oct 19;276(42):38449-56

Harper JW, Elledge SJ. Cdk inhibitors in development and cancer. Curr Opin Genet
Dev. 1996 Feb;6(1):56-64

Herber B, TrussM, Beato M, Mller R. Inducible regulatory elements in the human
cyclin D1 promoter. Oncogene. 1994 Apr;9(4):1295-304. Erratum in:
Oncogene. 1994 Jul;9(7):2105-7

Hu J, Roy SK, Shapiro PS, Rodig SR, Reddy SP, Platanias L C, Schreiber RD,
Kalvakolanu DV. ERK1 and ERK?2 activate CCAAAT/enhancer-binding
protein-beta-dependent gene transcription in response to interferon-gamma. J
Biol Chem. 2001 Jan 5;276(1):287-97

Hu S, XieZ, Onishi A, Yu X, Jiang L, Lin J, Rho HS, Woodard C, Wang H, Jeong
JS, Long S, He X, Wade H, Blackshaw S, Qian J, Zhu H. Profiling the
human protein-DNA interactome reveals ERK?2 as a transcriptional repressor of
interferon signaling. Cell. 2009 Oct 30;139(3):610-22

93



MSc Thesis- M. Athar McMaster University - Biology

Huang C, Liu LY, Li ZF, Wang P, Ni L, Song LP, Xu DH, Song TS. Effects of small
interfering RNAs targeting MAPK1 on gene expression profile in HeLa cells as
revealed by microarray analysis. Cell Biol Int. 2008 Sep;32(9):1081-90

Johnson DG, Walker CL. Cyclinsand cell cycle checkpoints. Annu Rev Pharmacol
Toxicol. 1999;39:295-312

Kamb A. Cyclin-dependent kinase inhibitors and human cancer. Curr Top Microbiol
Immunol. 1998;227:139-48.

Kato J, Matsushime H, Hiebert SW, Ewen ME, Sherr CJ. Direct binding of cyclin D
to the retinoblastoma gene product (pRb) and pRb phosphorylation by the cyclin
D-dependent kinase CDK4. Genes Dev. 1993 Mar;7(3):331-42

Kazlauskas A, Cooper JA. Protein kinase C mediates platelet-derived growth factor-
induced tyrosine phosphorylation of p42. J Cell Biol. 1988 Apr;106(4):1395-
402

Keyomars K, Conte D Jr, Toyofuku W, Fox M P. Deregulation of cyclin E in breast
cancer. Oncogene. 1995 Sep 7;11(5):941-50

Kim S, Mao PL, Gagliardi M, Bédard PA. C/EBPbeta (NF-M) is essential for
activation of the p20K lipocalin gene in growth-arrested chicken embryo
fibroblasts. Mol Cell Biol. 1999 Aug;19(8):5718-31

Kim LC, Song L, Haura EB. Src kinases as therapeutic targets for cancer. Nat Rev Clin
Oncol. 2009 Oct;6(10):587-95

Kingsbury SR, Loddo M, Fanshawe T, Obermann EC, Prevost AT, Stoeber K,
Williams GH. Repression of DNA replication licensing in quiescence is
independent of geminin and may define the cell cycle state of progenitor cells.
Exp Cell Res. 2005 Sep 10;309(1):56-67

KoLJ, Prives C. p53: puzzle and paradigm. Genes Dev. 1996 May 1;10(9):1054-72

KrudeT, Jackman M, PinesJ, Laskey RA. Cyclin/Cdk-dependent initiation of DNA
replication in a human cell-free system. Cell. 1997 Jan 10;88(1):109-19.

Leach FS, Elledge SJ, Sherr CJ, Willson JK, Markowitz S, Kinzler KW, Vogelstein

B. Amplification of cyclin genesin colorectal carcinomas. Cancer Res. 1993
May 1;53(9):1986-9

94



MSc Thesis- M. Athar McMaster University - Biology

Lenormand P, Sardet C, Pages G, L'Allemain G, Brunet A, Pouysségur J. Growth
factors induce nuclear translocation of MAP kinases (p42mapk and p44mapk)
but not of their activator MAP kinase kinase (p45mapkk) in fibroblasts. J Cell
Biol. 1993 Sep;122(5):1079-88

Levine AJ. p53, the cellular gatekeeper for growth and division. Cell. 1997 Feb
7,88(3):323-31

Li H, Gade P, Xiao W, Kalvakolanu DV. The interferon signaling network and
transcription factor C/EBP-beta. Cell Mol Immunol. 2007 Dec;4(6):407-18

LinY, Hupp TR, Stevens C. Death-associated protein kinase (DAPK) and signal
transduction: additional roles beyond cell death. FEBS J. 2010 Jan;277(1):48-57

Loda M, Cukor B, Tam SW, Lavin P, Fiorentino M, Draetta GF, Jessup JM,
Pagano M. Increased proteasome-dependent degradation of the cyclin-
dependent kinase inhibitor p27 in aggressive colorectal carcinomas. Nat Med.
1997 Feb;3(2):231-4.

Lovec H, Grzeschiczek A, Kowalski MB, M 6rdy T. Cyclin D1/bcl-1 cooperates
withmyc genes in the generation of B-cell lymphoma in transgenic mice. EMBO
J. 1994 Aug 1;13(15):3487-95

Ludlow JW. Interactions between SV40 large-tumor antigen and the growth suppressor
proteins pRB and p53. FASEB J. 1993 Jul;7(10):866-71

Lundberg AS, Weinberg RA. Functional inactivation of the retinoblastoma protein
requires sequential modification by at least two distinct cyclin-cdk complexes.
Mol Cell Biol. 1998 Feb;18(2):753-61.

Luo RX, Postigo AA, Dean DC. Rb interacts with histone deacetylase to repress
transcription. Cell. 1998 Feb 20;92(4):463-73.

MadineMA, Swietlik M, Pelizon C, Romanowski P, MillsAD, Laskey RA. Theroles
of the MCM, ORC, and Cdc6 proteins in determining the replication
competence of chromatin in quiescent cells. J Struct Biol. 2000 Apr;129(2-
3):198-210

Magnaghi-Jaulin L, Groisman R, Naguibneva |, Robin P, Lorain S, Le Villain JP,
Troalen F, Trouche D, Harel-Bellan A. Retinoblastoma protein represses
transcription by recruiting a histone deacetylase. Nature. 1998 Feb
5;391(6667):601-5

95



MSc Thesis- M. Athar McMaster University - Biology

Mahony S, Auron PE, Benos PV. DNA familial binding profiles made easy:
comparison of various motif alignment and clustering strategies. PLoS Comput
Biol. 2007 Mar 30;3(3):e61

Mailand N, Diffley JF. CDKs promote DNA replication origin licensing in human cells
by protecting Cdc6 from APC/C-dependent proteolysis. Cell. 2005 Sep
23;122(6):915-26

Mao PL, Beauchemin M, Bédard PA. Quiescence-dependent activation of the p20K
promoter in growth-arrested chicken embryo fibroblasts. J Biol Chem. 1993 Apr
15;268(11):8131-9

Martin RG, Stein S. Resting state in normal and simian virus 40 transformed Chinese
hamster lung cells. Proc Natl Acad Sci U S A. 1976 May;73(5):1655-9

Matsuoka S, EdwardsM C, Bai C, Parker S, Zhang P, Baldini A, Harper JW,
Elledge SJ. p57KI1P2, a gructurally distinct member of the p21CIP1 Cdk
inhibitor family, is a candidate tumor suppressor gene. Genes Dev. 1995 Mar
15;9(6):650-62

Matsushime H, Roussel MF, Ashmun RA, Sherr CJ. Colony-stimulating factor 1
regulates novel cyclins during the G1 phase of the cell cycle. Cell. 1991 May
17,65(4):701-13

Matsushime H, Ewen ME, Strom DK, Kato JY, Hanks SK, Roussel MF, Sherr CJ.
| dentification and properties of an atypical catalytic subunit (p34PSK-J3/cdk4)
for mammalian D type G1 cyclins. Cell. 1992 Oct

McDonald ER 3rd, El-Deiry WS. Checkpoint genes in cancer. Ann Med. 2001
Mar;33(2):113-22

Meloche S. Cell cycle reentry of mammalian fibroblasts is accompanied by the sustained
activation of p44mapk and p42mapk isoforms in the G1 phase and their
inactivation at the G1/Stransition. J Cell Physiol. 1995 Jun;163(3):577-88

Meéeloche S, Pouysségur J. The ERK1/2 mitogen-activated protein kinase pathway as a
master regulator of the G1- to S-phase transition. Oncogene. 2007 May
14;26(22):3227-39

Meng Q, Raha A, Roy S, Hu J, Kalvakolanu DV. |FN-gamma-stimulated
transcriptional activation by |FN-gamma-activated transcriptional element-
binding factor 1 occurs via an inducible interaction with CAAAT/enhancer-
binding protein-beta. J Immunol. 2005 May 15;174(10):6203-11

96



MSc Thesis- M. Athar McMaster University - Biology

Meyerson M, Harlow E. Identification of G1 kinase activity for Cdk6, anovel cyclin D
partner. Mol Cell Biol. 1994 Mar;14(3):2077-86

Montagnoli A, Fiore F, Eytan E, Carrano AC, Draetta GF, Hershko A, Pagano M.
Ubiquitination of p27 is regulated by Cdk-dependent phosphorylation and
trimeric complex formation. Genes Dev. 1999 May 1;13(9):1181-9

Morgan DO. Cyclin-dependent kinases: engines, clocks, and microprocessors. Annu Rev
Cell Dev Biol. 1997;13:261-91

Motokura T, Bloom T, Kim HG, Juppner H, Ruderman JV, Kronenberg HM,
Arnold A. A novel cyclin encoded by a bcll-linked candidate oncogene.
Nature. 1991 Apr 11;350(6318):512-5

Murakami M, Sonobe MH, Ui M, Kabuyama Y, Watanabe H, Wada T, Handa H,
Iba H. Phosphorylation and high level expression of Fra-2 in v-src transformed
cells: apathway of activation of endogenous AP-1. Oncogene. 1997 May
22;14(20):2435-44

Murphy LO, Smith S, Chen RH, Fingar DC, Blenis J. Molecular interpretation of
ERK signal duration by immediate early gene products. Nat Cell Biol. 2002
Aug;4(8):556-64

Nakajima T, Kinoshita S, Sasagawa T, Sasaki K, Naruto M, Kishimoto T, Akira S.
Phosphorylation at threonine-235 by a ras-dependent mitogen-activated protein
kinase cascade is essential for transcription factor NF-1L6. Proc Natl Acad Sci
U S A. 1993 Mar 15;90(6):2207-11

Nerlov C. The C/EBP family of transcription factors: a paradigm for interaction between
gene expression and proliferation control. Trends Cell Biol. 2007 Jul;17(7):318-
24

Nerlov C. C/EBPs: recipients of extracellular signals through proteome modulation. Curr
Opin Cell Biol. 2008 Apr;20(2):180-5

Nevins JR. Toward an understanding of the functional complexity of the E2F and
retinoblastoma families. Cell Growth Differ. 1998 Aug;9(8):585-93

Newman JR, K eating AE. Comprehensive identification of human bZIP interactions
with coiled-coil arrays. Science. 2003 Jun 27;300(5628):2097-101

Niault TS, Baccarini M. Targets of Raf in tumorigenesis. Carcinogenesis. 2010
Jul;31(7):1165-74

97



MSc Thesis- M. Athar McMaster University - Biology

Nguyen H, Gitig DM, K off A. Cell-free degradation of p27(kipl), a G1lcyclin-dependent
kinase inhibitor, is dependent on CDK?2 activity and the proteasome. Mol Cell
Biol. 1999 Feb;19(2):1190-201

Osada S, Yamamoto H, Nishihara T, Imagawa M. DNA binding specificity of the
CCAAT/enhancer-binding protein transcription factor family. J Biol Chem.
1996 Feb 16;271(7):3891-6

Pagano M, Tam SW, Theodoras AM, Beer-Romero P, Del Sal G, Chau V, Yew PR,
Draetta GF, Rolfe M. Role of the ubiquitin-proteasome pathway in regulating
abundance of the cyclin-dependent kinase inhibitor p27. Science. 1995 Aug
4;269(5224):682-5

Pardee AB. A restriction point for control of normal animal cell proliferation. Proc Natl
Acad Sci U S A. 1974 Apr;71(4):1286-90

Pimienta G, Pascual J. Canonical and alternative MAPK signaling. Cell Cycle. 2007
Nov 1;6(21):2628-32

Pali V, Mancini FP, Cortese R. IL-6DBP, anuclear protein involved in interleukin-6
signal transduction, defines a new family of leucine zipper proteins related to
C/EBP. Cell. 1990 Nov 2;63(3):643-53

Polyak K, Kato JY, Solomon M J, Sherr CJ, Massague J, Roberts JM, K off A.
p27Kipl, acyclin-Cdk inhibitor, links transforming growth factor-beta and
contact inhibition to cell cycle arrest. Genes Dev. 1994 Jan;8(1):9-22.

Raman M, Chen W, Cobb M H. Differential regulation and properties of MAPKSs.
Oncogene. 2007 May 14;26(22):3100-12

Ray LB, Sturgill TW. Insulin-stimulated microtubule-associated protein kinase is
phosphorylated on tyrosine and threonine in vivo. Proc Natl Acad Sci U S A.
1988 Jun;85(11):3753-7

RobbinsDJ, Zhen E, Owaki H, Vanderbilt CA, Ebert D, Geppert TD, Cobb MH.
Regulation and properties of extracellular signal-regulated protein kinases 1 and
2 invitro. J Biol Chem. 1993 Mar 5;268(7):5097-106

Ron D, Habener JF. CHOP, a novel developmentally regulated nuclear protein that
dimerizes with transcription factors C/EBP and LAP and functionsas a
dominant-negative inhibitor of gene transcription. Genes Dev. 1992
Mar;6(3):439-53

98



MSc Thesis- M. Athar McMaster University - Biology

Roy SK, Wachira SJ, Wethua X, Hu J, Kalvakolanu DV. CCAAT/enhancer-binding
protein-beta regulates interferon-induced transcription through a novel element.
J Biol Chem. 2000 Apr 28;275(17):12626-32

Roy SK, Hu J, Meng Q, Xia Y, Shapiro PS, Reddy SP, PlataniasLC, Lindner DJ,
Johnson PF, Pritchard C, Pagés G, Pouyssegur J, Kalvakolanu DV.
MEKKZ1 plays acritical role in activating the transcription factor C/EBP-beta-
dependent gene expression in response to IFN-gamma. Proc Natl Acad Sci U S
A. 2002 Jun 11;99(12):7945-50

Ryden TA, Beemon K. Avian retroviral long terminal repeats bind CCAAT/enhancer-
binding protein. Mol Cell Biol. 1989 Mar;9(3):1155-64

Sanchez |, Dynlacht BD. Transcriptional control of the cell cycle. Curr Opin Cell Biol.
1996 Jun;8(3):318-24

Sawyers CL. Opportunities and challenges in the development of kinase inhibitor
therapy for cancer. Genes Dev. 2003 Dec 15;17(24):2998-3010

Schneider C, King RM, Philipson L. Genes specifically expressed at growth arrest of
mammalian cells. Cell. 1988 Sep 9;54(6):787-93

Shaul YD, Seger R. The MEK/ERK cascade: from signaling specificity to diverse
functions. Biochim Biophys Acta. 2007 Aug;1773(8):1213-26

Sheaff RJ, Groudine M, Gordon M, Roberts JM, Clurman BE. Cyclin E-CDK2 isa
regulator of p27Kipl. Genes Dev. 1997 Jun 1;11(11):1464-78

Sherr CJ. Mammalian G1 cyclins. Cell. 1993 Jun 18;73(6):1059-65

Sherr CJ. The Pezcoller lecture: cancer cell cycles revisited. Cancer Res. 2000 Jul
15;60(14):3689-95

Shuai K, Stark GR, Kerr IM, Darnell JE Jr. A single phosphotyrosine residue of
Stat91 required for gene activation by interferon-gamma. Science. 1993 Sep
24,261(5129):1744-6

Smith JA, Martin L. Do cells cycle? Proc Natl Acad Sci U S A. 1973 Apr;70(4):1263-7

Stark GR, Kerr IM, Williams BR, Silverman RH, Schreiber RD. How cells respond
to interferons. Annu Rev Biochem. 1998;67:227-64

99



MSc Thesis- M. Athar McMaster University - Biology

Stoeber K, Tlsty TD, Happerfield L, Thomas GA, Romanov S, Bobrow L, Williams
ED, Williams GH. DNA replication licensing and human cell proliferation. J
Cell Sci. 2001 Jun;114(Pt 11):2027-41

Tan P, Cady B, Wanner M, Worland P, Cukor B, Magi-Galluzzi C, Lavin P,
Draetta G, Pagano M, Loda M. The cell cycle inhibitor p27 is an independent
prognostic marker in small (T1a,b) invasive breast carcinomas. Cancer Res.
1997 Apr 1;57(7):1259-63

Tan SY, Brown J. Rudolph Virchow (1821-1902): "pope of pathology". Singapore Med
J. 2006 Jul;47(7):567-8

Trautwein C, CaellesC, van der Geer P, Hunter T, Karin M, Chojkier M.
Transactivation by NF-IL6/LAP is enhanced by phosphorylation of its
activation domain. Nature. 1993 Aug 5;364(6437):544-7

Tsukada J, Yoshida Y, Kominato Y, Auron PE. The CCAAT/enhancer (C/EBP)
family of basic-leucine zipper (bZIP) transcription factorsis a multifaceted
highly-regulated system for gene regulation. Cytokine. 2011 Apr;54(1):6-19

Vinciguerra M, Vivacqua A, Fasanella G, Gallo A, Cuozzo C, Morano A, M aggiolini
M, Musti AM. Differential phosphorylation of c-Jun and JunD in response to
the epidermal growth factor is determined by the structure of MAPK targeting
sequences. J Biol Chem. 2004 Mar 5;279(10):9634-41

Vlach J, Hennecke S, Amati B. Phosphorylation-dependent degradation of the cyclin-
dependent kinase inhibitor p27. EMBO J. 1997 Sep 1;16(17):5334-44.

Wang J, Chenivesse X, Henglein B, Bréchot C. Hepatitis B virus integration in a cyclin
A gene in a hepatocellular carcinoma. Nature. 1990 Feb 8;343(6258):555-7

Wang TC, Cardiff RD, Zukerberg L, LeesE, Arnold A, Schmidt EV. Mammary
hyperplasia and carcinomain MMTV-cyclin D1 transgenic mice. Nature. 1994
Jun 23;369(6482):669-71

Wang X, Finegan KG, Robinson AC, Knowles L, Khosravi-Far R, Hinchliffe KA,
Boot-Handford RP, Tournier C. Activation of extracellular signal-regulated
protein kinase 5 downregulates FasL. upon osmotic stress. Cell Death Differ.
2006 Dec;13(12):2099-108.

Wang L, Rodrigues NA, Wu Y, Madikowski BM, Singh N, Lacroix S, Bédard PA.

Pleiotropic action of AP-1 in v-Src-transformed cells. J Virol. 2011
Jul;85(13):6725-35

100



MSc Thesis- M. Athar McMaster University - Biology

Weinberg RA. Tumor suppressor genes. Science. 1991 Nov 22;254(5035):1138-46

Whitmarsh AJ, Davis RJ. Transcription factor AP-1 regulation by mitogen-activated
protein kinase signal transduction pathways. J Mol Med (Berl). 1996
Oct;74(10):589-607

Wolfel T, Hauer M, Schneider J, Serrano M, Wdlfel C, Klehmann-Hieb E, De
PlaenE, Hankeln T, Meyer zum Buschenfelde KH, Beach D. A p16I1NK4a
insensitive CDK4 mutant targeted by cytolytic T lymphocytes in a human
melanoma. Science. 1995 Sep 1;269(5228):1281-4

Xiao W, Wang L, Yang X, Chen T, Hodge D, Johnson PF, Farrar W.
CCAAT/enhancer-binding protein beta mediates interferon-gamma-induced p48
(I1SGF3-gamma) gene transcription in human monocytic cells. J Biol Chem.
2001 Jun 29;276(26):23275-81

Xiong Y, Connolly T, Futcher B, Beach D. Human D-type cyclin. Cell. 1991 May
17;65(4):691-9

Yamamoto T, Ebisuya M, Ashida F, Okamoto K, Yonehara S, Nishida E.
Continuous ERK activation downregulates antiproliferative genes throughout
G1 phase to alow cell-cycle progression. Curr Biol. 2006 Jun 20;16(12):1171-
82.

Yao Z, Seger R. The ERK signaling cascade--views from different subcellular
compartments. Biofactors. 2009 Sep-Oct;35(5):407-16

Yoon S, Seger R. The extracellular signal-regulated kinase: multiple substrates regulate
diverse cellular functions. Growth Factors. 2006 Mar;24(1):21-44

Zetterberg A, Larsson O. Kinetic analysis of regulatory events in G1 leading to
proliferation or quiescence of Swiss 3T3 cells. Proc Natl Acad Sci U S A. 1985
Aug;82(16):5365-9

Zhang HS, Gavin M, Dahiya A, Postigo AA, MaD, Luo RX, Harbour JW, Dean
DC. Exit from G1 and S phase of the cell cycle isregulated by repressor
complexes containing HDAC-Rb-hSWI/SNF and Rb-hSWI/SNF. Cell. 2000
Mar 31;101(1):79-89.

101



	title pages - final
	descriptive note - FINAL
	Abstract - FINAL
	Acknowledgments - FINAL
	Table of Contents - FINAL
	List of Abbreviations - FINAL
	MAIN DOCUMENT - FINAL

