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Abstract: 

  Growth arrest specific (GAS) genes are responsible for regulating cell proliferation, gene 

expression, and apoptosis (Fleming et al., 1997).  Given these roles, it is important to study the 

mechanisms of action and regulation of Gas genes in quiescence (G0). If altered, quiescence can 

lead to abnormal development, degenerative diseases, and cancer (Liu et al., 2007).  The p20K 

lipocalin is a GAS gene expressed in contact inhibited cells (Kim et al., 1999).  Recent studies 

have also demonstrated that p20K is highly inducible in hypoxia, and its activation in hypoxia 

and contact inhibition is dependent upon a 48bp promoter region referred to as the Quiescence 

Responsive Unit (QRU) (Mao et al. 1993; S. Kim et al. 1999; Fielding, MSc. Thesis, 2011).  

Furthermore, p20K is highly regulated by CAAT/enhancer binding protein (C/EBPβ) as C/EBPβ 

crucial interaction with different QRU binding sites  are essential for the activation of p20K 

(Kim et al., 1999).  CHOP, a C/EBP homologous protein belonging to the C/EBP family, has 

been identified as an inhibitor of C/EBPβ activity (Sok et al., 1999).  Co-immunoprecipitation 

experiments showed that CHOP induction either by ER stress or starvation promoted the 

formation of C/EBPβ heterodimers inhibiting p20K expression in Chicken Embryonic 

Fibroblasts (CEFs).   Experiments using a CHOP knockdown by shRNA demonstrated that 

CHOP repression induced robust expression of p20K in cycling CEF cells after 24 hours in 

hypoxia, but not at earlier time points. In addition, as documented by RT-qPCR and Western 

blotting analysis, both p20K and CHOP mRNA and protein expression levels show to have an 

inverse relationship in hypoxia and contact inhibition.  Since CHOP expression is greatly 

induced during ER stress and starvation, two ER stress inducible agents (tunicamycin and 

thapsigargin) were used to stimulate high levels of CHOP in CEF, leading to the induction of 

CHOP and repression of p20K.   CEF were also treated with DMOG, a hypoxia mimetic that can 
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stabilize Hypoxia Inducible Factor (HIF) under normoxic conditions (Barnucz et al., 2013).   

Surprisingly, in DMOG treated cells CHOP levels did not decrease, while p20K was highly 

induced.  At later time points, while DMOG induces modest induction of CHOP, it decreases 

phospho-ERK levels (a transcriptional repressor of p20K) demonstrating a separate 

signal/pathway controlling p20K induction in these conditions that requires follow up studies.  

Collectively, these results demonstrate that the down-regulation of the p20K GAS gene in 

response to ER stress is mediated by the induction of CHOP and segregation of C/EBPβ as 

heterodimers. 
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Chapter 1:  Introduction 

1.1  Cell Cycle 

  The cell cycle is composed of four distinct phases which are important for cell renewal and 

growth.  The first phase is known as Gap 1 phase (G1), which is where cells grow and generate 

important components for DNA replication (Bedolla et al., 2013). Following G1, the Synthesis 

phase (S) begins, where DNA replication takes place (Bedolla et al., 2013).  The secondary 

growth phase, the Gap 2 phase (G2) is where the cell continues to grow and prepares for mitosis 

(Bedolla et al., 2013)..   During Mitosis (M phase) cells divide giving rise to new daughter cells 

(Figure 1.1) (Bedolla et al., 2013). 

  The cell can exit the cell cycle during G1 phase as the cell enters a state of quiescence (G0). 

Quiescence (G0) is a reversible non-dividing state, where cells can withdraw from the cell cycle 

when favorable conditions are not met, such as high cell density or nutrient deprivation 

(Reviewed by Williams & Stoeber 2012).  When extracellular conditions become favorable, cells 

can resume with the cell cycle, and proceed through G1 phase (Reviewed by Williams & Stoeber 

2012).  During late G1 phase, cells reach the restriction point, which in yeasts, is referred to as 

the START point (Reviewed by Gelman & Sudol 2010).  Progression of G1 to restriction point is 

dependent on mitogenic signals (growth factors) and high rate of protein synthesis (Reviewed by 

Zetterberg, A., Larsson O., Wiman, 1995). After the cells pass through the restriction point, the 

cell is now fully committed to divide, and becomes independent of growth factor stimulation 

(Reviewed by Foijer & Te Riele, 2006). 

      The G2 phase also contains cellular checkpoints that can detect inappropriate extracellular 

signals that can interrupt the continuation of cell cycle. G2 cellular checkpoint for example 
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ensures that a cell does not begin mitosis if DNA damage is present (Stark and Taylor, 2004).  In 

normal cells, when the cell detects DNA damage, it triggers a mechanism that induces cell cycle 

arrest by the activation of p53 transcription factor or retinoblastoma proteins (Reviewed by 

Foijer & Te Riele, 2006).  p53 can mediate both late G1 and G2/M cell cycle arrest (Agarwal et 

al., 1995).  Cell cycle checkpoints are triggered to allow time for DNA repair to take place (Liu 

and Kulesz-Martin, 2001).  However, p53 will induce cellular apoptosis in cells with irreparable 

DNA damage.  In cancer cells, these growth inhibitory checkpoints during the G1 or G2 phase 

often fail to be activated leading to uncontrolled cell proliferation. 

1.2  Cyclins and CDKs that regulate G0-G1 transition  

  Cyclin proteins and Cyclin Dependent Kinases (CDK) are important regulators of cell cycle 

progression.  Cyclin proteins play a major role by creating a complex with their corresponding 

CDK proteins counterparts.  Different Cyclin-CDK complexes regulate different steps of the cell 

cycle. For instance cyclin D interacts with CDK4 or CDK6 controlling early G1 progression (As 

reviewed by Black and Black, 2012; Gelman and Sudol, 2010).  Cyclin D- CDK4/6 complexes 

also regulate entrance of quiescent cells into cell cycle (As reviewed by Black and Black, 2012). 

Alternatively, Cyclin E creates a complex with CDK2 that regulates G1 to S progression (Hwang 

and Clurman, 2005).  Cyclin A/CDK2 and cyclin A/CDK1 complexes control the S phase and 

early G2 transition (Reviewed by Malumbres and Barbacid, 2005).  During G2, type B cyclins 

begin to predominate through M phase, while at the same time A-type cylins are degraded by 

ubiquitin-mediated proteolysis (Reviewed by Malumbres and Barbacid, 2005).   As a result, 

Cyclin B pairs with CDK1 to regulate entrance into mitosis (Figure 1.1) (Reviewed by 

Malumbres and Barbacid, 2005). 
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  The retinoblastoma protein (pRb) and related pocket proteins, p107 and p130 play a significant 

role in cell cycle by interacting with different cyclin/CDK complexes (Cobrinik, 2005). These 

proteins are most commonly known for their role in S phase transition, but are also important 

during quiescence.  Rb can exist in its hypophosphorylated (active) or hyperphosphorylated 

(inactive) form, and its phosphorylated state is important during G1. Rb and related pocket 

proteins inactivation is crucial for cell cycle progression because they bind to and repress E2F 

transcription factors (Reviewed by Foijer & Te Riele, 2006).  E2F factors are essential for the 

transcription of several genes involved in G1/S transition, including Cyclin E (Reviewed by 

Foijer & Te Riele, 2006).  Rb also regulates quiescence by inhibiting E2F transcription factors in 

absence of mitogen stimulation which halts cell cycle progression (Chim et al., 2006).  For cell 

cycle to proceed, Rb needs to be inactivated.  Rb is therefore initially targeted to be inactivated 

by Cyclin D-CDK 4/6 during mitogen stimulation. Thus, elevated levels of Cyclin D-CDK 4/6 

results in partial inactivation of Rb and release of E2F (Reviewed by Foijer and Te Riele, 2006; 

Gelman and Sudol, 2010).  The release of E2F thus activates Cyclin E/Cdk 2, which further 

phosphorylates Rb to its hyperphosphorylated state, resulting in full release of E2F activity and 

beginning of S phase (Reviewed by Foijer & Te Riele, 2006).   

   Cyclin dependent kinase inhibitors (CKI) also coordinate important activities during the cell 

cycle. There are two families of CKIs:  Cdk-interacting protein/ kinase inhibitory protein 

(CIP/KIP) and INK4.  The CIP/KIP family (p21
CIP

, p27
KIP1

and p57
KIP2

) of CKIs inhibits Cyclin 

E/CDK2 and cyclin/CDK1 activity, but may enhance the association and activation of Cyclin D-

CDK 4/6 (Chim et al., 2006).  The cyclin dependent kinase inhibitor (CKI) p27
KIP1

, for example 

functions as a strong inhibitor of Cyclin E/CDK2 kinase activity in conditions lacking growth 

factor stimulation (Reviewed by Foijer & Te Riele, 2006).  Thus, p27
KIP1

 prevents the functional 
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inactivation of Rb, and suppresses E2F factors (Reviewed by Foijer & Te Riele, 2006).  p27
KIP1

 

accumulates during quiescence, but is rapidly degraded as cells re-enter the cell cycle from this 

quiescent state (As reviewed by Starostina and Kipreos, 2012). Another CIP/KIP family cyclin 

dependent kinase inhibitor is p21
CIP

, which induces G1and G2 cell cycle arrest in response to 

DNA damage (As reviewed by Starostina and Kipreos, 2012). p21
CIP

 is transcriptionally 

regulated by p53 in conditions of DNA damage or cellular senescence (Dulic et al., 1998).  

Lastly, p57 is another CIP/KIP family CDK inhibitor that is mainly involved in development.  

p57 regulates decisions to exit the cell cycle during embryogenesis (Matsuoka et al., 1995). 

   Additionally, INK4 family is also involved in cyclin–CDKs regulation.  INK4 family 

(p15
INK4B/MST2

, p16
INK4A/MST1

, and p18
INK4C

) is known to specifically inhibit Cyclin D-cdk4/6 

complexes  (Graña and Reddy, 1995; Sherr and Roberts, 1995; Tvrdik et al., 2002).  p16 for 

example is a member of INK4 family that has been widely studied in several cancers because its 

loss signifies a pivotal point in tumor progression (Rocco and Sidransky, 2001).  p16 is a tumor 

suppressor that is an essential regulator of cdk4 and cdk6 activity (Rocco and Sidransky, 2001).   

Therefore elevated levels of p16 halt cell cycle progression by inhibiting Cyclin D-cdk4/6 

complexes that are necessary for Rb phosphorylation.  Loss of cyclin D also results in increased 

levels of p27 and Cyclin E/CDK2 inhibition.  The end result is cell cycle arrest at G1. The main 

difference between INK4 and CIP/KIP family is that the INK family only regulates Cyclin D-

cdk4/6, while the CIP/KIP family is broad in regulating all G1 phase cdk-cyclin complexes 

(Graña and Reddy, 1995; Sherr and Roberts, 1995; Tvrdik et al., 2002).  The sequential order of 

events that govern cell cycle are therefore important for proper cell division, as loss or over 

expression can lead to aberrant events that can lead to cancer progression or developmental 

defects. 
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Figure 1.1: Cell cycle overview. The cell cycle is composed of Interphase (G1, S, and G2) and Mitosis.    

Gap phase 1 (G1) is where cell grows, leading to Synthesis (S) Phase, where DNA replication takes place.  

Gap phase 2 (G2) is the secondary growth phases that prepares the cell to enter mitosis.  During mitosis 

(M) phase chromosome segregation and cytokinesis occur, giving rise to new daughter cells.  During G1, 

the absence of nutrients or growth factors and high cell density (contact inhibition) can lead to quiescence 

(G0), which is a reversible cell cycle arrest.  When cells exit the cell cycle during quiescence, the cells 

can return to cell cycle when conditions become favorable.  This diagram also summarizes cyclin/cdk 

interactions that govern G1 progression. 
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1.3  Quiescence 

   All living cells can exit the normal cell cycle and enter quiescence (G0), also known as a 

“resting” state (Gray et al., 2004).  Cellular quiescence is a reversible, non-dividing state that 

occurs as cells exit the cell cycle (Coller et al., 2006).  Many cells in the human body are 

terminally differentiated or are not constantly proliferating, and remain in a state of quiescence 

(Reviewed by Williams and Stoeber, 2012).  Only a small amount of cells are actively cycling. 

They are located in self-renewing tissues such as epithelia and bone marrow (Potten and 

Loeffler, 1990; Reviewed by Williams and Stoeber, 2012).  Examples of cells that have entered 

into a quiescent state are glial cells, thyroid follicular cells, or hepatocytes (Reviewed by 

Williams and Stoeber, 2012).   

  Cellular quiescence (G0) is a process of regulating cell proliferation and homeostasis 

(Komarova and Wodarz, 2007).   The decision to progress through the cell cycle or enter 

quiescence occurs during G1 phase (Gray et al., 2004).   Nutrient and growth factor availability, 

and high cell density (contact inhibition) are the main factors that can induce cells to enter 

quiescence (Gos et al., 2005).   The lack of nutrients leads cells to exit the cell cycle, however 

once the availability of nutrients is restored, the cell can exit the quiescence state and re-enter the 

cell cycle (Gray et al., 2004).  In addition, quiescence can be stimulated when cells become 

contact inhibited (density arrested) (Gos et al., 2005).  However unlike starving cells, contact 

inhibited cells cannot exit quiescence with the addition of fresh medium (Gos et al., 2005).  Cells 

would have to be subcultured at lower density in order for cells to return to the cell cycle (Gos et 

al., 2005).   

  Many somatic cells, including stem cells, are often found in the common state of quiescence 

(Coller et al., 2006).   It is hypothesized that several common cancers are sustained by “cancer 
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stem cells” (Komarova and Wodarz, 2007).  Chronic myeloid leukemia cancer cells are an 

example of cancer cells that largely remain in quiescence (Dean et al., 2005).  Certain cancer 

drug therapies can even induce quiescence in primitive cancer cells (Komarova and Wodarz, 

2007).   Chemotherapy agents usually have S-phase specificity, therefore making primitive 

quiescent cancer cells drug-resistant (Graham et al., 2002).  These quiescent cancer cells do not 

proliferate or become apoptotic and are not sensitive to any drug activity (Komarova and 

Wodarz, 2007).  For this reason, recent leukemia cancer research has focused on isolating 

quiescent cell gene markers (Graham et al., 2002).  Although quiescence has been extensively 

studied, many questions still remain unanswered regarding the pathways that regulate this 

cellular state.   

   It is important to note that unlike quiescence, where cells can re-enter the cell cycle, 

senescence is an irreversible arrest in cell division (Cho and Hwang, 2012).  As cells age their 

replication rate gradually slows down, and eventually the cells stop dividing and enter replicative 

senescence (Erdmann, 2005).  As a result, senescent cells undergo morphological changes with 

an increase in lysosome levels, cell volume, mitochondria, and reactive oxygen species (ROS) 

(Cho and Hwang, 2012).  Senescence may be triggered by several mechanisms such as telomere 

shortening or DNA damage, therefore it has been associated with aging and tumor suppression 

(Collado et al., 2007). 

1.3 GAS and Gadd genes  

     Growth arrest specific (GAS) and growth arrest and DNA damage (GADD) genes are two 

classes of genes up-regulated during quiescence.  GAS and GADD genes are essential for the 

regulation of cell proliferation, gene expression, and cell death (Fleming et al., 1997). In 

addition, GAS and GADD genes are down-regulated when cells undergo terminal differentiation 
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or senescence (Fleming et al., 1997; Shugart et al., 1995).  This indicates that these two classes 

of genes that are involved in growth arrest gene expression are specific to cells in quiescence, 

where cells can re-enter the cell cycle. 

  Six GAS genes (GAS 1-6) were first identified in 1988 in order to further understand the roles 

of genes that are expressed during cellular growth arrest (Schneider et al., 1988).  These genes 

were up-regulated in growth arrested NIH3T3 cells, but were down-regulated after stimulation 

by serum (Schneider et al., 1988).  GAS genes expression has been found in various tissues, 

fibroblast cell lines, hematopoietic cells, and during embryo development (Ciccarelli et al., 

1990).    

      The Gadd gene family is also important in studies that regulate quiescence.  Gadd genes are 

induced by a variety of cellular stress conditions such as nutrient deprivation in culture and in 

response to DNA damaging agents (Carlson et al., 1993; Jackman et al., 1994).  A group of five 

Gadd genes were first isolated from UV radiation-treated Chinese-hamster ovary (CHO) cells 

(Fornace et al., 1989). The members of this family of GADD genes consist of GADD34, 

GADD45α, GADD45β, GADD45γ, and GADD153. Studies by Fornace et al. (1989) determined 

that Gadd genes are induced during growth arrest after DNA damage, and are also important for 

the regulation of growth arrest in quiescence.  Additionally, Gadd genes play significant roles in 

cell cycle arrest, apoptosis, and DNA repair (Saletta et al., 2011).  The gadd153 (CHOP) and 

gadd45 genes have been intently studied because their expression has been observed in every 

mammalian cell line (Zhan et al., 1994). GAS and GADD gene levels of expression may also 

fluctuate depending on stress and growth arrest conditions.    For instance, mRNA levels of 

CHOP, Gas2, and Gas 5 levels increases in response to the depletion of essential amino acids 

(Fleming et al., 1997).  Alternatively, in conditions of low serum, Gas 3 and Gas 6 mRNA levels 
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are induced (Fleming et al., 1997). Thus, not all conditions of growth arrest induce similar Gas 

and Gadd genes expression.   

1.5  C/EBP Family and C/EBPβ  

  CAAT/Enhancer Binding Protein (C/EBP) family is a group of leucine zipper transcription 

factors that participate in the regulation of cellular growth and differentiation in multiple tissues, 

as well as during inflammation (As reviewed by Ramji and Foka, 2002; Wei et al., 2006).  By the 

early 1990’s six members of the C/EBP family had been uncovered (C/EBPα, -β, -γ, -δ, -ε and -

ζ) (Wei et al., 2006).   All C/EBP family members display a conserved C-terminal basic domain 

(bZIP) important for DNA binding (Ron and Habener, 1992).  Adjacent to the basic domain, is a 

leucine zipper helix structure responsible for dimerization (Ron and Habener, 1992).  All family 

members are also able to form disulfide bonds between paired zipper helices (Williams et al., 

1991).      Apart from C/EBP ζ, also referred to as CHOP, all members of C/EBP family are able 

to homodimerize or heterodimerize with other family members to activate target genes (Ron & 

Habener, 1992).  However, CHOP is only able to heterodimerize with other C/EBP family 

members (Ron and Habener, 1992).  Dimerization is a must in order for C/EBP members to bind 

to DNA through the basic domain (As reviewed by Ramji and Foca, 2002).  Any disruptions that 

prevent C/EBP family members from dimerizing will hinder them from binding to promoter 

regions of target genes. 

  From all the C/EBP members, the gene of interest in our studies on GAS gene regulation is 

CAAT/Enhancer Binding Protein Beta (C/EBPβ).  C/EBPβ is ubiquitously expressed, and is 

associated with cellular growth, differentiation, apoptosis, and inflammatory responses in 

different tissues (Cortés-Canteli et al., 2002; Degagné et al., 2012; Didon et al., 2011; Pal et al., 

2009; Takiguchi, 1998). At first C/EBPβ was described as a transcriptional regulator of the 
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interleukin-6 (IL-6) gene promoter involved in immune and inflammatory responses (Akira et 

al., 1990).   Additionally, C/EBPβ has also been extensively studied as a liver specific DNA-

binding protein involved in liver and adipocyte differentiation (Darlington et al., 1998; Ferrini et 

al., 2001).  It was also determined that C/EBPβ is a direct target of ERK-1/2, which is important 

during ovulation and female fertility (Fan et al., 2010).  C/EBPβ has even been classified as a 

pro-survival factor by protecting fibroblasts cells from Tumor Necrosis Factor α (TNF) mediated 

apoptosis (Ranjan and Boss, 2006).  These studies demonstrate that C/EBPβ has versatile and 

tissue specific roles, hence the importance of studying this transcription factor. 

  C/EBPβ mRNA generates three important isoforms: LAP*, LAP, and LIP.  Liver-

enriched Activating Protein (38 kDa), also referred to as C/EBPβ-1, LAP* or LAP-1, is the full 

length isoform of C/EBPβ. It is predominantly expressed in all normal cells (Figure 1.2) (Eaton 

et al., 2001).  The second C/EBPβ isoform is a 34-kDa transactivator protein, known as C/EBPβ-

2, LAP-2, or LAP. This isoform differs from LAP* by 23 N-terminal amino acids (Descombes et 

al., 1990; Eaton et al., 2001). The third isoform, 21-kDa Liver-enriched Inhibitory Protein (LIP) 

can act as an inhibitor of LAP* and LAP. It can act in this manner because it is missing the 

transactivation domain (Descombes et al., 1990). While LAP stimulates C/EBP activity, LIP acts 

as a competitive inhibitor.  LAP* and LAP have different expression profiles demonstrating 

differences in gene activation and cell proliferation (Eaton et al., 2001; Kowenz-Leutz and Leutz, 

1999).  Studies by Eaton et al. (2001) demonstrated that only LAP was able to activate Cyclin 

D1 promoter, indicating that it has a role in promoting cell growth in mammary epithelial 

cells.  Interestingly, only LAP expression was observed in mammary tumor cell lines, while 

LAP* was distinctively expressed in normal mammary epithelial cells (Eaton et al., 2001).  

Moreover, LAP* exhibits unique functions, including the interaction with SWI/SNF complex, a 
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chromatin remodeling complex (Kowenz-Leutz and Leutz, 1999).   LIP and LAP expression 

ratio is also regulated by translation initiation factors elF-2 and elF-4 (Calkhoven et al., 

2000).  During high levels of elF-2 and elF-4, LIP and LAP are highly generated, however at low 

levels of elF-2 and elF-4, LAP* predominates (Calkhoven et al., 2000).  These studies indicate 

the different functions and methods of regulation that produce C/EBPβ isoforms. 

    C/EBPβ isoform ratio is also under the translational control by uORFs, which encode 

evolutionary conserved upstream peptides in key regulatory genes (Wethmar et al., 2010).  

C/EBPβ generates isoforms as a result of leaky ribosome scanning mechanism (Descombes et 

al., 1990).  This mechanism of translation is mediated through different START sites within the 

same reading frame. The small (40s) ribosomal subunit scans for potential AUG start sites from 

5’-3’ direction (Descombes et al., 1990).  Depending on external stimuli or control by other 

cytoplasmic proteins, the first AUG encountered might not always be used for translation of 

protein synthesis, as in the case for C/EBPβ (Descombes et al., 1990; Jover et al., 2002).  As a 

result, translation may begin at a second or third translation initiation sites generating different 

C/EBPβ isoforms (Calkhoven et al., 2000; Descombes et al., 1990). 
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Figure 1.2.  C/EBPβ Structure.    C/EBPβ shares a common bZIP structure with other C/EBP family 

members.  The full-length C/EBPβ (38kDa) structure is shown with the Transactivation Domain (TAD), 

Regulatory Domain (RD), Basic Region (BR) (DNA Binding), and Leucine Zipper (LZ) (Dimerization 

Domain).  The other C/EBPβ isoforms structures are also displayed: Liver-enriched Activating Protein 

(LAP) (34-kDa) and Liver-enriched Inhibitory Protein (LIP) (21-kDa).  LAP is a transcriptional activator 

that contains an N-terminal truncated version of full length C/EBPβ. LIP is transcriptional repressor 

lacking the Transactivation Domain. (Adapted from Wethmar et al., 2010). 
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1.6  p20K 

     p20K is a GAS gene product that has been well studied in Chicken Embryonic Fibroblasts 

(CEFs). Like other GAS genes, p20K is highly activated during quiescence (Bedard et al., 1987).   

p20K is part of the lipocalin family of lipid-binding proteins that is expressed in CEFs and 

chicken heart mesenchymal (CHM) cells (Bedard et al., 1987).  As a lipocalin protein p20K has 

high affinity for long chain unsaturated fatty acids (Descalzi Cancedda et al., 1996).  This 

quiescent specific protein is expressed in conditions of high cell density (contact inhibition) and 

hypoxia (Fielding, MSc. Thesis, 2011; Kim et al., 1999).  Although p20K is highly expressed in 

contact inhibited CEF, its expression is rapidly inhibited in actively proliferating CEFs (Bedard 

et al., 1987).  In addition, p20K is also repressed in RSV transformed CEF, during growth factor 

stimulation, or addition of insulin (Bedard et al., 1989). 

      In studies by Cancedda et al. (1990), p20K also referred to as the Extracellular Fatty Acid 

protein (Ex-FABP), which is characterized as a stress protein induced by inflammatory agents.  

Ex-FABP/p20K is stimulated by active tissue remodeling during chicken embryo development 

(Cancedda et al., 1990).  Its expression was observed in dyschondroplastic and osteoarthritic 

diseases in adult chicken cartilage, and also in differentiated chrondrocytes (Cancedda et al., 

1990; Descalzi Cancedda et al., 2002).  Studies have also shown that it is associated with 

promoting cell survival in chondrocytes, myoblast, and cardiomyocytes (Gentili et al., 2005).  

Thus this protein is very important in heart development, bone, and muscle formation (Descalzi 

Cancedda et al., 2002). 

 The transcriptional activation of p20K in quiescent CEF is dependent on a 48-bp promoter 

region refer to as the Quiescence Responsive Unit (QRU) (Gagliardi et al., 2003).  In addition, 

C/EBPβ has also been identified as an essential regulator of p20K activation (Kim et al., 1999).  
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The QRU contains two C/EBPβ binding sites, Regions A and B that play a major role in the 

activation of p20K expression (Kim et al, 1999).  

   In studies by Gagliardi et al. (2003), expression of p20K in contact inhibited CEF was inhibited 

by a C/EBPβ dominant negative mutant (RCASBP-Δ184-C/EBPβ).  Moreover, expression of 

Δ184-C/EBPβ mutant also stimulated higher rate of proliferation. Studies by Gagliardi et al. 

(2003) showed that C/EBPβ controlled proliferation by acting as a negative regulator of activator 

protein -1 (AP-1).  AP-1 is a transcription factor that can regulate proliferation, differentiation, 

apoptosis and transformation (Hess et al., 2004).  When inhibiting C/EBPβ expression with the 

Δ184-C/EBPβ mutant, AP-1 expression was up-regulated in cycling CEF cells. In contrast, over 

expressing C/EBPβ reduced levels of AP-1 activity.   Studies have also shown that AP-1 inhibits 

p20K expression in contact inhibited CEF.  Thus, in density arrested CEF, the over expression of 

c-Jun, a component of AP-1, stimulated cell proliferation and blocked p20K expression 

(Gagliardi et al., 2003).  These studies reveal that C/EBPβ and AP-1 have contrasting roles in 

p20K regulation and cell proliferation (Gagliardi et al., 2003).  

1.7  Hypoxia  and Quiescence 

  Cellular hypoxia (low oxygen) is a common feature occurring during development, normal cell 

physiology, and cancer (Chi et al., 2006).    Hypoxia induces the accumulation of Hypoxia 

Inducible Factors (HIFs), which have an essential role in regulating tissue homeostasis during 

hypoxic conditions (Ercan et al., 2012).   HIF consists of α-subunits (HIF-1 α and HIF-2 α) and 

HIF1β that can heterodimerize within the nucleus to activate target genes in low oxygen 

conditions (Pietras et al., 2011).  The HIFα/HIF1β complex binds to a sequence in the promoter 

region of its target genes known as the Hypoxic Responsive Element (HRE) in order to activate 

gene expression during hypoxia (Pietras et al., 2011). 
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   One way cells may respond to the environmental stress induced by hypoxia is by slowing down 

their proliferation rates. Studies by Gardner et al. (2001) showed that hypoxia induces p27, a 

CDK inhibitor, thus resulting in hypoxia-induced G1 arrest in primary murine embryo 

fibroblasts.  In addition, retinoblastoma protein hypophosphorylation is also necessary to trigger 

hypoxia induced quiescence (Gardner et al., 2001).  Other studies have also shown that hypoxia 

induces quiescence in tumor cells as a way to compensate and increase survival in a hypoxic 

environment (Gao et al., 2011).   Hypoxia induced quiescence can also provide an advantage for 

cancer cells to evade radiotherapy and chemotherapy effects (Brown and Wilson, 2004).  

However, not all transformed cells lines can survive in a hypoxic environment.  For instance, 

studies by Schmaltz et al. (1998) demonstrated that hypoxia induced quiescence in non-

transformed primary fibroblast cells, but triggered apoptosis in oncogene-transformed Rat 

Embryonic Fibroblasts (REFs).  This state of hypoxia induced apoptosis in transformed REFs 

was triggered as a result of enhanced acidosis (low medium pH) (Schmaltz et al., 1998).   

  Hypoxia can also contribute to the quiescent state of stem cells.  This has been observed in 

Satellite cells which are skeletal muscle stem cells that usually remain in a state of quiescence.  

These cells only undergo differentiation during muscle growth, exercise, or injury (Hawke and 

Garry, 2001).  Studies by Liu et al. (2012) demonstrated that hypoxia is largely responsible for 

the quiescent state of satellite cell-derived primary myoblasts.  This is also demonstrated in 

studies where hypoxia hinders myogenic differentiation through the activation of Notch or P13K 

pathways (Gustafsson et al., 2005; Majmundar et al., 2012).  Hypoxia can also induce myoblasts 

to undergo quiescence during conditions of nutrient deprivation (Liu et al., 2012).   These studies 

demonstrate the strong correlation between hypoxia and quiescence that are important for 

maintenance of stem cell properties and to increase cell survival. 
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1.8  Induction of p20K in hypoxia 

   A microarray analysis demonstrated that RNA from contact inhibited CEF shared a similar 

gene expression pattern with cells in hypoxia.  Therefore, several experiments by B. Fielding 

(MSc. Thesis, 2011) were conducted to confirm the expression of Gas gene protein, p20K, in 

hypoxic conditions (1-2% O2).  Results demonstrated a strong activation of p20K in cycling 

CEFs after the cells were incubated for 24 hours in hypoxia.  Prior to this, p20K expression had 

only been observed in contact inhibited CEFs or to a lesser extent in conditions of serum-free 

medium.  In addition, p20K was super induced when contact inhibited cells were incubated in 

hypoxic conditions.  Transient expression assays were used to dissect different areas of p20K 

promoter, and results demonstrated that p20K expression in hypoxia was also mediated by the 

QRU. The induction of p20K in hypoxia was also C/EBPβ dependent, since experiments using a 

C/EBPβ dominant negative mutant (RCASBP-Δ184-C/EBPβ) displayed no p20K expression in 

hypoxia or contact inhibition (Fielding, MSc. Thesis, 2011; Kim et al, 1999).  Recent 

experiments by undergraduate students Samantha Garnett (2012) and Melanie Fox (2013) 

showed that CEF proliferation rate slows down in hypoxia, demonstrating the inhibitory effect of 

hypoxia on proliferation.  The results of these experiments provided further evidence that 

hypoxia triggers the induction of Gas genes expression, such as p20K, in quiescence.   

1.9  ERK-2  binding to QRU 

  Extracellular signal-regulated kinase 2 (ERK-2) belongs to the mitogen-activated protein 

kinase (MAPK) family known to regulate proliferation, differentiation, and development (Hu et 

al., 2009; Mebratu and Tesfaigzi, 2009).  ERK-2 activation is dependent on growth factor 

stimulation (Mebratu and Tesfaigzi, 2009).  Although ERK-2 has been well characterized for its 

role in several biological processes; recent studies provided insight into its novel role as 
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transcriptional repressor (Hu et al., 2009).  ERK-2 can bind to a DNA consensus sequence 

(G/CAAAG/CN G/CAAAG/C) and block access to transcription factors (Hu et al., 2009).  

Studies by Hu et al. (2009) showed that ERK-2 can bind to a consensus sequence of Gamma 

activated transcription element (GATE) promoter region to block transcriptional activity of 

interferon gamma-induced genes.  Interestingly, although ERK-2 acts as a transcriptional 

repressor of GATE, C/EBPβ activates the GATE promoter. Paradoxically, C/EBPβ is also 

downstream of ERK-2 within the MAPK pathway, as studies have shown that ERK-2 can 

phosphorylate and activate C/EBPβ activity (Park et al., 2004).   Therefore, studies by Hu et al. 

(2009) proposed that expression of the GATE-driven genes is controlled by competitive binding 

of C/EBPβ and ERK-2 to GATE element.  When C/EBPβ is activated it can compete for binding 

to GATE promoter, which results in decline of ERK-2 binding at this site (Hu et al., 2009).   

  Recent studies by M. Athar (MSc. Thesis, 2011) revealed that ERK-2 acts as an inhibitor of 

p20K activity.  The QRU promoter region of p20K revealed to have a similar consensus ERK-2 

binding sequence (GAAGGAGAAAG).  This ERK-2 DNA binding motif is located between and 

overlapping the two C/EBPβ binding sites of the QRU (Chapter 4 Figure 4.2).  This provided 

evidence of the mechanism that represses p20K in proliferating CEFs.  It is hypothesized that 

ERK-2 sits of on the QRU promoter of cycling CEFs, and inhibits C/EBPβ from binding and 

activating p20K  (Athar, MSc. Thesis, 2011).  Interestingly, ChIP experiments showed that ERK-

2 binds to p20K QRU promoter of cycling CEF in normoxia, but not in conditions of hypoxia or 

contact inhibition (Athar, MSc. Thesis, 2011).  These findings established the existence of a new 

mechanism by which ERK-2 represses p20K gene expression. 
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1.10  CHOP structure 

    CHOP, also referred to as GADD153, is another member of the C/EBP family.  CHOP is a 

transcription factor most notably known for its high expression in response to cellular stress 

(Zinszner et al., 1998). CHOP is also important for its direct role in apoptosis (Maytin et al., 

2001).  Although CHOP expression is low during normal cell proliferation, its mechanism of 

expression in normal cycling cells is not well known (Fawcett et al., 1996).  

  The leucine zipper (bZIP) basic domain is conserved among C/EBP family members, thus 

allowing them to dimerize with each other (Williams et al., 1991). Unlike other C/EBP family 

members, CHOP contains two proline residue substitutions that disrupt its helical structure 

(Oyadomari and Mori, 2004; Ron and Habener, 1992).   These proline residues replace basic 

conserve amino acids. Thus, this mutation prevents CHOP homodimers from binding to DNA, 

but allows it to heterodimerize with other C/EBP family members and bind to an alternative 

C/EBPβ element (Ron and Habener, 1992; Ubeda et al., 1996).  CHOP also participates in an 

autoregulatory loop with C/EBPβ.  Studies by Fawcett et al. (1996) examined the interaction 

between CHOP and other members of the C/EBP family.  During Arsenite treatment, only 

C/EBPβ was up-regulated, while other members of C/EBP family were not (Fawcett et al., 

1996).  The CHOP promoter also contains a C/EBP binding site that is essential for the 

activation of CHOP.  During Arsenite treatment, forced expression of C/EBPβ resulted in the 

transcriptional activation of CHOP promoter.  Paradoxically, CHOP can also antagonize C/EBPβ 

activity, however during modest levels of CHOP expression, C/EBPβ can still activate CHOP 

promoter.  Only elevated levels of CHOP inhibited C/EBPβ and transactivation of CHOP 

promoter as an autoregulatory mechanism to attenuate CHOP expression during severe cellular 

stress (Fawcett et al., 1996).  CHOP also actively dimerizes with C/EBPα, and inhibits 
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adipogenesis (Batchvarova et al., 1995).  C/EBPα is a member of C/EBP family that is mainly 

involved in development, maintenance of adipocytic differentiation, and during acute phase 

response (Batchvarova et al., 1995).  CHOP can also inhibit C/EBP€ during myeloid 

differentiation by sequestering C/EBP€ from binding to it consensus DNA sequence to activate 

myeloid target genes  (Gery et al., 2004). 

    Chicken CHOP is homologous to its mammalian CHOP counterpart (Figure 1.3).  Chicken 

CHOP was cloned by former MSc. thesis student Tetsuaki Miyake (2004).   Chicken CHOP 

(25kDa) shares similar structural features with its mammalian equivalent containing Basic 

Region (BR) (DNA Binding domain), and Leucine Zipper (LZ) (Dimerization domain).  Chicken 

CHOP and mammalian CHOP are very similar in size, and their basic domain contains a 

conserved proline (112) residue that is also shared among humans and hamsters (Miyake, MSc. 

Thesis, 2004).  This proline residue sets CHOP apart from other C/EBP members, since it 

prevents CHOP from homodimerizing.  Thus, CHOP can only form heterodimers with other 

members of the C/EBP family. In this way, CHOP generally antagonizes C/EBP family 

members, and prevents them from binding to consensus DNA target sequences (Ubeda and 

Habener, 2003). Chicken CHOP also contains a 5’ untranslated upstream open reading frame 

region (uORF) that is highly conserved among species, including human, mouse, and hamster 

(Jousse et al., 2001).  Chicken CHOP uORF gene is very similar in size and 33% identical at the 

nucleotide level to its mouse counterpart (Miyake, MSc. Thesis, 2004). Chicken CHOP also 

shares structural similarity with other leucine zipper transcription factors in which five leucine 

residues are aligned on the same side of α-helix on its LZ domain, also referred to as the heptad 

repeat (Alberini, 2006; Miyake, MSc. Thesis, 2004). This is important since the basic domain 
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forms the α-helix during DNA binding, and the helix structure is held together by hydrophobic 

interaction between leucine residues (Alberini, 2006).   
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Figure 1.3 . Chicken CHOP Structure.  Chicken CHOP (25kDa) structure is shown with the Basic Region 

(BR) (DNA Binding Domain), and Leucine Zipper (LZ) (Dimerization Domain).  Chicken CHOP and 

mammalian CHOP are very similar in size, and they both contain a conserved proline residue in its basic 

domain.  This proline residue prevents CHOP from homodimerizing, thus it can only heterodimerize with 

other C/EBP members.  Chicken CHOP also has five leucine residues aligned on the same side of α-helix 

on its LZ domain, which is a typical structure of other leucine zipper transcription factors. 
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 1.11  Transcriptional activation and different roles of CHOP  

  During high levels of ER stress, CHOP is over-expressed and accumulates in the cytoplasm 

(Chiribau et al., 2010).  Thus, the nuclear translocation of CHOP from cytoplasm is a necessary 

step during prolonged ER stress.  This is mediated by CHOP interaction with C/EBPβ isoform 

LIP.  Thus CHOP stabilizes LIP from degradation, and alongside CHOP uses the LIP-CHOP                      

complex for nuclear import (Chiribau et al., 2010).  

  CHOP actively participates in the induction of growth arrest or apoptosis in fibroblast cells 

during prolonged periods of Endoplasmic Reticulum (ER) stress or starvation (Friedman, 1996).    

After constant stress stimuli, CHOP is also phosphorylated on two adjacent serine residues (78 

and 81) by p38-type MAP kinase (Wang and Ron, 1996).   CHOP phosphorylation is required to 

augment its transcriptional activity.  During ER stress conditions, the cellular response to 

unfolded proteins (UPR) is activated triggering a plethora of events involved in inhibition of 

protein synthesis (Harding et al., 2000). However, if the cell cannot compensate with prolonged 

ER-stress, other pathways will be activated that lead to cell death. As a result pro-apoptotic 

responsive genes are activated by UPR, including the activation of transcription factor 4 (ATF-4) 

(Harding et al., 2000). ATF-4 is one of the crucial protein effectors of UPR that regulate CHOP 

expression in conditions of persistent ER stress (Chiribau et al., 2010).  The transcriptional up-

regulation of CHOP is also dependant on an ATF-C/EBP composite site during cellular stress 

(Ma et al., 2002).  The binding of ATF-4 and C/EBPβ at this particular site is crucial for CHOP 

promoter activation (Ma et al., 2002).  In addition, during ER stress CHOP promoter activation is 

also dependent on an ERSE site, which is where other agents from UPR response bind.  

However, a mutation to ERSE site did not have a strong effect on basal levels of expression of 

CHOP (Ma et al., 2002).  In oxidative stress conditions, the binding of AP-1 to the AP-1 binding 
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element within the CHOP promoter resulted in transcriptional activation of CHOP (Guyton et al., 

1996).  A single point mutation in the AP-1 element binding region of CHOP interfered with the 

binding of Fos and Jun (AP-1 family members) to CHOP promoter, reducing  its  transcriptional 

activity (Guyton et al., 1996).  Alternatively, during starvation, ATF-2 binding to CHOP 

promoter results in the transcriptional activation of CHOP. 

  CHOP also plays a direct role in apoptosis. Constitutive expression of CHOP induces the 

activation of downstream genes of CHOP (DOC) during ER stress to initiate apoptotic 

mechanisms (Wang et al., 1998).  The induction of DOC genes is mediated through a unique site 

where CHOP-C/EBPβ heterodimers can bind (Figure 1.4) (Ubeda et al., 1996; Wang et al., 

1998).  In arsenite-treated cells, CHOP appears to dimerize preferentially with C/EBPβ over 

C/EBPδ, indicating a preference in binding partners (Fawcett et al., 1996).  Alternatively, as 

ATF4 stimulates CHOP expression, anti-apoptotic protein B-cell leukemia/lymphoma 2 (Bcl-2) 

is also inhibited (Cullough et al., 2001).  At the same time, other pro-apoptotic members of Bcl-2 

family, such as BH-3 only (BIM), are activated which are essential for initiation of apoptosis 

(Puthalakath et al., 1999).  Consequently, CHOP is responsible for the direct transcriptional 

induction of BH-3 only (BIM), activation of DOC genes, and repression of Bcl-2. 

  Since CHOP is unable to form homodimers, it must heterodimerize with other C/EBP proteins, 

specifically C/EBPβ (Sok et al., 1999).  Thus, CHOP has been identified as an inhibitor of 

C/EBP activity because expression of CHOP blocks the binding ability of C/EBP family 

members to their consensus DNA target sequences (Ubeda and Habener, 2003).  CHOP can also 

form heterodimers with ATF-4, and repress ATF-4 activity in activating the asparagine 

synthetase (ASNS) gene during nutrient deprivation (Su and Kilberg, 2008).   However in other 
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studies, CHOP can enhance C/EBP target genes.  For instance, CHOP can sequester LIP from 

inhibiting C/EBPβ, and augments the activation of the IL-6 gene (target gene of C/EBPβ) 

(Hattori et al., 2003).  IL-6 gene plays a role in diseases such as chronic Rheumatoid arthritis, 

and regulation of cytokines and acute phase proteins (Akira et al., 1990).  During stress 

conditions when CHOP levels are induced, it can sequester LIP, but when CHOP accumulates at 

very high levels it represses C/EBPβ activity (Hattori et al., 2003).   

   CHOP can also function as a co-activator of other transcriptional proteins through a tethering 

mechanism (Figure 1.4).  For instance, following a stressful stimulation, CHOP can interact with 

members of AP-1 family such as JunD, c-Jun, and c-Fos (Ubeda et al., 1999).  AP-1 is known to 

mediate gene regulation in response to cytokines, growth factors, stress signals, infections, and 

oncogenic stimuli (Hess et al., 2004).  As a result of CHOP interaction with AP-1 family 

members, AP-1 target genes are activated such as somatostatin, JunD, and collagenase genes 

(Ubeda et al., 1999).  CHOP regulates gene expression, not through direct binding to DNA, but 

through protein-protein interactions through its bZIP domain with AP-1 family members that are 

DNA-bound (Ubeda et al., 1999). 
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Figure 1.4. Functions of CHOP.  CHOP is a transcription factor that can act as an inhibitor of C/EBPs and 

activator of other genes A) CHOP heterodimerizes with C/EBP family members, and prevents them from 

binding to consensus C/EBP target sequences.  B) CHOP acts a co-activator of AP-1 target genes. C) 

CHOP activates downstream genes involved in apoptosis. D) CHOP can sequester LIP (Isoform of 

C/EBPβ), and increase IL-6 gene expression. (Adapted from Dr. Miyake, MSc. Thesis, 2004) 
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1.12   Research Rationale: 

  Preliminary studies by Ben Fielding (MSc. Thesis, 2011) showed that induction of p20K in 

cycling CEF resulted in CHOP down-regulation at 24 hours hypoxia.  In addition, other 

experiments by B. Fielding showed that over-expression of CHOP through RCASB system 

repressed p20K activity in hypoxia.  Therefore, the primary goal of my project is to further 

investigate the effect of CHOP expression on p20K.  It is hypothesized that CHOP plays a role in 

the control of p20K expression; hence CHOP has been extensively studied during the research 

process. 

1.13 Hypothesis:   

CHOP is a key determinant of p20K expression in hypoxia or contact inhibited chicken 

embryonic fibroblasts (CEFs). 

1.14 Main Objectives: 

  The main objective of my project was to study the effect of CHOP on p20K induction in 

various conditions such as hypoxia, contact inhibition, and ER stress in CEFs.  Western blotting 

analysis and RT-qPCR were used to validate CHOP and p20K protein and mRNA levels in 

normoxia, hypoxia, contact inhibition, and conditions of ER stress.  Proliferation assays and 

Western blotting analysis were performed using a CHOP knockdown by shRNA to investigate 

the effect of CHOP down-regulation on p20K and cell survival.  Since CHOP is a pro-apoptotic 

transcription factor, it was hypothesized that its down-regulation may enhance the survival of 

cells as they begin to starve.  In addition, it was likely that attenuating CHOP levels will have a 

positive effect on p20K induction.  Moreover, my studies also focused on studying the 
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expression of p20K during prolonged periods of ER stress when CHOP is over–expressed.  

Preliminary data by B. Fielding suggests that CHOP may be acting as an inhibitor of p20K 

activity, possibly because of its interaction with C/EBPβ.  It is hypothesized that CHOP 

induction will promote the formation of inactive CHOP-C/EBPβ heterodimers, sequestering 

C/EBPβ from binding to QRU promoter, hence inhibiting p20K expression. Therefore, co-

immunoprecipitation experiments were used to analyze C/EBPβ and CHOP interaction.   

   The second objective of my project was to investigate the effect of a hypoxia mimicking agent 

on p20K expression.  Since p20K is highly induced in hypoxia conditions (2% O2), it was of 

interest to observe the expression of p20K in cells treated with DMOG, a prolyl-hydroxylase 

inhibitor drug that stabilizes Hypoxia Inducible Factors (HIF) under normoxic conditions 

mimicking a hypoxia response (Barnucz et al., 2013).  Since DMOG chemically mimics a 

hypoxia response, it was of interest to study p20K induction in these conditions. 
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Chapter 2:  Materials and Methods 

2.1 Cell Culture 

Chicken Embryonic Fibroblasts (CEFs) in early passages (n<13) were cultured in 8 ml of 

Dulbecco’s Modified Eagle Medium (Gibco #11995).  Media was supplemented with 5% heat 

inactivated cosmic calf serum (57ºC for 30 min) (Thermo Scientific HyClone #SH30087.03), 5% 

tryptose phosphate broth (Sigma, #T9157), L-Glutamine (Gibco 25030), and 

penicillin/streptomycin (Gibco #15140). Cells were grown at 41.5ºC in a humidified, 5% 

CO2 atmosphere.  Cells were split 1:3 every 2-3 days with 0.05% Trypsin-EDTA (Gibco # 

25300), and seeded in 100mm culture dishes (BD Falcon #353003).   

2.2 Cell Culture Conditions 

2.2.1 Hypoxia Stimulation 

  The experiments were conducted using a conventional incubator under either normoxic 

conditions set to 21% O2 or hypoxic conditions by incubating the cells in a hypoxia chamber set 

to 1.8-2% O2.  Cycling cells were split 1:3, left overnight (12-16 hours) to re-attach and recover, 

and placed in hypoxic or normoxic conditions for 24 hours, after which cell lysates were 

collected.  For contact inhibited cells, cells were split 1:3, and once cells reached confluency, 

media was changed 24 hours prior to placing in hypoxia chamber to avoid any nutrient depletion 

bias.  Cycling or contact inhibited cells in normoxia were subjected to parallel conditions, but 

were kept in a 21% O2 incubator. 

2.2.2 ER Stress  

 CEF cells were subjected to ER stress stimuli by treating confluent cells with either 1μg/ml 

tunicamycin (Sigma #T7765), 1μg/ml thapsigargin (SigmaT9033) or 0.1 % DMSO (diluent 

control) (Santa Cruz # K1011) for different times ranging from 12-36 hours.   Cells were split 
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1:3.   Once cells reached contact inhibition, media was changed 24 hours prior drug treatments.  

Medium was replenished to prevent any nutrient deficiency effects. 

2.2.3 DMOG Treatment 

  A concentration of 1mM of dimethyloxaloylglycine (DMOG) was added to the media of 

cycling CEF, and lysates from DMOG treated and untreated cells were collected at 24 and 36 

hours post-treatment. Prior to DMOG treatment, cells were split 1:4 one day before, and left 

overnight to recover.   

2.3 Proliferation Assays 

Cell Seeding 

Cells were seeded in 60 mm tissue culture plates (BD Falcon # 353002), and left overnight to re-

attach and recover.  The following day, cells were trypsinized and resuspended in 2ml of 0.05% 

trypsin.  A 500µl trypsin mixture with floating cells aliquot was taken and resuspended in 9.5ml 

of IsoFlow™ Sheath Fluid counting solution (Fisher Scientific).  Cells were counted in triplicate 

for a period of 4 consecutive days using a Beckman Coulter Particle Counter. Alternatively, cells 

were seeded in 24 well plates (BD Falcon #353047), and left overnight to re-attach and recover. 

Cells lines were seeded in quadruple at equal numbers, and only the eight center wells of each 24 

well dish was used.  Next day, cells were re-suspended in 500µl of 0.05% Trypsin.  The entire 

500µl trypsin mixture with floating cells was transferred and resuspended in 9.5ml of IsoFlow™ 

counting solution. Cells were then counted using a Beckman Coulter Particle Counter.  Each 

suspension was counted twice.  Cells were counted every day for a period of 7 consecutive days, 

and every other day after day 7. 
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2.4  Transfection Protocol:   

2.4.1  DNA Precipitation for Transfection 

  Ten micrograms of DNA construct supplemented with twenty micrograms of Salmon sperm 

DNA was used for each DNA precipitation per 100mm plate.   For ethanol-precipitation, DNA 

was stored overnight at    -20ºC, or 1-2 hours in -80ºC. To recover the precipitated DNA, the tube 

was centrifuged at 13,000 x g for 10 minutes at 4ºC. The supernatant was discarded, and the 

DNA pellet was rinsed by adding 70% cold ethanol followed by a second centrifugation at 

13,000rpm for 5 minutes.  The supernatant again was discarded, and the DNA pellet was air 

dried for 3 minutes. The DNA was resuspended in 500 µl of 250mM CaCl2. 

 2.4.2 Calcium Phosphate Transfection: 

  CEF were split 1:3 one day prior to transfection.  The following day, 4 hours prior to 

transfection, medium was changed and 6 ml of complete medium was added per 100mm tissue 

culture plate.  At the time of transfection, cells were about 50-70% confluent.  The DNA was 

precipitated and resuspended as described above, and slowly (drop-wise) 500 µl 2x HBSP pH 

7.12 (1.5mM Na2HPO4, 10mM KCl, 280mM NaCl, 12mM glucose, and 50mM Hepes)  was 

added to the DNA while vortexing.  The DNA precipitate was allowed to sit at room temperature 

for 20 minutes. One milliliter of final DNA precipitate mix solution was added to CEF culture 

dropwise, and mixed gently by swirling the plate.  Plates were incubated with the DNA 

precipitate for 5 hours.  After incubation, the medium was gently aspirated, and cells were 

glycerol shocked (15% glycerol in HBSP buffer) for 1 minute.  Plates were then washed twice 

with serum-free medium, and 9 ml of complete medium was added to each plate (Figure 2.2).    

  RCAS vectors used for transfection experiments are listed in Table 2.1. The CHOP RCAS 

vectors were made by former lab technician, Sam Yan.  RCAS retroviral vector able to express a 
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short-hairpin RNAi (shRNA) was used during transfection for CHOP down-regulation.  RCAS is 

an acronym for Replication Competent ALV LTR with a Splice acceptor (Figure 2.1) (Hughes, 

2004).  RCAS is an avian RSV derived replication-competent retrovirus lacking a v-src gene 

(Hughes, 2004).    This vector generated an RNA interference system that can efficiently target 

specific genes within CEF.  The RCASBP vector system results in complete infection of CEF 

cultures.  Therefore after transfection, the CEF cells were passaged three times to allow complete 

infection of the entire cell population.  However a better down-regulation of CHOP was 

observed when CEF transfected with a RCAS(A) CHOP shRNA vector were passaged at least 

four times.  

  In addition, the RSV derived RCAS vector can be used to efficiently over-express proteins in 

developing avian embryos or CEF (Hughes, 2004). Therefore, CEF cells were infected with a 

RCAS(B) viral vector over-expressing CHOP. RCAS (A) or (B) refers to viral envelope 

glycoproteins specific to each virus.  Each retroviral envelope interacts with specific receptors on 

host cells surface (Hughes, 2004).  Thus RCAS (A) contains the A envelope that recognizes the 

TVA cellular receptor, and RCAS (B) expresses the B envelope that binds to the TVB receptor 

(Hughes, 2004). 

Table 2.1-  DNA viral vectors used for Calcium Phosphate Transfection 

RCAS viral vectors  

Control (Empty Vector) RCAS (A)       

CHOP downregulation RCAS (A) 354-CHOP-10 shRNA   

Control (Empty Vector) RCAS (B)       

CHOP upregulation RCAS (B) CHOP    

C/EBPβ Dominant Negative Mutant (Gagliardi et al., 2001) RCASBP Δ184-C/EBPβ   
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Figure 2.1- RCAS structure.  The RCAS virus is missing the src oncogene that is replaced by a 

unique restriction site (ClaI). However, RCAS retained a small segment of src gene, which 

carries the src splice acceptor.  The structure of RCAS is composed of long terminal repeat 

(LTR),  gag, pol, and env genes, direct repeats (DR), splice donor (SD), and splice acceptor 

(SA). DR is crucial for viral replication and assembly (Adapted from Hughes, 2004). 

 

 



                                                                                                MSc. Thesis.  D.Y. Camacho-McMaster University-Biology 

 

33 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2- Calcium Phosphate transfection of CEF- The first step of transfection is to 

incubate CEF for 4-5 hours with DNA precipitate mixture containing RCASBP retroviral vector.  

Cells were glycerol shocked (15% glycerol in HBSP buffer) (1 minute).  Then cells were washed 

twice with serum-free medium, and replenished with 9 ml of complete medium.  After 

transfection, the CEF cells were passaged three to four times to allow complete infection of the 

entire cell population. 
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Figure 2.3- RCAS retrovirus lifecycle overview- The first step of retroviral life cycle is fusion 

of retrovirus with host cell surface.  Second is viral entry, where RCAS viruses require receptor 

binding and low pH.   The viral RNA is transcribed into viral DNA by reverse transcriptase.  

Then RCAS viral DNA is transported into the nucleoplasm, where integration into the host DNA 

takes place.  Two copies of the genomic viral transcript associates with capsid proteins to 

generate viral particles released into the medium by budding.  Successful assembly and release 

of the viral particles leads to infection of the CEF population.  (Adapted from Dr. Tetsuaki 

Miyake, MSc. Thesis, 2004). 
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2.5 Cell Lysate Preparation  

 Cell lysates were prepared by first aspirating medium, and placing cell culture dish on ice. Plates 

were washed twice with 10ml of cold 1 x PBS pH 7.4 (137mM NaCl, 2.7mM KCl, 4.3mM 

Na2HPO4, 1.47 mM KH2PO4).  Cells were collected in 1ml of 1 x PBS with a scraper, and 

pelleted gently by centrifugation.  Supernatant was aspirated carefully, and discarded.  Pelleted 

cells were lysed with 100-200μl of 1X SDS sample buffer (2% SDS, 10% glycerol, 5% β-

mercaptoethantol, 60mM Tris pH 6.8)  with Protease and Phosphatase inhibitor cocktail (Thermo 

Scientific 78441).  Samples were heated for 3 minutes at 100ºC, vortexed for 10 seconds, and 

then centrifuged at 13,000 rpm for 15 minutes at 4 °C. Supernatant was transferred to a new 

microcentrifuge tube, and samples were stored at -80°C.   Bradford assay was used to quantify 

protein concentration.   

2.6 Western Blotting 

  The amount of protein used for Western blotting was 80µg per sample.  Lysates were run on a 

12 % SDS-polyacrylamide gel (SDS-PAGE) night.  The following day, proteins were transferred 

to a nitrocellulose membrane (Schleicher and Schuell, Bioscience) for 3 hours at 60 volts at 4ºC. 

The membrane was immersed in blocking buffer (1x Tris Buffered Saline (TBS) pH 7.6 with 5% 

non-fat dry milk and 0.02 % Na Azide) for one hour with gentle agitation at room temperature. 

Membrane was incubated with primary antibody overnight at 4 °C on rotator. Primary antibody 

was diluted in blocking buffer.   Specific antibodies used are listed in Table 2.2.  Phospho p44/42 

MAPK (ERK1/2) antibody was diluted in 1X TBS with 5% BSA (Sigma #A9647) instead of 

non-fat dry milk.  After the primary antibody incubation, the blot was washed once with 1x TBS, 

twice with 1x TBS-T (1x TBS with 0.1% Tween-20), and twice again with 1x TBS (each wash 

was for 5 min).  Now the nitrocellulose membrane was ready to be incubated with secondary 
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antibody by gentle shaking at room temperature for 1 ½-2 hours.  Secondary antibody was 

diluted 1:25000 in 1x TBS with 5% non-fat dry milk or BSA containing no sodium azide. 

Washes were repeated once again for 5 minutes each: once with 1X TBS, twice with 1X TBS-T, 

and twice with 1X TBS.  The membrane was exposed to Luminata Forte Western HRP Substrate 

(Millipore # WBLUF0100) reagent for chemiluminescent detection, and subjected to Amersham 

Hyperfilm ECL (GE Healthcare) exposure to visualize membrane-protein complexes.  ImageJ 

software was used to quantify protein expression using ERK-1 intensity to correct for loading. 

Table 2.2- Western Blotting Antibodies  

Primary Antibodies  Dilutions 

ERK 1 (Santa Cruz Biotechnology Cat# sc-94)  1 : 2000 

p20K (601-Y)   (Bedard et al., 1987) 1 : 1500 

CHOP (AB-1 Tulip)  1 : 1500 

C/EBPβ (AB3-B5) (Gagliardi et al., 2001) 1 : 2000 

Phospho- p44/42 MAPK (ERK1/2) (Thr202/Tyr204) (Cell Signaling Cat# 4370) 1 : 2000 

Secondary Antibody    

Anti-rabbit IgG HRP linked (Cell signaling Cat# 7074) 1 : 25000 

 

2.7 Co-Immunoprecipitation 

  Cells were collected in 1 ml of 1 X PBS, and pelleted by centrifugation.   Cell pellet was lysed 

and resuspended in 1 ml of TNE buffer (50mM Tris HCl pH 7.6, 150mM NaCl, 1% Nonident P-

40, 2mM EDTA pH 8, EGTA pH 8.5, with protease /phosphatase inhibitor cocktail). Samples 

were allowed to sit on ice for 20 minutes to ensure full lysis in TNE buffer.  Samples were then 

centrifuged for 10 minutes at 13000 rpm at 4ºC to remove insoluble debris.  To prepare protein 

samples, Bradford Assay was used to determine protein concentration.  500µg of proteins from 

the original lysate were used per co-immunoprecipitation. Samples were incubated overnight on 

a rotator at 4 °C with corresponding antibodies i.e. 2 µL of AB3 pre-immune Antibody (control) 

or 2µL of C/EBPβ AB3 antibody. 
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  The following day, 40µl of blocked Protein G Sepharose Beads (GE Healthcare 17-0618-01) 

were added to each sample, and incubated for 1.5 hours on a rotator platform at 4ºC.  Samples 

were pulse centrifuged for 20 seconds, and supernatant was carefully aspirated.  Bead-Antibody 

mixture was subjected to five washes (5 minutes each) with 1 ml of TNE buffer on a rotator at 

4ºC. With each wash samples were pulse centrifuged for 20 seconds to collect the bead-antibody 

complex, and the supernatant was discarded.  After all washes were completed, 60 µL of SDS 

sample buffer was added to each sample.  Samples were resuspended, quickly vortexed, and 

boiled for 3 minutes to elute protein complexes. Lastly, samples were centrifuged at 13000 rpm 

for 15 minutes at 4 °C, and the supernatant was transferred to a new microcentrifuge tube.  At 

this point samples were stored at -80°C for later use for Western blotting analysis.  The same 

protocol as previously described in Section 2.6 was followed for Western blotting analysis.  

However, instead of using rabbit secondary antibody for detection, Clean blot IP detection 

reagent (Thermo Scientific #21230) was used at a 1:500 dilution in 1 X TBS with 5% non-fat dry 

milk. 

2.8  Reverse Transcriptase-quantitative PCR 

2.8.1 RNA extraction by the Trizol Method 

  CEF cells were collected in 1 ml of cold 1 X PBS, and pelleted gently by centrifugation (6500 

rpm at 4°C for 3 minutes).  RNA was extracted from cycling or contact inhibited CEF in 

different conditions (normoxia, hypoxia, or ER stress) using Trizol reagent protocol from the 

manufacturer (Invitrogen).  Trizol reagent (1ml) was added to each sample and mixed vigorously 

by pipetting.  Samples were allowed to sit for 5 minutes at room temperature for complete cell 

lysis.  200μl of chloroform was added to each sample, quickly vortexed, and incubated at room 

temperature (3 minutes).  Then samples were centrifuged at 13000 rpm for 15 minutes at 4 °C. 
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After centrifugation, the clear top aqueous layer was collected carefully without disturbing the 

organic bottom layer into a separate microcentrifuge tube. To precipitate the RNA from solution, 

500 μl of isopropyl alcohol was added to each sample, vortexed, and incubated at room 

temperature for 10 minutes.   Once again, samples were centrifuged for 10 minutes.  After 

centrifugation, the precipitated RNA pellet became visible and the supernatant was discarded.  

The pellet was washed twice with 1ml of 75% cold ethanol (DEPC treated), followed by 5 

minute centrifugation at maximum speed in a microfuge.  After supernatant was carefully 

removed, the RNA pellet was air dried for 5-10 minutes, and then resuspended in 20μl of 0.1% 

DEPC treated ddH20. The RNA concentration was determined using an Ultrospec 2100 pro 

UV/Visible Spectrophotometer at 260nm.   

2.8.2 DNase I treatment and PCR 

RNA (1 μg) was treated with DNase I (Thermo Scientific #EN0521) and 10X Reaction Buffer 

with MgCl2 (Thermo Scientific).  DNase treated total RNA was reverse transcribed to cDNA 

using Protoscript AMV First Synthesis Kit (New England Biolabs #E6550S).  Prior to 

quantitative PCR, the primers and cDNA were first checked by performing a PCR reaction using 

GoTaq Green PCR mix (Promega #M712B). Each PCR reaction contained 12.5 μl of GoTaq 

Mix, 1-2 μl of cDNA template, 1 mM forward and reverse primers, and nuclease free ddH20 to a 

final volume of 25 μl.  PCR amplification is described in Table 2.3.  Following amplification, 

PCR samples were run on a 1.2% agarose gel with ethidium bromide and visualized on a UV 

transilluminator. 
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Table 2.3- PCR Amplification Protocol 
 Temperature Time 

Denaturation 95°C 2 minutes 

  95°C 20 sec 

X 30 60°C 20 sec 

  72°C 20 sec 

Extension 72°C 2 minutes 

  4°C   

 

2.8.3 Quantitative PCR Protocol 

  PerfeCTa SYBR Green FastMix low ROX (Quanta Biosciences#14058) cocktail was used to 

prepare samples for real-time quantitative PCR analysis. Samples were prepared in 96-well PCR 

plates (Thermo Scientific #AB0600). A master mixture containing all necessary ingredients such 

as nuclease free water, 1mM of forward and reverse primers, and 1-2 μl of cDNA template was 

added to each sample for a total volume of 20μl. Specific primers used are described in Table 

2.4. Stratagene MX3000P Real-time PCR machine was used to carry out qPCR reaction. The 2
-

ΔΔ CT
 method was used to quantify amplification levels (Livak and Schmittgen, 2001).  In this 

method, data is shown as relative change in gene expression normalized to an endogenous 

reference gene, GAPDH in this case, and relative to a calibrator, also referred to as the untreated 

control (Livak and Schmittgen, 2001).    In hypoxia experiments, cycling cells in normoxia were 

used as calibrator or relative control for comparison in gene expression analysis.  In ER stress 

experiments, DMSO treated cells were used as relative control.  Statistical calculations represent 

three independent RNA preparations.  

Table 2.4-  Primers used in qPCR reaction 

Protein 
Coded Forward Primer (5'-3') Reverse Primer (5'-3') 

p20K GCC CAG CCA GGA GGA ATG CA  AGC AGC CTC GAG CTT TGG CA  

CHOP GTC CTT GTA GGG CAG CAC AC GGG GAC GTT GAG ACA GCA AT 

GADPH GTC GGA GTC AAC GGA TTT GGC CG ATG GCC ACC ACT TGG ACT TTG CC 
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Chapter 3: Results 

3.1. To examine if different oxygen concentrations in hypoxia induce a change in p20K 

expression  

    Previous studies have established that p20K is a GAS gene highly induced in conditions of 

hypoxia (2%O2) or contact inhibition (Fielding, MSc. Thesis, 2011; Kim et al., 1999).  It was 

therefore important to determine the conditions of hypoxia (1%, 1.5%, 2%, and 3% O2) leading 

to p20K induction.  Thus, cycling CEFs were incubated in various hypoxic conditions or 

normoxia (21% O2) for 24 hours.  At the end of the 24 hour incubation periods, cycling CEF 

samples were collected, quantified with Bradford assay, and examined by western blotting. 

Results show high levels of p20K expression in all hypoxic conditions except at 3% O2 levels 

and normoxia (Figure 3.1A).  This further confirms that hypoxia (2% O2 or less) is required to 

induce expression of p20K in cycling CEF. 

  Confluent CEF cultures show a significantly elevated level of p20K expression in both 

normoxia and hypoxia conditions. However, this time it was of interest to determine if levels of 

p20K or CHOP, a negative regulator of p20K expression, would fluctuate in contact inhibited 

cells incubated at different oxygen concentrations.  Thus contact inhibited CEF were incubated 

in hypoxia (1%, 1.5%, 2%, 2.5% and 3% O2) or normoxia (21% O2) for 24 hours.  Figures 3.1B 

and 3.1D represent the quantification of protein expression in results in 3.1A and 3.1C.  As 

shown in Figure 3.1C Western blotting analysis revealed a lack of CHOP expression in contact 

inhibited CEF in both normoxia and hypoxia conditions (Lanes 1-10).  CHOP levels are only 

detected in cycling CEF in the absence of p20K expression or in response to ER stress (Lanes 

11-12; Figure 3.1C and Figure 3.6A).  The lack of CHOP in contact inhibited CEFs demonstrates 

that hypoxia (2% O2) does not activate CHOP expression and therefore does not generate ER 

stress in these conditions.  In contrast, p20K is actively expressed in all contact inhibited cells 
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incubated in normoxic or hypoxic conditions.  However as shown in Figure 3.1C, p20K levels 

are undetectable in normoxia cycling cells, where CHOP expression is observed. 
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Figure 3.1: Induction of p20K in different oxygen concentrations. Cycling or contact inhibited CEFs 

were incubated in a hypoxic chamber set to different oxygen concentrations for 24 hours. Expression of 

ERK-1 was used as loading control A.  Western blotting analysis of p20K expression from cycling CEF 

after 24hr incubation in different hypoxia conditions (1%, 1.5%, 2%, or 3% O2) or normoxia. (21% O2).  

Results show high levels of p20K expression in all hypoxic conditions except at 3% O2 levels or 

normoxia cycling.   B.  Quantification of protein expression from Western blot Figure 3.2A. Levels of 

p20K are corrected to the levels of ERK C.  Western blotting analysis of expression of p20K and CHOP 

in contact inhibited CEF in response to different oxygen concentrations in hypoxia (1%, 1.5%, 2%, 2.5%, 

or 3% O2.) vs. normoxia.  CHOP levels are only detected in cycling CEF in the absence of p20K 

expression (Lanes 11 & 12).  p20K is actively expressed in all contact inhibited CEF incubated in 

normoxic or hypoxic conditions. D. Quantification of protein expression from Western blot Figure 3.2C. 

Levels of CHOP and p20K are corrected to the levels of ERK 
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3.2  Kinetics of CHOP expression 

    Despite a basal level of expression in cycling cells (Figure 3.1C), CHOP is generally involved 

in promoting cellular apoptosis in conditions of ER stress (Wang and Ron, 1996); therefore it 

was important to determine the effect of CHOP down-regulation on cell proliferation in 

normoxia.  In these experiments, CHOP levels were down-regulated by transfecting CEF cells 

via calcium phosphate method with a retrovirus vector expressing a shRNAi 354-CHOP-10 that 

inhibits CHOP expression.  In addition, CEFs were also transfected with a corresponding empty 

vector RCAS(A) RNAi as a control.   After transfection, the cells were passaged four times to 

allow complete infection of the CEF population.  Attenuating CHOP expression by shRNAi 

reduced CHOP protein level in CEF as determined by Western Blotting analysis (Figure 3.2A).  

Additionally, proliferation assays were performed to determine the effect of CHOP down-

regulation on cell proliferation.  

   CEF were plated in 24-well dishes and the number of cells was determined using a Beckman 

Coulter Particle Counter. CEF were counted every day for a period of 7 consecutive days, and 

every other day after day 7. Results demonstrate that CHOP down-regulation enhances CEF 

proliferation rate (Figure 3.2B).  CEF transfected with shRNAi 354-CHOP-10 display a 

significantly higher rate of proliferation than in control RCAS(A) cell line between days 1, 2, 3, 

5, and 6.  Cell count average between cell lines during these particular days is statistically 

significant as determined by a t-test analysis (p < 0.001, p < 0.01, or p < 0.05) (Figure 3.2B).   

Proliferation curves show that 354-CHOP-10 cells nearly tripled in numbers by Day 4 in 

comparison to control (Figure 3.2B).  Thus diminishing CHOP expression provides CEF with 

accelerated proliferation.  It is important to note that at day 14 both cell lines experienced a 

higher rate of cell loss.  Previous studies by former lab technician, Sam Yan, showed that CHOP 



                                                                                                MSc. Thesis.  D.Y. Camacho-McMaster University-Biology 

 

46 
 

down-regulation by 354-CHOP-10 shRNA enhances CEF survival in conditions of starvation 

(Data not shown).  Therefore, it is likely that the level of CHOP inhibition in my studies was not 

sufficiently high to observe this effect.  However, attenuating CHOP expression proved to have a 

proliferation advantage. 

  A separate set of experiments characterized the expression of CHOP in normoxia as CEF 

became contact inhibited.  In addition, proliferation assays were also performed using a CHOP 

knockdown by shRNA (354-CHOP-10) and RCAS(A) as control.  The 354-CHOP-10 and 

RCAS(A) cell lines were seeded in 60mm dishes in normoxia conditions for counting, and 

corresponding cell lysates were also collected every day for a period of 4 consecutive days for 

Western blotting analysis.  After cells were seeded, CEFs were counted and lysates were 

collected until both cell lines became contact inhibited by day 4.  Western blotting analysis 

indicated that CEF with CHOP down-regulation exhibit elevated levels of p20K compared to 

RCAS(A) cells (control) (Lane 4 and 8; Figure 3.3A).   This indicates that abrogating CHOP 

expression induced an early induction of p20K.  As levels of p20K increased by day 4, a decline 

in CHOP levels was also noted in both cell lines.  Interestingly, although both cell lines did not 

have a significant difference in cell numbers by day 3, results show that by down-regulating 

CHOP expression, p20K is induced prematurely.  Both cell types proliferated at similar rates 

until day 4, where 354-CHOP-10 continued to accumulate while control cells became contact 

inhibited (Figure 3.3C & D).  The cell count difference at Day 4 is statistically significant in an 

unpaired t-test (p<0.05).  This data suggests that down-regulation of CHOP promotes CEF 

proliferation, and an earlier induction of p20K expression as cells become confluent. 
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Figure 3.2:   Kinetics of CHOP expression from cycling to starvation to cell death.  CEF were transfected 

with RCAS(A) RNAi (control vector) and RNAi CHOP-10 # 354 to down-regulate CHOP expression.  CEF 

were seeded in 24 well plates, and counted for 7 consecutive days, and every other day after day 7 

without media replenishment.  Cell counts were performed in quadruple, by counting four wells at each 

time point.  A. Western blotting analysis of CHOP and ERK protein levels of cycling CEF in normoxia.  

Western blotting analysis shows the down-regulation of CHOP with RNAi CHOP-10 # 354 versus the 

control RCAS(A) RNAi.  Protein expression from Western blot was quantified. Levels of CHOP are 

corrected to the levels of ERK   B.  Proliferation Assays of RNAi CHOP-10 # 354 and RCAS(A) cell lines .   

Results show that CEF with down-regulation of CHOP expression proliferated at a faster rate than 

control.  Error bars at each time point represent standard error. Proliferation rate between cell lines was 

significantly different in a separate t-test.   An asterisk * indicates that the cell count average between 

cell lines is significantly different in t-test (***p < 0.001, **p < 0.01, or *p < 0.05).  
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Figure 3.3: Kinetics of CHOP expression in response to contact inhibition.  Cell lines were seeded in 

60mm dishes in normoxic conditions.  Cell lysates from these cells were collected every day for a period 

of 4 days for Western blotting analysis.  CEF numbers were also determined with a Beckman Coulter 

Particle Counter for a period of 4 days.  Cell counts were performed in triplicates A. Western blotting 

analysis of CEF down-regulated for CHOP expression (#354-CHOP-10) and RCAS(A) (control vector).  

Western blotting analysis showed that cells that were down-regulated for CHOP, display a rise of p20K 

expression by day 3, and a robust level of expression by day 4 relative to control B. Quantification of 

protein expression from Western blot in Figure 3.3A. Levels of CHOP and p20K are corrected to the 

levels of ERK.  C. & D.  Bar graph and proliferation curve of cell count average of CEF transfected with 

RCAS(A) RNAi (control vector) and RNAi CHOP-10 # 354.  Error bars at each time point were calculated to 

indicate standard error of triplicate counts.   354-CHOP-10 cells showed a significant increase in cell 

proliferation at day 4 relative to control.  The * indicates that the comparison between cell count 

difference at Day 4 is statistically significant in an unpaired t-test (p<0.05). 
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3.3  Effect of CHOP down-regulation on p20K expression in hypoxia 

  Preliminary experiments showed that repression of CHOP at 24 hours in hypoxia leads to p20K 

induction in cycling CEF (Fielding, MSc. Thesis, 2011).  In the course of the following 

experiments, my objective was to study how the expression of p20K in hypoxia would be 

affected by the down-regulation of CHOP by shRNAi.  Therefore, CEFs were transfected with 

the previously described retrovirus vector 354-CHOP-10 and RCAS (A) (Control) to down-

regulate CHOP expression (Materials and Methods 2.4.2).  Transfected cycling CEF were used 

to conduct a time course experiment by incubating CEF in hypoxic (2% O2) conditions for 24 

hours.  Cell lysates were collected at different time intervals at 0, 6, 10, 12, and 24 hours in 

hypoxia.   Western blotting analysis was used to examine the levels of expression of p20K, 

CHOP, and ERK in these conditions.  The results indicated that CHOP down-regulation induced 

increased levels of p20K expression in cycling CEF in hypoxia at the 24 hour time point (Lane 

10; Figure 3.4A).  Although RCAS(A) cells also showed an increase in p20K levels at 24 hours, 

the levels of p20K in 354-CHOP-10 CEF were elevated albeit modestly by the down-regulation 

of CHOP (Lane 5 and 10; Figure 3.4A).    In addition, at the 24 hour time point, cells transfected 

with 354-CHOP-10 showed complete repression of CHOP, parallel with a high induction of 

p20K.   Also, the low levels of p20K at 0, 6, 10, 12 hours are slightly more prominent in 354-

CHOP-10 cells relative to RCAS(A) cells, but not comparable to the robust increase at 24 hours 

in both cell lines (Figure 3.4B).  The initial hypothesis was that by down-regulating CHOP, 

p20K would be super-induced at earlier time points in hypoxia.  However, the lack of super 

induction of p20K earlier on might indicate that reducing CHOP levels is not sufficient to induce 

p20K.  Thus, an additional signal/pathway may be controlling p20K in these conditions. 
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  Additional experiments showed that CHOP and p20K expression display an inverse 

relationship as cells become denser in hypoxia (Figure 3.5A).  Cycling CEF transfected with 

RCAS(A) (control vector) were incubated in hypoxic (2% O2) conditions for 24 hours.  Cell 

lysates were also collected at 0, 6, 10, 12, and 24 hours.  These cells became very dense and were 

contact inhibited by 24 hours in hypoxia.  Western blotting analysis showed the inverse 

relationship between CHOP and p20K, therefore as CHOP levels decreased, p20K expression 

was induced (Figure 3.5).  Accordingly, the 24 hour time point shows a drastic decrease in 

CHOP levels, and a significant induction of p20K (Lane 5; Figure 3.5).  These studies suggest 

that loss of CHOP levels promotes the induction of p20K at high cell density. 
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Figure 3.4.  Effect of CHOP down-regulation on p20K expression at different time points in hypoxia. 
CEFs were transfected with retroviral vector 354-CHOP-10 to inhibit CHOP expression and RCAS (A) 
(Control).  Transfected cycling CEF were incubated in hypoxic (2% O2) conditions for 24 hours.  Cell 
lysates were collected at 0, 6, 10, 12, and 24 hours in hypoxia. A. Western blotting analysis of expression 
of p20K, CHOP, and ERK protein levels.  Lack of super induction of p20K earlier than 24 hours in hypoxia 
indicates that reducing CHOP levels is not sufficient to induce p20K expression.  Thus, an additional 
signal/pathway may be controlling p20K in these conditions. B. Quantification of protein expression 
from Western blot in Figure 3.4A. Levels of CHOP and p20K are corrected to the levels of ERK.  The 
intensity of CHOP and p20K in RCAS(A) cells was normalized to 1 at 0 hour. 
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Figure 3.5:  Inverse relationship between CHOP and p20K as cells reach high cell density.   A.  Western 

blotting analysis of cycling to contact inhibited CEF transfected with RCAS(A) (control vector) incubated  

in hypoxia (2% Oxygen) for 24 hours. Cell lysates were collected at 0, 6, 10, 12, and 24 hours in hypoxia.  

Western blotting analysis of p20K, CHOP, and ERK shows the inverse relationship between CHOP and 

p20K expression as cells become contact inhibited in hypoxia at 24 hours. B. Quantification of protein 

expression from Western blotting in Figure 3.5A. Levels of CHOP and p20K are corrected to the levels of 

ERK.  The intensity of CHOP and p20K was normalized to 1 at 0 hour.  
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3.4  Effects of CHOP over-expression on p20K induction during ER stress  

  CHOP is a transcription factor associated with the ER stress response (Ron and Habener, 1992).  

Many conditions can induce ER stress such as protein folding disturbance, interference with 

calcium movement across the ER membrane and nutrient deprivation (Zinszner et al., 1998).  

The two main ER stress inducer drugs used in these experiments were thapsigargin and 

tunicamycin.  Tunicamycin is an N-linked glycosylation inhibitor that interferes with protein 

folding in the ER (Marciniak et al., 2004).  Thansigargin (Tg) is an inhibitor of the 

Sacroplasmic/ER Ca
2+

-ATPase (SERCA) pump, which decreases the rate of Ca
2+ 

ER influx, 

leading to an ER Ca
2+ 

reduction (Gupta et al., 2010; Moore et al., 2011).  Therefore, these ER 

stress inducing agents were used in experiments to investigate the effect of CHOP over-

expression on p20K induction. 

  In these experiments, confluent cells were treated with 1μg/ml tunicamycin, 1μg/ml 

thapsigargin, or 0.1% DMSO (Diluent control), to trigger CHOP expression.   Once cells became 

contact inhibited, media would be changed 24 hours prior to drug treatment to avoid any nutrient 

depletion bias.  Cell lysates were collected at 12, 24, and 36 hours post treatments with DMSO, 

tunicamycin or thapsigargin.  Western blotting analysis indicated that ER stress inducing drugs 

lead to elevated levels of CHOP expression and the repression of p20K (Figure 3.6A). CHOP 

was rapidly induced in response to tunicamycin or thapsigargin, as elevated protein levels were 

evident within 12 hrs post treatment (Lane 2 & 3; Figure 3.6A).   Thapsigargin induced higher 

CHOP expression and stronger repression of p20K than tunicamycin (Lane 3 and 6; Figure 

3.6A).  p20K was only observed in contact inhibited cells treated with DMSO (Control) (Lanes 4 
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and 7; Figure 3.6A).    This supports the notion that CHOP is acting as a negative regulator of 

p20K expression during ER stress. 

 

3.4.2 To study the interaction between C/EBPβ and CHOP in presence of ER Stress by Co-

Immunoprecipitation (Co-IP) 

 

  Research by Kim et al. (1999) described that C/EBPβ is responsible for the activation of p20K 

in quiescent CEF.  It is hypothesized that CHOP induction will promote the formation of inactive 

CHOP-C/EBPβ heterodimers inhibiting p20K expression.   Other studies have shown that CHOP 

can act as a negative regulator of C/EBP family members, by forming heterodimers with 

members of the C/EBP family, inhibiting their ability to bind to consensus DNA target 

sequences (Ron and Habener, 1992; Wei et al., 2007).    Therefore, these results suggest that 

CHOP heterodimerizes with C/EBPβ, hindering C/EBPβ ability to bind to the p20K QRU 

promoter, and resulting in the inhibition of p20K during ER stress. 

    Co-Immunoprecipitation experiments were used to study C/EBPβ and CHOP interaction.  

Since CHOP is highly inducible by ER stress and starvation, CHOP levels were stimulated by 

treating contact inhibited CEF with 1μg/ml tunicamycin, 1μg/ml thapsigargin, or 0.1% DMSO 

(control).  Once again, when the cells reached contact inhibition, the medium was changed 24 

hours prior to drug treatment to avoid any nutrient depletion effects.   CHOP is also induced by 

nutrient deprivation; therefore lysates from starving (6 days) CEF were also collected. 

Alternatively, lysates from cycling CEF in normoxia were also analyzed since basal levels of 

CHOP expression is typically observed in CEF in these conditions.   The results indicated that 

increased levels of CHOP co-immunoprecipitated with C/EBPβ in tunicamycin and thapsigargin 

treated cells, suggesting that C/EBPβ –CHOP heterodimers accumulated during ER stress 

(Figure 3.7; Lanes 9 and 10).  In addition, there was also a C/EBPβ and CHOP association 
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during periods of starvation and, to a lesser extent, in normoxia cycling CEF (Figure 3.7; Lanes 6 

and 7).   These results support our initial hypothesis, that accumulation of inactive C/EBPβ–

CHOP heterodimers is the mechanism responsible for repressing p20K in conditions of ER stress 

and starvation.   
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Figure 3.6.  Effect of CHOP over-expression on p20K induction during ER stress. Contact inhibited CEF 
were treated with either 0.1% DMSO (DM) (Control), 1μg/ml tunicamycin (TU), or 1μg/ml thapsigargin 
(TG) to examine the effect of CHOP expression on p20K A.  Western blotting analysis of p20K, CHOP, and 
ERK in contact inhibited CEF lysates collected at 12, 24, and 36 hours post treatment with DM, TU, or TG.  
As shown by Western blotting, ER stress inducing drugs (TU & TG) elevated levels of CHOP, resulting in 
repression of p20K.  In addition, thapsigargin treated CEF showed a stronger inhibition of p20K after 12 
hours post treatment than tunicamycin treated CEF.  B.  Quantification of protein expression from 
Western blot shown in Figure 3.6A. Levels of CHOP and p20K are corrected to the levels of ERK.   
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Figure 3.7.   Analysis of C/EBPβ and CHOP interaction by Co-Immunoprecipitation.   Contact inhibited 
CEF were treated with either 0.1% DMSO (DM) (Control), 1μg/ml tunicamycin (TU), or 1μg/ml 
thapsigargin (TG) for 24 hours.  In addition, starving (STV) (6 days) and cycling (CYC) CEFs in normoxia 
were also used to determine if there was a CHOP-C/EBPβ interaction in these conditions. Cell lysates 
were subjected to immunoprecipitation using C/EBPβ polyclonal antibody or Pre-Immune serum as 
control. CHOP protein was detected from immunoprecipitates by Western blotting. CHOP co-
immunoprecipitated with C/EBPβ in starving CEF and cycling normoxia, as well as TU & TG treated cells.   
The only condition where there was a lack of CHOP- C/EBPβ interaction was in contact inhibited CEF 
treated with 0.1% DMSO (control), corresponding to conditions where p20K is expressed (Lane 8).   
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3.5  Effect of CHOP over expression by the RCASB system in hypoxia 

 In previous experiments, treating CEF with thapsigargin or tunicamycin showed that the 

induction of CHOP during ER stress is associated with the inhibition of p20K.  To confirm if the 

levels of CHOP affect p20K expression in hypoxia, CEF were transfected with a retrovirus 

expressing RCAS(B) (control vector) or CHOP RCAS(B) vector to obtain CHOP over-

expression.  After transfection, CEFs were passaged three times to allow complete infection of 

the CEF population.  Transfected cycling CEFs were placed in normoxic (21% O2) or hypoxic 

(2% O2) conditions for 24 hours.  Cell lysates were collected and levels of p20K, CHOP, and 

ERK-1 were analyzed by Western blotting.  Western blot results demonstrate that subconfluent 

CEF over-expressing CHOP had reduced levels of p20K expression in comparison to RCAS(B) 

cells at 24 hours in hypoxia (Figure 3.8).  These results indicate that CHOP levels have a 

significant impact on p20K induction.   
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Figure 3.8:  Effect of CHOP over- expression by the RCASB system in hypoxia.  CEF were transfected 
with RCAS(B) (control vector) and CHOP RCAS(B) to obtain CHOP over-expression. Transfected cycling 
CEFs were incubated in normoxic (21% O2) or hypoxic (2% O2) conditions for 24 hours. A.  Western 
blotting analysis of p20K, CHOP, and ERK-1 protein levels of subconfluent CEF lysates collected after 24 
hour incubation in normoxia or hypoxia. Results show that constitutive over-expression of CHOP in 
transfected CEF is associated with the down-regulation of p20K in hypoxia (Lane 4). B.  Quantification of 
protein expression from Western blot shown in Figure 3.8A. Levels of CHOP and p20K are corrected to 
the levels of ERK.   
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3.6 Gene validation of p20K and CHOP mRNA expression in normoxia, hypoxia, and ER 

stress conditions by quantitative RT-PCR 

  Accurate and sensitive methods have been developed for the quantification of mRNA by 

quantitative reverse transcription (RT) polymerase chain reaction (PCR).  Previous experiments 

with Western blotting analysis were used to quantify CHOP protein levels in various conditions.  

Here, RT-qPCR was used to confirm that the expression of CHOP in CEF during ER stress, 

normoxia, hypoxia and contact inhibition is regulated at the mRNA level.   

  Total RNA was extracted from CEF by the Trizol Method (Invitrogen). Total RNA (1 μg) was 

reverse transcribed to cDNA with Protoscript AMV First Synthesis Kit (New England, Biolabs). 

CHOP and p20K mRNA levels from subconfluent or contact inhibited CEF incubated in 

conditions of normoxia or hypoxia were assessed by RT-qPCR and normalized to GAPDH 

expression.  RT-qPCR confirmed a down-regulation of CHOP mRNA levels in subconfluent or 

contact inhibited CEF in hypoxia (24 hours), as well as contact inhibited CEF incubated in 

normoxia (Figure 3.9).  In contrast, RT-qPCR analysis demonstrated an opposite pattern for 

p20K gene expression, since there was an up-regulation of p20K mRNA in hypoxia or contact 

inhibited CEF.  This further confirms the inverse relationship between p20K and CHOP 

expression that was previously observed by Western blotting (Figure 3.5).  Results from a one-

way ANOVA with Bonferroni post hoc test on RT-qPCR data demonstrated a significant 

difference (p < 0.001) in CHOP or p20K expression between subconfluent or contact inhibited 

CEF in hypoxia or normoxia (Figure 3.9).  A separate analysis on p20K hypoxia subconfluent vs. 

hypoxia contact inhibition showed significant differences in transcript levels in an unpaired t-test 

analysis (p < 0.001) (Figure 3.9). RT-qPCR confirmed that CHOP mRNA levels in hypoxia (24 

hours) or contact inhibition were reduced, which are conditions where p20K is highly expressed. 
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    Additional RT-qPCR experiments showed that both ER stressors (tunicamycin and 

thapsigargin) triggered an increased expression of CHOP mRNA levels and decreased levels of 

p20K transcripts in response to either of these agents.  These experiments were conducted by 

treating contact inhibited CEF with either 0.1% DMSO (control), 1μg/ml tunicamycin or 1μg/ml 

thapsigargin for 24 hours.  As previously mentioned, when CEF became contact inhibited, the 

medium was replenished 24 hours prior to drug treatment to avoid any nutrient depletion effects. 

Total RNA was extracted from treated CEF cells 24 hour post drug treatments and subjected to 

RT-qPCR analysis.  Indeed, a robust induction in CHOP mRNA and protein levels was observed 

after treatment with tunicamycin or thapsigargin.  Additionally, CHOP and p20K continue to 

display the same inverse relationship during ER stress (Figure 3.10).  As shown by RT-qPCR 

and Western blotting analysis, both tunicamycin and thapsigargin promote a high induction of 

CHOP but antagonize p20K expression, by the formation of inactive CHOP-C/EBPβ 

heterodimers (Figures 3.10 & 3.6) 
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Figure 3.9.  Gene validation of p20K and CHOP mRNA expression. p20K and CHOP mRNA levels were 
assessed by quantitative RT-PCR and normalized to GAPDH expression. Results are expressed as fold 
change between cycling (cyc) or contact inhibited (CI) CEF cultured in 24hrs hypoxia (2% O2) or normoxia 
(21% O2).  Error bars represent the average+SD of three independent experiments. An *** indicates that 
the value is significantly different (p < 0.001) by one-way ANOVA with Bonferroni post hoc test versus 
the control (cycling normoxia).  An ** indicates the value is significantly different (p < 0.001) in a 
separate t-test analysis. A.  Represents relative expression of p20K and CHOP mRNAs in cycling CEF 
incubated in normoxia or hypoxia for 24 hours.  B.  Represents the comparison of relative expression 
levels of p20K and CHOP mRNAs in CEF in conditions of Normoxia cycling/contact inhibited vs. Hypoxia 
subconfluent/contact inhibited. RT-qPCR confirms the inverse relationship between p20K and CHOP 
gene expression. 
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Figure 3.10.  Gene validation of p20K and CHOP mRNA expression during ER stress.  CHOP and p20K 

mRNA levels were assessed by quantitative RT-PCR and normalized to GAPDH expression. Contact 

inhibited CEF cells were treated for 24 hours with 0.1% DMSO (Control), tunicamycin, or thapsigargin to 

induce expression of CHOP by ER stress. Error bars represent the average+SD of three independent 

experiments. An asterisk indicates that the value is significantly different (p< 0.001) from the control 

(DMSO treated) by one-way ANOVA with Bonferroni post hoc test. A.  Represents relative expression of 

CHOP mRNA in contact inhibited CEF treated with either with DMSO (Control), tunicamycin, or 

thapsigargin for 24 hours.  B.  Represents relative expression of p20K mRNA in contact inhibited CEF 

treated with either with DMSO (Control), tunicamycin, or thapsigargin for 24 hours.  Results show that 

both tunicamycin and thapsigargin promote high induction of CHOP mRNA levels but antagonize p20K 

mRNA expression. 
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3.7 Effect of DMOG treatment on p20K induction 
 
  Earlier studies by previous MSc. Students R. Ghosh (2009) and B. Fielding (2011) showed that 

p20K expression can also be induced by dimethyloxalylglycine (DMOG).  DMOG is a prolyl-

hydroxylase inhibitor that can stabilize Hypoxia Inducible Factor (HIF) under normoxic 

conditions mimicking a hypoxia response (Barnucz et al., 2013).   

  HIF is regulated by post-translational modification by hydroxylation of specific prolyl and 

asparaginyl residues in HIF-α subunits (Elvidge et al., 2006).  These modifications are catalyzed 

by members of the 2-oxoglutarate (2-OG) dioxygenase family which comprises of the PHD 

family (PHD1, PHD2, and PHD3) and FIH-1 (Elvidge et al., 2006).  During high oxygen 

conditions, HIF post-modification mechanisms are activated which mediate HIF binding to the 

Von Hippel–Lindau (VHL) E3 ubiquitin ligase complex, promoting its proteasomal degradation 

(Fraisl et al., 2009).  However, DMOG results in the inhibition of PHDs and FIH-1 under 

normoxic conditions, which leads to HIF stabilization, blocking its degradation (Barnucz et al., 

2013; Lando et al., 2002).  Since DMOG mimics a hypoxia response, it was of interest to study 

p20K induction in these conditions. 

    To test the effect of DMOG on p20K induction at different time points, a concentration of 

1mM of Dimethyloxaloylglycine (DMOG) was added to the media of cycling CEFs.  CEF 

lysates from DMOG treated and untreated (control) cells were collected at 24 and 36 hours post-

treatment. Prior to DMOG treatment, cells were split 1:4 one day before, and left overnight to 

recover.  Levels of p20K, CHOP, Phospho-specific ERK and ERK-1 were analyzed by Western 

blotting analysis.  In CEF, the inhibition of prolyl-hydroxylases by DMOG caused a significant 

induction of p20K expression at 24 and 36 hours (Lanes 2 and 4; Figure 3.11).    It is important 

to note that at 36 hours both DMOG treated and untreated cells were very dense and contact 
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inhibited.  Thus, at 36 hours, untreated cells also exhibited p20K expression; however DMOG 

treated cells displayed a more robust expression of p20K. Interestingly, DMOG treatment 

induced a modest increase in CHOP levels, which is contrary to what has been observed in CEF 

placed in hypoxia (2% O2).  This indicates a significant difference between DMOG treatment 

and hypoxia (2% O2), since hypoxia reduced the levels of CHOP in subconfluent CEF (Figures 

3.4 & 3.5).  At 36 hours, CHOP levels were virtually undetectable in contact inhibited untreated 

CEF in comparison to DMOG treated cells.  In DMOG treated CEF, CHOP levels remain despite 

the robust amount of p20K expression at that time point. 

3.7.1 Effect of DMOG treatment on levels of phospho-ERK expression 

   Research by previous MSc. student M. Athar (2011) demonstrated that ERK-2 is a 

transcriptional repressor of p20K.  ERK 1/2 are part of the mitogen-activated protein kinase 

(MAPK) pathway.  This pathway is deemed important in all eukaryotes because of its various 

roles in regulating proliferation and differentiation (Kolch, 2000). ERK 1/2 is activated through 

phosphorylation on its threonine and tyrosine residues by MAPK/ ERK kinase (MEK) (Kolch, 

2000).  The phosphorylation of ERK 1/2 is important for its activation and nuclear translocation 

(Lenormand et al., 1998).  Additionally, activated ERK-2 can block access to transcription 

factors when it binds to a DNA consensus sequence (G/CAAAG/CN G/CAAAG/C) that closely 

resembles the QRU sequence (GAAGGAGAAAG) overlapping the two C/EBPβ binding sites of 

the QRU (Hu et al., 2009; Athar, MSc. Thesis, 2011).   

  My project also focused in studying the effect of DMOG and thapsigargin on levels of 

phospho-ERK expression.  A phospho-site specific p44/42 MAPK (ERK1/2) antibody was used 

to detect phosphorylated threonine and tyrosine specific ERK 1/2 sites.  Studies by M. Athar 

demonstrated through ChIP experiments that during activation of p20K, ERK-2 does not bind to 
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the QRU promoter (MSc Thesis, 2011).    In addition, recent studies by undergraduate student M. 

Fox showed that phospho-specific ERK expression levels in CEF decreased at 24 hours in 

hypoxia (Unpublished Results, 2013).   Therefore, these findings suggest that levels of activated 

ERK-2 decrease during hypoxia and in conditions of growth arrest corresponding to the 

induction of p20K.  In these conditions, ERK-2 is unable to bind to the QRU promoter to hinder 

p20K expression (M. Athar, MSc Thesis, 2011). In DMOG experiments at later time points, CEF 

displayed a decrease in phospho-ERK levels, while CHOP levels were modestly induced post 

DMOG treatment (Lane 4; Figure 3.11).  However at 24 hours post-treatment, there is a small 

increase of activated ERK levels.  At 36 hours, as DMOG treated cells became density arrested, 

both CHOP and phospho-ERK levels decreased relative to 24 hour post DMOG treatment (Lane 

4; Figure 3.11).   These results are preliminary and need to be repeated as results in Figure 3.12 

show a different pattern of phospho-ERK expression at 24 hours.  However, the modest up-

regulation of CHOP remains consistent in all DMOG experiments.  In light of these recent 

observations, this data suggests that DMOG might be responsible for p20K induction via a 

separate mechanism independent from CHOP repression which needs to be investigated further.   

  Additional experiments were also conducted to determine the effect of thapsigargin on 

phospho-ERK levels during ER stress.  For these experiments, CEF were treated with 

thapsigargin, which induces higher levels of ER stress and CHOP than tunicamycin (Figure 3.6) 

(Bertolotti et al. 2000).  Thus, contact inhibited CEF were treated with 1μg/ml thapsigargin (24 

hours) and 0.1% DMSO as a control.  After 24 hours post thapsigargin treatment, CEF lysates 

were collected, and analyzed by Western blotting. Earlier experiments as previously described 

(Figure 3.6 & 3.10) have shown that thapsigargin induces high CHOP expression inhibiting 

p20K induction.  Subsequent experiments demonstrated that thapsigargin treated CEF display a 
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significant reduction of phospho-ERK levels, while CHOP levels are elevated (Lane 6; Figure 

3.11).  In contact inhibited CEF treated with DMSO (control), both CHOP and phospho-ERK 

levels are virtually undetectable, corresponding with elevated p20K expression (Lane 5; Figure 

3.11).  This data demonstrates that during a high ER stress response, activated ERK does not 

appear to play a major role in p20K inhibition, but CHOP induction is the main factor repressing 

p20K in these conditions.  
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Figure 3.11:  Induction of p20K by DMOG.  Cycling CEFs were treated with 1mM dimethyloxaloglycine 

(DMOG) for 24 and 36 hours. In addition, contact inhibited CEF were treated with 1μg/ml thapsigargin 

and 0.1% DMSO as a control. Thapsigargin and DMSO treated CEF lysates were collected 24 hours post 

treatment.  DMOG treated (24 & 36 hours) and untreated CEF lysates were also collected. A.  Western 

blotting analysis of CHOP, p20K, and phospho-ERK. Thapsigargin treated CEF display a significant 

reduction of phospho-ERK levels, while CHOP levels are elevated.  At later time points, DMOG treated 

CEF have a decrease in phospho-ERK levels, while at the same time CHOP levels are modestly induced. 

B. Quantification of protein expression from Western blot in Figure 3.11A. Levels of CHOP, p20K, and 

Phospho-specific ERK are corrected to the levels of ERK-1. 
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3.8  To examine the effect of DMOG treatment on CEF expressing the Δ184-C/EBPβ 

mutant  

 

    C/EBPβ is crucial for p20K induction in conditions of contact inhibition and hypoxia 

(Fielding, MSc. Thesis, 2011; Kim et al., 1999).  It was also important to determine if the 

induction of p20K by DMOG is C/EBPβ dependent.  CEF were transfected with a retrovirus 

vector expressing a dominant negative mutant of C/EBPβ (Δ184-C/EBPβ) or RCAS(B) (control 

vector) and treated with DMOG for 24 and 36 hours. The dominant negative mutant of C/EBPβ 

(Δ184-C/EBPβ)  is missing the first 183 amino acids, lacking the TAD domain (Gagliardi et al., 

2001).  Therefore, this form of C/EBPβ has a dominant negative effect that represses C/EBPβ. 

DMOG treated and untreated samples were collected and analyzed via Western blotting analysis.  

Results confirmed that DMOG induction of p20K is C/EBPβ dependent as Δ184-C/EBPβ 

abolished p20K expression despite of DMOG treatment (24 & 36 hrs) (Lanes 6 &8; Figure 3.12).  

In support of the results observed in Figure 3.11, CHOP levels also increased in DMOG treated 

cells for both Δ184-C/EBPβ and RCAS(B) cell lines.   Phospho-specific ERK levels decreased in 

DMOG treated cells at both 24 and 36 hours post treatment.   

  To summarize, these experiments provided evidence that DMOG induces high expression of 

p20K at 24 and 36 hours post treatment.  It was confirmed that its induction of p20K is C/EBPβ 

dependent.  In addition, in conditions where p20K is strongly induced such as 24 hours hypoxia 

and contact inhibition, CHOP levels are usually attenuated, however the opposite is observed in 

DMOG treated cells.  In addition, at later time points phospho-ERK levels are reduced, while 

CHOP levels remain detectable.  Thus, DMOG provides a unique system in studying the roles of 

p20K inhibitors, CHOP and activated ERK.  However, these experiments remain to be repeated 

and, in particular, to determine the effects of DMOG on the levels of activated ERK and the 

interaction of phospho-ERK-2 on the QRU. 
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Figure 3.12: DMOG induction of p20K is C/EBPβ dependent. CEF were transfected with RCAS(B) (Empty 

Vector) and C/EBPβ dominant negative mutant (Δ184-C/EBPβ).  Cycling CEFs were treated with 1mM 

dimethyloxaloglycine (DMOG) for 24 & 36 hours. A.  Western blotting analysis of CHOP, p20K, and 

Phospho-specific ERK.  DMOG induction of p20K is C/EBPβ dependent as Δ184-C/EBPβ mutants 

abolished p20K expression despite of DMOG treatment (24 & 36 hrs) (Lanes 6 &8). B.  Quantification of 

protein expression from Western blot in Figure 3.12A. Levels of CHOP, p20K, and Phospho-specific ERK 

are corrected to the level of ERK-1.   
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CHAPTER 4:  Discussion 

4.1  Quiescence and Apoptosis 

  Quiescence is a reversible, non-dividing state that is distinct from other non-dividing cell states, 

such as senescence, apoptosis, and terminal differentiation (Coller et al., 2006).  Certain genes 

regulated in quiescence serve to suppress entry into these irreversible cell states (Coller et al., 

2006).   However, there is little known about the network of gene regulation during quiescence 

(Liu et al., 2007).  For that reason, more studies are needed to understand the underlying 

mechanisms by which cells enter the quiescent state. 

       Studies have identified quiescent human fibroblasts to be more resistant to apoptosis in 

response MG132, a proteasome inhibitor (Legesse-Miller et al., 2012).  Other studies, treated 

quiescent transformed CEF with anti-inflammatory agents that induced apoptosis, leading to the 

repression of p20K (Lu et al., 1995).    Studies by Gentili et al. (2005) proposed that p20K is 

acting as a pro-survival protein by maintaining cell viability in chondrocytes, myoblast, and 

cardiomyocytes.  In their studies chicken embryos had increased rate of cellular apoptosis when 

injected with p20K antibodies during early development (Gentili et al., 2005).  This is in 

agreement with studies by Di Marco et al. (2003) which also observed a pro-survival role of 

p20K in chondrocytes, when inhibiting p20K expression with a DNA vector; in their studies 

inhibition of p20K also increased cellular apoptosis. 

   Several other studies have implicated CHOP as an inhibitor of pro-survival gene expression to 

initiate apoptosis mechanisms.  Studies by McCullough et al. (2001) examined the influence of 

CHOP expression on Bcl-2 repression in MEFs.  Other studies have shown CHOP negatively 

regulating autophagy mechanisms during ER stress (Shin et al., 2010).  Autophagy is a 

homeostatic process that degrades cellular organelles to preserve energy levels during prolonged 
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periods of starvation (Maiuri et al., 2010).  Bcl-2 gene expression or autophagy promotes cell 

survival by protecting cells from ER stress mechanisms (Cullough et al., 2001; Shin et al., 2010). 

However, during constitutive CHOP expression, Bcl-2 gene expression or autophagy 

mechanisms are repressed to promote cellular apoptosis (Cullough et al., 2001; Shin et al., 2010).   

Although it is unknown how CHOP represses Bcl-2, McCullough et al. (2001) proposed that 

CHOP may inhibit Bcl-2 expression indirectly by negatively regulating another transcription 

factor possibly from the C/EBP family.  This proposed mechanism is similar to the way CHOP 

indirectly inhibits p20K GAS gene expression during ER stress.  CHOP influences p20K 

expression through the complex formation with C/EBPβ.  The link between CHOP and p20K is 

unclear, as CHOP is induced in response to ER stress, and p20K is expressed in growth arrest 

conditions.  However, a mechanism repressing a possible pro-survival factor, such as p20K, is 

certainly relevant to the induction of apoptosis in response to excessive stress.  Thus, prolonged 

ER stress can trigger cell death mechanisms that lead to CHOP induction, and repression of 

p20K.   

4.2  CHOP induction represses p20K activity  

        My studies show that the ER stress transcription factor CHOP expression decreases during 

growth arrest conditions, favorable for the induction of quiescent specific protein p20K.   The 

sharp decrease of CHOP expression in density arrested or proliferative CEF in hypoxia (24 

hours) is associated with p20K induction.  CHOP mRNA and protein levels decrease while p20K 

is induced in these conditions.    Kinetic experiments where p20K and CHOP expression was 

assessed at different time points provided evidence for the inverse relationship between these 

two genes.  Additionally, CHOP over-expression experiments also established a p20K increased 

repression mediated through C/EBPβ. 
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  To confirm that CHOP repressed p20K, CHOP levels were stimulated in various conditions.   

As shown in Figure 3.8 and preliminary studies by B. Fielding (MSc. Thesis, 2011), the forced 

expression of CHOP by RCASB system attenuated p20K expression in hypoxic subconfluent 

CEF.  CHOP expression triggered by two ER stressors (tunicamycin and thapsigargin), also 

proved to repress p20K activity. In these conditions, protein levels and mRNA levels of p20K 

are repressed, while CHOP levels are strongly induced as observed in Western blotting and RT-

qPCR analysis (Figures 3.6 & 3.10).   Interestingly, thapsigargin stimulated higher CHOP levels, 

and stronger p20K repression than tunicamycin (Figures 3.6 & 3.10).  This has also been 

documented in other studies, where thapsigargin is preferentially chosen over tunicamycin 

because of its faster and more sensitive method of stimulating ER stress (Fritsch et al., 2007; 

Marciniak et al., 2004).  Induction of CHOP by tunicamycin or thapsigargin has been observed 

in several mammalian cell lines such as murine skeletal muscle myoblasts, human islet cells,  

primary rat cortical neuronal cells,  and mouse embryonic fibroblasts (MEF) to study ER stress 

responses associated with CHOP activation (Chung et al., 2011; Deldicque et al., 2011; Lai et al., 

2008).  This also proved to be a useful method in studying the effect of CHOP on p20K 

induction in CEF. 

  4.3  Mechanism by which CHOP interferes with p20K induction 

  CHOP is distinct from other C/EBP family members because it is unable to form homodimers 

capable of binding to DNA (Ron and Habener, 1992).    As a hetorodimer with C/EBPβ in 

particular, CHOP can bind and activate transcription from an alternative C/EBP binding site, but 

not from the canonical C/EBP element (Ubeda et al., 1996).  Therefore, CHOP often acts as an 

inhibitor of C/EBPβ, sequestering it away from its normal targets.      For instance, the formation 
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of inactive heterodimers between C/EBPβ and CHOP delay C/EBPβ mediated adipocyte 

differentiation (Tang and Lane, 2000). 

   C/EBPβ is an essential regulator of p20K GAS gene activation in density arrested CEF or 

during hypoxia (Fielding, MSc. Thesis, 2011; S. Kim et al. 1999). C/EBPβ binds to two distinct 

domains within the Quiescent-Responsive Unit (QRU) promoter region to activate p20K 

expression during contact inhibition.  C/EBPβ binding to the QRU was also deemed important 

for the transcriptional regulation of p20K during hypoxia.  In current studies, co-

immunoprecipitation experiments were used to test for a direct interaction between C/EBPβ and 

CHOP in CEF during ER stress, starvation, or in proliferative CEF in normoxia.  C/EBPβ-CHOP 

complex formation was observed in all three conditions, except for control conditions (contact 

inhibited CEF treated with 0.1% DMSO) (Figure 3.7). As CHOP protein levels accumulate 

during ER stress or starvation, CHOP and C/EBPβ form heterodimers.  Thus, CHOP induces a 

relative decline in C/EBPβ homodimers that can bind to the QRU promoter to activate p20K 

expression. The ratio of CHOP and C/EBPβ proteins determines whether p20K transcription will 

be activated.  For this reason, in conditions where CHOP is over-expressed, CHOP functions as a 

negative modulator of p20K (Figures 3.6 - 3.8).  CHOP stimulation prevents C/EBPβ dependent 

p20K activation (Figure 4.1). 

  Basal levels of CHOP expression always remain detectable in actively dividing CEF in 

normoxia.  The mechanism responsible for CHOP expression in these conditions is not well 

characterized.   This is in accordance with studies by Fornace et al. (1989) that also showed that 

CHOP is expressed at low levels in proliferating Chinese Hamster Ovarian (CHO) cells. In my 

studies, co-immunoprecipitation assays provided evidence for the modest formation of C/EBPβ-

CHOP complexes in actively dividing CEF in normoxia. These data suggest that a low amount of 
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inactive C/EBPβ-CHOP heterodimers, relative to ER stress conditions, is also present in 

normoxia cycling CEF.  This can be contributing to the inhibitory mechanism of p20K 

expression in these conditions.  In hypoxia conditions, experiments by B. Fielding (MSc. Thesis, 

2011) provided evidence that less CHOP co-immunoprecipitates with C/EBPβ in hypoxic 

subconfluent CEF.  Additionally, CHOP does not associate with C/EBPβ in contact inhibited 

CEF treated with DMSO (control) (Lane 8; Figure 3.7). In these conditions, CHOP mRNA and 

protein levels are also reduced considerably relative to p20K expression (Figures 3.4, 3.5, & 

3.9B).  This demonstrates that in absence of C/EBPβ-CHOP heterodimers, p20K is actively 

induced in conditions of contact inhibition or hypoxia.  
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Figure 4.1.  Inactive C/EBPβ-CHOP heterodimers fail to activate p20K expression.  C/EBPβ contains a 
consensus recognition site 5'-T[TG]NNGNAA[TG]-3’ that is important for the transcriptional activation of 
its target genes.  The QRU promoter region of p20K contains two C/EBPβ binding sites (Sites A and B).  
The binding of C/EBPβ to these two sites results in the transcriptional activation of p20K.  CHOP over-
expression by ER stress leads to the formation of inactive C/EBPβ-CHOP heterodimers.  Therefore, CHOP 
sequesters C/EBPβ preventing its binding to the QRU, repressing p20K activity. 
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4.4  Down-regulating CHOP expression does not promote p20K expression at earlier time 

points in hypoxia 

  Based on previous experiments, CHOP induction decreases p20K expression.    To investigate 

the role of CHOP down-regulation on p20K induction, its expression was attenuated by RNA 

interference (Figures 3.2-3.4).  CHOP protein levels were notably reduced in CEF expressing a 

retrovirus vector shRNA (354-CHOP-10). Decreased CHOP expression had two major 

outcomes; increased cell proliferation and survival relative to control, and higher levels of p20K 

induction in subconfluent CEF at later time points in hypoxia or as cells reached contact 

inhibition (Chapter 3, Figures 3.2-3.4).    Prior to the recent discovery of p20K expression of 

subconfluent CEF in hypoxia, expression of p20K had only been primarily observed in contact 

inhibited CEFs (B. Fielding, MSc. Thesis, 2011). However, preliminary data also indicates that 

CEF proliferation is reduced in conditions of hypoxia (2% O2), which is likely contributing to 

p20K expression in these conditions (W. Xie & M. Fox-Chen, Unpublished results, 2013).  

These experiments focused on determining whether down-regulating CHOP expression would 

restore p20K levels at earlier time points in hypoxic subconfluent CEF.   However, this was not 

the case, with Fig. 3.4A demonstrating that down-regulating CHOP does not induce a robust 

expression of p20K until 24 hours in hypoxia.  The absence of p20K expression at earlier time 

points in subconfluent CEF in hypoxia suggests that an additional mechanism is repressing p20K 

in these conditions.   

4.5  ERK-2 is an inhibitor of p20K in proliferating CEF 

   Attenuating CHOP expression was insufficient to stimulate p20K induction in subconfluent 

CEF at earlier time points in hypoxia.   The role of ERK-2 as a transcriptional repressor was first 

analyzed in GATE-elements, when binding of ERK-2 to a consensus DNA sequence within 

GATE promoter blocked transcriptional activity of GATE-driven genes (Hu et al., 2009).   
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Studies by M. Athar (MSc. Thesis, 2011) demonstrated the role of ERK-2 as transcriptional 

repressor of p20K in proliferative CEF.  ERK-2 can bind to a consensus DNA sequence 

(GAAGGAGAAAG) of the QRU, overlapping the two C/EBPβ binding domains (Figure 4.2).   

Binding of ERK-2 to QRU, inhibits p20K by hindering C/EBPβ interaction.   ChIP experiments 

confirmed the DNA-binding activity of ERK-2 to QRU in proliferative CEF in normoxia (M. 

Athar, MSc. Thesis, 2011).   Since the phosphorylation of ERK 1/2 is required for its activation 

and nuclear translocation, a phospho-site specific ERK antibody was used to assess the level of 

ERK activation in CEF (Lenormand et al., 1998).   Preliminary experiments where p20K and 

activated ERK expression was assessed at 36 hours after treatment with DMOG (hypoxia 

mimetic), suggested that phospho-ERK levels are modestly down-regulated, while p20K is 

strongly induced (Figures 3.11 & 3.12). It is likely that DMOG is responsible for p20K induction 

by decreasing the activated ERK levels, however more studies are needed to identify and 

characterize the mechanism in which DMOG is controlling p20K and activated ERK levels.  In 

other experiments by undergraduate student M. Fox-Chen, Western blotting analysis showed that 

phospho-ERK levels are down-regulated after 24 hours in hypoxia, while levels of p20K 

increased (Unpublished Results, 2013).  Additionally, contact inhibited CEF treated with DMSO 

(control) showed complete repression of phospho-ERK levels, while p20K was highly induced 

(Figure 3.12).  These studies demonstrate that both CHOP and ERK-2 play different repressive 

roles on p20K to regulate its expression in conditions of ER stress and activate proliferation, 

respectively. 

4.6  Induction of p20K by DMOG 

    The PHD family (PHD1, PHD2, and PHD3) and FIH-1 are responsible for promoting HIF-1α 

proteasomal degradation at high oxygen levels (Elvidge et al., 2006). However, DMOG is a 



                                                                                                MSc. Thesis.  D.Y. Camacho-McMaster University-Biology 

 

82 
 

hypoxia mimetic that inhibits both PHD family members and FIH-1 in normoxia (Köditz et al., 

2007; Lando et al., 2002).  Thus, DMOG exerts its actions by stabilizing HIF-1α, and preventing 

its degradation mimicking a hypoxia response in normoxic conditions.   These data demonstrate 

that p20K is positively up-regulated by hypoxia-mimetic chemical DMOG.  Treating CEF with 

1mM of DMOG induced robust p20K expression at 24 and 36 hours post treatment.   Figure 3.12 

also confirms that the induction of p20K by DMOG was C/EBPβ dependent.  In these 

experiments, CEF expressing a dominant negative C/EBPβ mutant (RCASBP-Δ184-C/EBPβ) 

blocked induction of p20K in DMOG treated CEF.  These data suggest that p20K expression is 

mediated by C/EBPβ binding to the QRU during DMOG treatment.  Finally, treating CEF with 

DMOG also induced a modest up-regulation of CHOP levels.  Thus, DMOG is unique because it 

provides a method that strongly induces p20K, while stimulating CHOP expression.  Whether or 

not DMOG also limits ERK activation and CEF proliferation remains to be determined. 

  Studies by Köditz et al. (2007) discovered an alternative induction of ATF-4 after treating HeLa 

cells with DMOG.  ATF-4 is a transcription factor involved in the unfolding protein response 

(UPR) during ER stress (Harding et al., 2003). Interestingly, ATF-4 is also known to regulate 

CHOP expression (Fawcett et al., 1999). ATF-4 activates CHOP by its direct binding to its 

promoter following a stress response (Fawcett et al., 1999).   However, the Köditz et al. studies 

did not investigate CHOP expression during DMOG treatment.  In these studies, they discovered 

a direct inhibition of ATF-4 levels by PHD3.  Therefore PHD inhibition by DMOG results in 

expression of ATF-4 (Köditz et al., 2007).  A transient expression of ATF-4 was also noticed in 

HeLa cells incubated in severe hypoxia (0.2-1%O2) that disappeared shortly within 24 hours 

(Köditz et al., 2007).  Paradoxically, only PHD2 and PHD3 are induced in hypoxia as an auto 

regulatory mechanism, which becomes functional during re-oxygenation conditions to rapidly 
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degrade HIF-1 (Stiehl et al., 2006).  Therefore, ATF-4 down-regulation in hypoxia can be a 

result of induction of PHD2 and PHD3 (Köditz et al., 2007; Stiehl et al., 2006).    
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Future Experiments 

 

 

 

 

Figure 4.2- Repression of p20K by ERK-2 and CHOP mediated through C/EBPβ.  C/EBPβ  dimers bind to 

two distinct domains within in the QRU promoter to activate p20K during contact inhibition or 

subconfluent CEF in hypoxia (24 hours) (1-2% 02).  However the formation of C/EBPβ-CHOP heterodimers 

during starvation or ER stress inhibits p20K activity.  C/EBPβ-CHOP heterodimers sequester C/EBPβ, 

which results in a decline of C/EBPβ dimers available to activate p20K QRU promoter.  Another inhibitor 

of p20K in proliferative CEF is ERK-2.  ERK-2 exerts its repressive role on p20K by binding to a consensus 

DNA sequence (GAAGGAGAAAG) of the QRU, overlapping the two C/EBPβ binding domains, hindering 

C/EBPβ binding to the QRU. Preliminary data indicate that CEF proliferation is reduced in conditions of 

hypoxia (2%O2) (W. Xie & M. Fox-Chen, Unpublished results, 2013). 
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4.7 Future Experiments: 

 

4.7.1  C/EBPβ recruitment to the QRU during hypoxia and contact inhibition by ChIP 

  The QRU is a 48 base pair promoter region that has been well characterized in the regulation of 

p20K (Kim et al., 1999).  During activation of p20K in contact inhibition or hypoxia two 

functional domains (Regions A and B) within the QRU required for C/EBPβ were identified by 

transient expression assays (Kim et al., 1999; Fielding, MSc. Thesis, 2011).    Additionally, 

research by Kim et al. (1999) confirmed the binding of C/EBPβ to these two DNA consensus 

sites within the p20K QRU promoter by electrophoretic mobility shift assays (EMSA).  With 

more advances in the field, future experiments can validate these binding sites by chromatin 

immunoprecipitation (ChIP) assays.  ChIP assays would be beneficial to provide in vivo evidence 

of C/EBPβ binding to p20K QRU promoter region in growth arrest conditions.   

4.7.2  ERK-2 recruitment to QRU post DMOG treatment 

  A series of ChIP experiments provided evidence for the role of ERK-2 as a transcriptional 

repressor of p20K QRU in cycling CEF (MSc. Thesis, M. Athar, 2011).  During hypoxia or 

contact inhibition where p20K is predominantly expressed, there is no observed binding of ERK-

2 to QRU.  Preliminary experiments provided evidence that treating CEF with DMOG, a hypoxia 

mimetic chemical, provided a unique method in analyzing the roles of p20K inhibitors, CHOP 

and activated ERK.  However, it is important to characterize the mechanism or additional 

signal/pathway through which DMOG is controlling p20K induction.  Follow up studies will 

require analyzing the effect of DMOG on levels of phospho-ERK and ERK-2 binding to QRU by 

Western blotting and ChIP analysis.  It is important to identify and characterize ERK-2 binding 

to QRU to determine how it modulates p20K expression in DMOG treated CEF. 



                                                                                                MSc. Thesis.  D.Y. Camacho-McMaster University-Biology 

 

86 
 

4.7.3  Down-regulating CHOP expression by shRNAi and inhibiting ERK1/2 with  MEK1/2 

inhibitor 

     As shown in these experiment and studies by M. Athar (MSc. Thesis, 2011), CHOP and 

ERK-2 have been characterized as inhibitors of p20K expression mediated through C/EBPβ.  

Surprisingly, CEF expressing a retrovirus vector shRNAi (354-CHOP-10) to down-regulate 

CHOP levels did not restore p20K levels at earlier time points in subconfluent CEF in hypoxia.   

Therefore it is hypothesized that ERK-2 is working in conjunction with CHOP in a separate 

mechanism to repress p20K in cycling CEF.  Recent attempts to abrogate ERK-2 expression by 

RNA interference were not successful possibly because ERK-2 regulates many cellular pathways 

involved in proliferation, differentiation, and survival (Kolch, 2000).  However, treating CEF 

with a MEK1/2 inhibitor PD0325901 resulted in reduced expression levels of phospho-ERK1/2 

(p-ERK1/2) in CEF.  Preliminary experiments were performed by undergraduate student Laura 

Mantella by treating CEF with PD0325901 MEK1/2 inhibitor, which resulted in early expression 

of p20K in cycling CEF in hypoxia.  Future studies can aim to down-regulate CHOP expression 

by RNAi and inhibit activated ERK expression with PD0325901.  Concomitantly to achieve 

maximum induction of p20K, it would be insightful to characterize p20K expression in the 

absence CHOP following MEK inhibition. 

4.7.4  Transient expression Assays to examine specific regions of QRU promoter in hypoxia 

    QRU contains two C/EBPβ binding sites, Region A and B (Kim et al, 1999).  Previous studies 

by Kim et al.  (1999) showed that a mutation to either of the two C/EBPβ binding sites of the 

QRU disrupted p20K expression in contact inhibited and serum deficient cells.  In addition, Kim 

et al. (1999) also determined that region A had a stronger activity in quiescent cells in 

comparison to region B.  The QRU is also crucial for induction of p20K in hypoxia; however the 

specific region responsible for this induction is not known (B.  Fielding, MSc. Thesis, 2011).  
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Thus, it would be beneficial to examine further if a mutation to either the A or B site or both sites 

affects activation of the p20K promoter in hypoxic conditions.  Also it would be informative to 

determine which C/EBPβ binding site(s) is more responsive during hypoxia.  Transient 

expression assays can be used to examine the activity of the functional domains within the QRU 

in response to hypoxia. 

4.8  Conclusion 

  The purpose of this study was to investigate the role of the ER stress induced transcription 

factor CHOP in regulating p20K Gas gene expression. As demonstrated by RT-qPCR and 

Western blotting analysis, both CHOP and p20K mRNA and protein levels display an inverse 

relationship.  During ER stress or starvation, p20K is negatively regulated by the expression of 

the transcription factor CHOP.    My studies showed that thapsigargin and tunicamycin ER stress 

inducible agents inhibit p20K expression by stimulating an increase in CHOP levels, culminating 

in a decline in C/EBPβ-mediated p20K activation.  These experiments established an important 

mechanistic link between CHOP and quiescence specific protein p20K mediated through 

C/EBPβ.  In conclusion, these studies contributed to the understanding of how the versatile roles 

of C/EBPβ can control gene expression and cell fate.  
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Appendix 

5.1 Microarray Analysis 

  Quiescence is a complex genetic program. However, little is known about the genes and 

pathways regulated during quiescence.  Many studies have used microarray data for large scale 

analysis of thousands of genes to obtain a broader picture of genes that might be repressed or 

activated during quiescence.  For instance, studies by Suh et al., (2012) examined the role of 

microRNA expression in contact inhibition, serum withdrawl, and proliferation in human 

fibroblast cells using Microarray analysis.  Their analysis provided insight into different 

microRNAs that regulate gene expression associated with quiescence and proliferation (Suh et 

al., 2012).  Additional Microarray analysis focused on examining downstream targets of miR-22 

in proliferative and transfected quiescent fibroblasts (Polioudakis et al., 2013).  In these studies, 

miR-22 was of particular interest because of its role in tumorigenesis (Polioudakis et al., 2013). 

Other studies used microarray analysis to determine which genes are responsible for maintaining 

viability in quiescent fibroblasts in response to a clinically approved proteasome inhibitor, 

MG132.  Quiescent fibroblasts cells have acquired a resistance to MG132, while proliferating 

cells do not survive, and cells numbers rapidly decline (Legesse-Miller et al., 2012).  This 

resistance acquired by quiescence cells to MG132 may contribute to cancer recurrence in 

multiple myeloma cancer (Legesse-Miller et al., 2012). Microarray data provided information on 

which molecular mechanisms are activated or repressed in quiescent vs. proliferative fibroblasts 

after MG132 treatment (Legesse-Miller et al., 2012).  Studies by Chen et al. (2012) also 

identified 35 genes predominantly expressed in quiescent vs. proliferative cells in Human 

foreskin fibroblasts utilizing microarray data. In their studies they established that many genes 

highly expressed in quiescent fibroblasts are also involved in proinflammatory mechanisms such 
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as cytokines, chemokines, matrix metalloproteinases and adhesive molecules (Chen et al., 

2012).   Microarrray data also provided information on genes that are activated or repressed 

during contact inhibition induced quiescence in NIH3T3 fibroblasts (Küppers et al., 2010).  In 

summary, microarray studies can enhance our understanding on the complex interplay between 

signaling pathways and underlying molecular mechanisms that contribute to quiescence. 

    In our studies of quiescence gene regulation have fostered an interest in conditions that 

generate this cellular state.   Initial Microarray data generated in 2009 by former MSc. Student R. 

Ghosh demonstrated that RNA from contact inhibited CEF shared a similar gene expression 

pattern with cells in hypoxia. Thus, new studies utilizing Microarray analysis were performed to 

further examine gene expression changes or patterns in response to cycling normoxia, contact 

inhibition, or subconfluent hypoxia conditions.    

 5.2  Materials and Methods 

    RNA was extracted from chicken embryonic fibroblasts (CEFs) by the Trizol Method 

(Invitrogen), and sent to the Robarts Research Institute (London, ON) for Microarray analysis.  

RNA extraction procedure was described in Materials & Methods Section 2.8.1.  The interest of 

Microarray analysis is to compare and contrast gene expression in three conditions:  Normoxia 

cycling, subconfluent hypoxia, and contact inhibition. The computer analysis of gene expression 

data was performed by former PhD. Student Dr. Maslikowski.  Figure 6.1 was contributed by Dr. 

Maslikowski using VennMaster Software.   

5.3 Results 

  The results obtained from Microarray data provided analysis for approximately 1812 genes.  In 

these data, 1426 genes are in common between normoxia cycling vs. contact inhibition, 713 

genes between contact inhibition vs. hypoxia, and 332 genes in hypoxia vs. normoxia cycling. 
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Microarray data showed that 139/332 (42%) genes in hypoxia are found in contact inhibited/ 

normoxia cycling conditions (Figure 6.1).  However, only 10% of contact inhibited/normoxia 

cycling genes are found in hypoxia.    There were only 13 overlapping genes between all three 

conditions.  These results are summarized in a Venn diagram in Figure 6.1 generated by Dr. 

Maslikowski using VennMaster Software.  Additionally, many overlapping genes present in 

hypoxia and contact inhibition also seem to be involved in proinflammatory or wound-healing 

mechanisms such as IL-3, IL-17 receptor, and chemokine K203 among others (data not shown).  

The microarray data also provided useful information of microRNAs present in quiescent, 

proliferating or hypoxic CEF.  Although the analysis of the microarray data is still preliminary, 

future studies will validate changes in gene expression levels of various genes present in 

hypoxia, normoxia cycling or contact inhibition by RT-qPCR.   

5.4 Significance 

  Microarray profiling analysis can expand our current knowledge of gene expression patterns in 

various conditions.   Our results offered a better understanding of overlapping and differentiating 

transcriptional events that occur during hypoxia, normoxia cycling, or contact inhibition. In 

addition, our results described the expression of shared gene signatures in hypoxia and contact 

inhibition with 713 overlapping genes between these cellular states.  Future experiments can 

validate microarray data by RT-qPCR.  In summary, deciphering mechanisms induced in 

quiescence by microarray profiling is important in our studies of gene regulation during this cell 

state. 
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Figure 5.1.  Venn diagram.  Venn diagram generated by Dr. Maslikowski using VennMaster Software.  

This Venn diagram depicts the overlap of genes regulated during hypoxia, normoxia cycling, and contact 

inhibited CEF.  Numbers in overlapping areas represent genes in common between each cellular state.  Red 

represents contact inhibited compared to normoxia cycling (CI/norm cyc), Blue represents subconfluent 

cells in hypoxia compared to contact inhibition (Hyp cyc/CI), and Green represents subconfluent hypoxia 

compared to normoxic cycling (hyp cyc/norm cyc).  The orange section in the small diagram represents the 

number of genes in hypoxia (42%) that are found in contact inhibited/ normoxia cycling conditions. 
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