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Abstract 

Proper gene expression programs cellular activities, while aberrant manipulation of 

transcription factors often leads to devastating consequences, such as cancer or cell death. 

The transcription factor family activator protein-1 (AP-1) plays an important role in many 

cellular activities including cell transformation, proliferation and survival (Shaulian and 

Karin 2002). However, little has been done to obtain a global view of the role of 

individual AP-1 members and how they cooperate in many cellular activities. We have 

discovered that blocking the AP-1 pathway by a c-Jun dominant negative mutant, 

TAM67, induced cell death in RSV-transformed primary chicken embryo fibroblasts 

(CEF), suggesting that AP-1 activity is vital for cell survival upon v-Src transformation. 

In addition, accumulation of cytoplasmic vesicles was observed in the cytoplasm of a 

proportion of RSV-transformed CEF expressing TAM67. Oil-red staining of these 

vesicles indicated the presence of lipid droplets in these cells, suggesting that the 

inhibition of AP-1 promotes the adipogenic conversion of v-Src transformed CEF. To 

understand the role of individual members of the AP-1 family, a retroviral-based shRNA 

expressing system was designed to stably downregulate individual AP-1 members. This 

retroviral-based RNAi system provided sustained gene downregulation of AP-1 family 

members. Reduction of the c-Jun protein level by shRNA induced senescence in normal 

CEF, while it modestly downregulated AP-1 activity in RSV -transformed CEF indicating 

that c-Jun is not the main component of the AP-1 complex in RSV-transformed CEF. 

Inhibition of JunD expression induced apoptosis and was deleterious to both normal and 

RSV-transformed CEF, suggesting that JunD is crucial for the survival of CEF. Transient 
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express10n reporter-assays also showed that loss-of-function of JunD by shRNA 

dramatically repressed AP-1 activity. Hence JunD is the main component of the AP-1 

complex that regulates the survival of CEF. Furthermore, we determined that loss of 

JunD expression resulted in an elevated level of tumour suppressor p53. Co-inhibition of 

p53 and JunD restored the transforming ability of v-Src transformed CEF, as indicated by 

foci formation in soft agar assays. Hence, repression of p53 induction was able to bypass 

the death signal released as a result of AP-1 inhibition in v-Src transformed CEF. Down

regulation of Fra-2 (Fos-related antigen 2) level by shRNA did not affect the proliferation 

of normal CEF. However, RSV -transformed CEFs expressing fra -2 shRNA were 

transformation-defective with the presence of multiple vesicles in cytoplasm. Oil-red 

staining of these vesicles indicated the presence of lipid droplets, which resembles the 

effect of T AM67 in RSV -transformed CEF indicating that Fra-2 blocks differentiation. 

These findings help us to understand the role of individual members of the AP-1 

transcription factor family in normal and RSV -transformed CEF. Importantly, global 

gene profiling of v-Src transformed CEF expressing shRNA for individual AP-1 

members will improve our knowledge of the transformation process. Functional 

characterization of the cascade will rely on the use of retroviral-based shRNA expressing 

system as described above. 
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Chapter 1: Literature Review 

1. Introduction 

1.1 Role of c-Src in various cancers 

The proto-oncogene cellular-Src (c-Src) encodes a 60 kDa non-receptor tyrosine 

kinase whose expression and activity have been implicated in the development, 

progression and metastasis of several human cancers including breast, lung, prostate, 

colorectal and head and neck cancer (Wheeler et al., 2009). The activation and increased 

expression of c-Src are reported to modulate the initiation, size and metastatic potential of 

colon carcinomas (Cartwright et al., 1990). The same events were also true for breast 

cancer where greater kinase activity and protein level were detected compared to normal 

tissues (Ottenhoff-Kalff et al., 1992). Moreover, over 70% of the breast tumour samples 

exhibited increased Src activity (Biscardi et al., 2000). Treatments based on Src 

inhibitors were capable of downregulating proliferation and invasion in cell lines derived 

from head and neck carcinoma (Wheeler et al., 2009). Inhibition of Src resulted in cell 

growth disruption and apoptosis in human lung cancer cell lines (Song et al., 2006). 

Collectively, Src activation is widely observed in human cancers highlighting the 

significance of investigations on the signaling cascades regulated by the Src kinase. 

1.2 Structure and regulation of Src 

The cellular counterpart of v-Src , the proto-oncogene c-Src, contains an N-terminal 

Src homology 4 (SH4) domain, a Src homology 3 (SH3) domain, a Src homology 2 

(SH2) domain, an SH2-kinase linker, a Src homology 1 (SH1) kinase domain, and a C-
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terminal regulatory domain [Figure 1; (Yeatman 2004 )]. The SH4 domain of the Src 

protein contains a site for myristoylation that allows the translocation of c-Src to the inner 

plasma membrane and particularly in sites of focal adhesion and cell-cell adhesion 

(Courtneidge et al., 1980). Translocation of Src to the inner plasma membrane is essential 

for transformation (Nigg et al., 1982), implying that the localization is vital for full Src 

function where it can bind to signaling proteins on the inner plasma membrane. The SH3 

domain binds to sequences that are rich in proline and the SH2 domain possesses high 

affinity for phosphotyrosine containing sequences (Roskoski Jr. R. 2004). Interactions of 

SH2 and SH3 domains with their ligands are important for the activation and function of 

Src. 

The activity of c-Src is regulated by phosphorylation and dephosphorylation. 

Tyrosine 530 in human c-Src (Y527 in chicken) in the C-terminus is involved in the 

negative regulation of c-Src. Phosphorylation of this residue by Csk (C-terminal Src 

Kinase) results in an intramolecular interaction with the SH2 domain with a low affinity 

(Yeatman 2004 ). This interaction is stabilized by the interaction between the SH3 

domain and proline residues within the SH2-kinase linker region, causing a folding 

conformation of c-Src and the subsequent inactivation of the protein (Roskoski Jr. R. 

2004). The main mechanism of c-Src activation is through association with a 

phosphotyrosine containing protein such as ligand-activated receptor tyrosine kinases or 

activated focal adhesion kinase (FAK) that results in the unfolding of c-Src because these 

proteins generate higher affinity binding sites for the SH2 domain than the C-terminal 

regulatory domain of c-Src (Roskoski Jr. R. 2004, Yeatman 2004 ). Dismption of the 
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close conformation thus exposes Y530 for dephosphorylation, which is also an important 

mechanism for the full activation of c-Src (Roskoski Jr. Robert 2005). Zheng and co

workers reported that the activation process and persistent activation of c-Src can be 

achieved by overexpressing protein tyrosine phosphatase-a [PTPa; (Zheng et al., 1992)]. 

In agreement with this finding, high level of c-Src activity accompanied by high level of 

protein tyrosine phosphatase was observed in some breast cancer cell lines (Bjorge et al., 

2000 ). Other candidate phosphatases have been discovered so far including cytoplasmic 

PTP1B, Shp1 (Src homology 2 domain-containing tyrosine phosphatase 1) and Shp2, and 

transmembrane enzymes including CD45, PTPa, PTP£, and PTPK (Roskoski Jr. Robert 

2005). Following the dephosphorylation, trans-phosphorylation of tyrosine 419 (Y416 in 

chicken) in the kinase domain leads to full activation of c-Src (Roskoski Jr. Robert 2005). 

Mutations in this residue have been reported to diminish the transforming activity in both 

c-Src and v-Src (Kmiecik et al., 1988). In addition, Src activity can be regulated through 

proteasome-mediated degradation. Previous reports indicated that reduced level of CBL 

activity, a E3-like ubiquitin ligase, was observed in various cancers (Kamei T. et al., 

2000). In support of this report, CBL was found preferentially bound to activated Src, 

mediating ubiquitin-proteasome degradation of the protein (Kim Minsoo et al., 2004). 

Hence, the activation and persistence of c-Src activity are tightly regulated by the 

availability of positive and negative regulators. V -Src differs in this structure in lacking 

the C-terminal regulatory tail and in possessing point mutations contributing to its 

constitutive activation and high transforming activity (Jove and Hanafusa 1987, Parsons 

and Weber 1989). 

3 
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2. Cellular activities regulated by Src 

Although c-Src has a relatively lower transforming activity than its viral counterpart, 

c-Src was reported to be essential for angiogenesis and invasiveness of human cancers 

such as lung, skin, colon malignancies (lshizawar R. and Parsons 2004). Increased 

activity of c-Src is frequently associated with lower level of negative regulators such as 

Csk or increased levels of positive regulators such as phosphatase PTPa (Irby and 

Yeatman 2000, Zheng et al. , 1992). In addition to the aberrant downregulation of 

negative regulators or upregulation of positive regulators, c-Src is also activated by 

extracellular signals and mediates cellular responses to activated receptors. Interaction of 

c-Src with receptor tyrosine kinases was observed in highly-metastatic cancers (Mao et 

al., 1997). Another mechanism of c-Src activation is through naturally occurring 

mutational events. A rare c-Src activating mutation derived from the tnmcation of amino 

acid residues downstream of y530 has been described in highly metastatic colon 

carcinoma and endometrial cancer (Yeatman 2004 ). The deleted residues are critical for 

intra-molecular interaction with the c-Src SH2 domain and the subsequent inactivation of 

c-Src (lrby et al. , 1999). In this respect, this mutation is reminiscent of the deletion of the 

c-terminal regulatory region of v-Src. However, studies on other cancer populations 

failed to identify this mutation (Yeatman 2004 ), suggesting that naturally existing Src 

mutations are very rare and dysregulation of signaling pathways is a more common 

mechanism of Src activation. Hence, identification of the networks centered on Src 

appears to be critical in understanding the mechanism of tumour progression. The 

signaling pathways downstream of Src are summarized (Fig.2). 

5 
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-----7 T ISTAT3 1 

T 

Survival Proliferation 

Figure 2. Signaling cascades of c-Src. Several downstream pathways activated by c-Src have been 
described. These pathways lead to different cellular activities that favor the development of aggressive 
tumors. 
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2.1 Signaling pathways lead to mitogenesis mediated by Src 

2.1.1 Receptor tyrosine kinase (RTK) 

The protein tyrosine kinase (PTK) family comprises proteins that possess the 

enzymatic activity to catalyze the transfer of a phosphate group from adenosine 

triphosphate (ATP) to the tyrosine residues of their substrate upon stimulation by growth 

factors. Depending upon membrane localization or their localization in a cellular 

compartment, PTKs are divided into two categories: Non-receptor tyrosine kinase 

(NRTK) and receptor tyrosine kinase (RTK). Receptor tyrosine kinases (RTK) are cell 

surface proteins embedded in the plasma membrane and capable of transducing 

extracellular signals. Common structure features of RTKs include an extracellular 

domain for ligand binding, a transmembrane domain and an intracellular kinase domain 

for phosphorylation of the tyrosine residue of specific substrates. Binding of a ligand to 

the extracellular domain of RTKs leads to phosphorylation of the tyrosines in their 

cytoplasmic domain and enzymatic activation (Bromann et al., 2004). Association of 

SH2 domain of c-Src to the phosphotyrosine of RTK kinase domain alters the 

intramolecular conformation of c-Src and initiates the activation of Src (Bromann et al., 

2004). The recruitment of tyrosine phosphatase such as Shp2 to some activated RTKs has 

been reported to be involved in the activation process of c-Src. In response to PDGF, 

EGF and FGF, Shp2 promotes the Src activation by inducing the dephosphorylation of 

phosphotyrosine in the regulatory c-terminal of Src (Zhang et al., 2004). Previous 

findings have demonstrated that association of Src to activated RTKs is required to 

transmit the extracellular signal to downstream pathways. Physical interaction of Src with 

7 
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activated EGFR is essential for not only the activation of Src, but also for forming a 

positive feedback loop by Src to augment the EGFR-mediated tumour properties (Tice et 

al., 1999, W.Mao et al., 1997). In agreement with this finding, pharmacological 

inhibition of Src activity or expression of kinase-inactive form of Src result in activation 

defect of EGFR and leads to blockade of the downstream signaling pathway (Ishizawar 

RC et al., 2007). The catalytic activity of Src is also elevated in platelet-derived growth 

factor (PDGF)-stimulated cells (Gould and Hunter 1988, Ralston and Bishop 1985), and 

association of Src is required for platelet-derived growth factor receptor (PDGFR)

dependent cell responses (Gelderloos et al., 1998, Gould and Hunter 1988). Recruitment 

of Src to phosphorylated fibroblast growth factor receptor (FGFR) also initiates similar 

responses (Sandilands et al., 2007). 

Src activity is critical for growth factor-induced mitogenesis (Bromann et al., 2004). 

EGF-induced augmentation in DNA synthesis has been reported in murine fibroblasts 

overexpressing Src (Luttrell et al., 1988). In contrast, dominant negative Src was able to 

impair DNA synthesis in response to EGF (Wilson et al., 1989). In addition, co

expression of Src and EGFR in immortalized murine fibroblast results not only in 

increased DNA synthesis, but also the ability to form colonies in soft agar (Maa et al., 

1995), a sign of cell transformation. Injection of a neutralizing antibody of Src inhibits 

DNA synthesis induced by PDGF and colony-stimulating factor [CSF; (Thomas and 

Brugge 1997)]. Therefore, Src plays an important role in propagating the extracellular 

growth signals to stimulate proliferation. One of the molecular mechanisms by which Src 

promotes proliferation induced by growth factors is to bypass the p53 activation 

8 
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(Bromann et al. , 2004). Overexpression of a kinase-defective Src fails to inhibit the 

PDGF-triggered DNA synthesis in the presence of a dominant-negative p53 or in p53-

null MEFs (Broome and Courtneidge 2000). Consistently, blockage of PDGF-induced 

DNA synthes is due to expression of a dominant-negative Src can be released by EIB-

55K, an adenovims protein that is able to repress p53 function (Furstoss et al., 2002). A 

second mechanism of Src to promote proliferation relies on stabilization of the short

lived messenger-RNA of transcription factors such as Myc, whose expression and 

activation is required for mitogenesis in response to variety of growth factors (Bromann 

et al., 2004). Previous findings have shown that the extracellular signal-regulated 

kinase/mitogen activated protein kinase (ERK/MAPK) pathway and 

phosphotidylinositol3'-kinase (PI3'K) pathway serve to stabilize the Myc protein vta 

phosphorylation in response to Src activation (Sears et al. , 1999, Sears et al. , 2000). 

These pathways are known to be initiated upon RTK activation (Bromann et al. , 2004). 

Thus, Src mediates the signaling from RTK by downregulating anti-proliferative 

mechanisms or activating downstream signaling pathways leading to pro-proliferative 

gene transcription. 

2.1.2 The Ras-MAPK pathway downstream o(Src 

The monomeric G protein Ras is one of the downstream targets of Src. First 

discovered as the transforming oncogene from the Harvey (the Ha-Ras oncogene) and 

Kirsten (Ki-Ras) murine sarcoma vimses (Chang et al. , 1982), cellular Ras and its 

activating mutants are found to be implicated in diverse biological processes (Malumbres 
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and Barbacid 2003). Ras is a guanosine nucleotide-binding protein (G protein) and acts as 

a switch that turns on the signaling pathway when interacting with guanosine 

triphosphate (GTP) and is off when interacting with guanosine diphosphate (GDP). The 

"on" phase is facilitated by guanine nucleotide exchange factors (GEFs) to increase the 

exchange rate of GDP for GTP on Ras due to a conformational change. Upon ligand 

binding, RTK is activated and interacts with the adaptor protein Grb2 (growth factor 

receptor-bound protein-2), which then recruits Sos [son of sevenless; (Tidyman and 

Rauen 2009)]. Sos is a guanosine nucleotide exchange factor (GEF) that exchanges GDP 

for GTP and results in an activated GTP-bound Ras. The "off' phase is promoted by a 

GTPase activating protein (GAP), which stimulates the intrinsic GTPase activity of Ras 

and converts the protein to the Ras-GDP bound form. Hence, GAP is a negative regulator 

of Ras activity. Interactions of GAP with both viral Src (v-Src) and cellular Src (c-Src) 

were observed in transformed rat fibroblasts (Brott et al., 1991). This interaction leads to 

phosphorylation and inactivation of GAP (Moran et al., 1991), which in tum activates 

Ras. 

The requirement of Ras for v-Src induced transformation arises from the finding that 

microinjection of neutralizing antibodies against Ha-Ras suppressed transformation in 

NIH3T3 cells (Smith M. R. et al., 1986). One of the key downstream mediators of Ras is 

the Raf/~xtracellular signal-regulated kinase/mitogen ~ctivated grotein kinase 

(ERKIMAPK) pathway (Tidyman and Rauen 2009). The Raf/MAPK pathway comprises 

a series of activations of serine/threonine-specific protein kinases that lead to 

phosphorylation of downstream substrates. The highly conserved 90 kDa ribosomal S6 
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kinase (RSK) family of Ser/Thr kinases is an important downstream effectors of the Ras

MAPK signaling cascade that regulate diverse cellular activities such as proliferation, 

motility and survival (Anjum and Blenis 2008). For example, RSK phosphorylates and 

inhibits the glycogen synthase kinase-3 (GSK3) to promote the stabilization of cyclin D1 

and Myc, leading to cell cycle progression and cell-survival (Balmanno and Cook 2009, 

Diehl et al., 1998, Sears et al., 2000). In chicken embryo fibroblast (CEF), expression of 

a dominant negative Ras (HRasN17) or addition of the MAPK kinase (MEK) inhibitor 

PD58095 were able to block several cellular responses induced by v-Src without 

interfering with transformation (Penuel and Martin 1999). This result suggested the 

presence of a Ras-independent pathway that works simultaneously with the Ras-MAPK 

pathway (Penuel and Martin 1999). However, overexpression of the dominant negative 

form of Ras, N17Ras, induced dramatic apoptosis in v-Src transformed murine pro-B cell 

lines likely through the downregulation of prosurvival protein Bcl-2 or elevation of 

caspase3 (Odajima et al., 2000). In the same study, inhibition of caspase 3 or 

overexpression of Bcl-2 promoted cell survival but didn't rescue transformation: the v

Src-dependent proliferation was reduced by 85% (Odajima et al. , 2000), suggesting the 

action of Ras is pleiotropic to maintain survival and promote cell growth in response to v

Src transformation in these cells. Therefore, the role of Ras in v-Src transformation is cell 

type specific. Regardless, Ras is an important downstream effector of Src stimulated 

signaling. 

2.1.3 The PI3K-Akt/PKB pathway 
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The PI3'K-Akt/PKB pathway participates m the regulation of many cellular 

processes such as cell growth and survival that are critical for tumorigenesis (Luo et al., 

2003). Activation of PI3'K is required for v-Src induced transformation because 

inhibitors of Phosphoinositide3'-kinase (PI3'K) attenuated the v-Src-dependent 

phenotypes in CEF (Penuel and Martin 1999). Dual inhibition of the PI3'K pathway and 

Ras-MAPK pathway dramatically repressed the v-Src-dependent transformation 

phenotype, suggesting that these two pathways are partly redundant in v-Src transformed 

CEF (Penuel and Martin 1999). PI3'K is a heterodimer comprised of a 85 kDa regulatory 

subunit (p85) and a 110 kDa catalytic subunit (pllO). In Rous sarcoma virus-transformed 

CEF, a physical interaction between the proline-rich region of p85 subunit and the v-Src 

SH3 domain prior to phosphorylation was detected (Liu et al., 1993). The interaction 

might lead to the tyrosine phosphorylation of PI3'K and activation of the kinase or, 

alternatively, facilitates the translocation of PI3'K to the inner plasma membrane where it 

has access to its substrates. At the membrane, PI3'K phosphorylates the hydroxyl groups 

on the inositol ring of phosphatidylinositol-4, 5-bisphosphate (PIP2) and converts it to 

PIP3, which in turns recruits pleckstrin-homology (PH) domain containing proteins to the 

membrane where they can be activated (Luo et al., 2003). In v-Src transformed CEF, the 

serine-threonine kinases Akt/PKB and PI3'K-dependent kinase (PDK) are examples of 

PH-domain containing proteins that are recruited by activated PI3'K to the membrane, 

where Akt/PKB is phosphorylated and activated by PDK1 (Anderson et al., 1998). 

Activation of Akt/PKB regulates a wide range of target proteins that regulate several 

cellular activities including cell growth and survival (Luo et al., 2003). The mammalian 
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target of rapamycin (mTOR) kinase is a downstream target of Akt/PKB that regulates cell 

growth by stimulating protein translation through activation of the 70 kDa ribosomal S6 

kinase (S6K1) and inhibition of the eukaryotic translation initiation factor 4E-binding 

protein1 (eiF4E-BP1) (Gingras et al., 1998). Addition of the mTOR inhibitor, rapamycin, 

causes the same inhibitory effects as PI3'K inhibition by partially repressing v-Src

induced proliferation in CEF (Penuel and Martin 1999), suggesting that the PI3'K-mTOR 

pathway is one of the important pathways induced by v-Src in CEF. In addition, the 

PI3'K-Akt pathway can promote cell cycle progression in parallel with the Ras/MAPK 

pathway by phosphorylating and inactivating the kinase GSK3, leading to the 

stabilization of cyclin D1 and Myc (Diehl et al., 1998, Sears et al. , 2000). Furthermore, 

activation of Akt/PKB is known to protect cells from programmed cell death induced by 

various stresses (Downward 1998). For example, activated Akt/PKB can phosphorylate 

BAD, a proapoptotic protein of Bcl-2 family, and facilitates its sequestration from the 

mitochondrial membrane by 14-3-3 proteins, resulting in the inhibition of cytochrome c

dependent apoptosis (Hennessy et al. , 2005). In v-Src transformed CEF, Akt/PKB is 

hyperphosphorylated, emphasizing the importance of PI3K-Akt pathway for v-Src 

induced transformation (Maslikowski et al. , 2010). Therefore, activation of the PI3'K-Akt 

pathway is able to promote cell growth and survival that are particularly important for 

tumorigenesis. 

2.1.4 The JAK-STATs pathway downstream o(Src 

The signal transducers and activators of transcription (STAT) proteins activate gene 
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transcription upon activation by a variety of signals from cytokines to various growth 

factors, leading to cellular responses including differentiation, apoptosis and proliferation 

(Silva CM 2004). Phosphorylation of a tyrosine residue in the SH2 domain of STATs is 

modulated by non-tyrosine containing cytokine receptors via the family of Janus (JAK) 

family of tyrosine kinases. This STATs phosphorylation is required for homo- or 

heterodimer formation of ST ATs through the interaction of their tyrosine phosphorylated 

SH2 domains, and subsequent translocation to the nucleus. In the nucleus, the STAT 

dimer binds to the consensus DNA sequence via the DNA binding domain and activates 

gene transcription in responses to cytokines. Among the STAT members, only STAT1, 

STAT3, ST AT5a and 5b have potential involvements in oncogenic signaling (Calo et al., 

2003). More importantly, these STATs are activated by Src or growth factors using a 

different mechanism from cytokines stimulation. Olayoiye et al. 1999 has reported that 

activation of the four members of STAT family by the epidermal growth factor receptor 

(EGFR), Erb1, is c-Src dependent and JAK-independent in NIH3T3 cells (Olayioye et 

al. , 1999). However, phosphorylation of STAT5a by Src does not cause translocation to 

the nucleus and therefore does not induce gene transcription (Silva CM 2004). These 

findings thus established a different activation and function pattern that might lead to a 

unique gene expressing profile in response to oncogenic stimulation. A previous finding 

has demonstrated that the DNA binding ability of ST AT3 was enhanced upon v-Src 

transformation (lhle 1996, Yu et al. , 1995). Moreover, v-Src mediates STAT3 

phosphorylation through direct interaction (Cao X et al., 1996). Expression of a dominant 

negative form of STAT3 resulted in dramatic reduction of v-Src-dependent cell 
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proliferation and transformation (Odajima et al., 2000), supporting the essential role of 

STAT3 in v-Src transformation. Similarly, Src-mediated tyrosine phosphorylation of 

ST AT5b is required to promote cell proliferation (Kabotyanski and Rosen 2003 ). In the 

Squamous Cell Carcinoma of the Head and Neck (SCCHN) model, EGFR mediates the 

STAT3 and STAT5b activation via Src, an event contributing to carcinogenesis (Xi et al., 

2003). Hence STAT has a role in promoting mitogenesis and oncogenesis in response to 

Src activation. 

Interestingly, v-Src mediates the induction of vascular epithelial growth factor 

(VEGF) by activating the expression of STA T3 (Niu et al., 2002), providing a role for 

Src in the regulation of the angiogenesis and tumorigenesis. STAT activation also results 

in transcription activation of genes involved in the inhibition of apoptosis and promotion 

of proliferation of cancer cells (Silva CM 2004). Thus STAT factors mediate a broad 

spectrum of cellular activities in tumorigenesis. 

2.2 Src regulates adhesion, motility and invasion 

In addition to rapid proliferation rates, v-Src transformed CEFs also display 

elongated and refractile morphology due to the loss of integrin-based attachments that are 

required for normal CEFs to grow in an ordered monolayer (Yeatman 2004 ). In 

addition, the fact that they are able to form foci in soft-agar assays indicates that they can 

proliferate in an anchorage-independent manner, a hallmark of cancer cells. Furthermore, 

in vivo injection of v-Src transformed cells results in the formation of tumours that are 

invasive and metastatic (Yeatman 2004 ). Consistently, highly-metastatic cancers are 
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frequently accompanied by high c-Src kinase activity, normally 5 fold higher than low

metastatic counterparts, indicating that high Src activity promotes the motility and 

invasiveness of cancer cells (Jones et al. , 2002). Thus, Src plays an important role in the 

regulation of the cell adhesion system during tumorigenesis. In the following sections, the 

action of Src in the regulation of two principal subcellular structures -focal adhesions 

and adherens junctions - will be reviewed. 

2.2.1 The integrin-FAK signaling pathway 

Focal adhesions are comprised of a large and dynamic protein complex that links the 

cell cytoskeleton to extracellular matrix (ECM) via clusters of integrins. Activation of 

integrin upon cellular interaction with ECM initiates signaling pathways involving 

tyrosine phosphorylation in many cytoskeleton- and signaling-proteins. One of the 

downstream effectors is focal adhesion kinase (F AK). The fak gene encodes a non

receptor protein tyrosine kinase of 120 kDa with little similarity to other tyrosine protein 

kinases (Owens et al. , 1995). FAK colocalizes with integrin at the focal adhesion through 

the carboxyl-terminal 'focal adhesion targeting' (FAT) domain, where its 

autophosphorylation and activation is stimulated by integrin to modulate cell migration 

and spreading (Playford and Schaller 2004). Phosphorylation on Y397 in FAK increases 

its affinity for binding the SH2 domain of Src (Schaller et al., 1994). Furthermore, the 

proline-rich regions in F AK also attract c-Src via its SH3 domain (Thomas and Brugge 

1997). The interaction between FAK and Src through the SH2 and SH3 domains leads to 

disruption of the intramolecular conformation of c-Src and then exposure of the C-
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terminal regulatory domain and kinase domain (Cary et al., 2002). Previous studies have 

demonstrated that the cell adhesion-regulated transmembrane protein tyrosine 

phosphatase a (PTPa) is required for dephosphorylation of the tyrosine residue in the C

terminal regulatory domain of c-Src, a mechanism to activate the protein (Pallen 2003, 

Playford and Schaller 2004). Other tyrosine phosphatases such as PTP1B and Shp2 have 

also been reported to participate in the activation of c-Src in focal adhesions (Playford 

and Schaller 2004). Once activated, c-Src then phosphorylates additional tyrosine 

residues on F AK, leading to full activation ofF AK (Zhao and Guan 2009). The activated 

F AK/Src complex then initiates a series of phosphorylation events and triggers multiple 

downstream pathways to regulate cell survival, cell cycle progression, and focal adhesion 

dynamics and cell migration (Hsia et al., 2003). 

F AK was first identified as a key signaling molecule that is responsible for 

anchorage-independent growth (Guan et al. , 1991, Kornberg U et al. , 1991), and a key 

substrate of v-Src during transformation (Kanner et al. , 1990, Schaller et al. , 1992), 

implying the potential role of FAK in tumorigenesis. The FAK/Src complex might 

contribute to tumorigenesis by promoting cell survival. For example, overexpression of 

an activated Src was able to rescue 'anoikis', a process induced by detachment from the 

extracellular matrix, induced by a dominant negative form of F AK in breast cancer cell 

lines (Park et al., 2004). Moreover, FAK/Src signaling also plays an important role in 

promoting cell proliferation. Phosphorylation of Y925 on FAK by activated Src can serve 

as a docking site for Grb2, leading to activation and initiation of the Ras-MAPK 

signaling pathway (Schlaepfer et al., 1994). 
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In addition to its role in tumorigenesis, the FAK/Src complex is an important 

modulator of tumour progression by promoting cell motility and invasion. Hyper

phosphorylation of FAK was observed in v-Src transformed cells while FAK deficient 

mouse fibroblast exhibited less organized, more and enlarged focal adhesions (Ilic et al., 

1995). This increase in size and number of focal adhesions mimics the phenotype 

observed in response to the expression of kinase-defective v-Src and reflects the 

impairment of focal adhesion turnover, a process contributing to motility (Fincham and 

Frame 1998). Moreover, the F AK/Src complex has also been shown to promote the 

invasive ability of transformed cells by a number of mechanisms. For example, in v-Src 

transformed cells, FAK mediates invasion by promoting the activation and secretion of 

matrix metalloproteinases (MMPs), a group of enzymes that can break down the ECM 

and facilitate invasion (Hsia et al., 2003). Collectively, the FAK/Src complex 

participates in multiple aspects of cancerogenesis. 

2.2.2 Src downregulates cadherins to disrupt cell-cell adhesion 

In epithelial cells, adherens junctions are formed by the cadherin-catenin system. 

Cell-cell adhesion is mediated by homotypic interactions of transmembrane E-cadherin 

protein, which is anchored intracellularly to the actin cytoskeleton by cofactors called 

catenins. Co-immunoprecipitation of activated c-Src with the E-cadherin-catenin 

complex in highly metastatic hepatocellular cancer cells suggested the colocalization of 

Src with the cell-cell junction system (Avizienyte et al. , 2002). This localization also 

resulted in disruption of the cell-cell adhesion system implying a vital role of activated 
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Src for metastasis of cancer cells. In addition, v-Src transformed Madin-Darby canine 

kidney (MDCK) epithelial cells exhibited loss of cell-cell adhesion and an invasive 

potential (Behrens J et al., 1993). In these cells, tyrosine phosphorylation of N-Cadherin, 

E-Cadherin or ~-catenin was shown to lead to instability of adherens junctions. A 

previous study reported that the tyrosine phosphorylation of E-cadherin by activated Src 

is required for the ubiquitination and endocytosis of E-cadherin via Hakai, an E3 

ubiquitin protein ligase; this results in dismption of cell-cell contacts (Fujita et al. , 2002, 

Yeatman 2004 ). Similar findings have been reported in Ras-transformed breast epithelia 

cells (Frame et al. , 2002), indicating that the tyrosine phosphorylation of the cadherin

catenin complex is associated with the destabilization of the cell-cell junction. 

Furthermore, the addition of pharmaceutical inhibitors of c-Src tyrosine kinase activity 

stabilized the cell-cell junction and promoted the recmitment of E-cadherin to contact 

sites (Frame et al. , 2002). Hence, activated Src promotes cell migration in part by 

dismpting adherent junctions. 

The v-Src substrate p120ctn, a member of the Armadillo catenin family, has emerged 

as a central regulator of E-cadherin stability and turnover in epithelia cancer cell lines 

(Reynolds and Roczniak-Ferguson 2004). As a major component of the epithelial 

adherens junctions, aberrant loss of E-cadherin (DNA methylation, direct mutation or 

downregulation) has been reported in many tumours and correlates with metastasis 

(Reynolds and Roczniak-Ferguson 2004, Yap 1998). Thus, E-cadherin is recognized as a 

tumour and metastasis suppressor. The restoration of p120 expression in the p120-

deficient carcinoma cell lines SW48 was able to rescue the epithelial phenotype of poorly 
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organized cell-cell contact in a dose and phosphorylation level dependent manner (Ireton 

et al., 2002), indicating that p120 is required for the stabilization of E-cadherin and cell

cell contact. In this study, the reconstituted p120 was less phosphorylated and functioned 

via direct interaction with E-cadherin to stabilize the protein itself (Ireton et al., 2002). 

Conversely, p120 depletion via RNA interference led to degradation of E-cadherin and 

subsequent cell-cell contact turnover (Davis et al. , 2003). The phosphorylation of p120 

by v-Src reduces the affinity between p120 and E-cadherin, a mechanism makes E

cadherin accessible for v-Src mediated phosphorylation and degradation via the 

ubiquitination pathway (Reynolds and Roczniak-Ferguson 2004). Hence, activated Src 

modulates the cell-cell interaction turnover by downregulating the cadherin-catenin 

complex. The role of p120 is not restricted to the regulation of cell-cell adhesion strength 

and stability; other functions are outside the scope of this study and therefore will not be 

reviewed here. 

2.3 Src promotes tumour cell survival 

Cell viability is a prerequisite of the development of the tumour, where survival 

signals are transduced by growth factors, cytokines, ECM and cell-cell contacts (Thomas 

and Brugge 1997). Expression of v-Src has been demonstrated to rescue cells from 

apoptosis induced by various stimuli such as irradiation, chemotherapeutic drugs and 

anoikis (Thomas and Brugge 1997). In addition, v-Src activates the expression of 

prosurvival genes such as p105 nf-kb and stimulates NFKB activity (Cabannes et al., 

1997). NFKB is a family of dimeric transcription factors sharing the conserved Rel-
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homology domain (RHO) that is required for DNA-binding and dimerization (Papa et al. , 

2004). Activation of NFKB has been linked to viral transformation and survival 

(Kucharczak et al. , 2003). Anti-apoptotic proteins including the Bcl-2 family and cellular 

inhibitors of apoptosis [clAP (Greten and Karin 2006)] are known targets of NFKB , 

which reflects the role of NFKB in survival. Hence, Src can also regulate cell survival by 

activating prosurvival genes. Consistently, specific inhibition of c-Src or the PI3'K 

inhibitor L Y294002 increased the incidence of apoptosis incidence in vascular 

endothelial growth factor (VEGF)-stimulated human umbilical-vein endothelial cells 

[HUVECs; (Abu-Ghazaleh et al. , 2001)], suggesting that Src is involved in the VEGF

mediated anti-apoptotic activity, likely through the activation of the PI3'K-Akt pathway. 

2.4 Src regulates angiogenesis 

In addition to its role in cell proliferation, STAT activation by v-Src also leads to 

other activities that are important for tumour progression. Established tumours induce 

angiogenesis to obtain nutrients in order to support their rapid growth and promote 

metastasis. The VEGF is reported to be critical for angiogenesis in several types of 

tumours (Grunstein et al., 1999). The expression of VEGF was shown to be activated by 

v-Src through direct binding of STAT3 to the promoter region of VEGF (Niu et al. , 

2002). In addition, upregulation of Flitl/VEGFR was observed in our gene expression 

profile of v-Src transformed cells (Maslikowski et al., 2010). Thus, activated Src may 

promote tumour progression by inducing angiogenesis via the STAT3 pathway. 

Transcriptional activation of the IL8 gene (originally called 9E3/CEF4) is tightly 
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associated with CEF transformation by v-Src (Bedard et al., 1987, Sugano et al., 1987). 

Like mammalian IL8, the chicken counterpart (originally designated chicken chemotactic 

and angiogenic factor, or cCAF) was shown to be angiogenic, suggesting that 

angiogenesis is also stimulated by constitutive expression and secretion of this 

chemokine by v-Src transformed CEF (Martins-Green and Hanafusa 1997). Thus, Src has 

a potential role in regulating angiogenesis and tumorigenesis in several cell types and 

species. 

3. Control of gene expression by v-Src 

3.1 Control of transcription factors by v-Src 

Transformation by v-Src is characterized by profound changes in gene expression. 

Aberrant gene expression in cells transformed by v-Src is a result of constitutive 

activation of transcription factors. Work in our lab and others (Masker et al., 2007, 

Maslikowski et al. , 2010) have shown that v-Src-transformation in CEF leads to changes 

in the expression of approximately 6% of the chicken genome. Numerous studies have 

identified several v-Src activated transcription factor families including Stats, NFKB, AP-

1 and CIEBP~ (Cabannes et al., 1997, Dehbi and Bedard 1992, Dehbi et al., 1992, 

Gagliardi et al., 2001, Silva CM 2004, Thomas and Brugge 1997). These studies provide 

potential targets of c-Src activation. As mentioned above, c-Src is known to activate the 

transcription of Myc in the presence of PDGF since inhibition of c-Src by an inhibitory 

antibody results in repression of myc transcription (Barone and Courtneidge 1995). In 

addition, expression of a kinase-defective Src mutant impairs the endothelin dependent 
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induction of the fos gene (Simonson et al., 1996), a member of the AP-1 family. These 

findings reflect the importance of c-Src in the activation of transcription factors. 

Of the many genes activated by Src, the IL8 gene (originally called 9E3/CEF4) has 

been shown to be tightly associated with CEF transformation by v-Src. In contrast, il8 

transcription is transient upon serum stimulation (Bedard et al. , 1987, Sugano et al. , 

1987). Regulation of /L8 relies on the Src-responsive unit (SRU) of its promoter which 

includes binding sites for AP-1, NFKB and C/EBP~, all of which are known to be 

activated by v-Src in CEF (Cabannes et al., 1997, Dehbi and Bedard 1992, Gagliardi et 

al. , 2001). We observe a dramatic increase in AP-1, NFKB and C/EBP~ activities in v-Src 

transformed CEF compared to normal CEF (Lizhen WANG, chapter 3). Investigating the 

role of these factors in IL8 activation and transformation by v-Src will shed light on the 

mechanisms by which v-Src regulates cellular transformation and tumorigenesis. My 

research focuses primarily on the role of AP-1 in v-Src transformation in CEF. 

3.2 Transcriptional activation by transcription factors 

Transcription is the first step leading to gene expression, a process known to be 

regulated by the interaction of transcription factors with the promoter region of the gene 

(Latchman 1997). The regulation is modulated via two major domains of transcription 

factors: the DNA-binding domain (DBD) and the transactivation domain [TAD; 

(Latchman 1997)]. The DBD is required to attach to specific sequences of DNA that are 

also known as response elements, while TAD upon activation is essential for the 

recruitment of the general transcriptional machinery to the promoter region (Ptashne and 
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Gann 1997). The general transcriptional machinery consists of components such as TFIIB, 

TFIID of general transcription factors (GTFs), transcription coregulators (co-activators or 

co-repressors) and the RNA polymerase II (Latchman 1997, Ptashne and Gann 1997, 

Warnmark et al. , 2003). Interaction of the RNA polymerase II with the GTFs forms a 

preinitiation complex that is essential for the initiation of transcription (Kornberg RD 

2007). Simultaneous interaction of co-activators stablizes the preinitiation complex and 

promotes the transcriptional initiation (Naar et al. , 2001 ). CREB 1-binding protein 

(CBP)Ip300 complex acts as a co-activator that widely participates in the activities of 

different transcription factors to control the expression of genes involved in cellular 

proliferation, apoptosis, and embryogenesis (Goodman and Smolik 2000). CBP and p300 

share 63 % similarity in ammo acid sequence and are functionally identical in many 

physiological processes (lyer et al., 2004). These proteins function as histone 

acetyltransferases (HAT) complexes that catalyze the acetylation of the conserved lysine 

amino acids on histone or other proteins and promote the relaxation of chromatin 

allowing increased access of transcriptional machinery to the gene (Vo and Goodman 

2001). Thus, as a part of transcription integrator , the amount of p300 is strictly limited 

(Ghosh and Varga 2007). Competition for limiting amounts of p300 between 

transcription factors directs the gene expression pattern and controls cell fate (Wang C et 

al., 2001). Abnormal CBP/p300 function results in aberrant gene expression. Point 

mutations and heterozygous loss of human CBP gene causes the Rubinstein-Taybi 

syndrome, which is characterized by severe mental retardation and several physical 

abnormalities (Petrij et al., 1995). Mutations in p300 have been identified in many human 
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cancers in colon and rectum, stomach, breast and pancreas (lyer et al. , 2004). In our 

model, we proposed that competition for limiting amount of co-activators such as 

CBP/p300 directs the gene expression pattern and cell fate in v-Src transformed CEF. 

This will be further discussed in Chapter 6. 

4. Activator protein 1 (AP-1) family 

The activator protein-1 (AP-1) transcription factors are homo- or hetero-dimers that 

regulate the expression of genes involved in cell proliferation, survival and 

transformation (Shaulian and Karin 2002). First identified as one of the components 

binding to the enhancer sequences of human metallothionein gene and SV40 promoter 

(Lee W et al., 1987b ), and the subsequent discoveries of viral oncogene counterparts led 

to investigations on its role in gene regulation and tumorigenesis (Eferl R and Wagner 

2003). Several studies on the role of AP-1 orthologues in different model organisms 

suggest functional conservation and thus provide a basis for studies of AP-1 in human 

diseases (Wagner 2001). Activation of AP-1 controls a broad range of cellular activities. 

However, the following section will focus on the role of AP-1 in tumorigenesis. 

The AP-1 family is comprised of the JUN, FOS, ATF (activating transcription factor) 

and MAF (musculoaponeurotic fibrosarcoma) protein families. AP-1 dimers form 

through the leucine zipper motif located in proximity to the basic DNA binding domain 

(Eferl R and Wagner 2003). The complexes recognize the TPA response element (TRE, 

5' TGA G/cTCA-3'), which is responsive to the tumour promoting agent 12-0-

tetradecanoylphorbol-13-acetate (TPA), or cAMP response elements (CRE, 5'-
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TGACGTCA-3') and regulate gene transcription activation (Eferl R and Wagner 2003). 

Members of the MAF subfamily regulate different subsets of genes via binding to 

different consensus DNA sequences: the MAP-recognition elements (MAREs) and the 

antioxidant-response elements (AREs) , and (Eferl Rand Wagner 2003). This review will 

focus on the regulation and function of the Jun and Fos families. 

4.1 Structure and regulation of AP-1 

The structure and functional domains of c-Jun and c-fos are shown in Figure 2. The 

identification of Jun as an AP-1 member stems from two major findings. First, c-Jun is 

the cellular counterpart of v-Jun, the oncogene of the transforming avian sarcoma virus 

17 [ASV17; (Maki et al., 1987)]. Second, Jun shares homology with the yeast 

transcription factor GCN4 that recognizes the same responsive element as AP-1 (Vogt P 

et al. , 1987). These two properties immediately linked Jun to the AP-1 family. The 

common structure of Jun proteins includes a N-terminal transactivation domain, a DNA 

binding domain and a C-terminalleucine zipper (Eferl Rand Wagner 2003). Similar to c

Jun, c-Fos also has a viral counterpart that is the transforming gene of the Finkel-Biskis

Jinkins and the Finkel-Biskis-Reilly murine osteosarcoma virus (Foletta 1996). 
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phosphorylates serine residues within the transactivation domain of Jun at position 63 and 73 and thereby regulates its 
transactivation activity. 
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4.1.1 The transactivation domain and Delta domain 

a. The TAD domain and Delta domain of the fun family 

The transactivation domain of Jun lacks definitive structural features that are usually 

found in other transcription factors. However, deletion of this domain results in a potent 

inhibitor of AP-1 activity (Brown PH et al. , 1993). This dominant negative form of Jun 

efficiently blocks AP-1-dependent transactivation and oncogenic transformation by 

activated Src (Brown M. T. and Cooper 1996). The essential role of Jun in the promotion 

of tumorigenesis is evident in the finding that overexpression of the dominant negative 

form is able to repress the proliferation and tumorigenesis of various human ovarian 

carcinoma cell lines (Neyns et al. , 1999). Thus this protein is widely used in studying the 

role of Jun in various cellular activities . Previous studies have shown that the activation 

of human c-Jun requires phosphorylation of two residues within the transactivation 

domain: Ser63 and Ser73(Vogt PK 2001). The Jun N-terminal kinase, also known as 

stress-activated protein kinase (SAPK), is responsible for phosphorylating c-Jun by 

interacting with c-Jun on the N-terminal delta domain once it is activated (May et al., 

1998). However, it has been observed that inactive JNK/SAPK remains constantly 

associated with the delta domain and mediates the ubiquitin-dependent degradation of c

Jun protein (Bohmann and Tjian 1989, Treier et al. , 1994). Hence, this delta domain 

serves as a docking site for JNK/SAPK. The delta domain is unique to c-Jun and is not 

found in other members of the AP-1 family (Vogt PK 2001). Unlike c-Jun, the viral Jun 

differs from c-Jun by lacking the N-terminal delta domain and some amino acids in the 

C-terminus (Nishimura et al., 1988). As a result, v-Jun is dissociated from the JNK/SAPK 

28 



Ph.D Thesis-L. Wang McMaster-Biology 

pathway (May et al. , 1998), and the substitution of Ser63 and Ser73 with alanines does 

not interfere with the transforming ability of v-Jun in CEF (Vogt PK 2001). However, the 

function of the delta domain is cell type specific. One of the early findings demonstrated 

that mutation of the delta domain does not interfere with the transactivation of the c-Jun 

protein in F9 murine embryonic carcinoma cells (Havarstein et al. , 1992). Furthermore, 

mutation of the JNK phosphorylation sites does not affect the transforming ability of c

Jun in avian cells (Vogt PK 2001). These findings suggest that the JNK-Jun pathway is 

not critical in these cells or under certain conditions. 

b. The TAD domain o(Fos family 

All members of the Fos family have an N-terminal acidic activation domain, 

whereas a C-terminal proline-rich and acidic activation domain is unique to c-Fos and 

FosB (Abate et al. , 1991). The acidic domain is important for transcriptional activation 

(Nakabeppu and Nathans 1991). Accordingly, Fra-1 and Fra-2 are not transforming in rat 

fibroblasts (Wisdom and Verma 1993 ). However, elevated levels of Fra-1 and Fra-2 

have been observed in several tumour types (Milde-Langosch 2005). Moreover, 

Murakami and colleagues have determined that the transactivation activity of Fra-2 is 

highly activated by Erk-2 of MAPK family in v-Src transformed CEF (Murakami et al., 

1997). These findings suggest that Fra-1 and Fra-2 might play a unique role in facilitating, 

rather than inducing, tumorigenesis. In fact, upon semm stimulation, c-Fos and FosB are 

induced rapidly yet transiently, while Fra-1 and Fra-2 expression is delayed but sustained 

(Milde-Langosch 2005). Hence, Fra-1 and Fra-2 will be the major components to form 
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the Jun/Fos dimer and mediates cellular responses. 

4.1.2 The bZIP domain 

The leucine-zipper is formed by five leucine residues that are located seven amino 

acids apart from each other to form an X-shaped a-helical structure upon dimerization 

(Eferl Rand Wagner 2003). Dimerization is critical for efficient nuclear translocation and 

DNA binding (Chida et al., 1999). The basic domain is located adjacent to the leucine 

zipper and is required for DNA binding. This characteristic organization has been found 

in many transcription regulators that are collectively known as 'bZIP' factors (Vogt PK 

2001). C-Jun is able to form homo- and heterodimers with various bZIP proteins, 

accounting for its pleiotropic functions (Vogt PK 2001). The preferential dimerization 

partner for Jun is a Fos family member. This dimer is thought to be more stable and 

exhibit higher affinity for the TRE sequences (Lee W. et al. , 1987a). In addition, c-Jun is 

able to form heterodimers with other bZIP proteins of the AP-1 family while dimerization 

of c-Jun with ATF or MAF shows preferential recognition to the cAMP responsive 

element (CRE): TGACGTCA (Vogt PK 2001). Thus, dimerization with diverse partners 

leads to transcriptional regulation of different genes and produces specific gene 

expression profiles and cellular responses. Moreover, previous experiments indicated that 

different AP-1/c-Jun complexes contribute to distinct regulation in the c-Jun-induced 

transformation programme. Indeed, c-Jun-Atf2 triggers proliferation independently of 

growth factors while the c-Jun-c-Fos activity causes anchorage-independent growth (van 

Dam and Castellazzi 2001). C-Jun is able to form homodimers via the leucine zipper and 
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form a potent oncogenic factor (Vogt PK 2001 ). Chimeric proteins consisting of the c-J un 

transactivation domain and leucine zippers from bZIP proteins GCN4 and Epstein-Barr 

virus transcription factor EB 1 that can only form homodimers, show strong ability to 

induce tumorigenesis in animals (Hartl and Vogt 1992, Vandel et al., 1995, Vandel et al., 

1996). Therefore c-Jun is capable of inducing transformation independently of other bZip 

partners. 

The DNA binding domain is an important determinant for the transcriptional 

regulation of a spectrum of genes and the subsequent cellular activities regulated by these 

genes. Mutation in the DNA binding domain has been found to be correlated with the 

impaired interaction with TRE and the complete abolishment of oncogenicity (Basso et 

al., 2000). The DNA binding activity of Jun depends on two mechanisms: 

phosphorylation and reduction-oxidation (redox) regulation (Eferl R and Wagner 2003). 

For example, phosphorylation of the Ser247 and Ser249 residues adjacent to the basic 

domain of c-Jun by a nuclear protein kinase casein kinase II (CKII) and the kinases 

glycogen-synthase-kinase-3~ (Gsk-3~) leads to severe reduction of DNA binding activity 

of c-Jun (Eferl Rand Wagner 2003, Lin A et al., 1992a, Plyte et al. , 1992). In addition, 

an in vitro study has shown that the DNA binding activity of c-Jun is also modulated by 

reduction-oxidation (redox) on a conserved cysteine residue, Cys252, located in the 

DNA-binding domains of c-Jun (Abate et al., 1990 ). Substitution of cysteine to serine 

enhances the transforming potential of c-Jun when expressed in vivo, implying the 

importance of the reactive cysteine residue in the regulation of the oncogenic potential of 

c-Jun (Xanthoudakis and Curran 1992). This mutation is present in v-Jun and contributs 
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to its dissociation from the redox-dependent regulation and increase in DNA binding 

affinity (Oehler et al. , 1993). Reduction of this cysteine residue is mediated by a nuclear 

regulatory redox factor, Ref-1, which acts to activate the DNA-binding activity of c-Jun 

(Xanthoudakis and Curran 1992). 

4.2 Regulation of AP-1 activity 

The regulation of AP-1 is multi-faceted. It is responsive to a broad range of stimuli 

including cytokines, growth factors, stress signals and viral infection (Hess et al. , 2004). 

Collectively, the regulation of AP-1 occurs through several events: transcription and 

mRNA stabilization, post-translational modification, protein turnover and interaction 

with other transcription factors (Hess et al. , 2004). 

4.2.1 Post-translational regulation o{AP-1 

The post-translational modification of Jun family by the MAPK pathway has been 

studied extensively. The Jun N-terminal kinases (JNK), also known as stress-activated 

protein kinases (SAPK), specifically phosphorylate serine residues (Ser 63 and 73) in the 

N-terminal transactivation domain of c-Jun in response to activated Ras, leading to 

enhanced transactivation activity of c-Jun (Pulverer et al., 1991). The phosphorylation of 

c-Jun by JNK/SAPK requires docking to theN-terminal delta domain of c-Jun (Kallunki 

et al. , 1996). On the contrary, due to the absence of a JNK docking site, phosphorylation 

of JunO by JNK/SAPK is less efficient but occurs when JunO is heterodimerized with a 

docking competent partner, particularly c-Jun (Hess et al. , 2004, Kallunki et al. , 1996). In 
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addition, phosphorylation on Ser247 and Ser249 adjacent to the basic domain of c-Jun by 

CKII and Gsk-3P leads to severe reduction of DNA binding activity and inactivation of c

Jun (Eferl R and Wagner 2003, Lin A et al., 1992b, Plyte et al., 1992). JunD is 

phosphorylated and activated preferentially by ERK on Ser100 in its N-terminus 

(Vinciguerra et al., 2004 ). Vinciguerra and colleagues identified two functional motifs, 

the D domain and the FL YP/DEF motif that contribute to the distinct regulation modes of 

c-Jun and JunD by MAPK (Vinciguerra et al., 2004). The D domain is essential for 

targeting JNK to c-Jun and is part of the delta domain (Derijard et al., 1994, Fantz et al., 

2001). The FLYP/DEF motif located at the C-terminus of JunD has been found to 

function together with the D domain to increase the affinity for ERK for phosphorylation 

(Fantz et al., 2001). JunD also contains both theN-terminal D domain and the C-terminal 

FLYP/DEF motif, which may contribute to its rapid phosphorylation on theN-terminus 

upon ERK activation (Gallo et al., 2002, Vinciguerra et al., 2004). However, the 

differential regulation of c-Jun and JunD by JNK and ERK is not fully elucidated. Except 

for the Jun family members, ERK also directly and indirectly phosphorylates and 

activates the fos family members in response to serum and growth factor stimulation 

(Shaulian and Karin 2002). For example, phosphorylation of Fra-1 and Fra-2 by ERK 

increases their DNA binding activity upon serum or growth factor stimulation (Gruda et 

al., 1994). Moreover, the transactivation activity of Fra-2 is highly elevated by ERK in 

responsive to v-Src induced transformation (Murakami et al., 1997). 

4.2.2 Transcriptional and translational regulation o(AP-1 
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Numerous studies revealed that several AP-1 members are regulated at the 

transcriptional and translational levels. In addition to posttranslational regulation, 

induction of c-Jun and JunD transcription is mediated through positive autoregulation by 

binding of the existing AP-1 complex to a high affinity AP-1 binding site located in the 

promoter region (Angel et al., 1988, Berger and Shaul1994), which accounts for enhance 

expression and activity of both Jun proteins. Moreover, the translation of JunD and its 

isoform is regulated by the usage of alternative start codons (Vesely et al., 2009) . The 

resulting proteins are full length JunD and the N-terminally shortened version, lunD

delta, for which no functional relevance has been identified thus far (Short and Pfarr 

2002). Translation of JunB protein is controlled by mTOR in the highly aggressive T-cell 

tumour, Anaplastic Large Cell Lymphoma [ALCL; (Vesely et al. , 2009)]. 

Growth factor or semm stimulated transcriptional activation of cjos gene is mediated 

by the ERK pathway through the semm response element (SRE) required for the 

regulation of many cellular immediate early genes by growth factors, (Johnson GL and 

Vaillancourt 1994 ). Recent findings also indicated that translational regulation of c-fos 

can be achieved by naturally existing microRNA (Vesely et al., 2009). miR-7b induces 

the decay of the c-fos mRNA by binding to complementary sequences within the 3'

untranslated region (UTR) upon hyperosmolar stimulation in murine hypothalamus (Lee 

HJ et al., 2006). In addition, AU-rich elements are also present in the 3'UTR of c-fos 

mRNA and are known to interfere with the mRNA stability (Vesely et al. , 2009). 

Overall, AP-1 activity is regulated at different levels in a stimulus-dependent manner. 
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4.3 Actions of AP-1 in proliferation and transformation 

Numerous studies have suggested a role of AP-1 in promoting proliferation and 

neoplastic transformation. Cell cycle related proteins such as cyclin D 1, cyclin A, cyclin 

E, p53, p21 cipt , p16INK4
a and p19ARF are targets of AP-1 that control cell proliferation 

(Shamlian and Karin. 2001 , Shaulian and Karin 2002). Analyses of cell culture and 

mouse models have revealed that the Jun family plays a vital role in regulating 

proliferation in different cellular contexts with some functional redundancy of Fos 

proteins. These two families are reviewed individually below. 

4.3.1 The role o{c-Jun in proliferation 

The Jun family consists of three members: c-Jun, Jun-D and Jun-B. c-jun was found 

to mediate many cellular processes such as proliferation and survival following the 

identification as the cellular homolog of v-jun, the oncogene of avian sarcoma vims 17 

(Maki et al. , 1987). The c-jun gene product has a potent transactivation domain and is 

sufficient to induce transformation in tissue culture by overexpression (Eferl R and 

Wagner 2003). c-Jun directly regulates the transcription of cyclin Dl, and hence 

positively regulates the G 1-S phase transition in the cell cycle in fibroblasts (Albanese et 

al., 1995). This process is p53-dependent since c-Jun can inhibit p53 expression by 

binding directly to the AP-1 site in the p53 promoter (Schreiber et al. , 1999). In addition 

to fibroblasts, c-Jun is essential in regulating cell cycle in other cell types such as 

hepatocytes and keratinocytes (Hess et al. , 2004). Liver-specific deletion of the c-jun 

gene in mice results in reduced hepatocyte proliferation and impaired liver regeneration 
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(Behrens A et al., 2002). However, unlike c-Jun-null fibroblasts, the levels of p53 and 

p21 CIPI in these cells remain normal, and a delayed accumulation of cyclin D1 and cell 

cycle progression are observed. This is also true for mutant keratinocytes derived from 

mice with conditional inactivation of c-Jun (Zemz 2003), suggesting that the impaired 

cell proliferation is independent of p53 and p21 CIPI expression in these cells. 

Furthermore, inactivation of c-jun in mouse hepatocellular carcinomas results in reduced 

tumour size with elevated p53 level (Eferl R. et al., 2003). Collectively, c-Jun regulates 

cell cycle progression through different mechanisms in different cell types and cellular 

contexts. 

4.3.2 The roles o[JunB and lunD in proliferation 

JunD and JunB of the Jun family are thought to possess relatively weaker 

transactivation activity compared to c-Jun (Eferl Rand Wagner 2003). Overexpression of 

JunD in immortalized mouse fibroblasts inhibits not only cell proliferation, but also 

transformation stimulated by Ras (Pfarr et al., 1994). In agreement with this notion, 

JunD_,_ immortalized fibroblast displayed increased proliferation (Weitzman et al., 2000). 

On the contrary, JunD deficient primary fibroblasts exhibit p53-dependent growth arrest 

and premature senescence (Weitzman et al., 2000). This data suggests that the function of 

JunD in proliferation is cell context-dependent. 

A previous study has demonstrated that fibroblasts derived from JunB overexpressing 

mice exhibit reduced proliferation due to an impaired G 1-S phase transition and 

premature entry into senescence (Passegue and Wagner 2000). This effect is the result of 
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repression of cyclin D 1 and activation of the transcription of the cyclin-dependent kinase 

inhibitor p161
NK

4
a. In addition, the level of JunB is downregulated while c-Jun remains 

constant during the M -G 1 transition and this promotes cell cycle progression to G 1, while 

overexpression of JunB is able to block the c-Jun-mediated cyclin D1 expression (Bakiri 

et al. , 2000). Lack of JunB expression in mice results in a disease phenotype resembling 

human chronic myeloid leukemia [CML;(Passegue' et al. , 2001)]. Similarly, 

hypermethylation of the JunB promoter and subsequent loss of JunB expression are 

evident in human CML patients (Yang et al. , 2003). Hence JunB is recognized as a 

negative regulator of cell proliferation at least in some cell types. However, substitution 

of JunB expression for c-Jun is able to rescue the proliferative defects and deregulated 

expressions of cyclinD1, p53 and p21 CIPI in c-Jun deficient fibroblasts (Passegue et al., 

2002). In addition, direct transcriptional activation of cyclin A by JunB has been 

reported, suggesting a pro-proliferative role for JunB in fibroblasts (Andrecht et al. , 

2002). Similarly, JunB deficient mouse shows downregulation of cyclin A expression in 

chondrocytes and osteoblasts, which is associated with reduced proliferation (Hess et al., 

2004). These results illustrate the multi-faceted role of JunB in the control of cell 

proliferation. 

The dual role of JunB in proliferation might be cell-context dependent. In the 

absence of c-Jun, the conversion of JunB from growth inhibitor to growth promoter 

suggests that the Jun-JunB heterodimer possesses weaker transactivation activity that 

might attenuate the expression of cell cycle related genes, such as cyclinD1 (Passegue et 

al., 2002). 
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Similarly to JunB, the switch from growth promoter to inhibitor of JunD occurs when 

interacting with menin, a tumour suppressor (Agarwal SK et al., 2003). This interaction 

leads to repression of the transactivation activity of JunD (Agarwal S. K. et al. , 1999). 

The role of JunD in different cell contexts might rely on the availability of menin. In 

summary, the dual roles of JunB and JunD are cell type and cell context dependent. 

4.3.3 The Fos Family 

Thefos family comprises 4 genes: c-fos, fos-b , fra-1 andfra-2. Thefos family is not 

able to form homodimers and can only form heterodimers with the Jun family (Foletta 

1996, Robert E. 2003). Similarly to c-jun, c-fos also has a viral counterpart v-fos, the 

transforming gene carried by the Finkel-Biskis-Jinkins and the Finkel-Biskis-Reilly 

murine osteosarcoma viruses (Foletta 1996). As an immediate early gene, c-fos mRNA 

accumulates rapidly and transiently following serum or TPA induction, and its activation 

does not require de novo protein synthesis (Eferl R and Wagner 2003). Conditional 

expression of Fos in osteoblast cell lines reveals that c-Fos expression promotes the G 1-

S transition as a result of increased cyclin A and cyclin E expression (Sunters et al., 

2004 ), indicating that fos expression is vital for proliferation in these cells. Moreover, 

overexpression of cjos is transforming and tumour promoting in human osteoblasts, 

while its expression is suppressive in human bronchial epithelial malignancies, 

suggesting that the transforming potential of c-fos relies on the cell type and pathways 

involved (Lee H et al. , 1998, Milde-Langosch 2005). Fra-1 and Fra-2 are found highly 

expressed in a variety of transformed and neoplastic cells (Tkach et al., 2003). Compared 
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to c-fos, the activation ofjra-1 is delayed yet more sustained upon serum stimulation. By 

using transcriptional reporter assays, induction of the fra-2 promoter by serum was 

observed in normal chicken embryonic fibroblasts (CEF), which was attributed mainly to 

the c-fos/c-jun complex (Sonobe et al., 1995). Promoter analysis revealed that there are 

two AP-1 binding sites in the fra-2 promoter, which contributes to its activation in v-Src 

transformed CEF (Murakami et al., 1997). Consistent with these findings, Fra-2 

expression is highly elevated in v-Src transformed CEF while loss of Fra-2 expression 

inhibits transformation by v-Src in CEF (Manuscript in Appendix 2). Hence, Fra-2 

expression is required for v-Src induced transformation in CEF. 

4.4 Actions of AP-1 in cell survival 

Previous studies have demonstrated a dual role of AP-1 in regulating cell survival. 

The action of AP-1 in survival is complex and cell-context dependent. 

4.4.1 Pro-apoptotic function of the fun family 

The JNK-AP-1 pathway has been reported to be involved in the Fas ligand (FasL) and 

its cell-surface receptor Fas-mediated apoptosis in lymphoid and fibroblast cells (Hess et 

al., 2004). Phosphorylation by JNK enhanced the transactivation activity of c-Jun, where 

it is able to activate transcription of stress-related genes such as Fas ligand (FasL) and 

TNFa, whose expression are pro-apoptotic (Hess et al., 2004). JNK-2 deficient mice or 

transgenic mice expressing dominant negative JNK display normal activation-induced 

cell death of peripheral T cells (Rincon et al., 1998). Consistently, mice expressing a c-
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Jun mutant with serines 63 and 73 mutated to alanines are resistant to Fas-mediated cell 

death in thymocytes (Behrens A et al., 2001), revealing that JNK phosphorylation of c

Jun is essential for induction of apoptosis in these cells. In addition to the AP-1 site in the 

promoter region of FasL, c-Jun also binds to the human Fas promoter and potently 

activates its transcription, while c-Fos functions in an opposite way by binding to the 

transcriptional repressor element within the promoter region of Fas (Lasham et al., 2000). 

The mechanism by which individual AP-1 member regulates the FasL mediated cell 

death remains unclear. 

The pro-apoptotic role of JNK-Jun pathway is also observed in neurons (Hess et al., 

2004). Cells derived from sympathetic and cerebella granular neurons undergo a JNK-Jun 

induced apoptosis when deprived of growth factors (Hess et al., 2004, Lei et al., 2002). 

In agreement with this finding, mice expressing a c-Jun mutant at serines 63 and 73 are 

resistant to kainite (a powerful neurotoxin)-induced neuronal cell death of hippocampal 

and cortical neurons (Behrens A et al., 1999). Furthermore, expression of TAM67, a 

dominant negative form of c-Jun, inhibits mitochondrial cytochrome c release and hence 

abrogates apoptosis (Whitfield et al. , 2001). This inhibition is a result of downregulation 

of Bim, a pro-apoptotic protein of the Bcl-2 family of apoptosis regulators (Bouillet and 

Strasser 2002). This JNK-Jun-Bim mitochondrial pathway has been established as a 

stress-responsive pathway in neuron death control. In pathology of Alzheimer's disease, 

Jun activation by JNK and subsequent Bim activation are associated with the apoptosis of 

cerebral endothelial cells (Yin et al., 2002). Hence, the JNK-Jun pathway is pro-apoptotic 

in the stress response, at least in some cell types. 
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JunB also plays a part in regulating apoptosis. Cells lacking JunB expression during 

myelopoiesis results in activation of survival genes such as bcl-2 and bcl-x and reduction 

of cell cycle inhibitor p161
NK

4
a, leading to the development of leukaemogenesis 

(Passegue' et al., 2001). Little is known about the role of JunD as an inducer of 

apoptosis. 

4.4.2 Pro-apoptotic function ofFos family 

The opposite function of c-Fos in FasL mediated cell death stems from the 

observation that c-Fos interacts with the transcriptional repressor element within the 

promoter region of Fas and abrogates the c-Jun mediated transcriptional activation of the 

Fas gene (Lasham et al., 2000). On the contrary, FosB mediates the induction of human 

FasL expression in a complex with c-Jtm and promotes the normal activation-induced cell 

death of human T cells (Baumann et al., 2003). Hence the activation of the Fas-FasL 

pathway relies on the interaction of components of AP-1 with the promoter regions of 

both genes. Meanwhile, the role of c-Fos in controlling stress-induced cell death has been 

established. Light-induced apoptosis of retinal cells are associated with c-Fos induction 

(Hess et al., 2004). Interestingly, the induction of apoptosis by Fra-1 expression in c-Fos 

deficient photoreceptor cells is believed to be achieved via suppression of anti-apoptotic 

genes since Fra-1 lacks a potent transactivation domain (Wenzel et al., 2002). This 

finding provides a view of the pleiotropic regulation of apoptosis by the Fos family. 

C-Fos is also pro-apoptotic in hepatocytes. Ectopic expression of c-Fos results in not 

only cell cycle inhibition, but also cell death in hepatocytes (Mikula et al., 2003). Fos 
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also mediates the Myc-induced cell death in hepatoma cells in the absence of growth 

factors without inducing p53 (Kalra and Kumar 2004). This finding provides a 

mechanism under which overexpression of c-Fos might be able to suppress tumour 

formation induced by oncogenes. It has been reported that Fos expression inhibits the 

oncogenic Ras-induced anchorage-independent growth ability of hepatocytes in vitro and 

potently represses tumour formation in vivo (Hess et al., 2004). Therefore, c-Fos, 

originally identified as an oncogene, can function as a tumour suppressor in different cell 

types or under certain conditions. In support of this notion, Fos_,_ and p53 _,_ dual knockout 

mice develop aggressive rhabdomyosarcomas, a relatively rare form of cancer arising 

from skeletal muscle progenitors (Fleischmann et al., 2003), further supporting the role 

of Fos as a tumour suppressor. A previous finding usingfos-LacZ transgene as a reporter 

detected persistent c-Fos expression in cells undergoing terminal differentiation and at 

sites of naturally occurring cell death (Smeyne et al., 1992, Smeyne et al., 1993). Thus, c

Fos regulates cell death not only in response to stress stimuli, but also in normal 

development and tumour formation. 

4.4.3 Pro-survival role ofthe fun family 

The pro-survival role of c-Jun expression stems from the observation that c-Jun 

antagonizes cell death induced by cytokines such as tumour necrosis factor alpha (TNFa) 

via the Jun N-terminal kinase (JNK) pathway in primary embryonic fibroblasts (Wisdom 

et al., 1999). Overexpression of c-Jun rescues apoptosis in murine T-cell associated with 

IL-4 deprivation by directly activating the transcription of survival factor Bcl-3, a 
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member of the IKB family and act as a co-activator of NF-kB!Rel transcription factors 

(Rebollo et al., 2000). In the liver system, c-Jun plays a dual role in regulating 

proliferation as well as survival, depending on the state of differentiation (Hess et al., 

2004). Accordingly, differentiated hepatocytes deficient for c-Jun expression exhibit 

impaired proliferation, not survival (Behrens A et al., 2002). Foetal hepatocytes, 

however, undergo apoptosis in the absence of c-Jun expression (Eferl R et al., 1999). 

Similar dual regulation mode of c-Jun has been reported in PC12 neuron cells. Under the 

condition of growth factor deprivation, c-Jun-JNK mediates apoptosis in differentiated 

PC12 cells, while in non-differentiated cells, c-Jun is prosurvival (Leppa et al., 2001). 

The mechanism underlying these situations remains to be clarified. In addition to normal 

primary hepatocytes, c-J un expression is believed to be critical for the development of 

liver tumours by antagonizing p53 activity and maintaining survival (Eferl R. et al., 

2003). However, the JNK pathway is not involved in this process, as demonstrated by the 

expression of mutant c-Jun (Jun-AA) that cannot be phosphorylated by JNK but protects 

liver tumour cells from apoptosis (Eferl Rand Wagner 2003). Thus, c-Jun promotes cell 

cycle progression as well as survival in the liver system. 

The anti-apoptotic function of c-Jun is also observed in keratinocytes and notochord 

cells. Expression of c-Jun promotes keratinocyte proliferation, survival and skin tumour 

formation by regulating the expression of EGFR and its ligand HB-EGF (Hess et al., 

2004). Different from liver tumours, JNK phosphorylation is involved in this process 

since expression of Jun-AA attenuates the formation of skin and bone tumour induced by 

activated Ras or a Fos transgene (Behrens A et al., 2000). 
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Numerous studies have established the role of JunD as anti-apoptotic. Mouse 

embryonic fibroblasts (MEF) deficient of JunD expression undergo p53-dependent cell 

death in response to UV-irradiation (Weitzman et al., 2000). Moreover, JunD-1-mice 

exhibit enhanced TNF-a mediated hepatocyte apoptosis triggered by bacterial 

lipopolysaccharides (LPS), an inflammatory stimulus (Weitzman et al., 2000). JunD was 

also reported to facilitate the Jun N-terminal kinase (JNK)-mediated cell survival upon 

TNF-a stimulation (Lamb et al., 2003). In this case, the JunD-JNK pathway collaborates 

with NFKB to induce the expression of the anti-apoptotic iap-2 (inhibitor of apoptosis) 

gene. Hence, JunD protects cells from stress-induced or cytotoxin-triggered cell death. 

JunB was originally recognized as a tumour suppressor. However, forced expression of 

JunB using a knock-in strategy rescues both liver and cardiac defects caused by apoptosis 

in c-Jun-null mice (Passegue et al., 2002). 

4.4.4 Pro-survival role o{Fos family 

In addition to mediating cell death in neuronal cells, c-Fos expression antagonizes the 

c-Jun induced FasL mediated cell death in human lymphoma cell lines (Lasham et al. , 

2000). Moreover, mice deficient in c-Fos expression exhibit massive apoptosis during 

embryonic development (Roffler-Tarlov et al., 1996). Furthermore, CD4/CD8 double 

positive thymocytes that lack c-Fos expression are hypersensitive to a variety of apoptotic 

stimuli such as dexamethasone and forskolin (Ivanov and Nikolic-Zugic 1997). In 

addition, c-Fos also protects cells against apoptosis in fibroblasts. Fos_,_ fibroblasts are 

more sensitive to UV irradiation, as indicated by increased incidence of apoptosis and 

44 



Ph.D Thesis-L. Wang McMaster-Biology 

prolonged cell cycle arrest (Schreiber et al., 1999). Therefore, Fos expression is anti

apoptotic in response to various stress stimuli at least in the cell types mentioned above. 

4.5 The role of AP-1 in tumorigenesis 

AP-1 has been implicated in the regulation of multiple steps of tumorigenesis 

including oncogenic transformation, deregulated proliferation and apoptosis, invasive 

growth, metastasis and angiogenesis (Jochum et al., 2001). 

4.5.1 Oncogenic transformation 

The viral homologue of c-Jun, v-Jun, is the oncogene of avian sarcoma virus 17 

[ASV17. (Maki et al., 1987)], and expression of v-Jun leads to formation of 

fibrosarcmoas at sites of wounding in transgenic mice carrying the v-Jun oncogene 

(Schuh et al., 1990). In contrast, c-Jun does not induce tumours in young chicks and mice 

(Vogt PK 2001). In vitro, stable expression of c-Jun using the RCAS retroviral vector 

system is able to induce transformation and foci formation in soft agar in CEF (Wong et 

al., 1992), suggesting that c-Jun is somewhat oncogenic in vitro yet less efficient than its 

viral counterpart. However, co-expression of c-Jun with other AP-1 member, in particular 

the Fos family members, promotes transformation and tumorigenesis both in vitro and in 

vivo. NIH3T3 cells can be transformed by co-expressing c-Jun and Fra-1 (Mechta et al., 

1997), which is probably achieved by forming a potent AP-1 factor through dimerization 

of c-Jun and Fra-1 and acting like a single oncogenic factor. Double-transgenic mice 

overexpressing c-Jun and c-Fos exhibit more developed osteosarcomas with invasive 

potential than mice expressing Fos alone (Wang ZQ et al., 1995). Furthermore, c-Jun can 
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facilitate transformation induced by oncogenes. Expression of c-Jun efficiently induces 

transformation in immortalizing primary rat embryo cells in cooperation with activated 

Ras (SchUtte et al., 1989a). CEFs or MEFs deficient for c-Jun expression or expressing 

the dominant negative form of c-Jun cannot be transformed by activated Ras or v-Src 

(Brown PH et al., 1993, Johnson R. S. et al., 1993, Lloyd et al., 1991). 

Ectopic expression of JunB or JunO repress the transformation induced by Ras in 

immortalized fibroblasts (Passegue and Wagner 2000, Pfarr et al., 1994, SchUtte et al., 

1989b), implying their roles as anti-oncogenic agents in these cells. Moreover, the anti

tumorigenesis role of JunB is further supported by the finding that cells lacking JunB 

expression during myelopoiesis are characterized by the activation of survival genes such 

as bcl-2 and bcl-x and the reduction of cell cycle inhibitor p161
NK

4
a (Passegue' et al., 

2001). However, JunO can facilitate transformation and tumorigenesis. Johnson and 

colleagues have shown that c-Jun·'- immortalized mouse fibroblasts that cannot be 

transformed by activated Ras in vitro are still able to form tumours in mice with delayed 

kinetics by regaining high AP-1 activity as a result of enhanced expression of JunO, but 

never JunB (Johnson R. et al., 1996). This finding is strong evidence that JunO can 

substitute for c-Jun and contribute to transformation and tumorigenesis induced by 

activated Ras. Collectively, the roles of Jun family members are complexed in 

tumorigenesis. 

Like c-Jun, c-Fos also has a viral counterpart that is the transforming gene of Finkel

Biskis-Jinkins and the Finkel-Biskis-Reilly murine osteosarcoma virus (Foletta 1996). 

Overexpression of c-Fos alone is able to induce transformation in both chondroblasts and 
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osteoblasts (Grigoriadis et al., 1993, Wang ZQ et al., 1991). However, c-Fos appears to 

be dispensable in the action of v-Src, v-Raf and Ha-ras since these oncoproteins can 

induce transformation in both wild type and c-Fos deficient fibroblasts (Hu E. et al., 

1994). In addition, FosB expression is oncogenic in vitro upon activation via 

phosphorylation of serine residues in the transactivation domain at the C-terminus of the 

protein (Skinner et al., 1997). In contrast, FosB expression is not transforming in vivo 

since transgenic mice expressing FosB do not develop tumours in bone tissue 

(Grigoriadis et al. , 1993 ). In addition, lack of a strong trans activation domain in Fra-1 

and Fra-2 proteins accounts for their relatively weaker transforming ability. As a result, 

Fra-1 overexpressing does not cause transformation in fibroblast despite the induction of 

anchorage-independent growth, indicating that Fra-1 might be involved in other aspects 

of tumorigenesis. Overexpression of Fra-2 is transforming in chicken embryonic 

fibroblasts (CEF), but not in rat fibroblasts (Foletta 1996). Moreover, Murakami and 

colleagues have demonstrated that v-Src transformation leads to enhanced kinase activity 

of ERK2 and hyperphosphrylation of several Ser and Thr residues in the c-terminal 

region of Fra-2 mediated by ERK2 (Murakami et al., 1997). This phosphorylation results 

in not only the transactivation activity of Fra-2, but elevated protein levels via two AP-1 

binding sites within the Fra-2 promoter region. The same study also revealed the presence 

of two AP-1 binding sites within the promoter region of Fra-2 that might contribute to the 

elevation of Fra-2 transcripts through positive autoregulation (Murakami et al., 1997). In 

agreement with this notion, overexpressing JunD leads to an increase in Fra-2 expression 

in CEF (Gagliardi et al., 2003). 
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4.5.2 Actions o(AP-1 in aggressive tumour phenotypes 

AP-1 activity is required for development of aggressive tumour phenotypes. 

Inhibition of AP-1 activity by a dominant negative form of c-J un leads to suppression of 

invasive growth of various tumour cells including murine and human squamous cell 

carcinomas and rat fibroblasts (Eferl Rand Wagner 2003). 

The induction of invasive growth of v-Fos-transformed rat fibroblasts is correlated 

with the upregulation of invasive growth related genes including CD44, cathepsin L, Mts 

and Krp1 (Jochum et al., 2001), suggesting that the v-Fos promotes invasiveness in 

tumour progression. Expression of c-Fos in mammary epithelial cells induces the loss of 

cell polarization and invasion into collagen gels that resemble the epithelial-mesenchymal 

transition (EMT) during tumorigenesis, suggesting a potential function of c-Fos is 

modulating the invasive events of epithelial tumours (Reichmann et al., 1992). 

Expression of c-Jun, on the other hand, only causes loss of polarization in the same cells 

(Fiaka, 1996). Furthermore, the role of c-Fos in promoting invasive growth is evident in 

the observation that mice deficient for c-Fos expression impairs the progression of 

papillomas to invasive Squamous cell carcinomas (Jochum et al., 2001). The regulation 

of invasiveness is associated with the loss of cell- extracellular matrix (ECM) since loss 

of c-Fos expression downregulates the expression of several members of the matrix 

metalloproteinase (MMP) family of endopeptidases (Saez et al., 1995, Werb 1997). Like 

c-Fos, expression of Fra-1 promotes motility and invasiveness in mammary 

adenocarcninoma cell lines (Kustikova et al., 1998), implying a role for Fra-1 in 

aggressive tumour phenotype. 
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Comparison of the gene expression pattern between fibroblasts derived from c-Fos 

deficient mice and that from wild type mice revealed that the expression of vascular 

endothelial growth factor (VEGF) is downregulated in the absence of c-Fos (Orlandini et 

al. , 1996), indicating that VEGF is a c-fos-responsive gene. In addition to invasiveness, 

this finding immediately links AP-1 to angiogenesis, another feature of an aggressive 

tumour phenotype. 

4.6 Interaction of AP-1 with other transcription factor families on SRU 

Activation of IL8 relies on the Src-responsive unit (SRU) of its promoter containing 

binding sites for AP-1, NFKB and C/EBPp, all of which are known to be activated by v

Src in CEF (Cabannes et al. , 1997, Dehbi et al., 1992, Gagliardi et al. , 2001). C/EBPP is 

essential for the activation of the IL-8 gene since mutation of the C/EBPP binding sites 

leads to the disruption of IL-8 transcription, (Gagliardi et al., 2001). However, although 

overexpression of a dominant negative form of C/EBPp, ~184-C/EBPp , decreases the 

accumulation of IL-8 mRNA in v-Src transformed CEF, it does not interfere with 

transformation (Gagliardi et al., 2001), suggesting that C/EBPP activity is only required 

for v-Src induced gene expression but not transformation in vitro. In normal CEF, 

overexpression of ~184-C/EBPP induces the expression of three major AP- members (c

Jun, JunD and Fra2), enhances the expression of cyclinD1 and stimulates proliferation 

(Gagliardi et al. , 2003), indicating that AP-1 and C/EBPP act antagonistically in the 

control of cell proliferation (Gagliardi et al. , 2003). Nullizygous C/EBPP ( -/-) mouse 

embryonic fibroblasts (MEF) also proliferate more rapidly than their C/EBPP (+I+) 
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proficient counterparts, indicating that the role of C/EBP~ in the proliferation of primary 

fibroblasts is conserved (Gagliardi et al. , 2003). As shown in this thesis, the interplay 

between AP- 1 and C/EBP~ is also important for the control of survival in v-Src 

transformed CEF (Chapter 3 and Appendix 1). 

4. 7 Structure and regulation of C/EBPP 

The CCAAT/enhancer-binding proteins (C/EBPs) are a family of leucine-zipper- and 

basic DNA binding domain transcription factors that regulate various cellular activities 

including proliferation, differentiation, and inflammation (Zahnow 2009). There are 6 

members in this family, designated according to the chronological order of their 

discovery: C/EBPa, C/EBP~, CIEBPy, C/EBP8, C/EBPs, C/EBPs (also known as 

CHOPlO, C/EBP homologous protein10) and Gadd153. In rodent and human, C/EBPa, 

C/EBP~, C/EBPy and C/EBP8 are encoded by intronless genes while C/EBPs and 

C/EBPs are encoded by genes with introns (Zahnow 2009). C/EBPy, CIEBP8 and 

CIEBPs are translated as a single protein, while CIEBPa, C/EBP~ and C/EBPs have 

several isoforms (Zahnow 2009). CIEBPa is expressed as two isoforms (p42 and p30 in 

rodent) and plays a role of tumour suppressor in many cell types (Koschmieder et al., 

2009). C/EBPs has four isoforms (p32, p30, p27 and p14 in rodent) and is believed to be 

the result of alternative splicing and differential promoter usage (Yamanaka et al., 1997). 

Regulated by differential use of in-frame AUG, C/EBP~ is expressed as three isoforms: 

LAP1 (38 kDa), LAP2 (34 kDa) and LIP (20 kDa) in rodents, whereas they are renamed 

as C/EBP~ 1 ( 44 kDa), C/EBP~2 ( 42 kDa) and CIEBP~3 (20 kDa) in humans (Zahnow 
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2009). Full length C/EBPP (LAPl) consists of an N-terminal transactivation domain 

(AD), a regulatory domain (RD) and the bZIP domain that contains a basic region for 

DNA binding and a leucine zipper for dimerization (Fig.4). LAP2 differs from LAPl by 

lacking the N-terminal 21 amino acids as a result of alternative in-frame translation 

initiation, a modification that is important in the activity of these proteins. This N

terminal region is required for the recruitment of the SWI-SNF complex, whose function 

is to activate gene transcription via chromatin remodelling that increases access of 

transcription factors to the promoter region of the target gene (Kowenz-Leutz and Leutz 

1999). Specifically, the cysteine 11 in this region of rodent LAPl can form an 

intramolecular disulfide bridge with Cys33, leading to inhibition of the association with 

the SWI-SNF complex (Su et al., 2003). Hence, differential structure on this region will 

lead to distinct regulatory mechanisms and functions. LIP lacks the entire transactivation 

region (ADl, AD2 and AD3), and acts as a dominant negative form to inhibit the 

transcriptional activity of C/EBPs by competing for the DNA binding sites or forming an 

inactive dimers with other C/EBPs (Fig.4). Hence, the LIP:LAP ratio is important for the 

transactivation potential of C/EBPP and the activation of gene expression. Moreover, LIP 

can also function as a transcription activator when interacting with transcription factors. 

For example, interaction between the Rei-homology domain of NFKB and the leucine

zipper region of LIP forms a transcription activator on the IL-6 promoter in B 

lymphoblasts (Stein et al., 1993a). 

The regulatory domain 1 (RDl) is capable of interfering with the transactivation 

potential of C/EBPP by forming a close conformation with the AD domain, whereas RD2 
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is capable of interfering with the bZIP domain to inhibit DNA binding of C/EBP~ 

(Williams et al. , 1995). These processes are inhibited by direct phosphorylation of both 

RDl and RD2 via the Ras-MAPK pathway (Williams et al. , 1995), which in turns leads 

to the full activation of C/EBP~. Activation of C/EBP~ is primarily regulated at the post

translational level. In addition, C/EBP~ can also be activated by acetylation within the 

AD domains, decreasing acetylation in this area abolishes the transactivation potential of 

C/EBP~ (Cesena et al., 2008). 

There are two major post-translational modifications that negatively regulate the 

activation of C/EBP~: methylation and sumoylation (Zahnow 2009). Methylation of Lys 

39 by histone lysine N-methyltransferase has been identified as the mechanism repressing 

the transactivation potential of C/EBP~ (Pless et al., 2008). This residue, however, also 

serves as a target for acetylation and the subsequent activation of C/EBP~ (Cesena et al., 

2008). It is also conserved in mouse, rat and chicken C/EBP~ (Zahnow 2009), suggesting 

that modification on the Lys39 is a common mechanism in the regulation of C/EBP~ 

activity. A previous study demonstrated that the activity of C/EBP~ is also regulated by 

sumoylation, a reversible post-translational modification that often leads to decreased 

transactivation potential of transcription factors (Kim J et al. , 2002 ). Covalent interaction 

of the SUMO protein, a small ubiquitin-like modifier, to the RDl of LAPl impairs its 

ability to activate the transcription of cyclin Dl (Eaton and Sealy 2003, Melchior 2000). 
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4.8 Actions of C/EBPP 

Several investigations using C/EBP~ knockout mouse models have suggested a 

cmcial role for C/EBP~ in the control of energy metabolism and differentiation. For 

example, C/EBP~-/- mice exhibit impaired metabolism homeostasis in the liver and 

adipocytes and reduced proliferation and regeneration in the liver (Croniger et al., 2001, 

Greenbaum et al., 1998). In normal CEF, overexpression of C/EBP~ produced an anti

proliferative effect accompanied with reduced expression of AP-1 proteins (Gagliardi et 

al. , 2003). Moreover, MEF nullizygous for the C/EBP~ gene also proliferate more 

rapidly than their normal counterparts (Gagliardi et al., 2003, Johnson PF 2005). These 

findings suggest that the function of C/EBP~ is cell type dependent. 

4. 7.1 C/EBPB in survival. apoptosis and senescence 

C/EBP~ has been implicated in oncogene-induced senescence (OIS). Two recent 

reports demonstrated that C/EBP~-mediated induction of inflammatory cytokines or 

chemokines in response to oncogenes, in particular IL6 and IL8, generate DNA damage 

and contributes to OIS (Acosta et al., 2008b, Kuilrnan et al., 2008). Moreover, C/EBP~ 

activates the expression of death-associated protein kinase 1 (DAPK1), a protein critical 

in regulating apoptosis, by binding to the promoter region and thus contributes to the 

induction of apoptosis upon interferon gamma (IFN-y) treatment in mouse MEF (Gade et 

al., 2008). 

In contrast, C/EBP~ is also involved in the promotion of cell survival in some cell 

types . For instance, Chojkier's group showed that phosphorylation of C/EBP~ on Thr217 
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by activated RSK is essential for the survival of hepatocytes upon hepatotoxin CC14 

treatment (Bucket al. , 2001). The phosphorylation event creates a site of interaction for 

procaspase 1 and 8, resulting in the inhibition of their processing and subsequent 

induction of the apoptosis cascade. This finding indicates that C/EBPP is a survival factor 

in hepatocytes. Moreover, C/EBPP is also required for the survival of keratinocytes in 

response to the carcinogen DMBA treatment, likely through the Ras-ERK pathway and 

the phosphorylation of C/EBPP on Tyr 188 by ERK (Zhu et al., 2002). Further study 

revealed that this effect is also associated with the inhibition of p53 induction by C/EBPP 

in response to DNA damage (Yoon et al., 2007). In summary, C/EBPP promotes cell 

survival in some cells while it induces cell cycle arrest or apoptosis in others, suggesting 

that the function of C/EBPP is cell type and stimulus-dependent. 

4. 7.2 C/EBPB and receptor tyrosine kinases 

The EGFR receptor tyrosine kinase family comprises of 4 members: ErbB1/EGFR, 

ErbB2, ErbB3 and ErbB4. All four members are found frequently overexpressed in breast 

tumours and play a role in tumour progression (Zahnow 2009). Initiation of ErbB 1/EGFR 

signaling upon extracellular ligand binding leads to increased LIP expression in cultured 

mammary epithelial cells and in transgenic mice (Baldwin BR et al., 2004). This 

activation process involves the activation of the RNA-binding protein CUG-binding 

protein 1 (CUG-BP1) and its enhanced binding to the C/EBPP mRNA (Baldwin BR et 

al., 2004). Increased LIP expression results in increased LIP:LAP ratio, decrease C/EBPP 

activity contributing to the proliferation and the development of a more aggressive 
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cancerous phenotype in these cells. 

The FGFR family contains 4 members: FGFRl, FGFR2, FGFR3 and FGFR4, and 22 

ligands have been found to bind and activate various receptor isoforms (Zahnow 2009). 

Aberrant expression of FGFR has been associated with hyperplastic growth and neoplasia 

development in mouse models (Tsukamoto et al., 1988, Welm et al. , 2002). Specifically, 

activation of the FGFR2 locus was recently found to be involved in the development of 

breast cancer (Hunter et al., 2007). LAP has been found to bind to the promoter region of 

FGFR2 in a complex with Oct1/Runx2 and to increase the expression of FGFR2 (Meyer 

et al., 2008). Interaction of LAP with the promoter region of the FGF-binding protein 1 

(FGFBPl), a secreted carrier protein that delivers activated FGF to its receptor, is another 

means of promoting the FGF signaling upon EGF stimulation (Kagan et al. , 2003). On 

the contrary, expression of LIP inhibits the expression of FGFBP1 and blocks FGF 

signaling (Kagan et al. , 2003). However, how FGR regulates the LIP:LAP ratio in 

different cell context remains largely unknown. Moreover, how FGF signals to C/EBP~ 

is also unclear. Therefore, the action of C/EBP~ in the promotion or inhibition of 

mammary carcinomas may depend on the receptor tyrosine kinases expressed in these 

tumours. 

4. 7.3 Action of C/EBPB in differentiation 

Many CEBPs play a role in cell differentiation events. The involvement of the C/EBP 

family in the development of adipocytes has been studied extensively. Transcription of 

C/EBP~ and 8 is first activated in cultured preadipocytic cell lines upon differentiation 
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induction (Cao Z et al., 1991, Yeh et al., 1995). It has been demonstrated that CIEBP~ is 

a potent inducer of adipogenesis since overexpression of CIEBP~ is sufficient to initiate 

the differentiation of 3T3-L1 cells even in the absence of hormonal inducer (Rosen et al., 

2000). Forced expression of CIEBP8 is able to accelerate the differentiation process in 

3T3-L1 cells only in the presence of dexamethasone (DEX), a pro-differentiation agent 

that potently induces terminal differentiation of 3T3-L1 (Yeh et al., 1995), indicating that 

CIEBP8 is a relatively weaker inducer of adipogenesis. In addition, mouse embryonic 

fibroblasts deficient for either CIEBP~ or 8 expression show only modest impairment of 

cytoplasmic lipid accumulation, a sign of adipogenic conversion, whereas cells lacking 

both proteins were nonreactive to the pro-differentiation agents dexamethasone (DEX) 

and methylisobutylxanthine [MIX;(Tanaka et al., 1997)], suggesting the presence of 

functional redundancy between these two proteins in fibroblasts. In vivo studies using 

mouse models show the same effect as in fibroblasts. Mice deficient for either one of the 

proteins develop normal white adipose tissues (W AT), while the development of brown 

adipose tissues (BAT) is slightly affected in accumulation of lipids (Tanaka et al., 1997). 

However, the absence of both proteins leads to embryonic lethality in 85% of the 

experimental mice while survivors display abnormal W AT & BAT (Tanaka et al., 1997). 

Thus, CIEBP~ and 8 are critical for adipogenesis. CIEBPa, on the other hand, is induced 

by CIEBP~ and 8 in the differentiation process, yet remains expressed until the formation 

of fat cells (Rosen et al., 2000). Overexpression of CIEBPa in 3T3-L1 preadipocytes 

promotes the differentiation into mature fat cells (Lin FT and Lane 1994 ), whereas the 

expression of CIEBPa antisense RNA in these cells suppresses the differentiation process 
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(Lin FT and Lane 1992). C/EBPs functions as a negative regulator of adipogenesis, 

whose expression is suppressed during the induction of differentiation, but returns when 

differentiation is almost completed (Darlington et al. , 1998). This protein is thought to act 

as an attenuator of the adipogenic program when the differentiation specific events are 

completed. The regulatory network of adipogenesis initiated by C/EBPP and 8, induces 

the subsequent activation of the nuclear hormone receptor PPARy via the C/EBP binding 

site within the PPARy promoter region (Fajas et al., 1999), PPARy then activates 

C/EBPa. The activation of C/EBPa forms a positive feedback with PPARy to maintain 

the active state and promotes the progression to adipogenesis (Rosen et al. , 2000). This 

relationship is evident in embryonic fibroblasts or embryonic stem cells derived from 

PPARy-null mice, which fail to differentiate into adipocytes in the presence of a 

prodifferentiative regimen (Kubota et al., 1999, Rosen et al., 1999). Furthermore, 

C/EBPa expression is reduced in these cells despite normal levels of C/EBPP and 8. 

Moreover, fibroblasts derived from C/EBPa_,_ embryos exhibit reduced levels of PPARy 

and are not able to differentiate into adipocytes when exposed to hormonal stimuli (Wu et 

al., 1999). Hence, a positive feedback loop between PPARy and C/EBPa is essential for 

successful adipogenesis. 

5. The Rous sarcoma virus 

5.1 RSV as a tool for studying cellular transformation 

Introduction: The first demonstration of an oncogenic virus came from the discovery 

by Ellerman and Bang (1908) in Copenhagen that showed that a sub-bacterial filtrate 
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could transmit leukemia in chicken. However, the significance of this finding was unclear 

at the time because leukemia was not recognized then as a disease of cell proliferation, 

i.e. a form of cancer (Martin G. S. 2001). In 1911, Peyton Rous observed that a filtered 

extract from the tumour of sick chicks was able to cause sarcoma (tumours in connective 

tissues) in healthy chicks simply by muscle injection. The causative agent was smaller 

than bacteria and this was identified as an oncogenic virus, and named the Rous sarcoma 

virus [RSV;(Martin G. S. 2004)]. This finding suggested that viruses are capable of 

inducing cancers. The gene causing transformation and tumorigenesis of RSV, v-Src, was 

eventually identified and sequenced (Bernstein 1976, Martin GS 1970). The v-Src 

oncogene-containing RSV thus became valuable in the study of cell transformation, 

signaling and cancer. 

RSV derivatives including the RCASBP vector system and temperature inducible v

Src mutants are widely used currently. The RSV -derived RCAS vectors are widely used 

to stably and efficiently express genes of interest in many host systems including chicken 

and mouse. The name RCAS is an abbreviation of Replication Competent AL V LTR 

with a Splice acceptor (Hughes SH 2004). RSV and ALV (avian leukosis virus) all 

belong to the avian sarcoma-leukosis virus (ASL V) family. ALV is genetically related to 

RSV and differs in structure by the fact that ALV doesn't contain an oncogene. As a 

result, ALV infection is not acutely transforming in CEF. RSV is believed to have 

originated from AL V upon infection, it acquired the cellular Src gene without losing any 

of the genes of the parental ALV genome (Hughes SH 2004, Swanstrom et al. , 1983). 

Therefore, RSV is a rare example of acutely transforming and replication-competent 

59 



Ph.D Thesis-L. Wang McMaster-Biology 

retrovirus. The development and application of the RSV mutants as well as the RCAS 

system are discussed below. 

5.1.1 The life cvcle of retroviruses 

The life cycle of a retrovirus can be summarized into three steps: entry, reverse 

transcription and integration, and expression assembly (Fig.5A). A typical replication

competent virus genome contains a gag gene encoding capsid proteins, pol gene for 

reverse transcriptase, RNase H and integrase activity, and env gene for envelope 

glycoprotein. The infection of the retrovirus is mediated by the interaction of the 

envelope glycoprotein with a receptor on the host surface (Hughes SH 2004). Retroviral 

envelop proteins are mostly trimers and each monomer of the trimer contains a surface 

subunit (SU) and a transmembrane subunit (TM). SU is required for binding with the 

host receptor to trigger the rearrangement of TM, which leads to fusion of the viral 

membrane with the host membrane resulting in the introduction of the viral core into the 

cytoplasm. There are two requirements for entry: membrane fusion and low-pH vesicles. 

Infection of human immunodeficiency virus (HIV) only requires receptor binding since 

low pH does not play a role in membrane fusion (Hughes SH 2004). Unlike HIV, low-pH 

is required for both receptor binding and TM rearrangement in infection by AL V, RSV 

and RCAS vectors (Melikyan et al., 2004, Mothes et al., 2000, Smith JG et al., 2004). 

Reverse transcription and integration are two major events of the life cycle of 

retroviruses. After the viral core enters the host cytoplasm, the viral single-stranded RNA 

genome is then reverse-transcribed into double stranded DNA by the viral reverse 
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transcriptase and RNaseH encoded by the pol gene. The DNA form of viral genome then 

shuttles through the host nuclear membrane and eventually inserts into the host genome 

with the help of integrase. Nuclear membrane dissolution at mitosis is also required for 

the integration of the AL VI ASV genome into the host chromosome. Once integrated into 

the host genome, the viral genome is referred to as a provirus and is expressed like any 

other gene of the host genome. The unspliced vims genomic RNA is then packaged by 

retroviral proteins and part of the plasma membrane, and an infectious viral particle is 

formed. The newly formed vims then can infect the adjacent cells and start another life 

cycle. The integration process is essentially random with the viral genome inserting 

randomly into intra- and intergenic regions (Hughes SH 2004). It is then reasonable to 

assume that an insertion event may either enhance the expression of an oncogene or 

dismpt a tumour suppressor gene. In fact this acquired "side-effect" of retrovimses has 

been reported and has raised great concerns in gene therapy approaches commonly using 

retroviral vectors (McCormack and Rabbitts 2004). Insertion of a viral genome can also 

lead to the acquisition of a cellular gene (Hughes SH 2004). Most of the cellular gene

containing retrovimses are replication-defective because the acquisition events are 

accompanied by the loss of viral genes. The Rous sarcoma vims is an exception by the 

fact that it bears an oncogene and is replication-competent. It is therefore a powerful tool 

in the study of cell transformation and the biology of retrovimses. 
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Maturation 

Figure SA. The life cycle of a retrovirus. This figure shows a simplified diagram of the life cycle of a retrovirus. Two 
modes of entry are shown including the membrane fusion and low-pH dependent vesicles engulfment. The AS LV and 
RCAS viruses use the low-pH dependent vesicles route to introduce the viral core into the cytoplasm of the host cell. 
Reverse transcription and integration into the host genome are two major events of the life cycle. Successful 
assembly of the viral particles leads to infection of adjacent cells and results in viral gene expression in the whole cell 
population. Adaptedfrom: Hughes SH (2004), 'The RCASvector system', Folia Biologica (Praha), 50. 107-19. 
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5.1.2 RSVs bearing v-Src mutants 

The Rous sarcoma virus (RSV) of the ASLV family contains the v-Src oncogene and 

possesses replicative ability. Schmidt-Ruppin A (SR-A) RSV is a wild type strain 

encoding a constitutively active v-Src kinase capable of transforming CEF at either 

41.5°C or 37°C. Several mutants encoding a conditionally-active v-Src protein are 

available for studies of cell transformation. A temperature-sensitive (ts) strain of RSV, 

tsNY72-4, is a group A Rous sarcoma virus (RSV) variant bearing two specific 

alterations within the C-terminal kinase domain of v-Src: valine-461 to methionine and 

proline-503 to serine (Garber et al., 1987). Another thermolabile strain tsLA90, which 

belongs to the group B Rous sarcoma virus (RSV), has 4 mutated amino acids in the v

Src protein compared to that of a wild type SR-A RSV (Maroney et al., 1992). These two 

types of ts strains, currently used in our lab, are transformation-deficient at 41.5°C and 

transforming at 35.5°C or 37°C. In addition to these conditionally-active strains of RSV, 

a transformation-defective mutant, NY315, was also used in our lab as a negative control 

for SRA in the study of transformation-relative gene expression (Maslikowski et al. , 

20 10). The NY315 virus is not able to anchor to the inner plasma membrane of infected 

cells since the amino acids 2 to 15 in the N-terminus are substituted by a tripeptide Asp

Leu-Gly, a mutation which was previously generated to study the membrane association 

ofRSV (Cross eta!. , 1984). 

5.1 .3 The RCAS system 

Derived from ASLV, RCAS viruses are replication-competent and capable of 
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expressing a gene of interest in various cell types expressing the appropriate receptors . In 

the RCAS system, the v-Src gene is replaced by a single Clal site for cloning purposes 

(Hughes SH 2004). In addition to the introduction of a cloning site, some modifications 

on the original RSV system have been made in order to obtain more stable expression. 

Firstly, one of the direct repeats (DRs) has been removed from the RSV genome 

(Fig.5B). In the RSV genome, two copies of DRs are lying upstream and downstream of 

the v-Src gene. This organization may result in the loss of the v-Src gene during viral 

replication since the reverse transcriptase can skip the 3'DR and jump to the 5'DR 

(Hughes SH 2004). To prevent the loss of the inserted gene, the 5'DR was removed. 

While the DR sequence is critical in virion packaging and replication, a mutant virus with 

a single copy of DR remains replication-competent (Sorge et al. , 1983). Therefore, 

retaining one copy of DR in RCAS still allows the vector to express and replicates 

properly while preventing the loss of the inserted gene. 
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Figure SB. Genome structure of ALV and its derivative RCAS system. In the RCAS system. the v-Src gene is 
replaced by a single Clal site for cloning. Other modifications such as removal of the upstream DR (direct repeat) 
and retaining of the SA (splice acceptor) of the v-Src gene arc also indicated in the diagram. These modifications are 
valuable for the use of the RCAS system in order to obtain successful and stable expression of inserted genes. fn the 
RCAS system, the transgenc is expressed as a sub-genomic transcript generated by splicing. Adapted.from: Hughes 
SH (2004). 'The RCAS vector ~ystem'. Folia Biologica (Praha), 50, 107-19. 
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Adaptor plasmids were also designed with multiple cloning sites for convenient 

cloning within flanking Cia! sites, allowing convenient excision of the insert (Hughes SH 

et al., 1987). These modifications allow a gene of interest to be expressed as part of the 

viral genome. In order to achieve successful and stable expression of the inserted gene, 

factors that would hinder the stable expression of the gene deserve extra consideration. If 

the inserted gene encodes a protein that interferes with expression of the viral genome, or 

is toxic to cell growth, adequate expression might not be achieved since viral assembly 

could be blocked. Attempts to express an inhibitory gene of cell proliferation often results 

in deletion of the inserted gene during viral replication [Our unpublished observations 

and (Hughes SH 2004)]. In this case, high transfection efficiency is extremely important 

in order to obtain infection in the entire culture in a short time (Hughes SH 2004 ). In 

addition, large genes also affect the function of the vector indicating size limit to viral 

genome being packaged into the virion (Hughes SH 2004). To solve this issue, a RCAS 

derivative suitable for caring large inserts (over 4.5kb), BBAN, has been prepared. The 

ASLV family contains various envelope subtypes from A to J. The cell surface receptor 

for type A envelope is designated 'tva' , a protein with unknown function while 

structurally related to ligand-binding repeat of the low density lipoprotein receptor 

(LDLR) super family that mediates the endocytosis of cholesterol-rich low density 

lipoprotein [LDL;(Bates et al., 1993)]. Type B, D and E all shared the same receptor, 

'tvb', which belongs to the fas ligand receptor family (Brojatsch et al., 1996). The 

receptor for type C has not been identified and type C ASLV vector system has yet to be 

established. Among all these subtypes, A to E are commonly used in the laboratory 
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(Hughes SH 2004). The RCAS system is then categorized into 4 types: RCAS (A), RCAS 

(B), RCAS (D) and RCAS (E). These different types of RCAS vectors express different 

envelope glycoproteins allowing the simultaneous infection of a particular cell with over 

2 types of vectors carrying different genes of interest. This application alleviates the 

problem of viral interference: when an infected cell is expressing the viral envelope 

glycoprotein, the expression of cell surface receptor is blocked and the infection of virus 

with the same type of envelope is prevented. The widely used RCAS vectors are the 

RCASBPs, where the original pol gene is substituted by Bryan polymerase (BP) from the 

Bryan high-titre strain of RSV (Hughes SH 2004). The replacement enhances the long 

terminal repeat (LTR) promoter activity by a mechanism that is poorly understood, 

leading to a higher viral titre (Petropoulos and Hughes 1991). RCASBPs are categorized 

into 4 genetic types according to the env gene: RCASBP-A, B, D and E. Other RCASBP 

vector derivatives are also available, including vectors that are capable of infecting 

mammalian cells (Hughes S Webpage). 

6. Rationale of the study and organization of the thesis 

Several studies have implicated AP-1 in cell transformation by v-Src (Bojovic et al., 

1996, Dehbi et al., 1992, Lloyd et al., 1991 ). Inhibition of AP-1 activity blocks the 

transformation induced by v-Src (Lloyd et al., 1991), suggesting that AP-1 is required for 

v-Src-dependent transformation. AP-1 is also required for induction of the IL-8 gene in v

Src transformed CEF, a gene induced in the "aggressive tumour cell signature" defined 

recently in our laboratory (Maslikowski et al., 2010). In this work, we employ different 
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approaches to investigate the activity and/or expression of the AP-1 factors and define the 

role of these factors in CEF transformation by v-Src . We provide evidence that AP-1 

facilitates transformation by several processes including inhibition of senescence and 

differentiation, and acts as a survival factor in v-Src transformed CEF. The thesis are 

organized as follows (unless specify, the author fully contributes to the work from 

Chapter 3 to Appendix 1): 

Chapter 2: Materials and methods that used in these studies. 

Chapter 3: Studies on the role of AP-1 in v-Src transformation CEF by overexpressing a 

dominant negative form of c-Jun, TAM67 revealed that AP-1 is required for many 

aspects of v-Src transformation. Non-specific regulation of the activities of NFKB and 

C/EBPP suggested that the function of T AM67 is pleiotropic, which prompted us to 

utilize the RNA interference technique to down-regulate individual AP-1 members. 

Chapter 4: Modification of an existing shRNA expressing vector leading to stable 

inhibition of gene expression. The NFKB 1 p 105 is used as a model to characterize this 

vector. 

Chapter 5: Investigations on the role of AP-1 in v-Src transformed CEF by 

downregulating the expression of individual AP-1 members using the shRNA vector 

described in Chapter 4. 

Chapter 6: Discussion and perspectives. 

Appendix 1: Preliminary data on the mechanism of the induction of apoptosis by junD 

shRNA. 

Appendix 2: Manuscript based on the findings described in chapters 3 and 5. 
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Chapter 2: Materials and Methods 

1. Cell Culture and virus infection: The chicken embryo fibroblasts were isolated from 

day 10 chicken embryos. Eearly passages (less than 13th passage) of chicken Embryo 

Fibroblasts (CEF) were cultured at 41.5°C in DMEM medium supplemented with 5% 

heat-inactivated newborn bovine serum (Cosmic calf serum, Hyclone), 5% Tryptose 

Phosphate Broth (TPB), and 1% Penicillin, Streptomycin, and L-Glutamine (Pen-Strep

Glut) (Gibco-BRL Lifesciences Technology). CEF were infected with the non

transforming RSV mutant strain New York-315 (NY315), or with the wild type 

transforming RSV strain Schmidt-Ruppin A (SR-A), or with the temperature sensitive 

(ts) RSV strains New York 72-4 (NY72-4) or Los Angeles 90 (LA90). LA90 and NY72-

4 infected CEF were cultured at the non-permissive temperature of 41.5°C for non

transformed samples and were shifted to the permissive temperature of 37°C in order to 

activate v-Src transformation as required. All the experiments are conducted using early 

passage CEF. The CEFs can be completely infected after 1 passage of culture (Refer to 

Fig.13 in Chapter 4. EGFP expression was completely abolished by a virus expressing 

egfp shRNA). 

2. Generation of retroviral vectors for shRNA expression: Synthetic microRNA 

hairpins (miRNA) have been used widely for RNA interference. MicroRNA have been 

shown to be more effective than small interfering RNA duplexes (Gregory et al., 2005, 

Schwarz et al., 2003, Siolas et al., 2005, Zeng Y. and Cullen 2005). Raman and 

colleagues have developed a retroviral-based shRNA system for chicken cell using a 
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microRNA operon driven by the chicken U6 promoter and designated RCASARNAi and 

RCASBRNAi, which has been used to successfully silence up to 90% of the targeted 

gene' s expression (Das et al. , 2006). We adapted this system and removed the U6 

promoter from the microRNA operon. The chicken pri-miRNA operon was amplified and 

sub-cloned to delete the chicken U6 promoter and leader sequence in the transfer plasmid 

pRFPRNAiC (Das et al., 2006). This was completed with forward (5 ' 

atactagcggccgcataaagt 3' ) and reverse oligos (5' ggatccatcgataaaaaagct 3') bordering the 

pri-miRNA operon. The resulting transfer plasmid was then designated as pRFPRNAi(-), 

and corresponding RCASRNAi vector is designated as RCASBP(A)-shRNA-.6.U6 and 

RCASBP(B)-shRNA-.6.U6 We selected several targets for components of the chicken 

AP-1 factor or NFKB1 p105 sub-unit including nt842-863 of c-jun, 821-842 of jun-d, 

409-422 of fra-2 and 608-629 of p105 nfk-kb1 (Table 1). These target sequences were 

subcloned into the modified microRNA operon on the transfer plasmid and later on into 

the RCAS vectors following the original supplier's instructions (ARK Genomics; (Das et 

al., 2006)). All the constructs were designated using the number of the first nucleotide of 

the targeted sequence with a "minus" sign to indicate the removal of U6 promoter. For 

example, construct containing nt842-863 of c-jun is termed RCASBP(B)-shRNA-.6.U6-

cjun842 or RCASBP(B)-shRNA-.6.U6-cjun228. These constructs were tested by 

transfection into normal CEF using the calcium phosphate transfection method. 

Temperature sensitive mutants of RSV were added to superinfect the transfected cells 24 

hours after transfection. Suppression of gene expression was ascertained by western 

blotting analysis of the corresponding proteins. 
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3. Construction of mismatched and scrambled mutants: We designed scrambled forms 

of microRNA targets of AP-1 and NF-kB p105 (Table 1). These target sequences were 

subcloned into the modified microRNA operon following the original supplier' s 

instruction (ARK Genomics). All the constructs were designated using the number of the 

first nucleotide of the targeted sequence with a minus sign "(-)" to indicate the removal of 

U6 promoter and annotated with "scr" to indicate a scrambled sequence. For example, the 

target sequence of JunD microRNA construct was chosen from the No. 821 nucleotide to 

No.842 nucleotide of the eDNA. So the JunD microRNA construct was designated as 

RCASBP(B)-shRNA- L1U6-junD821 and its scrambled form was designated as 

RCASBP(B)-shRNA- L1U6-junDScr. We also designed mismatched forms of each target 

by substituting 2 central nucleotides of the stem region in each target sequence (Table 1). 

T bl 1 T a e . t ar~e sequences use df hRNA or s t t cons rues 

miRNA Constructs Target Sequence Gene 

C-Jun target AAGAACAGGTTGCACAGCTTAA 

C-Jun scrambled TCAACTAACCAGGTAGAGAACG C-Jun 

C-Jun mismatch AAGAACAGGAAGCACAGCTTAA 

JunD target CGAAGAGCCTCAAGAGCCAGAA 

JunD scrambled form AGAAGCGACACACGAACTATGT Jun-D 

JunD mismatch form CGAAGAGCCTTGAGAGCCAGAA 

Fra-2 target ACAGCTGCTAAATGTCGTAACA 

Fra-2 scrambled form TCAAGAGATCATTATCGGCAGT Fra-2 

Fra-2 mismatch form ACAGCTGCTATTTGTCGTAACA 

4. Western Blotting Analysis: Whole cell protein lysates were prepared by harvesting 

non-transformed and transformed CEF washed and pelleted in cold 1X PBS. Cells were 
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resuspended and lysed in 1X Sodium Dodecyl Sulphate (SDS) buffer consisting of 2.3% 

SDS, 5% ~-mercaptoethanol, 10% glycerol, and 62.5 mM Tris pH 6.8 by boiling samples 

for 5 minutes. 20-40~-Lg of proteins were separated by electrophoresis through a 

denaturing 10% polyacrylamide gel, transferred electrophoretically onto a nitrocellulose 

membrane (Schleicher and Schuell, BA85) and probed with various antibodies. 

Commercial antibodies made against c-Jun (SC-45X), Jun D (SC-74X), Fra-2 (SC-604X) 

(all used at a dilution of 1 :2000), p53 (SC-99) and ERK-1 (SC-93) (used at a dilution of 

1 :2000) were obtained from Santa Cruz Biotechnology (Santa Cruz, California). A 

commercially available p105NFkB 1 antibody (1: 150 dilution) was used in some 

experiments (ABCAM. Cat. ab54162). Immune complexes were visualized by 

chemiluminescent radiography using a horseradish peroxidase-conjugated secondary 

antibody and a chemiluminescent substrate (ECL system, Amersham). Densitometry 

analysis of down-regulation of specific protein levels by shRNAs is measured by Image J 

software (NIH). 

5. Proliferation Assay: CEFs were transfected with shRNA expressing constructs and 

cultured for 2 passages to ensure sufficient virus replication and infection. The cells were 

then seeded into 24-well plates at 12,000-cells/per well to allow proliferation for 6 days. 

Each transfection was seeded in quadruple for statistical analysis (standard err?r). We 

monitored cell proliferation every 24 hours for 6 days. 

6. Transient Expression Reporter Assay: The methodology and reporter gene constructs 

72 



Ph.D Thesis-L. Wang McMaster-Biology 

have been described before (Dehbi et al., 1992, Gagliardi et al., 2001). The DEAE

dextran method was used for all transient expression experiments. In brief, normal CEF, 

SR-A RSV transformed CEF and NY72-4-infected CEF kept at the non-permissive 

temperature of 41.5°C, were seeded on 100 mm dishes to a density between 70-80% prior 

to transfection. Variable amounts of the effector expression plasmid (see Figure legends 

for details) were co-transfected with 2J.-Lg of the CAT reporter plasmid and 2 J.-Lg of pRSV

~gal along with variable amounts of carrier salmon sperm DNA made up to a total of 30 

J.-Lg of DNA. The pRSV-~gal plasmid contains the lac Z gene under the control of RSV's 

long terminal repeat enhancer sequence and ~-galactosidase activity was determined for 

each transfected plate as an internal control of transfection efficiency for all transient 

expression assays. For transformed samples, NY72-4 or LA90 infected CEF transfected 

at the non-permissive temperature (41.5°C) were shifted to the permissive temperature 

(37°C) the day after transfection and left for a minimum of 24 hours. An in vitro assay 

for CAT activity using acetyl-CoA and radioactive 14C-Chloramphenicol was carried out 

for each plate of transfected cells. Acetylated products were separated by thin layer 

chromatography and analyzed in a Phospholmager to quantify the levels of incorporated 

radioactivity. All transient expression assays were conducted with triplicate samples for 

each experiment and each assay was repeated two or more times. Error bars reflect the 

maximal and minimal standard deviation of the average CAT activity calculated for each 

sample. CAT reporter constructs were co-transfected with a control vector or T AM67 

expressing vector into CEF infected by temperature sensitive strain of RSV, NY72-4, 

using DEAE-DEXTRAN transfection. Plasmid pRSV ~-Gal was also co-transfected and 
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used as an internal control. Transfected cells were harvested at 36-48 hours to check the 

~-Gal activity. Cell lysates were normalized by ~-Gal activity and incubated with Cl4 

labeled chloramphenicol and co-factor Acetyl-CoA. CAT activities were quantitated by 

calculating acetylated spots and analyzed using statistical methods. 

7. Senescence-associated p-galactosidase (SAPG) assays: All singly and doubly infected 

cells in 60mm or lOOmm dishes were subjected to the SA-~-Gal stain provided in the 

senescence ~-Gal staining kit from Cell Signaling Technology (Cat. 9860) containing the 

following reagents: lOX Fixative Solution (20% formaldehyde, 2% glutaraldehyde in 

lOX PBS), X-gal, lOX Staining Solution (400mM citric acid/sodium phosphate at pH 6.0, 

1.5M NaCl, 20mM MgC12), lOOX Staining Solution Supplement A (500mM potassium 

ferricyanide) and lOOX Staining Solution Supplement B (500mM potassium 

ferricyanide). Volumes listed below are given for 60mm dishes; volumes were double 

for l OOmm dishes. Medium was removed from sub-confluent cells and washed once with 

5ml lxPBS. The cells were fixed in 2.5ml lX Fixative Solution for 15 minutes at RT. 

Cells were washed twice with 2.5ml lX PBS. After the washes, the cells were placed 

overnight at 37°C with 2.5ml of the staining solution mix which contained 930fll Staining 

Solution, lOfll of each Staining Supplement A and B, and 50fll of 20mg/ml X-Gal in 

DMF per ml required. For example, 5-60mm dishes would require 12.5ml of staining 

solution mix. Cells were checked the following day for appearance of blue precipitate 

and then stored at 4 °C. Staining was performed in triplicate for statistical analysis. 

Induction of senescence 1s measured by proportion of senescent cells of the whole 
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population by counting 500 cells per plate (-50 cells/field and 10 fields per plate). 

8. Cell Death Analysis: The in situ Cell Death Detection Kit (Roche, Cat. 12156792910) 

was used to identify apoptotic cells according to the instructions of the manufacturer. 

Cells were fixed with 4% Paraformaldehyde in 1X PBS for 1 hour at room temperature 

and permeablized with 0.1 % Triton X-100 in 0.1 % sodium citrate. After washing 

extensively in lX PBS, specimens were incubated with Terminal deoxynucleotidyl 

Transferase (TdT) and TMR red labeled dUTP-containing solution for 1 hour at 37°C. 

Cell Nuclei was stained by using DAPI (Sigma, Cat. D9542). All the samples were 

mounted with 10).!1 of Aquapolymount (Polyscience, Cat. 18606). Apoptotic cells were 

visualized under fluorescence microscopy. 15 fields (-100 cells/field) of each coverslip 

were counted. Cell nuclei were stained using DAPI (Sigma, Cat. D9542) for quantitative 

purpose. 

9. Soft Agar Assays and Colony Formation Assays: The assay was performed in 60mm 

dishes with lower layer of 0.5% low-melting-point agar in 1 X DMEM medium 

containing 5% cosmic calf serum, 4% chicken serum, 5% tryptose phosphate broth, and 

1% penicillin and streptomycin. 10,000 cells were resuspended in the same medium with 

0.35% low-melting-point agar and then were overlayed on the lower agar. The dishes 

were then incubated in 3TC incubator containing 5% C02 for 5 days or until colonies 

were visible. Images of colonies were documented with lOX magnification using inverted 

microscope (Magnification 2X). Colony formation assays were quantified using ImageJ 
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software. The colony formation assays were performed by Bart Maslikowski, a graduate 

student in our laboratory (Dr. Bedard's Laboratory). 

10. Lipid Staining: Lipids were stained with the lipophilic dye Oil Red 0 , as described 

before (Kim S. et al. , 1999). Staining was performed in triplicate for statistical analysis. 

Induction of adipogenic conversion is measured by proportion of lipid-rich vesicles 

containing cells of the whole population by counting 500 cells per plates (-50 cells/field 

and 10 fields per plates). 

11. Immunofluorescence: Cells were grown on coverslips, fixed in 3.7% formaldehyde 

in 1x Phosphate buffered saline (PBS) for 15 min at room temperature followed by a 

permeabilizing treatment for 5 min using 0.1 % Triton X-100 in 1xPBS. The coverslips 

were then incubated with primary antibody diluted in 10% fetal calf serum in 1xPBS at a 

final concentration of 100ng/J.!l during 1 hr at room temperature in a humidified chamber. 

After washing for 5 times with 1xPBS (5 minutes each time) with gentle shaking. 

Coverslips were then incubated for at least 1 hr with a fluorescein-conjugated secondary 

antibody (Cappel Research Products, Durham, NC) at 1:100 dilution mixed with 1:150 

dilution of DAPI (Sigma, Cat. 09542) to stain the cell Nuclei. 1xPBS containing 10% 

fetal calf serum. All the samples were mounted with 20J.!l of Aquapolymount 

(Polyscience, Cat. 18606). 
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Chapter 3: Investigation of the role of AP-1 in v-Src transformed CEF 

1. Introduction 

The activator protein-1 (AP-1) is a transcription factor family that functions by 

forming homo- or hetero-dimers to regulated the expression of genes involved in cell 

proliferation, survival and transformation (Shaulian and Karin 2002). TAM67 is an N

terminal transactivation domain deletion mutant of c-Jun that retains a functional DNA 

binding domain and dimerization domain known as the bZIP domain (basic region and 

leucine zipper). It dimerizes with wild type AP-1 and binds to the TPA responsive 

element (TRE) in responsive promoters and inhibits gene expression (Brown PH et al., 

1994, Brown PH et al. , 1993). The inhibition of AP-1 by TAM67 results in cell cycle 

inhibition, implying a role for AP-1 in mitogenesis. Previous studies has shown that 

TAM67 induces cell cycle arrest by impairing the cyclin-CDK formation and increasing 

the level and activity of cell cycle arrest factors such as p21CIPIIWAFI (Gagliardi et al., 

2003, Hennigan and Strambrook 2001). In addition, the cell cycle inhibitor pRB is 

hypophosphorylated in these cells, an event that promotes cell cycle arrest. In 

immortalized cell lines , T AM67 also blocks transformation by various oncoproteins such 

as activated Ha-Ras or v-Src (Lloyd et al. , 1991). More recently, Leaner and co-workers 

reported that TAM67 blocks the migration and invasive potential of K12 and K7M2 

murine osteosarcoma cells, suggesting that AP-1 plays a role in mediating aggressive 

tumour cell properties (Leaner et al., 2009). 

Previous studies have identified several v-Src activated transcription factor families 

including Stats, NFKB, AP-1 and CIEBP~ (Cabannes et al., 1997, Dehbi and Bedard 

77 



Ph.D Thesis-L. Wang McMaster-Biology 

1992, Dehbi et al., 1992, Gagliardi et al. , 2001, Silva CM 2004, Thomas and Brugge 

1997). In v-Src transformed CEF, the IL8 gene is induced constitutively (Bedard et al., 

1987, Sugano et al. , 1987), and is part of the "aggressive tumour cell gene signature" 

recently described in our laboratory (Maslikowski et al., 2010). The induction of IL8 

relies on the .S.rc-responsive gnit (SRU) of its promoter which includes binding sites for 

AP-1, NFKB and C/EBP~ (Dehbi et al. , 1992). In agreement with this finding, previous 

work in our laboratory revealed that the expression of several components of AP-1 and 

the DNA binding activity of this factor are elevated upon v-Src transformation 

(Manuscript in Appendix 2). We over-expressed the dominant negative mutant of c-Jun, 

TAM67, to examine the role of AP-1 in the transformation of primary cells, namely 

chicken embryonic fibroblasts (CEF), by v-Src. We report that TAM67 induces 

premature entry into senescence in normal CEF and CEF infected with a temperature 

sensitive mutant of RSV at the non-permissive temperature. In contrast, three distinct 

phenotypes were apparent at the permissive temperature, including senescence, apoptosis 

and the accumulation of lipid vesicles, a process that may represents the adipogenic 

conversion of the fibroblast. Therefore, AP-1 facilitates v-Src transformation by several 

mechanisms. 

2. Results 

Control o(AP-1 activity in v-Src transformed CEF 

Expression of TAM67 inhibited markedly the activity of AP-1 in v-Src transformed 

CEF (Fig. 6A). This inhibition reflected, in part, the down-regulation of all three 
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components of the AP-1 factors, namely c-Jun, JunD and Fra-2, expressed in these cells 

(Fig. 6B; Manuscript in Appendix 2). This effect of TAM67 is consistent with previous 

observations indicating that the expression of these genes is positively auto-regulated at 

the transcriptional level (Angel et al., 1988, Berger and Shaul 1994). 

Hybrid proteins consisting of the trans-activation domain (TAD) of either c-J un or 

JunD fused to the Gal4 DNA binding domain (DBD) were also co-expressed with a 

reporter gene controlled by Gal4 biding elements in normal and SR-A RSV transformed 

CEF. V-Src had little effect on the activity of the c-Jun TAD. On the contrary, a strong 

stimulation of the activity of the J unD TAD was observed (Fig.6C), suggesting that J unD 

is an important target of v-Src transformation in CEF. The same result was obtained when 

these constructs were expressed in CEF infected by the ts mutant NY72-4 RSV (A. 

Bedard, unpublished results). 

The potency of the c-Jun and JunD TAD IS regulated by 

phosphorylation/dephosphorylation mediated by JNK/SAPK or ERK MAPKs (Eferl R 

and Wagner 2003). In order to gain some insight on the role of these pathways, the ERK 

pathway was inhibited with PD98059, a specific inhibitor of MEK, while expression of a 

dominant negative mutant of SAPKJERK kinase (SEK), SEKAL, was used to interfere 

with the activity of the JNK/SAPK pathway in transient expression assays. Expression of 

SEKAL had little effect on the activity of the TRE-controlled reporter gene in normal and 

v-Src transformed CEF (Fig. 6D). In contrast, the inhibition of MEK by PD98059 

inhibited markedly the activity of AP-1 in these cells, suggesting that v-Src controls AP-

1, at least in part, through the ERK pathway. 
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Figure 6. Regulation of AP-1 by v-Src and TAM67. To investigate the effect of TAM67 expression on v-Src 

induced transformation, CEFs expressing TAM67 or a control vector were superinfected with a temperature 

sensitive strain (ts) of RSV virus, NY72-4 RSV (Panel A) or LA90 RSV (Panel B). A. Transient expression 

assays were performed to examine the activity of AP-I in the presence or absence ofTAM67; B. Western blotting 

analysis of c-Jun, JunD and Fra-2 expression in CEF co-infected by the ts mutant LA90 RSV and a virus 

expressing the dominant negative mutant TAM67 or a control virus (RCASBP(A)). ERK was used as a loading 

control; C. Potentiation of the transactivation domain (TAD) of c-Jun and JunD in normal and wt SR-A RSV 

transformed CEF. Transformation induced by v-Src enhanced the activity of JunD TAD but had little effect on 

the corresponding domain of c-Jun; D. CEFs infected with temperature sensitive virus transiently transfected 

with a CAT reporter gene controlled by three copies ofTRE were treated with PD98059 or DMSO as a control 

at a final concentration of 50mM for 14 hours as suggested previously (Alessi et al., 1995). 
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Effect o{TAM67 expression in normal CEF 

Gagliardi and co-investigators reported previously that TAM67 inhibits the 

proliferation of normal CEF, a process that may reflect the down-regulation of cyclin D 1 

in these cells (Gagliardi et al. , 2003). Flat and hi-nucleated cells were observed in 

populations of cells expressing T AM67, suggesting the presence of senescent cells. In 

agreement with this notion, staining for senescence-associated ~ galactosidase (SA~G) 

activity, described by Dimri et al (Dimri et al., 1995), indicated that a significant 

proportion of the TAM67 expressing CEFs underwent senescence (Fig. 7 A-C). Hence, 

T AM67 impairs the proliferation of normal CEF by inducing premature entry into 

senescence in a fraction of the CEF population. 
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Figure 7. Expression of TAM67 induces senescence in normal CEFs. CEFs expressing TAM67 or control 

construct were monitored for phenotypic alteration. A-B. CEFs stably expressing TAM67 or control vector were 

stained for senescence associated 13-galactosidase. Senescent cells were observed in the presence ofTAM67 (blue 

arrows). CEFs expressing control vector did not show any senescence phenotype; C. Incidence of senescent 

cells in control and TAM67 expressing CEF. TAM67 markedly increased senescence. 
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TAM67 induces three distinct phenotvpes in v-Src transformed CEF 

To investigate the role of AP-1 in v-Src transformation, control and T AM67-

expressing CEF were super-infected with ts LA90, a temperature sensitive mutant of 

RSV, and the phenotype of these cells was characterized at the non-permissive (41.5°C) 

and permissive temperature (37.5°C). As observed in normal CEF, a high proportion of 

the T AM67 -expressing CEF expressed the SAPO activity. This was true at the permissive 

and non-permissive temperatures (Fig.8). CEF expressing TAM67 remained flat even at 

the permissive temperature, indicating that the expression of the dominant negative 

mutant of c-Jun also impaired the morphological transformation of CEF. 
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Figure 8. Expression of TAM67 induces senescence in LA90 infected CEFs. A-D. ts.LA90 
RSV-infected CEFs stably expressing TAM67 or control vector were stained for senescence 
associated ~-galactosidase. A high proportion of senescent cells was observed in the presence 
of TAM67 (Red arrows in panels C & D). Control CEFs did not show any senescence 
phenotype. Accumulation of vesicles in the cytoplasm was observed in some cells (Yellow 
arrows in panel D), this phenotype will be discussed later; E. Quantitation of senescence is 
provided in a graph, indicating that senescence was induced in the presence of TAM67 in 
ts.RSV infected CEF at both non-permissive and permissive temperatures. Image 
magnification: 1 OOX. 
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We also observed that cell numbers of LA90-infected CEF expressing TAM67 were 

significantly reduced by about 60% over a 16 hr period at the permissive temperature 

(Wang et al., Manuscript in Appendix 2). Furthermore, in addition to the senescent 

phenotype (Fig.8), some of the cells displayed membrane blebbing, suggesting that they 

were undergoing apoptosis. To determine if senescence or cell death accounts for the loss 

of transformed CEF, we repeated the experiment with cells transferred to the permissive 

temperature for a shorter duration (12-14 hrs). The apoptotic phenotype was then 

confirmed by in-situ TUNEL assays, indicating that TAM67 also induces apoptosis in 

ts.LA90 RSV -infected CEF expressing TAM67 at the permissive temperature (Fig.9A

H). On the contrary, apoptosis was nearly undetectable at the non-permissive temperature 

of 41.5°C. Interestingly, ts .LA90 RSV -infected CEF that did not express TAM67 also 

showed signs of apoptosis when transferred to the permissive temperature, suggesting 

that v-Src activity induces apoptosis, albeit modestly. 
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Figure 9. TAM67 induces apoptosis in v-Src-transformed CEF. Tunel assay of LA-90 
RSV-CEF co-infected with RCASBP(A)-TAM67 or the control virus RCASBP(A) at the 
permissive (panels B,D,F,H) and non-permissive temperatures (panels A,C,E,G). Nuclei were 
stained with DAPI. Arrowheads indicate the position of apoptotic cell nuclei; I. Quantitation 
of the incidence of apoptosis as determined in the experiment described in panel A. The error 
bars represent the standard deviation. All photos were taken at a magnification of 40X. 
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To rule out the possibility that the phenotype caused by the expression ofT AM67 is a 

non-specific effect of having two viruses replicating in the cell and to determine the 

extent of apoptosis, we expressed T AM67 transiently by transfecting plasmid CMV

T AM67 or a control vector in LA90 RSV infected CEF. A plasmid expressing GFP was 

included in the experiment to identify cells that were effectively transfected. Cells were 

seeded into coverslips 24 hours after transfection and half of the coverslips were shifted 

to the permissive temperature of 37.5°C for 12 hours. As described in Fig. 10, the 

expression of T AM67 did not induce apoptosis when the cells were maintained at the 

non-permissive temperature. In contrast, the activation of the ts v-Src kinase induced 

apoptosis in 50% of LA90 RSV infected CEF transfected with the T AM67 expression 

construct (Fig. 10M). A lower incidence of apoptosis was also detected in CEF transfected 

with the control vector, in agreement with our previous observations that v-Src 

transformation caused cell death in a small fraction of the cells. The transfection 

efficiency was calculated by measuring the ratio of the GFP expressing cells over the 

whole cell population. The transfection efficiency was comparable (15-20%) in CEF 

transfected with the control vector or T AM67 expression constructs (Fig. ION). 

Therefore, the induction of apoptosis was observed in a high proportion of the v-Src 

transformed cells indicating that cell death is the predominant phenotype caused by the 

expression ofT AM67. Moreover, this result confirmed that cell death was not caused by 

the presence of multiple retroviruses replicating in the cell. 
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Figure 10. Transient expression ofTAM67 induces apoptosis in v-Src-transformed CEF. A. 
Induction of apoptosis by transient expression of TAM67 in ts LA90 RSY-infected CEF. 
TUNEL analysis was performed to determine the incidence of apoptosis in GFP-positive 
CEFs at both non-permissive and permissive temperatures . Transiently expressed TAM67 is 
able to induced apoptosis in transformed CEF, but not at the non-permissive temperature. 
Quantitation of apoptosis (panel B) and transfection efficiency (panel C) in transfected CEF 
are shown below. All photos were taken at a magnification of 40X. 
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We also observed that a fraction of the cells were highly vesiculated in CEFs co

infected by ts.LA-90 RSV and TAM67 at the permissive temperature, but not at the non

permissive temperature (Fig.llA-D, but also see yellow arrowheads in Fig.8D). These 

cells were negative in the TUNEL, MAPLC3 processing/autophagy (T Y orimitsu 2005), 

macropinocytosis [known to be triggered by v-Src in rat fibroblasts; (Mettlen et al., 2006, 

Veithen et al., 1996)] and SA~G assays (data not shown). However, staining with the 

lipophylic dye oil-red 0 indicated that these vesicles are lipid-rich (Fig.llE-1). This 

phenotype was not observed in CEF co-infected by ts .LA90 RSV and the control 

RCASBP(A) virus . 

We also asked if TAM67 induced the expression of the lipid-binding p20K lipocalin, 

a marker of contact inhibition and reversible growth-arrest but not adipogenesis in CEF 

(Bedard et al., 1989, Kim S. et al. , ·1999). As shown in Fig.11J, the activation of the 

temperature-sensitive v-Src kinase did not enhance but, in fact, reduced the expression of 

p20K. This was true in control and T AM67 expressing CEF. Therefore, the inhibition of 

AP-1 did not induce a state of reversible growth arrest in these cells. Taken together, 

these results suggest that a fraction of the T AM67 expressing CEF had undergone 

differentiation upon ts . v-Src activation. Therefore, AP-1 facilitated transformation by 

preventing the entry into senescence, acting as a pro-survival factor and inhibiting 

differentiation in v-Src transformed CEF. 
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Figure 11. TAM67 triggers the accumulation of lipid-rich vesicles in v-Src transformed CEFs. 
A-D. The presence of TAM67 caused accumulation of vesicles in the cytoplasm in 
RSV-transformed CEF, but not in the non-transforming state. White arrows point to 
representative cells, while blue arrows represent cells that are enlarged below; E-H. 
Lipophylic dye oil-red 0 was used to stain for lipid containing vesicles (white arrows in Panel 
H). CEFs co-infected by ts.LA90 RSV and TAM67 or control vector were stained with oil red 
0. Lipid-containing vesicles stain red under microscope (Arrows); I. Quantitation of the 
incidence of oil red 0-positive cells from Panels E-H is provided below. Downregulation of 
Fra-2 expression induced lipid-rich vesicles accumulation upon v-Src activation; J. Cell 
lysates were investigated for the induction of p20K. Lysate from contact-inhibited CEFs was 
used as a positive control. Erk-1 was used as loading control. Images of cell phenotype were 
taken on ZEISS inverted IM35 microscope under 200X magnification. 
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TAM67 regulates the activity of several factors of the v-Src-responsive unit (SR U) 

In addition to members of the AP-1 family, c-Jun is capable of interacting with 

NFKB and C/EBP~ (Stein et al., 1993a, Stein et al., 1993b). In addition, previous studies 

have shown that T AM67 blocked not only the activity of AP-1 but also that of NFKB by 

direct interaction in human keratinocytes (Li et al., 2000). Therefore, TAM67 may alter 

the activity of all three factors binding to the v-Src Responsive Unit (SRU) of the IL8 

promoter. This was confirmed in transient expression assays. As expected, the activation 

of a TRE-controlled promoter by v-Src was strongly impaired by the expression of 

TAM67 (Fig. 12A). However, a significant inhibition was also observed for the NFKB

controlled promoter while, in contrast, C/EBP activity was stimulated by T AM67 

(Fig.12A&B). The resulting effect was a partial inhibition of the IL8 promoter in v-Src 

transformed CEF (Fig.12C). Thus, the expression of the dominant negative mutant of c

J un was not restricted to the inhibition of AP-1, and exerted positive and negative effects 

on the activity of factors binding to the SRU. 
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Figure 12. Effect of TAM67 on the IL8 promoter and SRU regulatory elements. CEFs infected with a 

temperature sensitive strain ofRSV, NY72-4 RSV, were co-transfected with either TAM67 or control vector with 

a construct bearing a CAT promoter construct controlled by AP-I (TRE; panel A), F-KB (PRDII; panel A), 

CEBP/P (CAAT; panel B) or the IL8/CEF-4 promoter (panel C) . CAT activity was determined at the permissive 

(transformed CEF) and non-permissive temperature (non-transformed CEF). Error bars indicate standard 

devi ation from the mean. 
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3. Summary 

The inhibition of AP-1 reduces markedly the proliferation of normal CEF (Gagliardi 

et al. , 2003). In this study, we showed that expression of a dominant negative mutant of 

c-Jun, T AM67, induces premature entry into senescence in normal CEF but three distinct 

phenotypes in v-Src transformed CEF. In these conditions, senescence was observed as 

well as cells undergoing apoptosis or displaying the formation of lipid vesicles. 

Therefore, TAM67 impaired the transformation and survival of CEF expressing the v-Src 

oncogene. 

TAM67 lacks any transactivation domain (TAD) but retains the basic region and 

leucine zipper domain. Therefore, in addition to dimerizing with members of the AP-1 

family, TAM67 has the potential to interact with C/EBP~ and NFKB (Stein et al., 1993b). 

In agreement with this notion, T AM67 reduced the expression of a reporter construct 

controlled by AP-1 or NFKB. In contrast, C/EBP~ activity was enhanced by TAM67, 

indicating that the dominant negative mutant has both positive and negative effects on 

factors of the IL8 SRU. The resulting effect was a modest inhibition of the activity of the 

IL8/CEF-4 promoter in v-Src transformed CEF. Therefore, T AM67 generates a non

specific effect when blocking AP-1 activity. In this case, direct abolishment of an AP-1 

member by RNA interference is necessary to study the role of AP-1 in RSV -transformed 

CEF. 
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Chapter 4: Construction of a retroviral-based RNA interference system 

1. Introduction 

The definitive description of RNA interference came from the work of Andrew Fire 

and his colleagues in 1998. Fire et al showed that the addition of artificial double 

stranded RNA into Caenorhabditis elegans was able to block the expression of mRNA 

containing the complementary sequence (Fire et al., 1998). This exogenous double

stranded RNA provided stronger inhibition of gene expression than the conventional anti

sense RNA, which is unstable and has only modest effects. Endogenous interfering RNAs 

were also shown to have critical roles in many aspects of development and the immune 

response (Carthew and Sontheimer 2009, Pedersen and David 2008). These small RNAs 

execute the repression of gene expression by using the mechanism described for artificial 

siRNA. Based on their origins, stmctures and associated effector proteins, known small 

non-coding RNAs (ncRNAs) are categorized into three groups: short interfering RNA 

(siRNA), microRNA (miRNA) and piwi-interacting RNA (piRNA) (Carthew and 

Sontheimer 2009). Among these small RNAs, siRNA and miRNA are known to be 

double-stranded and are widely distributed in many cell types. In contrast, the piRNAs 

are found to be in a single-stranded stmcture (Bartel 2009). MicroRNAs consist of a 

large family of endogenous non-coding RNAs of 21-25nts long that function as 

regulators of gene expression (Bartel 2009). The lin-4 RNA from Caenorhabditis elegans 

was the first identified miRNA (Ambros 1993). It has a role in development by 

repressing lin-14 gene expression by interacting with the 3 'UTR and interfering with lin-

14 translation (LeeR. et al., 1993). These RNAs are characterized by a hairpin stmcture 
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with a stem of 21 to 23 nucleotide pairs and flanking sequence. 

The mature microRNA is generated from a self-folding transcript rather than a longer 

hairpin RNAs or small RNA duplex (Bartel 2009). The primary microRNA (pri-miRNA) 

is processed by a RNase III type endonuclease Drosha. The microRNA is then exported 

into the cytoplasm, where it is further processed by Dicer into a small interfering RNA 

(siRNA)-like structure (Filipowicz et al., 2008, Kim VN et al., 2009b). miRNA represses 

gene expression by either interfering with the mRNA translation machinery or 

destabilizing the mRNA, or both (Bartel 2009, Filipowicz et al. , 2008). Recently, several 

investigators have taken advantage of the unique structure and expression features of 

microRNAs to express shRNA (short-hairpin RNA) and induce gene downregulation. 

Due to the difference in biogenesis process, shRNA is capable of generating more 

persistent RNA interference with less off-target effects when compared to small artificial 

RNA duplexes [siRNA (Rao et al. , 2009)]. Zeng and colleagues provided a successful 

example using the human mir-30 miRNA. Mir-30 was able to inhibit the translation of an 

artificial mRNA containing a mir-30 target site (Zeng Y et al. , 2002). Moreover, in 

transient expression, an artificial ncRNA mimicking the mir-30 precursor was able to 

induce RNA interference to efficiently repress the translation of mRNA containing a 

complementary target sequence (Zeng Yet al. , 2002). This was then improved by using 

mir-30-based shRNA to stably repress gene expression (Dickins et al. , 2005, Silva JM et 

al. , 2005, Stegmeier et al. , 2005). Following these findings, a retroviral-based mir-30-like 

microRNA operon driven by the chicken U6 promoter was developed to successfully 

downregulate ectopic gene expression in chicken embryos or cells (Das et al. , 2006). In 
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this vector, the microRNA cassette can carry two target sequences simultaneously, which 

is convenient for silencing of two independent gene targets. The chicken U6 promoter is 

a RNA polymerase III (pol III) promoter that has been widely used to express shRNA 

and repress target genes in chicken (Kudo and Sutou 2005, Wise et al. , 2007). However, 

it has been reported that the pol III-driven cassette does not transcribe efficiently when 

placed within a retroviral genome that is under control of the functional long terminal 

repeats [LTRs (Ilves et al., 1996)]. In agreement with this finding, this microRNA 

cassette did not generate efficient silencing of endogenous genes in CEF (our 

unpublished data). Moreover, shRNA under the control of the viral LTRs (pol II) of the 

Rous sarcoma virus (RSV)-derived RCAS system was convincingly shown to provide 

prolonged and specific RNA interference when compared to pol III-driven shRNA 

operon (Chen M et al. , 2007). In this study, we modified a retroviral-based mir-30-like 

microRNA operon by removing the U6 promoter from the microRNA cassette and 

subcloning it back into the RCAS system. This modified viral-based microRNA system is 

distinct from the original one since shRNA expression is driven directly from the viral 

LTR. We use this vector to down-regulate the expression of p105NFKB and show that it 

is required for the survival of v-Src transformed CEF. 

2. Results 

Avian replication competent retroviruses (or stable RNA silencing 

Avian retroviruses for expression of shRNA have been described before (Bromberg

White et al., 2004, Chen M et al., 2007, Das et al. , 2006, Harpavat and Cepko 2006). 
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However, little information exists on the efficacy of these vectors and their capacity to 

silence gene expression in a sustained manner, a condition required for studies on cell 

proliferation and transformation. Using existing RCASBP vectors expressing shRNA 

from an internal Pollll promoter, we failed to observe prolonged down-regulation of 

several transcription factors of the AP-1 or NF-KB family in chicken embryonic 

fibroblasts (CEF; our unpublished results). Similar conclusions were reached by other 

investigators (Chen Metal., 2007). In the vector designed by Das and co-investigators, a 

shRNA is expressed in the context of a chicken microRNA under the control of a U6 

promoter. We reasoned that transcriptional interference caused by the strong viral LTR 

or hindrance by the splicing machinery interfered with the expression of the shRNA. 

Since microRNA genes are transcribed by RNAPII, we deleted the U6 promoter and 

leader sequence to generate plasmid RCASBP(A)-shRNA-~U6 and RCASBP(B)

shRNA-~U6. In this vector, the shRNA sequence is cloned downstream of a splicing 

acceptor site and egfp gene (Fig.l3A). Since expression of the viral genome can be 

monitored through GFP expression, we used the modified RCASBP vector to express a 

shRNA sequence targeting this gene and followed GFP expression in CEF. As shown in 

Fig. 13B-C, GFP was detected broadly in the cell population transfected with the control 

parental plasmid but was undetectable in cells expressing the shRNA for egfp. This was 

confirmed by Western blotting analysis (Fig.13D). Gag expression was reduced in 

vectors containing the microRNA cassette but was detected with both the parental 

RCASBP(A)-RNA-~U6 vector and its derivative construct harbouring the shRNA 

sequence for egfp. Infection assays confirmed that functional retroviral particles were 
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released in the medium of these cells (data not shown). Thus, while the vector was able to 

effectively silence the expression of GFP, viral protein expression and virus replication 

were not completely impaired by the presence of the shRNA sequence in the retroviral 

genome. 
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The expression of EGFP and Gag was followed for several passages after transfection 

of these retroviral constructs (Fig.14A). EGFP expression was sustained in cells 

transfected with the parental vector but remained undetectable in CEF expressing the egfp 

shRNA sequence. Gag expression was detected for the duration of the experiment with 

both retroviral vectors. We then determined if EGFP expression could be inhibited in 

these cells when expressed transiently from an umelated vector (pGFP-Nl). CEF 

infected with RCASBP (A) were used as control in this experiment to allow for detection 

of the transiently expressed EGFP in the absence of the shRNA. As shown in Fig. 14B, 

EGFP expression was reduced considerably in CEF infected by RCASBP-shRNA-~U6-

egfp for more than six passages, suggesting that sustained inhibition was provided by the 

shRNA. This result also suggests that EGFP down-regulation was the result of RNA 

interference and was not limited to the retrovirally encoded GFP gene of RCASBP(A)

shRNA-~U6-egfp. We also examined the effect of shRNA expression on cell 

proliferation. CEF infected with RCASBP(A)-shRNA-~U6-egfp accumulated at levels 

and with kinetics comparable to those of RCASBP (A) or RCASBP-shRNA-~U6 

infected CEF (Fig.14C). Therefore, the induction of RNA interference did not impair 

CEF proliferation. 
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Figure 14. Sustained inhibition of EGFP expression by shRNA. A. EGFP expression in control and egfp 
shRNA expressing CEF. Protein lysates were prepared from the 6th passage after transfection of the control 
and retroviral vector expressing the egjp shRNA. Levels of EGFP and p27 gag, recovered from the tissue 
culture medium, were analyzed by Western blotting analysis. Erk-1 was used as a loading control; B. A EGFP 
expression plasmid (pGFP-Nl) was transfected with pRSV-~Gal at the 5th passage into CEF infected with the 
RCASBP(A) control vector or egjp-shRNA expression virus. pRSV-~Gal was used to control for transfection 
efficiency. The results of triplicate samples are shown and quantitated. The inhibition of transiently expressed 
GFP was over 70% in CEF expressing the egjp shRNA. C. The proliferation ofCEF infected with the control 
vectors RCASBP(A), RCASBP(A)RNAi (Das et al. , 2006) and RCASBP(A)-shRNA-~U6 is compared to 
that of CEF expressing the egfp shRNA. Error bars represent the standard error from the mean. 
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Effect of Down-regulation of pl05 NFKBl by shRNA in normal and v-Src transformed 

CEF 

NFKB controls the expression of gene products promoting cell survival and 

proliferation (Baldwin A. S. 2001, Guttridge et al., 1999, Hinz et al., 1999, Papa et al. , 

2004 ). Previous studies indicated that two NFKB 1 gene products accumulate in the v-Src 

transformed CEF: a full length protein p105 NFKB1 and a small form p50 (Cabannes et 

al. , 1997). To determine the role of this factor in CEF, we constructed a shRNA vector 

targeting p 105 NFKB 1. Lin and colleagues has demonstrated that p 105 and p50 are 

generated by co-translational processing from the same mRNA, and thus they do not 

exhibit a precursor-product relationship (Lin L et al. , 1998). As a result, levels of 

p105/p50 NFKB1 were significantly down-regulated by pl05 shRNA in normal CEF 

(Fig.15A). Moreover, the down-regulation of p105/p50 NFKB1 decreased CEF 

proliferation (Fig.15B). Flat and often binucleated cells were observed in cultures of 

CEF expressing the pl05 shRNA, suggesting the presence of senescent cells (Fig.15C). 

This was confirmed with the senescence-associated ~-galactosidase assay described by 

Dimri et al [SA~G; Fig.3D-E; (Dimri et al. , 1995)]. Therefore, the down-regulation of 

p 1 05/p50 NFKB 1 reduced normal CEF proliferation by causing, at least in part, 

premature entry into senescence. 
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Figure 15. Effect ofpl05 NF-KBI silencing in normal CEF. CEF expressing apl05 shRNA were examined for 

proliferation and senescence-associated f3-galatosidase (SA-f3G) activity. A. Inhibition of pl05/p50 by shRNA 

was examined by Western blotting analysis. The level of pI 05 and the processed form p50 were reduced by the 

shRNA, but not by the mismatch form of shRNA. Erk-1 was used as the loading control; B. Proliferation assays 

were carried out to investigate the effect ofpl05 inhibition on cell proliferation. Cell s were seeded into 24-well 

plates 48 hours after transfection and counted every 24 hours for up to 6 days . Each transfection was counted in 

triplicates; C-E. CEFs expressing the pl05 shRNA were examined for the express ion of SAf3G activity. 

Quantitation shown below indicated that senescence was dramatically induced in the presence of the pl05 

shRNA. CEFs expressing control vector or scrambled form of the pl05 shRNA didn 't show any senescence 

phenotype. Image Magnification: 400X. 
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Transformation by the v-Src tyrosine kinase induces the activity of NFKB in CEF 

(Cabannes et al., 1997). To determine the role of p105/p50 NFKB 1 in v-Src 

transformation, we generated CEF co-infected with a temperature sensitive mutant of the 

Rous sarcoma virus (ts NY72-4 RSV) and a virus expressing the shRNA for pl05/p50 

njKbl . Down-regulation of p105 and p50 NFKB1 was confirmed by Western blotting 

analysis (Fig.16A). This reduction in the level of the p105/p50 proteins decreased but did 

not abrogate the overall level of NFKB activity in the cells, suggesting that other 

members of the NFKB family are expressed and contribute to the activity of this factor in 

CEF (Fig. 16B). Upon transfer to the permissive temperature of 37.YC, control CEF 

displayed the features of transformed cells with a more refractile or round-up morphology 

(Fig. 16D). Senescent cells, positive for the SA~G assay, were detected in CEF 

expressing the pl05 shRNA at the non-permissive temperature of 41.5°C (Fig.16E). 

While some cells also appear to stain positively for SA~G at the permissive temperature, 

they lacked some of the features of senescent cells such as a flat morphology (Fig. 16F). 
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Figure 16 Effect of pi 05 shRNA in RSV-transforrned CEF. CEFs expressing a control virus 
or p l 05 shRNA were superinfected with NY72-4 RSV, a temperature sensitive (ts) strain of 
RSV. A. Western blotting analysis of p 1 05/p50 expression in these cells . Erk-1 was used as 
loading control. The expression of p105 and the processed form p50 was impaired by the 
shRNA; B. Transient expression assays were used to study the effect ofp I 05 inhibition on NF 
KB activity in RSV-infected CEF; C-F. The SAPG activity of CEF expressing pl05 shRNA 
following v-Src induced transformation was examined under the same culture condition as 
panel A. Image Magnification: I OOX. 
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Within 8-12 hours of transfer to the permissive temperature, cell numbers began to 

decline in CEF populations expressing the p105/p50 shRNA (data not shown). As 

indicated by the TUNEL assay, this decline was the result of a high incidence of 

apoptosis (Fig. 17H). Indeed, apoptotic cells were detected primarily in CEF expressing 

the pl05/p50 shRNA at the permissive temperature but not in CEF maintained at the non

permissive temperature. These results suggest that p105 NFKB 1 is required for the 

survival of v-Src transformed CEF. 
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Figure 17. Effect of p 1 05/p50 inhibition on the survival of v-Src transformed CEF. CEF 
expressing the control virus or pl05 shRNA were superinfected with NY72-4 virus, a 
temperature sensitive (ts) strain of RSV. A-H. TUNEL assay was performed to quantitate 
apoptosis. The inhibition of p 1 05/p50 caused an increase in apoptosis at the permissive 
temperature. Nuclei of TUNEL positive cells showed condensation (arrowhead); I. 
Quantitation ofTUNEL assays. Image Magnification: 40X 
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3. Summary 

Gene down-regulation provided by RNA interference is an invaluable approach in 

the study of gene function. However, several biological processes, such as cell 

transformation, are required to alter gene expression in a sustained manner i.e. over 

several cell divisions. In this report, we describe the modification and validation of an 

avian replication-competent retroviral vector that is able to express a shRNA over several 

passages and the use this vector to define an essential role for p105 NFKB 1 in the survival 

of primary cells transformed by v-Src. We showed that p105 down-regulation induces 

premature entry into senescence in normal chicken embryo fibroblasts (CEF) but causes 

apoptosis upon activation of a temperature sensitive mutant of v-Src. Therefore, p105 

NFKB 1 is required for the survival of v-Src transformed CEF. The availability of 

replication competent viruses for expression of shRNA opens several avenues of research 

on primary cells without requiring extensive period of selection in culture. 

109 



Ph.D Thesis-L. Wang McMaster-Biology 

Chapter 5: Loss-of-function analysis of AP-1 members in v-Src transformed CEF 

1. Introduction 

Activated Ras and v-Src induce profound changes in the pattern of gene expression 

(Dehbi and Bedard 1992, Maslikowski et al., 2010). These changes are regulated at 

multiple levels but are often dependent on the activation of transcription factors working 

cooperatively on promoter/enhancer regions. The significance of transcription factor 

activation is highlighted by the inhibitory effects that dominant negative mutants of Ets, 

Stat3 or AP-1 exert on cell transformation (Bruder et al. , 1992, Granger-Schnarr et al., 

1992, Lloyd et al., 1991, Suzuki et al., 1994, Turkson et al., 1998, Wasylyk et al., 1994). 

Separate groups reported that the inhibition of AP-1 by the expression of a deletion 

mutant of c-J un lacking a trans-activation region (T AM67) interferes with transformation 

by RasV12 or v-Src. In addition, immortalized fibroblasts nullizygous for c-Jun cannot be 

transformed by these oncoproteins (Johnson R. et al., 1996). However, these cells are 

still capable of inducing tumours in animals albeit with delayed kinetics. Cells recovered 

from these tumours were characterized by high levels of AP-1 activity resulting from 

transcriptional activation of the junD but never junB gene (Johnson R. et al., 1996). 

These observations stress the importance of AP-1 activation in cell transformation by 

oncogenic Ras and tyrosine kinases. 

Several mechanisms of AP-1 activation have been described before. Herschman 

and co-workers reported that v-Src controls the trans-activation potential of c-Jun by 

inducing the activity of the JNK/SAPK pathway in murine fibroblasts (Lu et al., 1995). 

However, the activity of this pathway is high in normal chicken embryo fibroblasts (CEF) 
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and is only enhanced modestly in response to v-Src transformation, indicating that other 

pathways of AP-1 regulation are activated in these cells (Bojovic et al., 1996). The Ras

dependent stimulation of ERK modulates the phosphorylation and activity of Fra-2 in 

RSV transformed CEF, in agreement with the notion that v-Src controls several aspects 

of the regulation of AP-1 (Murakami et al., 1997). Similar studies performed on NIH 

3T3 fibroblasts concluded that transformation by activated Ras is dependent on c

Jun/Fra-1 and the displacement of weaker trans-activators of the Jun family by the more 

potent c-Jun protein (Mathas et al., 2002). Significantly, Yaniv and co-workers reported 

that the over-expression of Jun B and Jun D inhibits the transformation of NIH 3T3 cells 

by Ras, implying that these factors function as negative regulators or poor activators of 

AP-1 in these cells (Pfarr et al. , 1994 ). However, a different view is depicted by the 

studies of primary mouse embryo fibroblasts (MEF) harboring a disruption of the c-jun or 

junD gene. Indeed, c-jun or junD ( -/-) MEF proliferate poorly and rapidly undergo 

premature senescence in vitro, suggesting that both gene products are required for normal 

proliferation of primary embryonic fibroblasts (Weitzman et al., 2000, Wisdom et al., 

1999). Consistent with this notion, MEFs lacking JunD express elevated levels of p19Arf 

and p53, which likely triggers the entry into senescence (Weitzman et al., 2000). The 

role of JunD is not restricted to the control of cell proliferation since junD ( -/-) MEF are 

also hyper-sensitive to the action of TNFa and rapidly undergo apoptosis in response to 

this factor (Weitzman et al., 2000). 

We showed previously that AP-1 consists of three proteins, c-Jun, JunD and Fra-2 

in RSV-transformed CEF (Wang et al, Manuscript in Appendix 2). JunD/Fra-2 is the 
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predominant form of the AP-1 complex in RSV -transformed CEF (N. Rodrigues, 

unpublished results; Wang et al, Manuscript in Appendix 2). In agreement with these 

results, both proteins were recruited to the v-Src responsive unit (SRU) of the IL8 

promoter in response to v-Src transformation while c-Jun was not detected by ChiP 

assays in normal (RCASBP infected) and v-Src transformed CEF (SR-A RSV infected), 

confirming that the JunD/Fra-2 dimer is the predominant form of AP-1 in these cells (B. 

Maslikowski, unpublished results; Wang et al, Manuscript in Appendix 2). In this study, 

we characterize the effects of loss-of-function of individual AP-1 members, in particular 

c-Jun, JunD and Fra-2, in RSV -transformed CEF by using the modified shRNA 

expressing vector (RCASBP(B)-shRNA-~U6) described in Chapter 4. We also showed 

that the trans-activation potential of JunD was stimulated markedly in response to v-Src 

transformation, suggesting that JunD is a relevant target of v-Src transformation. The 

inhibition of AP-1 by a dominant negative mutant of c-J un resulted in a high incidence of 

apoptosis in RSV-transformed CEF but not in their normal counterparts (Chapter 3). 

Down-regulation of c-Jun by shRNA induced senescence but no apoptosis in normal and 

v-Src transformed CEF. In contrast, the disruption of JunD expression caused a high 

incidence of apoptosis in v-Src transformed CEF, suggesting that the pro-survival activity 

of AP-1 depends on JunD. Down-regulation of Fra-2 expression by shRNA had no 

visible phenotype in normal CEF but induced the accumulation of lipid-rich vesicles in v

Src transformed cells. Therefore, AP-1 promoted cell transformation by acting as a 

survival factor, by inhibiting premature entry into senescence and by antagonizing the 

differentiation of v-Src transformed CEF. 
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2. Results 

Di{{erent phenotvpes are observed in response to the down-regulation o(c-Jun, lunD and 

Fra-2 by shRNA in normal CEF 

a. Downregulation of c-Jun by shRNA 

It has been reported previously that activation of the c-jun gene is involved in cell 

cycle progression by directly activating cyclinDJ gene expression and inhibiting the 

expression of p53 level (Schreiber et al., 1999). In order to characterize the role of c-Jun 

in normal CEF, we generated 4 constructs expressing different c-jun shRNAs to test the 

inhibition efficiency of c-Jun expression. Expression of one of these c-jun shRNAs, 

RCASBP(B)-shRNA-6U6-c-jun842, caused a greater reduction in the level of the c-Jun 

protein, albeit incomplete (Fig.l8A). Expression of junD shRNA did not interfere with 

the expression of c-Jun, indicating that the c-jun shRNA was specific. CEFs expressing 

this c-jun shRNA were flat and proliferated poorly. SAPG staining of CEFs expressing 

the c-j un shRNA revealed that CEFs underwent senescence when c-Jun expression was 

downregulated (Fig.18C). As a result, cell proliferation was significantly impaired upon 

c-Jun inhibition caused by this c-jun shRNA (Fig.18F). On the contrary, CEFs expressing 

a control vector or scrambled form of the c-jun shRNA were not positive for senescence 

staining (Fig.18B&D). Hence our results demonstrate that c-Jun is a positive regulator of 

cell proliferation by restricting the entry into premature senescence of primary CEF. 
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Figure 18. Effect of a c-jun shRNA in normal CEF. A. Western blotting analysis was 
performed using anti-c-Jun antibody (Santa Cruz). The level of c-Jun inhibition was 
determined by densitometry. The level of c-Jun in normal CEF was only partially 
down-regulated by c-jun shRNA. The Erk-1 was used as loading control ; B-D. Senescence 
associated ~-galatosidase (SA~G) assays were used to examine the senescence phenotype 
induced by c-jun shRNA (Arrowheads). Inhibition of c-Jun expression induced senescence in 
nonnal CEF (Panel D), while expression of a control vector or the scrambled form of c-jun 
shRNA did not express any SA~G activity. Image magnification: 1 OOX; E. Incidence of 
senescence from panels B-D. Over 12% of normal CEFs underwent senescence upon c-Jun 
inhibition. The control vector or scrambled form of c-jun shRNA did not have an effect on cell 
morphology, and no induction of senescence was observed in these cells indicating the c-jun 
shRNA was specific; F. Proliferation assays showed that cell proliferation was impaired when 
c-Jun expression was reduced by shRNA. 

114 



Ph.D Thesis-L. Wang McMaster-Biology 

b. Characterization of the effect o(JunD downregulation in normal CEF 

Four junD target sequences were tested and RCASBBP(B)-shRNA-b.U6-junD821 

was found to have the greatest efficiency of inhibition in normal CEF (Fig.19A and data 

not shown). We also observed that CEFs expressing this junD shRNA were more 

refractile and often displayed signs of membrane blebbing but were negative for SAPO 

staining (Fig.19B-D). TUNEL assays confirmed that the down-regulation of JunD 

increased the incidence of apoptosis (Fig. 19E-H). As a result, cell proliferation was 

impaired in these (Fig.1 9J). In contrast, little apoptosis was detected in CEF expressing 

the control vector or a shRNA for c-jun or fra-2 (Fig.191). CEF expressing the control 

shRNA vector or a scrambled form of junD shRNA sequence proliferate normally 

(Fig.19B and data not shown), suggesting that the effects of J unD down-regulation were 

specific. 
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Figure 19. Loss of JunO expression promotes apoptosis in normal CEF. A. Western blotting was performed to 

examine the downregulation of JunO by shRNA. The level of JunO inhibition was determined by densitometry. 

Erk-l was used as loading control; 8-D. Senescence associated !3-galatosidase (SAI3G) assays were used to 

monitor the senescence phenotype induced by the junD shRNA. No senescence was observed in these cells; 

however, some cells displayed membrane blebbing; E-H. TUNEL assays were used to examine the incidence of 

apoptosis in normal CEF with or without expression ofthejunD shRNA. Nuclei ofTUNEL positive cells showed 

condensation under the OAPI staining (Arrowheads); I. TUNEL-positive cells were quantitated and illustrated in 

the bar graph. Error bars represent the standard deviation from the mean; J. Proliferation assay was carried out to 

investigate the effect of JunO inhibi t ion on cell proliferation. 
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c. Effect o(Fra-2 downregulation in normal CEF 

Unlike c-Jun and JunD, the reduction of Fra-2 expression in normal CEF exhibited 

modest effects on cell proliferation (Fig. 20A-B). These cells were also negative for the 

SA~G assays (Wang et al., manuscript in Appendix 2) and TUNEL assays (Fig.l9J and 

data not shown). Hence, Fra-2 expression does not appear to play a critical role in the 

proliferation of normal CEF. 
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Figure 20. fra -2 shRNA is not critical for proliferation of normal CEF. A. Western blotting analysis was 

performed to examine the effects ofFra-2 inhibition by shRNA. Erk-1 was used as loading control; B. Proliferation 

assay indicated that the loss of Fra-2 expression had modest effects on normal CEF proliferation. 
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Down-regulation of individual components of AP-1 is associated with a different 

phenotype in v-Src transformed CEF 

To investigate the role of AP-1 in v-Src transformation, CEF expressing a shRNA 

for a component of AP-1 were super-infected with ts NY72-4, a temperature sensitive 

mutant of RSV, and the phenotype of these cells was characterized at the non-permissive 

(41.5°C) and permissive temperature (37°C). 

a. Downregulation of c-Jun by shRNA 

We have observed that c-Jun inhibition by shRNA 1mpmrs cell proliferation by 

inducing senescence in normal CEF. In ts.NY72-4 infected CEF, a partial inhibition of c

Jun expression was observed in CEF expressing the corresponding shRNA (Fig.21A). 

Morphologically, ts.NY72-4 infected CEF expressing c-jun shRNA were flat at the non

permissive temperature. SA~G assays confirmed the presence of senescence with fewer 

cells expressing the SA~G activity at the permissive temperature (Fig.21B-F). Since 

apoptosis was barely detected in these cells (date not shown), we reasoned that the 

reduced proportion of senescent cells at the permissive temperature was a result of 

increased proliferation and thus diluting the ratio of senescent cells (Fig.21F). 

Consistently, soft-agar assays confirmed that expression of c-jun shRNA did not interfere 

with the anchorage-independent proliferation of v-Src transformed CEF (Fig.21G-H). 

Moreover, transient expression assay showed that the c-jun shRNA only modestly 

affected the level of AP-1 activity (Fig.21I). This effect (or lack of) may reflect the fact 

that c-Jun is only a minor component of AP-1 or that the down-regulation is too partial to 
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have any effects. Several other target sequences were also examined but we consistently 

fai led to see a significant down-regulation of c-Jun expression by these shRNA constructs 

(data not shown). 
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Figure 21.. Reduction of c-Jun expression in ts.RSV-infected CEF. CEFs infected with a 
control virus or a virus expressing a c-jun shRNA were superinfected with 72-4 virus, a 
temperature sensitive (ts) strain ofRSV, to examine the role of c-Jun downregulation in v-Src 
transformed CEF. A .. Downregulation of c-Jun expression at both non-permissive temperature 
(41.5°C) and permissive temperature (37°C) was examined by Western blotting analysis. 
Densitometric analysis indicated that the expression of c-Jun was partially inhibited by 
shRNA. Erk-1 was used as a loading control; B-E .. SA~G analysis was performed to examine 
the induction of senescence by c-jun shRNA at both non-permissive and permissive 
temperature. Senescence was induced by c-jun shRNA at the non-permissive temperature 
(panel C; Arrowheads); F. Quantitative results of cells expressing SA~G activity from panels 
C-F; G&H. Soft agar assays were carried out to study the effect of c-jun shRNA on the 
transformation ability ofCEFs transformed by v-Src. Image magnification: 1 OOX; I. Transient 
expression assays were used to study the effects of c-Jun inhibition on AP-1 activity in 
RSV-infected CEF. 
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b. Characterization of the effect of lunD inhibition in RSV-transformed CEF 

We also super-infected CEFs expressing the junD shRNA with a temperature 

sensitive strain of RSV, NY72-4, to investigate the role JunD in v-Src mediated 

transformation. The expression of JunD was partially reduced in CEF expressing the 

junD shRNA but not the c-Jun shRNA (Fig.22A). Transient expression assays 

demonstrated that reduced JunD expression repressed markedly the AP-1 activity of 

RSV-transformed CEF (Fig.22B). Importantly, JunD expression was also required for 

survival of v-Src transformed CEF since downregulation of Jun-D expression by shRNA 

caused apoptosis in ts.NY72-4 RSV -infected CEF (Fig.22C-J). This phenotype was 

enhanced by the activation of the temperature sensitive v-Src kinase at the permissive 

temperature (37.5°C), indicating that the requirement for JunD/AP-1 functions is greater 

in v-Src transformed CEF. A lower incidence of apoptosis was also detected in conditions 

of Fra-2 and c-Jun inhibition (Fig.22K). Therefore, JunD was important for the pro

survival activity conferred by AP-1 in v-Src transformed CEF. 
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density). Erk- I was used as a loading control; B. Transient expression assays were used to study the effects of JunO 

inhibition on AP-1 act ivity in RSV- inrected CEF. Expression or the junD shRNA significantly dow nregulated 

AP-I activity in v-Src transformed CEF; C-J. TUNEL assays were used to examine the incidence or apoptosis in 
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c. Downregulation of Fra-2 expression causes the appearance of lipid-rich vesicles 

in v-Src transformed CEF 

Down-regulation of Fra-2 expressiOn by shRNA did not interfere with the 

proliferation of primary CEFs, suggesting that Fra-2 does not contribute significantly to 

the activity of AP-1 in these cells. However, JunD and Fra2 are the major components of 

the AP-1 complex in v-Src transformed CEF, implying that Fra-2 might play a role in v

Src transformation (N. Rodrigues, unpublished observations; Wang et al., Manuscript in 

Appendix 2). The expression of Fra-2 was significantly inhibited in CEF co-infected with 

ts.NY72-4 RSV and the fra-2 shRNA (Fig. 23A). These cells were flat at the non

permissive and permissive temperature, and were not positive for the TUNEL and SA~G 

assays (data not shown), indicating that they were neither senescent nor undergoing 

apoptosis. However, cytoplasmic vesicles were observed at the permissive but not at the 

non-permissive temperature (Fig.23B-E). Oil-red-O staining confirmed that these vesicles 

were lipid-rich (Fig.23F-1). Transient expression assays indicated that AP-1 activity was 

significantly repressed by fra-2 shRNA (Fig.22B). Therefore, Fra-2 was required for 

morphological transformation and to prevent the formation of lipid-rich vesicles in v-Src 

transformed CEF. 
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Figure 23. fra-2 shRNA causes the accumulation of lipid-rich vesicles in v-Src transformed 
CEF. A.Western blotting analysis indicated that Fra-2 expression was significantly 
downregulated by shRNA. Erk-1 was used as a loading control; B-E. Accumulation of 
vesicles in the cytoplasm was observe~ in ts.NY72-4 RSV infected CEF expressing the Fra-2 
shRNAi at the permissive temperature (37°C), but not in non-permissive temperature 
(41.5°C). Image magnification: lOOX.; F-1. Oil-red-O staining confirmed the presence of 
lipid-rich vesicles in cells of panel E. Image magnification: 20X.; J. Quantitation of the 
fraction of cells with lipid-rich vesicles is provided in the bar graph. 
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Role o{p53 in the apoptosis induced by lunD downregulation 

Weitzman and colleagues have shown that mouse primary fibroblasts lacking JunD 

expression exhibits p53-dependent cell cycle arrest and senescence, and displays 

increased sensitivities to UV- or TNF-alpha treatment (Weitzman et al., 2000). 

Consistently, we observed that down-regulation of JunD expression by shRNA induced 

apoptosis upon v-Src transformation (Fig.22). We then asked whether p53 (officially 

known as tp53) is also involved in the apoptosis caused by JunD inhibition. Western 

blotting analysis revealed that p53 accumulated in normal and ts.NY72-4 RSV-infected 

CEF in the presence of junD shRNA. This induction was enhanced upon v-Src activation 

at the permissive temperature (Fig.24A, Lane 8). The induction of p53 expression by UV

irradiation was used as a positive control in this experiment. These findings suggest that 

the apoptosis induced by JunD inhibition is p53-dependent. To address this question, we 

asked whether the inhibition of p53 could suppress the cell death triggered by the loss of 

JunD expression and re-establish transformation by v-Src. The microRNA operon 

expression cassette (MOEC) of the retroviral-based RNA interference system provides 

cloning sites for two separate target sequences, which is convenient to obtain the down

regulation of two different gene products in the same cell (Das et al., 2006). Accordingly, 

we constructed a RCASBP(B)-shRNA-~U6 vector carrying target sequences of both 

junD and p53. Then we examined the role of p53 by co-infecting CEF with a virus 

expressing the shRNA for bothjunD and p53 species and a temperature sensitive mutant 

NY72-4 RSV. The concomitant inhibition of JunD and p53 expression was successful in 

both normal and NY72-4-infected CEF (Fig. 24A). Importantly, CEFs with inhibition of 
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JunD and p53 were capable of forming colonies in soft agar, suggesting that they are able 

to growth in an anchorage-independent manner, an indicator of transformation (Fig.24C

F). AP-1 activity remained low in conditions of co-inhibition of JunD and p53 (Fig.24G). 

Therefore, the down-regulation of p53 expression protects v-Src transformed CEF from 

cell death induced by AP-1 inhibition. 
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Figure 24. The apoptosis induced by junD shRNA is p53-dependent. A. Western blotting 
analysis was carried out to examine the induction of p53 by junD shRNA. The induction of 
p53 expression by UV-irradiation was used as a positive control (Lane 1 0). The asterisk points 
to a protein of lower mobility whose expression is not induced by UV irradiation or p53 
shRNA and therefore appears to be unrelated to p53; B. The inhibition efficiency of both the 
junD shRNA and the shRNA for JunD and p53 species was determined by densitometry; C-F. 
Soft agar assays were carried out to examine the transformation capability of v-Src 
transformed CEF in conditions of JunD and p53 inhibition. Colony formation was observed 
in v-Src transformed CEF expressing a control virus,p53 shRNA or shRNA for JunD and p53 
species (Panels C, D and F), but not in cells expressingjunD shRNA (Panel E); G. Transient 
expression assay was used to study the effect of co-inhibition of JunD and p53 on AP-1 
activity in CEFs co-infected by ts .NY72-4 RSV and a control virus, a virus expressingjunD 
shRNA or a shRNA for JunD and p53 species. A similar inhibition of AP-1 activity was 
observed in v-Src transformed CEF expressing the junD shRNA and JunD/p53 shRNA. 
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3. Summary 

Using a modified retrovirus system, we were able to investigate the function of 

individual components of AP-1 by stable down-regulation with shRNA. Loss of c-Jun 

expression impaired normal CEF proliferation, in part by inducing premature entry into 

senescence. This finding is in agreement with the previous conclusion that c-Jun is 

required for cell cycle progression in mouse embryo fibroblasts isolated from c-jun 

nullizygous embryos (Schreiber et al., 1999). However, downregulation of c-Jun 

expression did not interfere with the transformation induced by v-Src, possibly as a result 

of insufficient down-regulation by shRNA. Silencing of JunD induced apoptosis even in 

normal CEF, albeit modestly. This incidence of apoptosis rapidly increased upon 

activation of ts. v-Src, indicating a pro-survival role of JunD in v-Src transformed CEF. 

On the contrary, lack of Fra-2 expression had little effect on the proliferation of normal 

CEF. This was also true in CEF infected with a temperature sensitive mutant of RSV at 

the non-permissive temperature, suggesting that Fra-2 expression is dispensable for 

normal CEF proliferation. On the contrary, upon v-Src transformation, the fra-2 shRNA 

caused the accumulation of lipid-containing vesicles, but no senescence or apoptosis. 

Thus, c-Jun provided a block to senescence, JunD was required for cell survival and Fra-

2 antagonized the formation of lipid vesicles, suggesting that each component of AP-1 

fulfills a different function in v-Src transformed cells. 

Weitzman and colleagues have shown that mouse pnmary embryo fibroblasts 

lacking JunD expression exhibit p53-dependent cell cycle arrest and senescence, and 

display increased sensitivities to UV- or TNF-treatment (Weitzman et al. , 2000). 
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Consistently, we observed an accumulation of p53 upon JunD inhibition and the 

accumulation was enhanced upon ts. v-Src activation at the permissive temperature 

(Fig.24A). This induction of p53 was correlated with the onset of apoptosis, suggesting 

that JunD is a survival factor in these cells. Significantly, co-inhibition of JunD and p53 

re-established the capacity of v-Src transformed CEF to grow in soft-agar, suggesting that 

p53 is the inducer of apoptosis when JunD expression is inhibited. Therefore, the absence 

of J unD/ AP-1 causes the induction of a p53-dependent pathway of apoptosis in v-Src 

transformed CEF. 
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Chapter 6: Discussion and perspective 

1. AP-1 is regulated at multiple levels in v-Src transformed CEF 

Electrophoretic mobility shift assays (EMSA) indicated that JunD and Fra-2 are the 

main components of AP-1 while c-Jun accounts for a minor fraction of this factor in v

Src transformed CEF (Wang et al., Manuscript in Appendix 2). The expression of 

individual AP-1 members, in particular JunD and Fra2, was stimulated by v-Src. This 

accumulation accounted for the increase in DNA binding activity of AP-1 in v-Src 

transformed CEF observed in chromatin immunoprecipitation (ChiP) assay (Manuscript 

in Appendix 2). Hybrid proteins consisting of the c-Jun or JunD trans-activation domain 

(TAD) fused to the Gal4 DNA binding domain (DBD) were then expressed to examine 

the trans-activation potential of these factors (Fig.6). Our result showed that v-Src 

transformation had little effect on the c-Jun TAD but stimulated markedly the activity of 

the corresponding domain in JunD. In addition, the AP-1 activity was significantly 

enhanced in v-Src transformed CEF (Fig.6). Hence, v-Src stimulates the activity of AP-1, 

e.g. JunD/AP-1 , by increasing the DNA binding capacity and transactivation potential of 

its constituents. 

The AP-1 family is a major downstream effector of the MAPK pathways (Mechta et 

al. , 1997). Inhibition of the SAPK/JNK pathway by overexpression of a dominant 

negative mutant of SEK (SEKAL) reduced partially the activity of AP-1 in v-Src 

transformed CEF. A more significant suppression of AP-1 activity was observed when v

Src transformed CEF were treated with a specific inhibitor of MEK (PD98059), 

suggesting that the induction of AP-1 was dependent primarily on the ERK pathway 
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(Fig.6). The control AP-1 activity by ERK-dependent pathway remains to be elucidated 

(also see section 8.1). 

2. Role of AP-1 in normal and v-Src transformed CEF 

TAM67 is anN-terminal transactivation domain deletion mutant of c-Jun that retains a 

functional DNA binding domain and dimerization domain known as the bZIP domain 

(basic region and leucine zipper). Inhibition of proliferation of normal CEF by T AM67 is 

correlated with the down-regulation of cyclinD1 level (Gagliardi et al. , 2003), suggesting 

a mechanism by which AP-1 likely promotes cell proliferation. Our results indicated that 

CEFs stably expressing TAM67 exhibit reduced level of individual AP-1 members, e.g. 

c-Jun, JunD and Fra-2 and undergo senescence (Fig.7). It has been reported previously 

that c-Jun (-/-) MEFundergo premature entry into senescence in vitro (Schreiber et al., 

1999). Likewise, JunD (-/-) MEF undergo premature entry into senescence in culture 

(Weitzman et al. , 2000), suggesting that AP-1 is pro-proliferative in primary fibroblasts. 

Moreover, the induction of senescence in these cells is p53-dependent. We failed to 

detect the p53 expression in normal CEFs expressing TAM67 (data not shown). 

However, we cannot rule out the possibility that there is an induction in p53 levels in 

senescent cells since only a fraction of the whole cell population underwent senescence. 

Therefore, the increase in p53 levels may be insufficient to be detected. The same reason 

may be also true for the observation that a reduction of c-Jun expression by shRNA did 

not induce p53 in CEF (data not shown). On the contrary, we detected the induction of 

p53 in CEF when JunD expression was inhibited by shRNA (Fig.24). These results will 
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be discussed extensively in section 6. 

CEFs co-expressing TAM67 and a temperature sensitive strain of RSV, LA90, was 

used to study the effects of AP-1 inhibition upon v-Src activation. Transient expression 

assays confirmed that AP-1 activity is dramatically repressed by TAM67 at both non

permissive (41.5°C) and permissive temperature (37.5°C). In addition, senescence was 

induced primarily by T AM67 at the non-permissive temperature (Fig.8). Interestingly, 

three distinct phenotypes were present at the permissive temperature. First, SA~G assays 

revealed that a proportion of the cells were undergoing senescence, suggesting that AP-1 

is essential for the proliferation of either normal or v-Src transformed CEF. Second, a 

high incidence of apoptosis was observed upon activation of a temperature sensitive v-Src 

kinase (Fig.9&10). Finally, in addition to apoptosis, a proportion of the RSV -transformed 

CEFs expressing T AM67 were transformation defective and developed vesicles in the 

cytoplasm, but were negative in the TUNEL or SA~G assays. Instead, this phenotype was 

reminiscent of the lipid droplets found in adipocytes. Staining these cells with Oil Red 0 

confirmed that the vesicles were lipid-rich (Fig.ll). We failed to detect the induction of 

p20K (Fig.ll), a lipid-binding protein of the lipocalin family and a quiescence-specific 

protein (Bedard et al. , 1989), in these cells suggesting that these cells were not in a state 

of reversible growth arrest. Collectively, AP-1 activity was required for not only 

maintaining the survival and proliferative capacity of v-Src transformed CEF, but also for 

inhibiting differentiation. Previously, Iba' s group reported that expression of T AM67 

impairs the transformation induced by v-Src without addressing the mechanism (Suzuki 

et al., 1994). Our results showed that AP-1 is required to maintain cell survival upon v-
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Src-induced transformation in CEF. Therefore, the reason why Iba and co-workers failed 

to report any senescence or apoptosis may be due to the poor expression of TAM67 

controlled by older and weaker RCAS vectors and a lack of a sufficient repression of AP-

1 activity. 

3. The pleiotropic effects ofT AM67 in v-Src transformed CEF 

TAM67 interacts with all proteins of the AP-1 family and leads to inhibition of AP-1 

activity (Brown PH et al., 1994). Consistently, expression of TAM67 dramatically 

inhibited the AP-1 activity in v-Src transformed CEF (Fig.6). In addition, it can associate 

with C/EBP~ and proteins of the NFKB family via the bZIP domain (Stein et al. , 1993b). 

This direct interaction results in the down-regulation of the NFKB activity (Li et al., 

2000). NFKB is a family of dimeric transcription factors sharing a conserved Rei

homology domain. Activation of NFKB has been linked to many aspects of oncogenesis 

and, in particular, cell survival (Kucharczak et al., 2003). In addition, NFKB activity was 

elevated upon v-Src transformation in CEF (Fig.12) and was required for the survival of 

these cells (Fig.19). Moreover, expression of T AM67 repressed NFKB activity in v-Src 

transformed CEF. Thus, induction of cell death by T AM67 in RSV -transformed CEF 

might be, in part, due to the loss of an effective NFKB complex. 

Surprisingly, overexpression of T AM67 enhanced the C/EBP~ activity in v-Src 

transformed CEF (Fig.12). C/EBP~ is a key regulator of adipogenesis when 

overexpressed in fibroblasts including CEF (Kim S. et al., 1999, Mandrup and Lane 

1997). In our study, we observed the presence of lipid-rich vesicles in the cytoplasm of 
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CEFs co-expressmg activated v-Src and TAM67 (Fig.9) . Recent profiling analyses 

revealed that known targets of C/EBPp, including IL6 and PPARy, are induced in 

TAM67 expressing v-Src transformed CEF (our unpublished results). Since PPARy is an 

important modulator that positively regulates the adipogenesis process (Kim S. et al., 

1999, Mandmp and Lane 1997), the inhibition of AP-1 may lead to the induction of 

PPARy expression and adipogenesis by C/EBPP in a fraction of the CEF population. 

Whether or not the induction of PPARy expression and formation of lipid vesicles is 

dependent on C/EBPP in v-Src transformed cells remains to be confirmed. 

Collectively, we observed that TAM67 inhibits both AP-1 and NFKB activity but 

stimulates the expression of the C/EBP reporter gene (Fig.12). As a result, the activity of 

the IL8 promoter, which contains one AP-1, one NFKB and two C/EBP binding sites 

(Bojovic et al., 1996), was partly reduced by TAM67 in RSV-transformed CEF. Hence, 

the pleiotropic effects of T AM67 may reflect the interaction with different transcription 

factors including AP-1, NFKB and C/EBPp. Loss-of-function studies on individual 

members of AP-1 are thus required for the characterization of a precise role of AP-1 in v

Src transformation. 

4. Gene inhibition by virus-based shRNA expression system 

Avian retrovimses for expression of shRNA have been described before (Bromberg

White et al., 2004, Chen M et al., 2007, Das et al., 2006, Harpavat and Cepko 2006). 

However, little information exists on the efficacy of these vectors and their capacity to 

silence gene expression in a sustained manner, a condition required for studies on cell 
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proliferation and transformation. Using existing RCASBP vectors expressing shRNA 

from an internal Poliii promoter, we failed to observe prolonged down-regulation of 

several transcription factors of the AP-1 or NFKB family in chicken embryo fibroblasts 

(CEF; Our unpublished results). Similar conclusions were reached by other investigators 

(Chen M et al., 2007). In the vector designed by Das and co-investigators, a shRNA is 

expressed in the context a chicken microRNA under the control of a U6 promoter. We 

reasoned that transcriptional interference caused by the strong viral LTR or hindrance by 

the splicing machinery interfered with the expression of the shRNA. Since microRNA 

genes are transcribed by RNAPII, we deleted the U6 promoter and leader sequence to 

generate plasmid RCASBP(A)-shRNA-L1U6 and RCASBP(B)-shRNA-L1U6. In this 

vector, the shRNA sequence is cloned downstream of a splicing acceptor site and egfp 

gene (Fig.13). Since expression of the viral genome can be monitored through GFP 

expression, we used the modified RCASBP vector to express a shRNA sequence 

targeting this gene and followed GFP expression in CEF. Silencing of GFP expression 

was observed with limited effects on p27 gag protein expression and viral propagation. 

This observation suggests that the genomic viral RNA, which includes the egfp hairpin, 

was at least partially protected from degradation perhaps as a result of the interaction 

with viral proteins and efficient packaging into viral particles. This was observed in 

conditions where GFP was no longer detectable by either immunofluorescence or 

Western blotting analysis, indicating that the production of viral particles was not the 

result of inefficient RNA silencing (Fig.13). The persistence of the silencing effect lasted 

up to nine passages after transfection, i.e. for the entire duration of the experiment, 
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demonstrating that RNA interference was stable. Ectopic expression of GFP, following 

transfection of a CMV promoter/enhancer expression plasmid at the fifth passage after 

transfection of the RCASBP(A)-shRNA-~U6-egfp vector that expressing a egfp shRNA , 

also resulted in a reduction in GFP expression, indicating that gene silencing was a 

consequence of RNA interference (Fig.14). Moreover, induction of RNA interference, 

provided by the RCASBP(A)-shRNA-~U6-egfp vector, had no effects on CEF 

proliferation and did not interfere with morphological transformation by ts NY72-4 RSV 

(Fig.15 and data not shown). Patterns of phospho-tyrosine containing proteins were also 

unaltered by the induction of RNA interference, indicating that the presence of a shRNA

expression retroviral vector in the cell did not affect cell transformation by RSV 

(unpublished data). The development of the modified vector RCASBP(A)-shRNA-~U6 

and RCASBP(B)-shRNA-~U6 proved to be an invaluable tool in the study of gene 

expression in primary cells, such as CEF. Thus far, it has been used extensively in our 

laboratory to induce gene-specific down-regulation. 

5. NFKBl plOS is required for proliferation in normal CEF and survival for v-Src 

transformed CEF 

The NFKB transcription factor is a dimeric complex of RelA/p65, RelB , cRel, p52 

NFKB2, p50 NFKBl or Bcl-3 proteins. Activation of NFKB has been linked to 

transformation and survival (Kucharczak et al., 2003). It has been reported that pp60v-src 

stimulates the transcription of two gene products of NFKBl, the full length p105 and 

smaller form p50 in CEF (Cabannes et al., 1997), implying a role of NFKBl in v-Src 
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induced transformation. Since p105 and p50 are generated by co-translational processing 

from the same messenger RNA (Lin L et al., 1998), inhibition of p105 expression by 

shRNA would also result in the down-regulation of p50 level. Our results indicated that 

the expression of both proteins was dramatically inhibited (Fig.15&16). The inhibition of 

p105/p50 impaired cell proliferation by inducing senescence in normal CEF, whereas cell 

proliferation was not affected by the scrambled form of this shRNA (Fig.15). Transient 

expression assays revealed that the NFKB activity was reduced by the p105 shRNA in v

Src transformed CEF (Fig. 15). Consistently, we observed that the inhibition of NFKB 1 

p105 expression efficiently induced apoptosis in v-Src transfmmed CEF (Fig.16). Hence, 

NFKB1 p105 was also important for maintaining the survival of v-Src transformed CEF. 

Genes induced by v-Src in an NFKB dependent manner remain to be identified. Anti

apoptotic proteins such as Bcl-xL, NR13 and cellular inhibitors of apoptosis (clAP) are 

known targets of NFKB (Coll et al., 2002, Gillet et al., 1995, Greten and Karin 2006), 

which reflects a positive role of NFKB in cell survival. However, these factors are not 

induced by v-Src in CEF (Maslikowski et al., 2010). Therefore, other genes controlled by 

this factor must account for the pro-survival activity of NFKB in v-Src transformed CEF. 

6. Distinct functions of individual AP-1 members in v-Src transformed-CEF 

The expression of T AM67 caused the appearance of several phenotypes in v-Src 

transformed CEF. Surprisingly, each phenotype was ascribed to a different component of 

AP-1 as the downregulation of c-J un caused senescence, the inhibition of J unD induced 

apoptosis and the reduction of Fra-2 levels resulted in the accumulation of lipid-rich 
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vesicles but no senescence or apoptosis. These results imply a certain specificity in the 

action of each component of AP-1. Alternatively, the phenotypes may simply reflect a 

different degree of AP-1 inhibition and a different contribution to the activity of this 

factor by c-Jun, JunD and Fra-2. 

6.1 Expression c-Jun is required for normal CEF proliferation 

c-Jun is involved in cell cycle progression by directly activating the cyclinDJ gene and 

inhibiting p53 (Schreiber et al. , 1999). Accordingly, inhibition of c-Jtm expression by 

shRNA may induce growth arrest and senescence due to prolonged cell division 

inhibition and p53 activation. Senescence associated ~-galactosidase (SA~G) staining 

confirmed that CEFs undergo senescence when c-Jun expression was down-regulated in 

normal CEF (Fig.18), while CEFs expressing a control vector or scrambled form of the 

shRNA were not positive for senescence staining. Hence our results are in accordance 

with the previous finding that c-Jun is a positive regulator for cell proliferation. However, 

we failed to detect the induction of p53 in these cells and in CEFs expressing T AM67 

(data not shown), which might be a result of the partial down-regulation of c-Jun or 

insufficient induction of p53 . Interestingly, Gillespie's group has reported that c-Jun (-/-) 

MEF could proliferate normally when cultured in conditions of mild hypoxia [3 % 0 2; 

(MacLaren et al., 2004)]. DNA damage was evident in these cells, suggesting that the 

elevated level of DNA damage is the result of hyperoxic stress caused by the laboratory 

conditions. Thus it would be interesting to ask whether CEFs expressing the c-jun shRNA 

also behave similarly. In this case, level of DNA damage will also be investigated in 
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these cells . This result may reveal a role of c-Jun in the hyperoxic stress response in CEF. 

We also studied the effect of c-Jun inhibition in RSV-transformed CEF. Transient 

expression assays showed that loss of c-Jun expression weakly interfered with AP-1 

activity (Fig.21). Moreover, soft-agar assays indicated that expression of the c-jun 

shRNA did not interfere with the anchorage-independent growth of v-Src transformed 

CEF (Fig.21). These findings may be the results of a partial, inefficient down-regulation 

of c-Jun (Fig.21). Since c-Jun down-regulation induced senescence in normal CEF, the 

partial inhibition may reflect the counter-selection (elimination) of CEF with strong c-Jun 

inhibition. Significantly, a partial inhibition was consistently observed with 4 other c-jun 

shRNA constructs, suggesting that the absence of c-Jun gene function is not tolerated in 

CEF. For this reason and the fact that c-Jun is not the predominant component of AP-1 in 

v-Src transformed CEF, we decided not to pursue the study of this factor in v-Src 

transformed CEF. 

6.2 lunD is required for the survival of both normal and v-Src transformed CEF 

In normal CEF, the reduction in JunD expression was characterized by the inhibition 

of cell proliferation and the onset of apoptosis in a small fraction of the cells (Fig.19). In 

addition, we have been able to show that inhibition of JunD expression resulted in a 

marked reduction of AP-1 activity in RSV -infected CEF (Fig. 22), implying that JunD is 

an important component of AP-1 in RSV-infected CEF. Moreover, JunD inhibition was 

deleterious in these cells and the incidence of apoptosis was greater than that in normal 

CEF (Fig.22), suggesting that the expression of JunD was critical for the survival of v-Src 
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transformed cells. We also showed that the expression of TAM67 down-regulated NFKB 

activity in these cells, an effect which may also account for the induction of apoptosis by 

T AM67. However, transient expression assay confirmed that the expression of junD 

shRNA did not interfere with the NFKB activity in v-Src transformed CEF (data not 

shown), suggesting that the effects of junD shRNA were specific. Taken together, JunO 

was cmcial to maintain cell survival in both normal and v-Src transformed CEF. Mouse 

primary fibroblasts lacking JunO expression led to the accumulation of p19ARF and p53, 

resulting in cell cycle arrest and senescence (Weitzman et al., 2000). These cells were 

also hypersensitive to UV- or TNF-alpha-treatment. Consistently, we observed the 

induction of p53 in CEFs expressing the junD shRNA (Fig.24). The induction of p53 as 

well as the incidence of apoptosis became prominent in the presence of a transforming v

Src. However, we did not observe senescence in CEFs upon JunO inhibition. This 

discrepancy may reflect species-specific differences or the conditions of culture of MEF 

and CEF. Furthermore, we failed to detect the accumulation of chicken ARF (p7ARF) 

using antibodies generated by other investigators (data not shown). Since these antibodies 

are the only ones available for chicken Arf, it is difficult to conclude if the failure to 

detect p7ARF indicates a lack of induction of this protein or reflects the poor quality of this 

reagent. It is important to note that ARF is poorly conserved and that chicken encodes an 

ARF protein that is significantly smaller (7kDa) than the human (p14ARF) and murine 

counterparts [p19ARF; (Kim SH et al., 2003)]. However, this chicken form of ARF is 

functionally similar to its human counterpart playing a role in the regulation of p53 (Kim 

SH et al., 2003, Moulin et al., 2008). Therefore, the involvement of chicken ARF in the 
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p53-dependent apoptosis induced by JunD inhibition in CEF remains to be investigated. 

Dual inhibition of JunD and p53 by shRNA restored the anchorage-independent growth 

property of v-Src transformed CEF (Fig.24), as indicated by colony formation in soft

agar. Therefore, the apoptosis observed in conditions of JunD inhibition was p53-

dependent. This is also supported by the observation that the inhibition of JunD is more 

prominent in CEFs expressing shRNA for both junD and p53 than that expressing the 

junD shRNA alone (Fig.24), suggesting that a high degree of JunD inhibition is not 

tolerated in CEF. Therefore, the co-inhibition of p53 allows for a more efficient 

repression of JunD in these cells. Hence, JunD is a survival factor for CEF. 

6.3 Fra2 provides a block to differentiation 

Loss of Fra-2 expression did not affect the proliferation and survival of normal CEF 

(Fig.20), which is in agreement with the observation that Fra-2 is poorly expressed in 

these cells. A previous study has demonstrated that the transactivation domain of Fra-2 is 

strongly activated in response to v-Src transformation (Murakami et al., 1997). In 

addition, we observed that the expression of Fra-2 was strongly stimulated by v-Src (N. 

Singh, personal communication and manuscript in Appendix 2), suggesting that increased 

Fra-2 activity is important for v-Src transformation. In agreement with this notion, we 

observed that the down-regulation of Fra-2 expression by shRNA reduced AP-1 activity 

in v-Src transformed CEF (Fig.22). This result suggests that the predominant form of AP-

1 of v-Src transformed CEF is the JunD/Fra-2 heterodimer. Moreover, v-Src transformed 

CEF expressing the fra-2 shRNA were flat and morphologically non-transformed 
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(Fig.23). Soft-agar assays revealed that these cells were not able to form colonies in soft

agar, indicating that inhibition of Fra-2 expression impairs the capacity of v-Src 

transformed CEF to grow in an anchorage-independent manner, a marker of 

transformation (Appendix 1, Fig. 27). However, apoptosis was not detected in these cells 

(Fig. 22), probably due to the presence of JunD and the formation of AP-1 complexes 

containing JunD and c-Jun. Instead, lipid-rich vesicles accumulated in the cytoplasm of 

these cells (Fig.23), but not in v-Src transformed CEF expressing a shRNA for other 

transcription factors such as J unD, c-Jtm and NFKB 1 p 105 (data not shown). In addition, 

Fra-2 is unlikely to bind DNA in the conditions of JunD inhibition due to the fact that 

Fra-2 is unable to form homodimers and must interact with a member of the Jun family to 

bind DNA (Eferl Rand Wagner 2003). However, lipid-rich vesicles were not observed in 

condition of JunD inhibition (our unpublished results). This observation may reflect the 

fact that cells are committed to apoptosis in the absence of JunD and are therefore unable 

to differentiate in the absence of Fra-2. Interestingly, we detected vesicles formation in a 

fraction of the v-Src transformed CEF with co-inhibition of JunD and p53 by shRNA 

(data not shown). Gene profiling studies in our laboratory led to the observation that 

PP ARy expression is induced by T AM67 upon v-Src transformation, an observation that 

might account for the lipid-vesicle formation (data not shown). Whether or not the 

induction of PPARy expression is involved in the formation of lipid vesicles upon Fra-2 

inhibition in v-Src transformed cells requires further investigation. More importantly, 

these results suggest that v-Src can stimulate pathways controlling lipid vesicles 

formation, a process antagonized by the presence of Fra-2/AP-1. 

142 



Ph.D Thesis-L. Wang McMaster-Biology 

7. Consequences of AP-1 inhibition in v-Src transformed CEF 

7.1 Involvement of CIEBPB in the response to AP-1 inhibition 

v-Src transformed CEF stably expressing TAM67 underwent apoptosis, implying that 

AP-1 is required for v-Src-dependent viability in CEF (Chapter 3). We have 

demonstrated that in addition to apoptosis, a proportion of the v-Src-transformed CEFs 

expressing T AM67 were flat and developed lipid-containing vesicles in the cytoplasm. 

Transient expression assays indicated that CIEBP~ activity was elevated in RSV

transformed CEF in the presence of T AM67. Therefore, it is possible that the formation 

of lipid-rich vesicles reflects the stimulation of CIEBP~ activity in these conditions. A 

mutual antagonism between AP-1 and CIEBP~ has been reported previously. Indeed, 

overexpression of a dominant negative form of CIEBP~, .0.184-C/EBP~, induced the 

expression of three major AP-1 members (c-Jun, JunD and Fra2) and stimulated the 

expression of cyclinD1 in CEF (Gagliardi et al., 2003). In quiescent CEF, AP-1 activity 

is reduced markedly while CIEBP~ activity remains high and is required for the 

expression of p20K, a marker for reversible growth arrest in CEF. Moreover, 

overexpression of c-Jun, JunD and Fra-2 blocks the induction of the p20K lipocalin by 

CIEBP~ at high cell density (Gagliardi et al., 2003). In these conditions, CEF are no 

longer contact-inhibited and rapidly undergo apoptosis, possibly as a result of starvation. 

Therefore, AP-1 and CIEBP~ cooperate in the induction of genes of the GO-G 1 transition, 

such as IL8, but antagonize each other in the control of cell proliferation and quiescence

specific gene expression. The mechanism underlying this phenomenon is unknown but 

may reflect the competition for limiting amounts of co-activators (Gagliardi et al., 2003). 
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The elimination of AP-1 may redirect the action of C/EBP~ in gene expression and, as a 

result, change the fate of the cell. This may account for the formation of lipid-rich 

vesicles in v-Src transformed CEF, a process that suggests that CEF in these conditions 

have undergone adipogenic conversion. Further studies are required to test this 

hypothesis. 

7.2 Gene profiling revealed a C/EBPB signature in conditions o{AP-1 inhibition 

The inhibition of individual AP-1 members by shRNA suggests different functions for 

individual members in proliferation and survival in normal and RSV -infected CEF. With 

the availability of the chicken genome and the "gene chips", we have obtained a gene 

profile of RSV -transformed CEF expressing T AM67 or a junD shRNA by microarray 

analysis. Gene profiling studies of v-Src transformed CEF expressing TAM67 or the 

junD shRNA identified 22 genes induced aberrantly by v-Src when AP-1/JunD is 

inhibited (Table 2 in Appendix 1). Many of these genes are components of the IFN 

pathway and/or are known targets of C/EBP~ (DAPK1, IL6). 

Two recent reports demonstrated that the C/EBP~-mediated induction of 

inflammatory cytokines or chemokines in response to oncogenes, in particular IL6 and 

IL8, generates DNA damage and contributes to oncogene-induced senescence [OIS; 

(Acosta et al., 2008b, Kuilman et al., 2008)]. Moreover, C/EBP~ activates the 

expression of death-associated protein kinase 1 (DAPK1), a protein critical for the 

regulation of apoptosis by interferon gamma (IFN-y) in mouse MEF (Gade et al. , 2008). 

Induction of DAPK 1 represses transformation induced by Ras or SV 40 large T -antigen 
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by activating a p19ARF/p53 apoptotic checkpoint in MEF (Raveh et al., 2001). 

Interestingly, our result demonstrated that v-Src transformed CEF expressing the junD 

shRNA have elevated levels of p53 (Fig.24). Dual inhibition of JunD and p53 bypassed 

apoptosis and restored v-Src induced transformation (Fig.24). Finally, DAPK1 expression 

was stimulated in conditions of AP-1 inhibition in v-Src transformed CEF (Appendix 1, 

Fig.27). Co-inhibition of JunD and DAPK1 expression by shRNA in v-Src transformed 

CEF re-established cell survival and the ability to form colonies in soft agar. 

Significantly, colonies formed in these conditions were more numerous and larger than 

colonies formed by control v-Src transformed CEF with normal levels of AP-1/JunD and 

DAPK1 (Appendix 1, Fig.27). Hence, these results suggest that the loss of JunD/AP-1 in 

v-Src transformed CEF leads to transcriptional activation of C/EBP~ targeted genes, 

which might sensitize the cell to apoptosis as a result of DAPK1 activation. However, a 

direct link between C/EBP~ and DAPK1 in v-Src transformed CEF remains to be 

demonstrated. Taken together, the results of our studies suggest that the induction of AP-

1 serves, in part, to restrict the induction of C/EBP~ controlled genes such as DAPK-1. 

The inhibition of AP-1/JunD may activate a latent C/EBP~-DAPK1-p53 pathway that 

functions as oncogene-checkpoint in these cells. It is interesting that DAPK1 is tyrosine

phosphorylated and inhibited by v-Src (Wang WJ et al., 2007). The accumulation of 

DAPK -1 in conditions of AP-1 inhibition may overcome the inhibitory effects of v-Src 

and induce apoptosis. Therefore, DAPK-1 may be a relevant target of v-Src, whose 

activity is normally restricted by direct phosphorylation and a limited expression 

determined by the level of AP-1 in the cell. 
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7.4 The interplay between C/EBPB and AP-I 

Collectively, AP-1 and C/EBP~ appear to function in an opposite manner m 

regulating normal cell growth and v-Src induced transformation in vitro. Two possible 

mechanisms may account for the induction of C/EBP~ activity and its controlled genes 

such as IL-6 and DAPK 1 in response to AP-1 inhibition. In the first mechanism, AP-1 

competes with C/EBP~ on a responsive-promoter region and exerts a negative effect on 

gene transcription. In this scenario, the DAPK1 promoter can be studied since its murine 

counterpart includes a functional CRE targeted by C/EBP~ in response to IFN-y (Gade et 

al., 2008). Since JunO has been shown to interact with CRE sequences in some 

promoters and block transcription (Guberman et al., 2003), it may function directly by 

binding to the DAPK1 promoter region containing CRE sequences. In the second 

mechanism, competition for limiting amount of co-activators such as p300/CBP between 

AP-1 and C/EBP~ might contribute to defects in the transcription activation of C/EBP~ 

targets in v-Src transformed CEF. A similar mechanism has been demonstrated 

previously to explain how nuclear receptors downregulates AP-1 activity by competing 

for limited amount of p300/CBP (Kamei Y et al. , 1996). Therefore, the inhibition of AP-

1 would allow for the preferential recruitment of p300/CBP by other transcription factors 

present in the cell such as C/EBP~. In this situation, overexpression of p300/CBP might 

be able to enhance the expression of C/EBP~ targets in v-Src transformed CEF. Further 

investigation is required to test these hypotheses. 

7.4 The gene regulatory network of v-Src transformed CEF 
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We propose a functional gene regulatory network involving three families of 

transcription factors (AP-1, C/EBP~ and NFKB) that promote the induction of genes of 

the GO-G 1 transition, such as IL8, and cell transformation (Fig.25). Impairment of a 

component of this network, such as AP-1 or NFKB , results in a reorganization of this 

network, the global pattern of gene expression and the fate of the cell. Investigations of 

these transcription factors will provide novel insights on the role of this cooperative 

network in the CEF transformation by v-Src. More importantly, novel therapeutic 

approaches may be uncovered by characterizing the AP-1 gene regulatory network of v

Src transformed cells. 
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TRANSFORMATION 

IL8 

DAPKl 

AP-1 APOPTOSIS C/EBP~ 
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PPARy 

I cELL DIFFERENTIATION \ 

Figure 25. Proposed AP-I gene regulatory network. AP-I , NFKB and C/EBP~ cooperate in the induction of the 

IL8 gene and cell transformation. V-Src activated AP-1 antagonizes the activity of C/EBP~ and represses DAPKl , 

IL6 and PPARy. The inhibition of AP-I in v-Src transformed CEF allows the induction of DAPKI, IL6 and PPAR 

y by the activated C/EBP~ thus committing cells to apoptosis or cell differentiation (adipogenesis). 
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8. Future Directions 

8.1 The involvement ofERK2 in the activation ofthe lunD TAD 

Our data suggests that AP-1 is activated by v-Src via a pathway dependent on 

MEK/ERK (Chapter 3, Fig.1). Transient expression assays confirmed that the activity of 

the JunD TAD is highly stimulated by v-Src (Fig.6). EMSA analysis and ChiP assays 

revealed that JunD/Fra-2 is a major AP-1 complex in v-Src transformed CEF (Wang et 

al., Manuscript in Appendix 2). Consistently, down-regulation of JunD expression by 

shRNA significantly repressed AP-1 activity in v-Src transformed CEF (Fig.22), 

suggesting that activation of J unD TAD contributes, in part, to the increased AP-1 

activity in response to v-Src transformation. Previous studies demonstrated that the TAD 

domain of Fra-2 is known to be activated by ERK in v-Src transformed CEF (Murakami 

et al., 1997) . Moreover, the JunD TAD is activated preferentially by ERK (Fantz et al., 

2001, Vinciguerra et al., 2004). Thus it is worthy to investigate whether the stimulation 

of AP-1 activity by v-Src depends on an ERK-dependent phosphorylation of the JunD 

TAD domain. 

8.2 The interplay o(ERK2 and DAPKI in the regulation o(survival ofv-Src transformed 

CEF 

Recently, Hu and co-workers reported that ERK2 functions as a DNA binding and 

transcriptional repressor of IFN-responsive genes controlled by the GATE element 

bound by C/EBPP (Hu S et al., 2009). If we confirm a role for ERK2 in the control of the 

JunD TAD, this kinase may function as a repressor of GATE-controlled genes by two 
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separate mechanisms (direct DNA binding and control of JunD TAD activity). Since 

DAPK1 inhibits ERK signaling by sequestering ERK in the cytoplasm (Chen CH et al., 

2005), a long-term objective of this project is to study the interplay between ERK and 

DAPK 1 in the control of GATE regulated genes and apoptosis by v-Src. Particular 

attention will be devoted to genes of the IFN pathway included in Tablel of Appendix 1. 

8.3 Characterization o[AP-1 or NFKB dependent gene expression 

The observation that the down-regulation of individual AP-1 members yielded 

different phenotypes may reflect different degrees of AP-1 reduction and a different 

contribution to the activity of this factor by each component (Chapter 5). Particular 

attention was devoted to JunD and Fra-2 since these are the major components of AP-1 in 

v-Src transformed CEF (Wang et al., manuscript in Appendix 2). Inhibition of JunD 

induced apoptosis in v-Src transformed CEF, while lipid-rich vesicles accumulated in the 

cytoplasm of v-Src transformed CEF expressing the fra-2 shRNA (Chapter 5). Thus far, 

we have obtained the profiles of CEF co-expressing a ts v-Src kinase (NY72-4 RSV) with 

either the dominant negative mutant of c-Jun (TAM67) or a shRNA for JunD at the non

permissive and permissive temperatures. Comparison between these two gene profiles 

revealed 22 genes that are commonly regulated by TAM67 and JunD inhibition (Table 2 

in Appendix 1). Some of these genes belong to the IFN pathway and are targets of 

C/EBP~. Co-inhibition of these genes and JunD will shed light on pathways that are 

involved in the apoptosis induced by JunD inhibition. Similar approaches will be applied 

to CEF co-expressing ts v-Src and the fra-2 shRNA. The results of these analyses may 

150 



Ph.D Thesis-L. Wang McMaster-Biology 

reveal a pathway responsible for the formation of lipid-rich vesicles. 

Expression of TAM67 resulted in the down-regulation of NFKB activity in v-Src 

transformed CEF (Fig.10). Inhibition of nfrbl p105/p50 by shRNA led to the induction 

of senescence in normal CEF. CEFs co-infected with a temperature sensitive mutant of 

RSV, NY72-4, and a virus expressing the p105/p50 shRNA also exhibited a senescence 

phenotype at the non-permissive temperature while the incidence of apoptosis was 

dramatically increased at the permissive temperature (Fig.15). Transient expression 

assays revealed that the NFKB activity was reduced by the pl05/p50 shRNA by 50% 

(Fig. 15), suggesting the presence of other members of the NFKB family accounting for 

the remaining activity of NFKB in v-Src transformed CEF. Hence in order to investigate 

the pathways regulated by NFKB 1 p105 upon v-Src transformation, we plan to perform 

gene profiling analysis following the same methodology described above. The 

comparison between the gene profiles of CEF co-expressing a ts v-Src kinase (NY72-4 

RSV) with either the dominant negative mutant of c-Jun (TAM67) or a shRNA for 

pi 05/p50 will reveal genes that are under the control of v-Src and NFKB 1. Loss-of

function studies using the shRNA vector modified in our laboratory will be needed for 

the investigation of these genes. While v-Src is known to activate several targets of NFKB 

in mammalian cells or in quail neuro-retinal cells (Collet al., 2002, Gillet et al., 1995), 

genes such as Bcl-xL, IAP2 and NR-13 (also a pro-survival member of the Bcl-2 family) 

are not regulated by v-Src in CEF (Maslikowski et al., 2010). Therefore, the proposed 

gene profiling studies may uncover novel pro-survival targets of v-Src controlled by 

NFKB in CEF. 
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Inhibition of individual AP-1 members using shRNA expression vectors modified in 

our laboratory led to the discoveries of the role of individual AP-1 members in response 

to v-Src transformation. Gene profiling analyses revealed valuable information for future 

studies on pathways promoting transformation and latent pathways functioning as 

oncogene checkpoints. The characterization of these pathways will provide new 

opportunities for the development of novel strategies in the treatment of cancer patients 

with aggressive tumours characterized by high Src kinase activity. 

152 



Ph.D Thesis-L. Wang McMaster-Biology 

Reference 

Abate C, Luk D, Curran T. 1991. Transcriptional regulation by Fos and Jun in vitro: 
interaction among multiple activator and regulatory domains. Mol Cell Biol. 11: 
3624-3632. 

Abate C, Patel L, Rauscher F, Curran T. 1990 Redox regulation of fos and jun DNA
binding activity in vitro. Science 249: 1157-1161. 

Abu-Ghazaleh R, Kabir J, Jia H, Lobo M, Zachary I. 2001. Src mediates stimulation by 
vascular endothelial growth factor of the phosphorylation of focal adhesion kinase 
at tyrosine 861, and migration and anti-apoptosis in endothelial cells. Biochem J. 
360: 255-264. 

Acosta J, O'Loghlen A, Banito A, Guijarro M, Augert A, Raguz S, Fumagalli M, Costa 
MD, Brown C, Popov N, Takatsu Y, Melanrned J, Fagagna FdAd, Benard D, 
Hernando E, Gill J. 2008a. Chemokine Signaling via the CXCR2 Receptor 
Reinforces Senescence. Cell 133: 1006- 1018. 

Acosta J, O'Loghlen A, Bani to A, Guijarro M, Augert A, Raguz S, Fumagalli M, M 
MDC, Brown C, Popov N, Takatsu Y, Melamed J, Fagagna FdAd, Bernard D, 
Hernando E, Gil J. 2008b. Chemokine signaling via the CXCR2 receptor reinforces 
senescence. Cell 13 3: 1006-10 18. 

Agarwal S, Novotny E, Crabtree J, Weitzman J, Yaniv M, Burns A, Chandrasekharappa 
S, Collins F, Spiegel A, Marx S. 2003. Transcription factor JunD, deprived of 
menin, switches from growth suppressor to growth promoter. Proc Natl Acad Sci U 
SA 100: 10770-10775. 

Agarwal SK, Guru SC, Heppner C, Erdos MR, Collins RM, Park SY, Saggar S, 
Chandrasekharappa SC, Collins FS, Spiegel AM, Marx SJ, Burns AL. 1999. Menin 
interacts with the API transcription factor JunD and represses lunD-activated 
transcription [In Process Citation]. Cell96: 143-152. 

Albanese C, Johnson J, Watanabe G, Eklund N, Vu D, Arnold A, Pestell RG. 1995. 
Transforming p21ras Mutants and c-Ets-2 Activate the Cyclin Dl Promoter 
through Distinguishable Regions. J Biol Chern. 270: 23589-23597. 

Andersen J, Strandbygard D, Hartmann R, Justesen J. 2004. Interaction between the 2'-5' 
oligoadenylate synthetase-like protein p59 OASL and the transcriptional repressor 
methyl CpG-binding protein 1. Eur J Biochem. 271: 628-636. 

Anderson K, Coadwell J, Stephens L, Hawkins P. 1998. Translocation of PDK-1 to the 
plasma membrane is important in allowing PDK-1 to activate protein kinase B. 
Curr. Biol. 8: 684-691. 

Andrecht S, Kolbus A, Hartenstein B, Angel P, Schorpp-Kistner M. 2002. Cell cycle 
promoting activity of JunB through cyclin A activation. J Biol Chern. 277: 35961-
35968. 

Angel P, Hattori K, Smeal T, Karin M. 1988. The jun proto-oncogene is positively 
autoregulated by its product, Jun/AP-1. Cell 55: 875-885. 

Anjum R, Blenis J. 2008. The RSK family of kinases: emerging roles in cellular 
signaling. Nat. Rev. Mol. Cell Biol. 9: 747-758. 

Avizienyte E, Wyke A, Jones R, McLean G, Westhoff M, Brunton V, Frame M. 2002. 

153 



Ph.D Thesis-L. Wang McMaster-Biology 

Src-induced de-regulation of E-cadherin in colon cancer cells reqmres integrin 
signaling. Nat Cell Bioi. 4: 632-638. 

Bakiri L, Lallemand D, Bossy-Wetzel E, Yaniv M. 2000. Cell cycle-dependent variations 
in c-Jun and JunB phosphorylation: a role in the control of cyclin D1 expression. 
The EMBO J. 19: 2056-2068. 

Baldwin AS. 2001. Control of oncogenesis and cancer therapy resistance by the 
transcription factor NF-kappaB. J Clin Invest 107: 241-246. 

Baldwin B, Timchenko N, Zahnow C. 2004. Epidermal growth factor receptor 
stimulation activates the RNA binding protein CUG-BP1 and increases expression 
of C/EBPbeta-LIP in mammary epithelial cells. Mol Cell Bioi. 24: 3682-3691. 

Balmanno K, CookS. 2009. Tumour cell survival signaling by the ERK1/2 pathway. Cell 
Death Differ. 16: 368-377. 

Barone M, Courtneidge S. 1995. Myc but not Fos rescue of PDGF signaling block caused 
by kinase-inactive Src. Nature 378: 509-512. 

Bartel D. 2009. MicroRNAs: Target Recognition and Regulatory Functions. Cell 136: 
215-230. 

Basso J, Briggs J, Findlay C, Bos T. 2000. Directed mutation of the basic domain of v
Jun alters DNA binding specificity and abolishes its oncogenic activity in chicken 
embryo fibroblasts. Oncogene 19: 4876-4885. 

Bates P, Young J, Varmus H. 1993. A receptor for subgroup A Rous sarcoma virus is 
related to the low density lipoprotein receptor. Cell 74: 1043-1051. 

Baumann S, Hess J, Eichhorst S, Krueger A, Angel P, Krammer P, Kirchhoff S. 2003. An 
unexpected role for FosB in activation-induced cell death ofT cells. Oncogene 22: 
1333-1339. 

Bedard P, Yannoni Y, Simmons D, Erikson R. 1989. Rapid repression of quiescence
specific gene expression by epidermal growth factor, insulin, and pp60v-src. Mol 
Cell Biol9: 1371-1375. 

Bedard P, Alcorta D, Simmons D, Luk K, Erikson R. 1987. Constitutive expression of a 
gene encoding a polypeptide homologous to biologically active human platelet 
protein in Rous sarcoma virus-transformed fibroblasts . PNAS 84: 6715-6719. 

Behrens A, Sibilia M, Wagner E. 1999. Amino-terminal phosphorylation of c-Jun 
regulates stress-induced apoptosis and cellular proliferation. Nat Genet. 21: 326-
329. . 

Behrens A, Jochum W, Sibilia M, Wagner E. 2000. Oncogenic transformation by ras and 
fos is mediated by c-Jun N-terminal phosphorylation. Oncogene 19: 2657-2663. 

Behrens A, Sabapathy K, Graef I, Cleary M, Crabtree G, Wagner E. 2001. Jun N
terminal kinase 2 modulates thymocyte apoptosis and T cell activation through c
Jun and nuclear factor of activated T cell (NF-AT). Proc Natl Acad Sci US A 98: 
1769-1774. 

Behrens A, Sibilia M, David J, Mohle-Steinlein U, Tranche F, Schlitz G, Wagner E. 
2002. Impaired postnatal hepatocyte proliferation and liver regeneration in mice 
lacking c-jun in the liver. EMBO J. 21: 1782-1790. 

Behrens J, Vakaet L, Friis R, Winterhager E, Roy FV, Mareel M, Birchmeier W. 1993. 
Loss of epithelial differentiation and gain of invasiveness correlates with tyrosine 

154 



Ph.D Thesis-L. Wang McMaster-Biology 

phosphorylation of the E-cadherinlbeta-catenin complex in cells transformed with a 
temperature-sensitive v-SRC gene. J. Cell Biol. 120: 757 - 766. 

Berger I, Shaul Y. 1994. The human junD gene is positively and selectively 
autoregulated. DNA Cell Biol 13 : 249-255. 

Bernstein A, MacCormick, R. & Martin, G. S. 1976. Transformation-defective mutants of 
avian sarcoma viruses: the genetic relationship between conditional and 
nonconditional mutants. Virology 70: 206-209. 

Biscardi J, Ishizawar R, Silva C, Parsons S. 2000. Tyrosine kinase signaling in breast 
cancer: epidermal growth factor receptor and c-Src interactions in breast cancer. 
Breast Cancer Res. 2: 203-210. 

Bjorge JD, Pang A, Fujita DJ. 2000 Identification of Protein-tyrosine Phosphatase lB as 
the Major Tyrosine Phosphatase Activity Capable of Dephosphorylating and 
Activating c-Src in Several Human Breast Cancer Cell Lines J. Biol. Chern. 275: 
41439-41446. 

Bohmann D, Tjian R. 1989. Biochemical analysis of transcriptional activation by Jun: 
differential activity of c- and v-Jun. Cell 59: 709-717. 

Bojovic B, Rodrigues N, Dehbi M, Bedard PA. 1996. Multiple signaling pathways 
control the activation of the CEF-4/9E3 cytokine gene by pp60v-src. J Biol Chern 
271: 22528-22537. 

Bouillet P, Strasser A. 2002. BH3-only proteins - evolutionarily conserved proapoptotic 
Bcl-2 family members essential for initiating programmed cell death. J Cell Sci. 
115: 1567-1574. 

Brojatsch J, Naughton J, Rolls M, Zingler K, Young J. 1996. CARl, a TNFR-Related 
Protein, Is a Cellular Receptor for Cytopathic Avian Leukosis-Sarcoma Viruses 
and Mediates Apoptosis. Cell 87: 845-855. 

Bromann P, Korkaya H, Courtneidge S. 2004. The interplay between Src family kinases 
and receptor tyrosine kinases. Oncogene 23: 7957-7968. 

Bromberg-White J, Webb C, Patacsil V, Miranti C, Williams B, Holmen S. 2004. 
Delivery of Short Hairpin RNA Sequences by Using a Replication-Competent 
Avian Retroviral Vector. J. Virol. 78: 4914-4916. 

Broome M, Courtneidge S. 2000. No requirement for src family kinases for PDGF 
signaling in fibroblasts expressing SV40 large T antigen. Oncogene 19: 2867-2869. 

Brott BK, Decker S, Shafer J, Gibbs JB, Jove R. 1991. GTPase-activating protein 
interactions with the viral and cellular Src kinases. Proc. Nail. Acad. Sci. USA 88: 
755-759. 

Brown MT, Cooper JA. 1996. Regulation, substrates and functions of src. Biochimica et 
Biophysica Acta (BBA)- Reviews on Cancer 1287: 121-149. 

Brown P, Chen T, Birrer M. 1994. Mechanism of action of a dominant-negative mutant 
of c-Jun. Oncogene 9: 791-799. 

Brown P, Alani R, Preis L, Szabo E, Birrer M. 1993. Suppression of oncogene-induced 
transformation by a deletion mutant of c-jun. Oncogene 8: 877-886. 

Bruder JT, Heidecker G, Rapp UR. 1992. Serum-, TPA-, and Ras-induced expression 
from Ap-1/Ets-driven promoters requires Raf-1 kinase. Genes Dev 6: 545-556. 

Buck M, Poli V, Hunter T, Chojkier M. 2001. C/EBP~ Phosphorylation by RSK Creates 

155 



Ph.D Thesis-L. Wang McMaster-Biology 

a Functional XEXD Caspase Inhibitory Box Critical for Cell Survival. Mol. Cell 8: 
807- 816. 

Cabannes E, Vives MF, Bedard PA. 1997. Transcriptional and post-transcriptional 
regulation of kappaB- controlled genes by pp60v-src. Oncogene 15: 29-43. 

Calc V, Migliavacca M, Bazan V, Macaluso M, Buscemi M, Gebbia N, Russo A. 2003. 
STAT proteins: from normal control of cellular events to tumorigenesis. J Cell 
Physiol. 197: 157-168. 

Cao X, Tay A, Guy G, Tan Y. 1996. Activation and association of Stat3 with Src in v
Src-transformed cell lines. Mol Cell Biol. 16: 1595-1603. 

Cao Z, Umek R, McKnight S. 1991. Regulated expression of three C/EBP isoforms 
during adipose conversion of 3T3-L1 cells. Genes & Dev. 5: 1538-1552. 

Carthew R, Sontheimer E. 2009. Origins and Mechanisms of miRNAs and siRNAs. Cell 
136: 642-655. 

Cartwright C, Meisler A, Eckhart W. 1990. Activation of the pp60c-src protein kinase is 
an early event in colonic carcinogenesis. Proc Natl Acad Sci US A 87: 558-562. 

Cary L, Klinghoffer R, Sachsenmaier C, Cooper J. 2002. Src Catalytic but Not 
Scaffolding Function Is Needed for Integrin-Regulated Tyrosine Phosphorylation, 
Cell Migration, and Cell Spreading. Mol Biol Cell. 22: 2427-2440. 

Cesena T, Cui T, Subramanian L, Fulton C, Ifi.iguez-Lluhf J, Kwok P, Schwartz J. 2008. 
Acetylation and deacetylation regulate CCAAT/enhancer binding protein ~ at K39 
in mediating gene transcription. Mol. cell. Endocrinol. 289: 94-101. 

Chang EH, Gonda MA, Ellis RW, Scolnick EM, Lowy DR. 1982. Human genome 
contains four genes homologous to transforming genes of Harvey and Kirsten 
murine sarcoma viruses. Proc Natl Acad Sci U S A 79: 4848-4852. 

Chen C, Wang W, Kuo J, Tsai H, Lin J, Chang Z, Chen R. 2005. Bidirectional signals 
transduced by DAPK-ERK interaction promote the apoptotic effect of DAPK. 
EMBO J. 24: 294-304. 

Chen M, Granger A, VanBrocklin M, Payne W, Hunt H, Zhang H, Dodgson J, Holmen S. 
2007. Inhibition of avian leukosis virus replication by vector-based RNA 
interference. Virology 365: 464-472. 

Chida K, Nagamori S, Kuroki T. 1999. Nuclear translocation of Fos is stimulated by 
interaction with Jun through the leucine zipper. Cell Mol Life Sci. 55: 297-302. 

Coll M, Rosen K, Ladeda V, Filmus J. 2002. Increased Bcl-xL expression mediates v
Src-induced resistance to anoikis in intestinal epithelial cells. Oncogene. 

Courtneidge SA, Levinson AD, Bishop JM. 1980. The protein encoded by the 
transforming gene of avian sarcoma virus (pp60src) and a homologous protein in 
normal cells (pp60proto-src) are associated with the plasma membrane. Proc Natl 
Acad Sci US A 77: 3783-3787. 

Croniger C, Millward C, Yang J, Kawai Y, Arinze I, Liu S, Harada-Shiba M, 
Chakravarty K, Friedman J, Poli V, Hanson R. 2001. Mice with a Deletion in the 
Gene for CCAAT/Enhancer-binding Protein ~ Have an Attenuated Response to 
cAMP and Impaired Carbohydrate Metabolism. J. Biol. Chern. 276: 629-638. 

Cross FR, Garber EA, Pellman D, Hanafusa H. 1984. A short sequence for the p60src N 
terminus is required for p60src myristylation and membrane association and for cell 

156 



Ph.D Thesis-L. Wang McMaster-Biology 

transformation. Mol. Cell. Biol. 4: 1834-1842. 
Derijard B, Hibi M, Wu I, Barrett T, SuB, Deng T, Karin M, Davis R. 1994. JNK1: a 

protein kinase stimulated by UV light and Ha-Ras that binds and phosphorylates 
the c-Jun activation domain. Cell 76: 1025-1037. 

Darlington G, Ross S, MacDougald 0. 1998. The role of CIEBP genes in adipocyte 
differentiation. J. Biol. Chern. 273: 30057-30060. 

Das R, Van-Hateren N, Howell G, Farrell E, Bangs F, Porteous V, Manning E, McGrew 
M, Ohyama K, Sacco M, Halley P, Sang H, Storey K, Placzek M, Tickle C, Nair 
V, WilsonS. 2006. A robust system for RNA interference in the chicken using a 
modified microRNA operon. Dev Biol. 294: 554-563. 

Davis M, Ireton R, Reynolds A. 2003. A core function for p 120-catenin in cadherin 
turnover. 1 Cell Biol. 163():: 525-534. 

Dehbi M, Bedard PA. 1992. Regulation of gene expression in oncogenically transformed 
cells. Biochem Cell Biol 70: 980-997. 

Dehbi M, Mbiguino A, Beauchemin M, Chatelain G, Bedard P-A. 1992. Transcriptional 
activation of the CEF-4/9E3 cytokine gene by pp60v-src. Mol Cell Biol. 12: 1490-
1499. 

Dickins RA, Hemann MT, Zilfou JT, Simpson DR, Ibarra I, Hannon GJ, Lowe SW. 
2005. Probing tumour phenotypes using stable and regulated synthetic microRNA 
precursors. Nat Genet 37: 1289-1295. 

Diehl J, Cheng M, Roussel M, Sherr C. 1998. Glycogen synthase kinase-3B regulates 
cyclin D 1 proteolysis and subcellular localization. Genes Dev. 12: 3499-3511. 

Dirnri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C, Medrano EE, Linskens M, 
Rubelj I, Pereira-Smith 0, et al. 1995. A biomarker that identifies senescent human 
cells in culture and in aging skin in vivo. Proc Natl Acad Sci US A 92: 9363-9367. 

Downward J. 1998. Mechanisms and consequences of activation of protein kinase B/Akt. 
Curr Opin Cell B iol 10: 262-267. 

Eaton E, Sealy L. 2003. Modification of CCAAT/enhancer-binding protein-beta by the 
small ubiquitin-like modifier (SUMO) family members, SUM0-2 and SUM0-3. 1 
Biol Chern. 278: 33416-33421. 

Eferl R, Wagner E. 2003. AP-1: a double-edged sword in tumorigenesis. Nat Rev Cancer 
3: 859-868. 

Eferl R, Ricci R, Kenner L, Zenz R, David J-P, Rath M, Wagner EF. 2003. Liver Tumour 
Development: c-Jun Antagonizes the Proapoptotic Activity of p53. Cell 112: 181-
192. 

Eferl R, Sibilia M, Hilberg F, Fuchsbichler A, Kufferath I, Guertl B, Zenz R, Wagner E, 
Zatloukal K. 1999. Functions of c-Jun in liver and heart development. 1 Cell Biol. 
145: 1049-1061. 

Fajas L, Schoonjans K, Gelman L, Kim J, Najib J, Martin G, Fruchart J, Briggs M, 
Spiegelman B, Auwerx J. 1999. Regulation of peroxisome proliferator-activated 
receptor y expression by adipocyte differentiation and determination factor 1/sterol 
regulatory element binding protein 1: Implications for adipocyte differentiation and 
metabolism. Mol. Cell. Biol. 19: 5495-5503. 

Fantz D, Jacobs D, Glossip D, Kornfeld K. 2001. Docking sites on substrate proteins 

157 



Ph.D Thesis-L. Wang McMaster-Biology 

direct extracellular signal-regulated kinase to phosphorylate specific residues. J 
Biol Chern. 276: 27256-27265. 

Filipowicz W, Bhattacharyya S, Sonenberg N. 2008. Mechanisms of post-transcriptional 
regulation by microRNAs: are the answers in sight? Nat Rev Genet. 9: 102-114. 

Fincham V, Frame M. 1998. The catalytic activity of Src is dispensable for translocation 
to focal adhesions but controls the turnover of these structures during cell motility. 
EMBO J. 17: 81-92. 

Fire A, Xu S, Driver E, Mello C. 1998. Potent and specific genetic interference by 
double-stranded RNA in Caenorhabditis elegans. Nature 391: 806-811. 

Fleischmann A, Jochum W, Eferl R, Witowsky J, Wagner E. 2003. Rhabdomyosarcoma 
development in mice lacking Trp53 and Fos: tumour suppression by the Fos 
protooncogene. Cancer Cell4: 477-482. 

Foletta V. 1996. Transcription factor AP-1, and the role of Fra-2. Immunology and Cell 
Biology 74: 121-133. 

Frame M, Fincham V, Carragher N, Wyke J. 2002. v-Src's hold over actin and cell 
adhesions . Nat Rev Mol Cell Biol. 3: 233-245. 

Fujita Y, Krause G, Scheffner M, Zechner D, Leddy HEM, Behrens J, Sommer T, 
Birchmeier W. 2002. Hakai, a c-Cbl-like protein, ubiquitinates and induces 
endocytosis of the E-cadherin complex. Nature Cell Biology 4: 222-231. 

Furstoss 0, Dorey K, Simon V, Barila D, Superti-Furga G, RocheS . 2002. c-Abl is an 
effector of Src for growth factor-induced c-myc expression and DNA synthesis. 
EMBO J. 21: 514-524. 

Gade P, Roy S, Li H, Nallar S, Kalvakolanu D. 2008. Critical role for transcription factor 
C/EBPP in regualting the expression of death-associated protein kinase 1. Mol. 
Cell. Biol. 28: 2528-2548. 

Gagliardi M, Maynard S, Bojovic B, Bedard PA. 2001. The constitutive activation of the 
CEF-4/9E3 chemokine gene depends on C/EBPbeta in v-src transformed chicken 
embryo fibroblasts. Oncogene 20: 2301-2313. 

Gagliardi M, Maynard S, Miyake T, Rodrigues N, Tjew SL, Cabannes E, Bedard PA. 
2003. Opposing roles of C/EBP beta and AP-1 in the control of fibroblast 
proliferation and growth-arrest specific gene expression. J Biol Chern. 

Gallo A, Cuozzo C, Esposito I, Maggiolini M, Bonofiglio D, Vivacqua A, Garramone M, 
Weiss C, Bohmann D, Musti AM. 2002. Menin uncouples Elk-1, JunD and c-Jun 
phosphorylation from MAP kinase activation. Oncogene 21: 6434-6445 . 

Garber E, Mayer B, Jove R, Hanafusa H. 1987. Analysis of p60v-src mutants carrying 
lesions involved in temperature sensitivity. J Virol. 61: 354-360. 

Gelderloos JA, Rosenkranz S, Bazenet C, Kazlauskas A. 1998. A Role for Src in Signal 
Relay by the Platelet-derived Growth Factor a Receptor. J. Biol. Chern. 273: 5908-
5915. 

Ghosh A, Varga J. 2007. The transcriptional coactivator and acetyltransferase p300 in 
fibroblast biology and fibrosis. J Cell Physiol. 213: 663-671. 

Gillet G, Guerin M, Trembleau A, Brun G. 1995. A Bcl-2-related gene is activated in 
avian cells transformed by the Rous sarcoma virus . Embo J 14: 1372-1381. 

Gingras A-C, Kennedy SG, O'Leary MA, Sonenberg N, Hay N. 1998. 4E-BP1, a 

158 



Ph.D Thesis-L. Wang McMaster-Biology 

repressor of rnRNA translation, is phosphorylated and inactivated by the Akt(PKB) 
signaling pathway. Genes Dev. 12: 502-513. 

Goodman R, Smolik S. 2000. CBP/p300 in cell growth, transformation, and 
development. Genes Dev. 14: 1553-1577. 

Gould KL, Hunter T. 1988. Platelet-derived growth factor induces multisite 
phosphorylation of pp60c-src and increases its protein-tyrosine kinase activity. 
Mol. Cell. Biol. 8: 3345-3356. 

Granger-Schnarr M, Benusiglio E, Schnarr M, Sassone-Corsi P. 1992. Transformation 
and transactivation suppressor activity of the c-Jun leucine zipper fused to a 
bacterial repressor. Proc Natl Acad Sci U S A 89: 4236-4239. 

Greenbaum L, Li W, Cressman D, Peng Y, Ciliberto G, Poli V, Taub R. 1998. CCAAT 
enhancer- binding protein beta is required for normal hepatocyte proliferation in 
mice after partial hepatectomy. J. Clin. Invest. 102: 996-1007. 

Gregory R, Chendrimada T, Cooch N, Shiekhattar R. 2005. Human RISC couples 
microRNA biogenesis and posttranscriptional gene silencing. Cell 123: 10. 

Greten F, Karin M. 2006. The IKK/NF- kB activation pathway-a target for prevention 
and treatment of cancer. Cancer Letters 206: 193-199. 

Grigoriadis A, Schellander K, Wang Z, Wagner E. 1993. Osteoblasts are target cells for 
transformation in c-fos transgenic mice. J Cell Biol. 122: 685-701. 

Gruda MC, Kovary K, Metz R, Bravo R. 1994. Regulation of Fra-1 and Fra-2 
phosphorylation differs during the cell cycle of fibroblasts and phosphorylation in 
vitro by MAP kinase affects DNA binding activity. Oncogene 9: 2537-2547. 

Grunstein J, Roberts WG, Mathieu-Costello 0, Hanahan D, Johnson RS. 1999. Tumour
derived Expression of Vascular Endothelial Growth Factor Is a Critical Factor in 
Tumour Expansion and Vascular Function. Cancer Res. 59: 1592-1598. 

Guan J, Trevithick J, Hynes R. 1991. Fibronectin/integrin interaction induces tyrosine 
phosphorylation of a 120-kDa protein. Cell Regulation 2: 951-964. 

Guberman A, Scassa M, Giono L, Varone C, Canepa E. 2003. Inhibitory effect of AP-1 
complex on 5-aminolevulinate synthase gene expression through sequestration of 
cAMP-response element protein (CRE)-binding protein (CBP) coactivator. J Biol 
Chern. 278: 2317-2326. 

Guttridge DC, Albanese C, Reuther JY, Pestell RG, Baldwin AS, Jr. 1999. NF-kappaB 
controls cell growth and differentiation through transcriptional regulation of cyclin 
Dl. Mol Cell Biol 19: 5785-5799. 

Harpavat S, Cepko C. 2006. RCAS-RNAi: a loss-of-function method for the developing 
chick retina. BMC Dev Biol 6: 6. 

Hartl M, Vogt P. 1992. Oncogenic transformation by Jun: role of transactivation and 
homodimerization. Cell Growth Differ. 3: 899-908. 

Havarstein LS, Morgan IM, Wong WY, Vogt PK. 1992. Mutations in the Jun delta region 
suggest an inverse correlation between transformation and transcriptional 
activation. Proc Natl Acad Sci US A 89: 618-622. 

Hennessy B, Smith D, RamP, Lu Y, Mills G. 2005. Exploiting the PI3K/AKT Pathway 
for Cancer Drug Discovery. Nat Rev Drug Discovery 4: 988-1004. 

Hennigan F, Strambrook J. 2001. Dominant negative c-jun inhibits activation of cyclin 

159 



Ph.D Thesis-L. Wang McMaster-Biology 

D1 and cyclin E kinase complexes. Mol Biol Cell. 12: 2352-2363. 
Hess J, Angel P, Schorpp-Kistner M. 2004. AP-1 subunits: quarrel and harmony among 

siblings. J Cell Sci. 117: 5965-5973. 
Hinz M, Krappmann D, Eichten A, Heder A, Scheidereit C, Strauss M. 1999. NF-kappaB 

function in growth control: regulation of cyclin D 1 expression and GO/G 1-to-S
phase transition. Mol Cell Biol 19: 2690-2698. 

Hsia D, Mitra S, Hauck C, Strehlow D, JA Nelson, Ilic D. 2003. Differential regulation of 
cell motility and invasion by FAK. Journal of Cell Biology 160: 753-767. 

Hu E, Mueller E, Oliviero S, Papaioannou VE, Johnson R, Spiegelman BM. 1994. 
Targeted dismption of the c-fos gene demonstrates c-fos-dependent and -
independent pathways for gene expression stimulated by growth factors or 
oncogenes. Embo J 13: 3094-3103. 

Hu S, Xie Z, Onishi A, Yu X, Jiang L, Lin J, Rho H, Woodard C, Wang H, Jeong J, Long 
S, He X, Wade H, Blackshaw S, Qian J, Zhu H. 2009. Profiling the human protein
DNA interactome reveals ERK2 as a transcriptional repressor of interferon 
signaling. Cell 139: 610-622. 

Hughes S. 2004. The RCAS vector system. Folia Biologica (Praha) 50: 107-119. 
Hughes S. Webpage. The RCAS system. National Cancer Institute 

http://home.ncifcrf.gov/hivdrp/RCAS/. 
Hughes S, Greenhouse J, Petropoulos C, Sutrave P. 1987. Adaptor plasmids simplify the 

insertion of foreign DNA into helper-independent retroviral vectors . J. Virol. 61: 
3004-3012. 

Hunter D, Kraft P, Jacobs K, Cox D, Yeager M, Hankinson S, Wacholder S, Wang Z, 
Welch R, Hutchinson A, Wang J, Yu K, Chatterjee N, Orr N, Willett W, Colditz G, 
Ziegler R, Berg C, Buys S, McCarty C, Feigelson H, Calle E, Thun M, Hayes R, 
Tucker M, Gerhard D, Jr JF, Hoover R, Thomas G, Chanock S. 2007. A genome
wide association study identifies alleles in FGFR2 associated with risk of sporadic 
postmenopausal breast cancer. Nat Genet. 39: 870-874. 

Thle JN. 1996. STATs: Signal Transducers and Activators of Transcription. Cell 84: 331-
334. 

Ilic D, Fumta Y, Kanazawa S, Takeda N, Sobue K, Nakatsuji N, Nomura S, Fujimoto J, 
M MO, Yamamoto T. 1995. Reduced cell motility and enhanced focal adhesion 
contact formation in cells from FAK-deficient mice. Nature 377: 539-544. 

Ilves H, Barske C, Junker U, Bijhnlein E, Veres G. 1996. Retroviral vectors designed for 
targeted expression of RNA polymerase III-driven transcripts: a comparative study. 
Gene 171: 203-208. 

Irby R, Yeatman TJ. 2000. Role of Src expression and activation in human cancer. 
Oncogene 19: 5636-5642. 

Irby R, Mao W, Coppola D, Kang J, Loubeau JM, Tmdeau W, Karl R, Fujita OJ, Jove R, 
Yeatman TJ. 1999. Activating SRC mutation in a subset of advanced human colon 
cancers. Nat Genet 21: 187- 190. 

Ireton R, Davis M, Hengel Jv, Mariner D, Barnes K, Thoreson M, Anastasiadis P, 
Matrisian L, Bundy L, Sealy L, Gilbert B, Roy Fv, Reynolds A. 2002. A novel role 
for p120 catenin in E-cadherin function. J Cell Biol. 159: 465-476. 

160 



Ph.D Thesis-L. Wang McMaster-Biology 

Ishizawar R, Parsons S. 2004. c-Src and cooperating partners in human cancer. Cancer 
Cell6: 209-214. 

Ishizawar R, Miyake T, Parsons S. 2007. c-Src modulates ErbB2 and ErbB3 
heterocomplex formation and function. Oncogene 26: 3503-3510. 

Ivanov V, Nikoli6-Zugi6 J. 1997. Transcription factor activation during signal-induced 
apoptosis of immature CD4( +)CDS(+) thymocytes. A protective role of c-Fos. J 
Biol Chern. 272: 8558-8566. 

Iyer N, Ozdag H, Caldas C. 2004. p300/CBP and cancer. Oncogene 23: 4225-4231. 
Jochum W, Passegue E, Wagner EF. 2001. AP-1 in mouse development and 

tumorigenesis . Oncogene 20: 2401-2412. 
Johnson G, Vaillancourt R. 1994. Sequential protein kinase reactions controlling cell 

growth and differentiation. Current Opinion in Cell Biology 6: 230-238. 
Johnson P. 2005. Molecular stop signs: regulation of cell-cycle arrest by C/EBP 

transcription factors. J Cell Sci. 118: 2545-2555. 
Johnson R, Spiegelman B, Hanahan D, Wisdom R. 1996. Cellular transformation and 

malignancy induced by ras require c-jun. Mol Cell Biol 16: 4504-4511. 
Johnson RS, van Lingen B, Papaioannou VE, Spiegelman BM. 1993. A null mutation at 

the c-jun locus causes embryonic lethality and retarded cell growth in culture. 
Genes Dev 7: 1309-1317. 

Jones RJ, Avizienyte E, Wyke AW, Owens DW, Brunton VG, Frame MC. 2002. 
Elevated c-Src is linked to altered cell-matrix adhesion rather than proliferation in 
KM12C human colorectal cancer cells. Br J Cancer 87: 1128-1135. 

Jove R, Hanafusa H. 1987. Cell Transformation by the Viral src Oncogene. Annu Rev 
Cell Biol 3: 31-56. 

Kabotyanski E, Rosen J. 2003 . Signal transduction pathways regulated by prolactin and 
Src result in different conformations of activated Stat5b. J Biol Chern. 278: 17218-
17227. 

Kagan B, Henke R, Cabal-Manzano R, Stoica G, Nguyen Q, Wellstein A, Riegel A. 
2003. Complex regulation of the fibroblast growth factor-binding protein in MDA
MB-468 breast cancer cells by CCAAT/enhancer-binding protein beta. Cancer Res. 
63: 1696-1705. 

Kallunki T, Deng T, Hibi M, Karin M. 1996. c-Jun can recruit JNK to phosphorylate 
dimerization partners via specific docking interactions. Cell 87: 929-939. 

Kalra N, Kumar V. 2004. c-Fos is a mediator of the c-myc-induced apoptotic signaling in 
serum-deprived hepatoma cells via the p38 mitogen-activated protein kinase 
pathway. J Biol Chern. 279: 25313-25319. 

Kamei T, Machida K, Nimura Y, Senga T, Yamada I, Yoshii S, S.Matsuda, 
M.Hamaguchi. 2000. LinksC-Cbl protein in human cancer tissues is frequently 
tyrosine phosphorylated in a tumour-specific manner. Int J Oncol. 17: 335-339. 

Kamei Y, Xu L, Heinzel T, Torchia J, Kurokawa R, Gloss B, Lin S, Heyman R, Rose D, 
Glass C, Rosenfeld M. 1996. A CBP integrator complex mediates transcriptional 
activation and AP-1 inhibition by nuclear receptors. Cell 85: 403-414. 

Kanner S, Reynolds A, Vines R, Parsons J. 1990. Monoclonal antibodies to individual 
tyrosine-phosphorylated protein substrates of oncogene-encoded tyrosine kinases. 

161 



Ph.D Thesis-L. Wang McMaster-Biology 

Proc Natl Acad Sci US A 87. 
Kim J, Cantwell A, Johnson P, Pfarr C, Williams S. 2002 Transcriptional Activity of 

CCAA T /Enhancer-binding Proteins Is Controlled by a Conserved Inhibitory 
Domain That Is a Target for Sumoylation. J. Bioi. Chern. 277: 38037-38044. 

Kim K, Kang K, Seu Y, Baek S, Kim J. 2009a. Interferon-gamma induces cellular 
senescence through p53-dependent DNA damage signaling in human endothelial 
cells. Mech Ageing Dev. 130: 179-188. 

Kim M, Tezuka T, Tanaka K, Yamamoto T. 2004. Cbl-c suppresses v-Src-induced 
transformation through ubiquitin-dependent protein degradation. Oncogene 23: 
1645-1655. 

Kim S, Mao PL, Gagliardi M, Bedard PA. 1999. C/EBPbeta (NF-M) is essential for 
activation of the p20K lipocalin gene m growth-arrested chicken embryo 
fibroblasts. Mol Cell Biol19: 5718-5731. 

Kim S, Mitchell M, Fujii H, Llanos S, Peters G. 2003. Absence of p16INK4a and 
truncation of ARF tumour suppressors in chickens. Proc Natl Acad Sci US A. 100: 
211-216. 

Kim V, Han J, Siomi M. 2009b. Biogenesis of small RNAs in animals. Nat Rev Mol Cell 
Bioi. 10: 126-139. 

Kmiecik T, Johnson P, Shalloway D. 1988. Regulation by the autophosphorylation site in 
overexpressed pp60c-src. Mol. Cell. Biol. 8: 4541-4546. 

Kornberg L, Earp H, Turner C, Prockop C, Juliano R. 1991. Signal transduction by 
integrins: increased protein tyrosine phosphorylation caused by clustering of beta 1 
integrins .. Proc Natl Acad Sci U S A 88: 8392-8396. 

Kornberg R. 2007. The molecular basis of eukaryotic transcription. Proc Natl Acad Sci U 
SA 104: 12955-12961. 

Koschmieder S, Halmos 8, Levantini E, Tenen D. 2009. Dyregulation of the C/EBPa 
differentiation pathway in human cancer. J Clin Oncol27: 619-628. 

Kowenz-Leutz E, Leutz A. 1999. A C/EBP beta isoform recruits the SWI/SNF complex 
to activate myeloid genes. Mol Cell4: 735-743. 

Kubota N, Terauchi Y, Miki H, Tamemoto H, Yamauchi T, Komeda k, Satoh S, Nakano 
R, Ishii C, T TS, al e. 1999. PPAR gamma mediates high-fat diet-induced 
adipocyte hypertrophy and insulin resistance. Mol Cell4: 597-609. 

Kucharczak J, Simmons M, Fan Y, Ge'linas C. 2003. To be, or not to be: NF-kB is the 
answer - role of Rel/NF-kB in the regulation of apoptosis. Oncogene 22: 8961-
8982. 

Kudo T, Sutou S. 2005. Usage of putative chicken U6 promoters for vector-based RNA 
interference. J Rep rod Dev 51 : 441-417. 

Kuilman T, Michaloglou C, Vredeveld L, Douma S, Doom Rv, Desmet C, Aarden L, 
Mooi W, Peeper D. 2008. Oncogene-induced senescence relayed by an interleukin
dependent inflammatory network. Cell 133: 1019-1031. 

Kustikova 0, Kramerov D, Grigorian M, Berezin V, Bock E, Lukanidin E, Tulchinsky E. 
1998. Fra-1 induces morphological transformation and increases in vitro 
invasiveness and motility of epithelioid adenocarcinoma cells. Mol Cell Biol. 18: 
7095-7105. 

162 



Ph.D Thesis-L. Wang McMaster-Biology 

Lamb J, Ventura J, Hess P, Flavell R, Davis R. 2003. JunD mediates survival signaling 
by the JNK signal transduction pathway. Mol Cell. 11: 14 79-1489. 

Lasham A, Lindridge E, Rudert F, Onrust R, Watson J. 2000. Regulation of the human 
fas promoter by YB-1, Puralpha and AP-1 transcription factors. Gene 252: 1-13. 

Latchman D. 1997. Transcription factors: An overview. Int J Biochem Cell Biol 29: 
1305-1312. 

Leaner V, JF JC, Donninger H, I IL, Mendoza A, Khanna C, Birrer M. 2009. Inhibition 
of AP-1 transcriptional activity blocks the migration, invasion, and experimental 
metastasis of murine osteosarcoma. Am J Pathol. 174: 265-275. 

Lee H, Palkovits M, Young Wr. 2006. miR-7b, a microRNA up-regulated in the 
hypothalamus after chronic hyperosmolar stimulation, inhibits Fos translation. Proc 
Natl Acad Sci US A 103: 15669-15674. 

Lee H, Chaudhary J, Walsh G, Hong W, Kurie J. 1998. Suppression of c-Fos gene 
transcription with malignant transformation of human bronchial epithelial cells. 
Oncogene 16: 3039-3046. 

Lee R, Feinbaum R, Am bros V. 1993. The C. elegans heterochronic gene lin-4 encodes 
small RNAs with antisense complementarity to lin-14. Cell 75: 843-854. 

Lee W, Haslinger A, Karin M, Tjian R. 1987a. Activation of transcription by two factors 
that bind promoter and enhancer sequences of the human metallothionein gene and 
SV40. Nature 325: 368-372. 

Lee W, Haslinger A, Karin M, Tjian R. 1987b. Activation of transcription by two factors 
that bind promoter and enhancer sequences of the human metallothionein gene and 
SV40. Nature 325: 368-372. 

Lei K, Nimnual A, Zong W, Kennedy N, Flavell R, Thompson C, Bar-Sagi D, Davis R. 
2002. The Bax subfamily of Bcl2-related proteins is essential for apoptotic signal 
transduction by c-Jun NH(2)-terminal kinase. Mol Cell Biol. 22: 4929-4942. 

Leppa S, Eriksson M, Saffrich R, Ansorge W, Bohmann D. 2001. Complex functions of 
AP-1 transcription factors in differentiation and survival of PC12 cells. Mol Cell 
Biol. 21: 4369-4378. 

Li J, Cao Y, Young M, Colburn N. 2000. Induced Expression of Dominant-Negative c
jun Downregulates NF-kB and AP-1 Target Genes and Suppresses Tumour 
Phenotype in Human Keratinocytes. Mol Carcinogen 29: 159-169. 

Lin A, Frost J, Deng T, Smeal T, al-Alawi N, Kikkawa U, Hunter T, Brenner D, Karin M. 
1992a. Casein kinase II is a negative regulator of c-Jun DNA binding and AP-1 
activity. Cell 70: 777-789. 

Lin A, Frost J, Deng T, Smeal T, al-Alawi N, Kikkawa U, Hunter T, Brenner D, Karin. 
M. 1992b. Casein kinase II is a negative regulator of c-Jun DNA binding and AP-1 
activity. Cell 71: 777-789. 

Lin F, Lane M. 1992. Antisense CCAAT/enhancer-binding protein RNA suppresses 
coordinate gene expression and triglyceride accumulation during differentiation of 
3T3-L1 preadipocytes. Genes & Dev. 6: 533-544. 

Lin F, Lane M. 1994. CCAAT/enhancer binding protein alpha is sufficient to initiate the 
3T3-L1 adipocyte differentiation program. Proc. Natl. Acad. Sci. U.S.A. 91: 8757-
8761. 

163 



Ph.D Thesis-L. Wang McMaster-Biology 

Lin L, DeMartino G, Greene W. 1998. Cotranslational Biogenesis of NF-KB p50 by the 
26S Proteasome. Cell 92: 819-828. 

Liu X, Marengere LE, Koch CA, Pawson T. 1993. The v-Src SH3 domain binds 
phosphatidylinositol3'-kinase. Mol. Cell. Biol. 13: 5225-5232. 

Lloyd A, Yancheva N, Wasylyk B. 1991. Transformation suppressor activity of a Jun 
transcription factor lacking its activation domain. Nature 352: 635-638. 

Lu X, Xie W, Reed D, Bradshaw WS, Simmons DL. 1995. Nonsteroidal 
antiinflammatory dmgs cause apoptosis and induce cyclooxygenases in chicken 
embryo fibroblasts. Proc Natl Acad Sci US A 92: 7961-7965. 

Luo J, Manning B, Cantley L. 2003. Targeting the PI3K-Akt pathway in human cancer: 
Rationale and promise. Cancer Cell4: 257-262. 

Luttrell D, Luttrell L, Parsons S. 1988. Augmented mitogenic responsiveness to 
epidermal growth factor in murine fibroblasts that overexpress pp60c-src. Mol Cell 
Biol. 8: 497-501. 

Maa MC, Leu TH, McCarley OJ, Schatzman RC, Parsons SJ. 1995. Potentiation of 
epidermal growth factor receptor-mediated oncogenesis by c-Src: implications for 
the etiology of multiple human cancers. Proc Natl Acad Sci US A 92: 6981-6985. 

MacLaren A, Black E, Clark W, Gillespie D. 2004. c-Jun-deficient cells undergo 
premature senescence as a result of spontaneous DNA damage accumulation. Mol 
Cell Biol 24: 9006-9018. 

Maki Y, Bos T, Davis C, Starbuck M, Vogt P. 1987. Avian sarcoma vims 17 carries the 
jun oncogene. Proc. Natl Acad. Sci. USA 84: 2848-2852. 

Malumbres M, Barbacid M. 2003. RAS oncogenes: the first 30 years. Nat Rev Cancer 3: 
459-465. 

Mandmp S, Lane M. 1997. Regulating Adipogenesis. J. Biol. Chern. 272: 5367- 5370. 
Mao W, Irby R, Coppola D, Fu L, Wloch M, Turner J, YuH, Garcia R, Jove R, Yeatman 

TJ. 1997. Activation of c-Src by receptor tyrosine kinases in human colon cancer 
cells with high metastatic potential Oncogene 15: 3083-3090. 

Maroney A, Qureshi S, Foster D, Bmgge J. 1992. Cloning and characterization of a 
thermolabile v-src gene for use in reversible transformation of mammalian cells. 
Oncogene 7: 1207-1214. 

Martin G. 1970. Rous sarcoma virus: a function required for the maintenance of the 
transformed state. Nature 227: 1021-1023. 

Martin GS. 2001. The hunting of the Src. Nat Rev Mol Cell Biol2: 467-475. 
Martin GS. 2004. The road to Src. Oncogene 23: 7910-7917. 
Martins-Green M, Hanafusa H. 1997. The 9E3/CEF4 gene and its product the chicken 

chemotactic and angiogenic factor ( cCAF): Potential roles in wound healing and 
tumour development. Cytokine Growth Factor Rev 8: 221-232. 

Masker K, Golden A, Gaffney C, Mazack V, Schwindinger W, Zhang W, Wang L, Carey 
D, Sudol M. 2007. Transcriptional profile of Rous Sarcoma Vims transformed 
chicken embryo fibroblasts reveals new signaling targets of viral-src. Virology 
364: 10-20. 

Maslikowski B, Neel B, Wu Y, Wang L, Rodrigues N, Gillet G, Bedard P. 2010. Cellular 
processes of v-Src transformation revealed by gene profiling of primary cells -

164 



Ph.D Thesis-L. Wang McMaster-Biology 

Implications for human cancer. BMC Cancer. 10: 41-57. 
Mathas S, Hinz M, Anagnostopoulos L, Krappmann D, Lietz A, Jundt F, Bommert K, 

Mechta-Grigoriou F, Stein H, Dorken B, Scheidereit C. 2002. Aberrantly expressed 
c-Jun and JunB are hallmark of Hodgkin lymphoma cells, stimulate proliferation 
and synergize with NF-kB. The EMBO J. 21: 4104-4113. 

May GH, Funk M, Black EJ, Clark W, Hussain S, Woodgett JR, Gillespie DA. 1998. An 
oncogenic mutation uncouples the v-Jun oncoprotein from positive regulation by 
the SAPK/JNK pathway i'n vivo. Curr Biol 8: 117-120. 

McCormack M, Rabbitts T. 2004. Activation of the T-Cell Oncogene LM02 after Gene 
Therapy for X-Linked Severe Combined Immunodeficiency. N Engl J Med. 350: 
913-922. 

Mechta F, Lallemand D, Pfarr C, Yaniv M. 1997. Transformation by ras modifies AP1 
composition and activity. Oncogene 14: 837-847. 

Melchior F. 2000. SUMO-Nonclassical ubiquitin Annu Rev Cell Dev Biol16: 591-626. 
Melikyan G, Barnard R, Markosyan R, Young J, Cohen F. 2004. Low pH Is Required for 

Avian Sarcoma and Leukosis Virus Env-Induced Hemifusion and Fusion Pore 
Formation but Not for Pore Growth. J. Virol. 78: 3753-3762. 

Mettlen M, Platek A, Smissen PVD, Carpentier S, Amyere M, Lanzetti L, Diesbach Pd, 
Tyteca D, Courtoy P. 2006. Src triggers circular ruffling and macropinocytosis at 
the apical surface of polarized MDCK cells. Traffic 7: 589-603. 

Meyer K, Maia A, O'Reilly M, Teschendorff A, Chin S, Caldas C, Ponder B. 2008. 
Allele-specific up-regulation of FGFR2 increases susceptibility to breast cancer. 
PLoS Biol. 6: e108. 

Mikula M, Gotzmann J, Fischer A, Wolschek M, Thallinger C, Schulte-Hermann R, 
Beug H, Mikulits W. 2003 . The proto-oncoprotein c-Fos negatively regulates 
hepatocellular tumorigenesis. Oncogene 22: 6725-6738. 

Milde-Langosch K. 2005. The Fos family of transcription factors and their role in 
tumorigenesis. Eur J cancer 41: 2449-2461. 

Moiseeva 0 , Mallette F, Mukhopadhyay U, Moores A, Ferbeyre G. 2006. DNA damage 
signaling and p53-dependent senescence after prolonged beta-interferon 
stimulation. Mol Biol Cell. 17: 1583-1592. 

Moran MF, Polakis P, McCormick F, Pawson T, Ellis C. 1991. Protein-tyrosine kinases 
regulate the phosphorylation, protein interactions, subcellular distribution, and 
activity of p21ras GTPase- activating protein. Mol Cell Biolll: 1804-1812. 

Mothes W, Boerger A, Narayan S, Cunningham J, Young J. 2000. Retroviral Entry 
Mediated by Receptor Priming and Low pH Triggering of an Envelope 
Glycoprotein. Cell 103: 679-689. 

Moulin S, Llanos S, Kim S, Peters G. 2008. Binding to nucleophosmin determines the 
localization of human and chicken ARF but not its impact on p53 . Oncogene 27: 
2382-2389. 

Murakami M, Sonobe M, Ui M, Kabuyama Y, Watanabe H, Wada T, Handa H, lba H. 
1997. Phosphorylation and high level expression of Fra-2 in v-src transformed 
cells: a pathway of activation of endogenous AP-1. Oncogene 14: 2435-2444. 

NiUir A, Lemon B, Tjian R. 2001. Transcriptional coactivator complexes. Annu Rev 

165 



Ph.D Thesis-L. Wang McMaster-Biology 

Biochem 70: 475-501. 
Nakabeppu Y, Nathans D. 1991. A naturally occurring tnmcated form of FosB that 

inhibits Fos/Jun transcriptional activity. Cell64: 751-759. 
Neyns B, Teugels E, Bourgain C, Birrerand M, Greve JD. 1999. Alteration of jun proto

oncogene status by plasmid transfection affects growth of human ovarian cancer 
cells. Int J Cancer 82: 687-693. 

Nigg EA, M.Sefton B, T.Hunter, Walter G, Singer SJ. 1982. Immunofluorescent 
localization of the transforming protein of Rous sarcoma virus with antibodies 
against a synthetic src peptide. Proc Natl Acad Sci US A 79: 5322-5326. 

Niu G, Wright KL, Huang M, Song L, Haura E, Turkson J, Zhang S, Wang T, Sinibaldi 
D, Coppola D, Heller R, Ellis LM, Karras J, Bromberg J, Pardoll D, Jove R, YuH. 
2002. Constitutive Stat3 activity up-regulates VEGF expression and tumour 
angiogenesis. Oncogene 21: 2000-2008. 

Odajima J, Matsumura I, Sonoyama J, Daino H, Kawasaki A, Tanaka H, Inohara N, 
Kitamura T, Downward J, Nakajima K, Hirano T, Kanakura Y. 2000. Full 
Oncogenic Activities of v-Src Are Mediated by Multiple Signaling Pathways: Ras 
as an essential mediator for cell survival. J. Biol. Chern. 275 : 24096-24105. 

Oehler T, Pintzas A, Stumm S, Darling A, Gillespie D, Angel P. 1993. Mutation of a 
phosphorylation site in the DNA-binding domain is required for redox-independent 
transactivation of AP1-dependent genes by v-Jun. Oncogene 8: 1141-1147. 

Olayioye M, Beuvink I, Horsch K, Daly J, Hynes N. 1999. ErbB receptor-induced 
activation of stat transcription factors is mediated by Src tyrosine kinases. J Biol 
Chern. 274: 17209-17218. 

Orlandini M, Marconcini L, Fem1zzi R, Oliviero S. 1996. Identification of a c-fos
induced gene that is related to the platelet-derived growth factor/vascular 
endothelial growth factor family. Proc Natl Acad Sci US A. 93: 11675-11680. 

Ottenhoff-Kalff A, Rijksen G, Beurden Ev, Hennipman A, Michels A, Staal G. 1992. 
Characterization of Protein Tyrosine Kinases from Human Breast Cancer: 
Involvement of the c-src Oncogene Product. Cancer Res. 52: 4773-4778. 

Owens LV, Xu L, Craven RJ, Dent GA, Weiner TM, Kornberg L, Liu ET, Cance WG. 
1995. Overexpression of the Focal Adhesion Kinase (p125FAK) in Invasive 
Human Tumours. Cancer Res. 55: 2752-2755 . 

Pallen C. 2003. Protein tyrosine phosphatase alpha (PTPalpha): a Src family kinase 
activator and mediator of multiple biological effects. Curr Top Med Chern. 3: 821-
835. 

Papa S, Zazzeroni F, Pham C, Bubici C, Franzoso G. 2004. Linking JNK signaling to 
NF-kB: a key to survival. J Cell Sci 117: 5197-5208. 

Park H, Golubovskaya V, Xu L, Yang X, Lee J, Scully S, Craven R, Cance W. 2004. 
Activated Src increases adhesion, survival and alpha2-integrin expression in human 
breast cancer cells. Biochem J. 378: 559-567. 

Parsons J, Weber M. 1989. Genetics of src: structure and functional organization of a 
protein tyrosine kinase. Curr Top Microbiol Immunol. 147: 79-127. 

Passegue E, Wagner E. 2000. Jun B suppresses cell proliferation by transcriptional 
activation of p16INK4a expression .. The EMBO J. 19: 2969-2979. 

166 



Ph.D Thesis-L. Wang McMaster-Biology 

Passegue E, Jochum W, Behrens A, Ricci R, Wagner E. 2002. JunB can substitute for Jun 
in mouse development and cell proliferation. Nat Genet. 30: 158-166. 

Passegue' E, Jochum W, Schorpp-Kistner M, hle-Steinlein UM, Wagner E. 2001. 
Chronic Myeloid Leukemia with Increased Granulocyte Progenitors in Mice 
Lacking JunB Expression in the Myeloid Lineage. Cell104: 21-32. 

Pedersen I, David M. 2008. MicroRNAs in the immune response. Cytokine & Growth 
Factor Rev 43: 391-394. 

Penuel E, Martin G. 1999. Transformation by v-Src: Ras-MAPK and PI3K-mTOR 
Mediate Parallel Pathways. Molecular Biology of The Cell. 10: 1693-1703. 

Petrij F, Giles R, Dauwerse H, Saris J, Hennekam R, Masuno M, Tommerup N, Ommen 
Gv, Goodman R, Peters D, al. e. 1995. Rubinstein-Taybi syndrome caused by 
mutations in the transcriptional co-activator CBP. Nature 376: 348 - 351. 

Petropoulos C, Hughes S. 1991. Replication-competent retrovirus vectors for the transfer 
and expression of gene cassettes in avian cells. J Virol. 65: 3728-3737. 

Pfarr C, Mechta F, Spyrou G, Lallemand D, Carillo S, Yaniv M. 1994. Mouse JunD 
negatively regulates fibroblast growth and antagonizes transformation by ras. Cell 
76: 747-760. 

Playford M, Schaller M. 2004. The interplay between Src and integrins in normal and 
tumour biology. Oncogene 23: 7928-7946. 

Pless 0, Kowenz-Leutz E, Knoblich M, Lausen J, Beyermann M, Walsh M, Leutz A. 
2008. G9a-mediated Lysine Methylation Alters the Function of CCAA T!Enhancer
binding Protein-~. J. Biol. Chern. 283: 26357-26363. 

Plyte SE, Hughes K, Nikolakaki E, Pulverer BJ, Woodgett JR. 1992. Glycogen synthase 
kinase-3: functions in oncogenesis and development. Biochim Biophys Acta 1114: 
147-162. 

Ptashne M, Gann A. 1997. Transcriptional activation by recruitment. Nature 386: 569 -
577. 

Pulverer BJ, Kyriakis JM, Avruch J, Nikolakaki E, Woodgett JR. 1991. Phosphorylation 
of c-jun mediated by MAP kinases. Nature 353: 670-674. 

Rakhshandehroo M, Hooiveld G, MUller M, Kersten S. 2009. Comparative analysis of 
gene regulation by the transcription factor PP ARalpha between mouse and human. 
PLoS One 4: e6796. 

Ralston R, Bishop JM. 1985. The product of the protooncogene c-src is modified during 
the cellular response to platelet-derived growth factor. Proc Natl Acad Sci U S A 
82: 7845-7849. 

Rao D, Vorhies J, Senzer N, Nemunaitis J. 2009. siRNA vs. shRNA: Similarities and 
differences. Adv Drug Deliv Rev. 61: 746-759. 

Raveh T, Drouguett G, Horwitz M, DePinho R, Kimchi A. 2001. DAP kinase activates a 
p19ARF/p53-mediated apoptotic checkpoint to suppress oncogenic transformation. 
Nat Cell Bioi. 3: 1-7. 

Rebollo A, Dumoutier L, Renauld J-C, Zaballos A, Ayllon V, Martinez-A. C. 2000. Bcl-
3 Expression Promotes Cell Survival following Interleukin-4 Deprivation and Is 
Controlled by API and APl-Like Transcription Factors. Mol. Cell. Biol. 20: 3407-
3416. 

167 



Ph.D Thesis-L. Wang McMaster-Biology 

Reichmann E, Schwarz H, Deiner E, Leitner I, Eilers M, Berger J, Busslinger M, Beug H. 
1992. Activation of an inducible c-FosER fusion protein causes loss of epithelial 
polarity and triggers epithelial-fibroblastoid cell conversion. Cell 71: 1103-1116. 

Reynolds A, Roczniak-Ferguson A. 2004. Emerging roles for p120-catenin in cell 
adhesion and cancer. Oncogene 23: 7947-7956. 

Rincon M, Whitmarsh A, Yang D, Weiss L, Derijard B, Jayaraj P, Davis R, Flavell R. 
1998. The JNK pathway regulates the In vivo deletion of immature CD4(+)CD8(+) 
thymocytes. J Exp Med. 188: 1817-1830. 

Robert E. EF. 2003. AP-1: a double-edged sword in tumorigenesis. Nat Rev Cancer 3: 
859-868. 

Roffler-Tarlov S, Brown J, Tarlov E, Stolarov J, Chapman D, Alexiou M, Papaioannou 
V. 1996. Programmed cell death in the absence of c-Fos and c-Jun. Dev Biol 122: 
1-9. 

Rosen E, Walkey C, Puigserver P, Spiegelman B. 2000. Transcriptional regulation of 
adipogenesis. Genes & Dev. 14: 1293-1307. 

Rosen E, Sarraf P, Troy A, Bradwin G, Moore K, Milstone D, Spiegelman B, Mortensen 
R. 1999. PP AR gamma is required for the differentiation of adipose tissue in vivo 
and in vitro .. Mol. Cell4: 611-617. 

Roskoski JR. 2004. Src protein-tyrosine kinase structure and regulation. Biochem 
Biophys Res Commun. 324: 1155-1164. 

Roskoski JR. 2005. Src kinase regulation by phosphorylation and dephosphorylation. 
Biochem Biophys Res Commun. 331: 1-14. 

Saez E, Rutberg S, Mueller E, Oppenheim H, Smoluk J, Yuspa S, Spiegelman B. 1995. c
fos is required for malignant progression of skin tumours. Cell 82: 721-732. 

Sandilands E, Akbarzadeh S, Vecchione A, McEwan DG, Frame MC, Heath JK. 2007. 
Src kinase modulates the activation, transport and signaling dynamics of fibroblast 
growth factor receptors . EMBO Rep. 8: 1162-1169. 

SchUtte J, Minna J, Birrer M. 1989a. Deregulated expression of human c-jun transforms 
primary rat embryo cells in cooperation with an activated c-Ha-ras gene and 
transforms rat-1a cells as a single gene. Proc Natl Acad Sci US A 86: 2257-2261. 

SchUtte J, Viallet J, Nau M, Segal S, Fedorko J, Minna J. 1989b. jun-B inhibits and c-fos 
stimulates the transforming and trans-activating activities of c-jun. Cell 59: 987-
997. 

Schaller M, Borgman C, Cobb B, Vines R, Reynolds R, JT Parsons JT. 1992. pp125FAK 
a structurally distinctive protein-tyrosine kinase associated with focal adhesions . 
Proc Natl Acad Sci US A 89: 5192-5196. 

Schaller M, Hildebrand J, Shannon J, Fox J, Vines R, Parsons J. 1994. 
Autophosphorylation of the focal adhesion kinase, pp125FAK, directs SH2-
dependent binding of pp60src. Mol Cell Biol. 14: 1680-1688. 

Schlaepfer D, Hanks S, Hunter T, Geer Pvd. 1994. lntegrin-mediated signal transduction 
linked to Ras pathway by GRB2 binding to focal adhesion kinase. Nature 372: 786-
791. 

Schreiber M, Kolbus A, Piu F, Szabowski A, Mohle-Steinlein U, Tian J, Karin M, Angel 
P, Wagner EF. 1999. Control of cell cycle progression by c-Jun is p53 dependent. 

168 



Ph.D Thesis-L. Wang McMaster-Biology 

Genes & Dev. 13: 607-619. 
Schuh A, Keating S, Monteclaro F, Vogt P, Breitman M. 1990. Obligatory wounding 

requirement for tumorigenesis in v-jun transgenic mice. Nature 346: 756-760. 
Schwarz D, Hutvagner G, Du T, Xu Z, Aronin N, Zamore P. 2003. Asymmetry in the 

Assembly of the RNAi Enzyme Complex .. Cell115: 199-208. 
Sears R, Leone G, DeGregori J, Nevins J. 1999. Ras enhances Myc protein stability. Mol 

Cell Biol. 3: 169-179. 
Sears R, Nuckolls F, Haura E, Taya Y, Tarnai K, Nevins J. 2000. Multiple Ras-dependent 

phosphorylation pathways regulate Myc protein stability. Genes Dev. 14: 2501-
2514. 

Serrano M, Lin AW, McCurrach ME, Beach D, Lowe SW. 1997. Oncogenic ras 
provokes premature cell senescence associated with accumulation of p53 and 
p16INK4a. Cell 88: 593-602. 

Sharulian E, Karin. M. 2001. AP-1 in cell proliferation and survival. . Oncogene 20: 
2390-2400. 

Shaulian E, Karin M. 2002. AP-1 as a regulator of cell life and death. Nat Cell Biol. 4: 
E131-136. 

Short J, Pfarr C. 2002. Translational regulation of the JunD messenger RNA. J Biol 
Chern. 277: 32697-32705. 

Silva C. 2004. Role of STATs as downstream signal transducers in Src family kinase
mediated tumorigenesis. Oncogene 23: 8017-8023. 

Silva J, Li M, Chang K, Ge W, Golding M, Rickles R, Siolas D, Hu G, Paddison P, 
Schlabach M, Sheth N, Bradshaw J, Burchard J, Kulkarni A, Cavet G, 
Sachidanandam R, McCombie W, Cleary M, Elledge S, Hannon G. 2005. Second
generation shRNA libraries covering the mouse and human genomes. Nat Genet 
37: 1281 - 1288. 

Simonson M, Wang Y, Herman W. 1996. Nuclear signaling by endothelin-1 requires Src 
protein-tyrosine kinases. J Biol Chern. 271: 77-82. 

Siolas D, Lerner C, Burchard J, Ge W, Linsley P, Paddison P, Hannon G, Cleary M. 
2005. Synthetic shRNAs as potent RNAi triggers. Nat Biotech 23: 227-231. 

Skinner M, Qu S, Moore C, Wisdom R. 1997. Transcriptional activation and 
transformation by FosB protein require phosphorylation of the carboxyl-terminal 
activation domain. Mol Cell Biol. 17: 2372-2380. 

Smeyne R, Curran T, Morgan J. 1992. Temporal and spatial expression of a fos-lacZ 
transgene in the developing nervous system. Brain Res Mol Brain Res. 16: 158-
162. 

Smeyne R, Vendrell M, Hayward M, BakerS, Miao G, Schilling K, Robertson L, Curran 
T, Morgan J. 1993. Continuous c-fos expression precedes programmed cell death 
in vivo. Nature 363: 166-169. 

Smith J, Mathes W, Blacklow S, Cunningham J. 2004. The Mature Avian Leukosis Virus 
Subgroup A Envelope Glycoprotein Is Metastable, and Refolding Induced by the 
Synergistic Effects of Receptor Binding and Low pH Is Coupled to Infection. J. 
Viral. 78: 1403-1410. 

Smith MR, DeGudicibus SJ, Stacey DW. 1986. Requirement for e-ras proteins during 

169 



Ph.D Thesis-L. Wang McMaster-Biology 

viral oncogene transformation. Nature 320: 540-543. 
Song L, Morris M, Bagui T, Lee F, RJove, Haura E. 2006. Dasatinib (BMS-354825) 

Selectively Induces Apoptosis in Lung Cancer Cells Dependent on Epidermal 
Growth Factor Receptor Signaling for Survival. Cancer Res. 66: 5542-5548. 

Sonobe M, Yoshida T, Murakami M, Kameda K, Iba H. 1995. fra-2 promoter can 
respond to serum-stimulation through AP-1 complex. Oncogene 10: 689-696. 

Sorge J, Ricci W, Hughes S. 1983. cis-Acting RNA packaging locus in the 115-
nucleotide direct repeat ofRous sarcoma virus. J Virol. 48: 667-675. 

Stegmeier F, HuG, Rickles R, Hannon G, Elledge S. 2005. A lentiviral microRNA-based 
system for single-copy polymerase II-regulated RNA interference in mammalian 
cells. Proc Natl Acad Sci US A 102: 13212-13217. 

Stein B, Cogswell PC, Baldwin AS, Jr. 1993a. Functional and physical associations 
between NF-kappa B and C/EBP family members: a Rei domain-bZIP interaction. 
Mol Cell Bioi 13 : 3964-3974. 

Stein B, Baldwin AS, Jr., Ballard DW, Greene WC, Angel P, Herrlich P. 1993b. Cross
coupling of the NF-kappa B p65 and Fos/Jun transcription factors produces 
potentiated biological function. Embo J 12: 3879-3891. 

Su W, Chou H, Chang C, Lee Y, Chen W, Huang K, Lee M, LeeS. 2003. Differential 
activation of a C/EBP beta isoform by a novel redox switch may confer the 
lipopolysaccharide-inducible expression of interleukin-6 gene. J Bioi Chern. 278: 
51150-51158. 

Sugano S, Stoeckle MY, Hanafusa H. 1987. Transformation by Rous sarcoma virus 
induces a novel gene with homology to a mitogenic platelet protein. Cell 49: 321-
328. 

Sunters A, Thomas D, Yeudall W, Grigoriadis A. 2004. Accelerated cell cycle 
progression in osteoblasts overexpressing the c-fos proto-oncogene: induction of 
cyclin A and enhanced CDK2 activity. J Bioi Chern. 279: 9882-9891. 

Suzuki T, Murakami M, Onai N, Fukuda E, Hashimoto Y, Sonobe MH, Kameda T, 
Ichinose M, Miki K, Iba H. 1994. Analysis of AP-1 function in cellular 
transformation pathways. J Virol 68: 3527-3535. 

Swanstrom R, Parker R, Varmus H, Bishop J. 1983. Transduction of a cellular oncogene: 
the genesis ofRous sarcoma virus. Proc Natl Acad Sci US A 80: 2519-2523. 

T Yorimitsu DK. 2005. Autophagy: molecular machinery for self-eating. Cell Death and 
Differentiation 12: 1542-1552. 

Tanaka T, Yoshida N, Kishimoto T, Akira S. 1997. Defective adipocyte differentiation in 
mice lacking the C/EBP~ and/or C/EBP8 gene. EMBO J. 16: 7432-7443. 

Thomas S, Brugge J. 1997. Cellular functions regulated by Src family kinases. Annu Rev 
Cell Dev Biol13: 513-609. 

Tice DA, Biscardi JS, Nickles AL, Parsons SJ. 1999. Mechanism of biological synergy 
between cellular Src and epidermal growth factor receptor. PNAS 96: 1415-1420. 

Tidyman W, Rauen K. 2009. The RASopathies: developmental syndromes of Ras/MAPK 
pathway dysregulation. Curr Opin Genetics Dev 19: 230-236. 

Tkach V, Tulchinsky E, Lukanidin E, Vinson C, Bock E, Berezin V. 2003. Role of the 
Fos family members, c-Fos, Fra-1 and Fra-2, in the regulation of cell motility. 

170 



Ph.D Thesis-L. Wang McMaster-Biology 

Oncogene 22: 5045-5054. 
Tonnetti L, Netzel-Amett S, Damell G, Hayes T, Buzza M, Anglin I, Suhrbier A, Antalis 

T. 2008. SerpinB2 protection of retinoblastoma protein from calpain enhances 
tumour cell survival. Cancer Res. 68: 5648-5657. 

Treier M, Staszewski L, Bohmann D. 1994. Ubiquitin-dependent c-Jun degradation in 
vivo is mediated by the 8 domain. Cell 78: 787-798. 

Troen B. 2006. The Regulation of Cathepsin K Gene Expression. Ann. N.Y. Acad. Sci. 
1068: 165-172. 

Tsukamoto A, Grosschedl R, Guzman R, Parslow T, Varmus H. 1988. Expression of the 
int-1 gene in transgenic mice is associated with mammary gland hyperplasia and 
adenocarcinomas in male and female mice. Cell 55: 619-625. 

Turkson J, Bowman T, Garcia R, Caldenhoven E, De Groot RP, Jove R. 1998. Stat3 
activation by Src induces specific gene regulation and is required for cell 
transformation. Mol Cell Bioi 18: 2545-2552. 

van Dam H, Castellazzi M. 2001. Distinct roles of Jun : Fos and Jun : ATF dimers in 
oncogenesis. Oncogene 20: 2453-2464. 

Vandel L, Pfarr CM, Huguier S, Loiseau L, Sergeant A, Castellazzi M. 1995. Increased 
transforming activity of JunB and JunO by introduction of an heterologous 
homodimerization domain. Oncogene 10: 495-507. 

Vandel L, Montreau N, Vial E, Pfarr CM, Binetruy B, Castellazzi M. 1996. Stepwise 
transformation of rat embryo fibroblasts: c-Jtm, JunB, or JunO can cooperate with 
Ras for focus formation, but a c-Jun-containing heterodimer is required for 
immortalization. Mol Cell Biol16: 1881-1888. 

Veithen A, Cupers P, Baudhuin P, Courtoy P. 1996. v-Src induces constitutive 
macropinocytosis in rat fibroblasts. J Cell Sci. 109: 2005-2012. 

Vesely P, Staber P, Hoefler G, Kenner L. 2009. Translational regulation mechanisms of 
AP-1 proteins. Mutat Res. 682: 7-12. 

Vinciguerra M, Vivacqua A, Fasanella G, Gallo A, Cuozzo C, Morano A, Maggiolini M, 
Musti A. 2004. Differential phosphorylation of c-Jun and JunO in response to the 
epidermal growth factor is determined by the structure of MAPK targeting 
sequences. J Biol Chern. 279: 9634-9641. 

VoN, Goodman R. 2001. CREB-binding protein and p300 in transcriptional regulation. J 
Bioi Chern. 276: 13505-13508. 

Vogt P. 2001. Jun, the oncoprotein. Oncogene 20: 2365-2377. 
Vogt P, Bos T, Doolittle R. 1987. Homology between the DNA-binding domain of the 

GCN4 regulatory protein of yeast and the carboxyl-terminal region of a protein 
coded for by the neogene jun (amino acid sequence/transcriptional activator). Proc 
Natl Acad Sci US A. 84: 3316-3319. 

Wammark A, Treuter E, Wright A, Gustafsson J. 2003. Activation Functions 1 and 2 of 
Nuclear Receptors: Molecular Strategies for Transcriptional Activation. Mol 
Endorin 17: 1901-1909. 

W.Mao, R.Irby, D.Coppola, L.Fu, M.Wloch, J.Tumer, H.Yu, R.Garcia, R.Jove, Yeatman 
TJ. 1997. Activation of c-Src by receptor tyrosine kinases in human colon cancer 
cells with high metastatic potential Oncogene 15: 3083-3090. 

171 



Ph.D Thesis-L. Wang McMaster-Biology 

Wagner E. 2001. AP-1- Introductory remarks. Oncogene 20: 2334-2335. 
Wang C, FuM, D'Amico M, Albanese C, Zhou J, Brownlee M, Lisanti M, Chatterjee V, 

Lazar M, Pestell R. 2001. Inhibition of cellular proliferation through lkappaB 
kinase-independent and peroxisome proliferator-activated receptor gamma
dependent repression of cyclin Dl. Mol Cell Biol. 21: 3057-3070. 

Wang W, Kuo J, Ku W, Lee Y, Lin F, Chang Y, Lin Y, Chen C, Huang Y, Chiang M, 
Yeh S, Wu P, Shen C, Wu C, Chen R. 2007. The tumour suppressor DAPK is 
reciprocally regulated by tyrosine kinase Src and phosphatase LAR. Mol Cell Biol. 
27: 701-716. 

Wang Z, Grigoriadis A, Mohle-Steinlein U, Wagner E. 1991. A novel target cell for c
fos -induced oncogenesis: development of chondrogenic tumours in embryonic 
stem cell chimeras. EMBO J. 10: 2437-2450. 

Wang Z, Liang J, Schellander K, EF EW, Grigoriadis A. 1995. c-fos-induced 
osteosarcoma formation in transgenic mice: cooperativity with c-jun and the role of 
endogenous c-fos. Cancer Res. 55: 6244-6251. 

Wasylyk C, Maira SM, Sobieszczuk P, Wasylyk B. 1994. Reversion of Ras transformed 
cells by Ets transdominant mutants. Oncogene 9: 3665-3673. 

Weitzman J, Fiette L, Matsuo K, Yaniv M. 2000. JunD Protects Cells from p53-
Dependent Senescence and Apoptosis. Mol Cell 6: 1109-1119. 

Welm B, Freeman K, Chen M, Contreras A, Spencer D, Rosen J. 2002. Inducible 
dimerization of FGFR1: development of a mouse model to analyze progressive 
transformation of the mammary gland. J Cell Biol. 157: 703-714. 

Wenzel A, lseli H, Fleischmann A, Hafezi F, Grimm C, Wagner E, Reme C. 2002. Fra-1 
substitutes for c-Fos in AP-1-mediated signal transduction in retinal apoptosis. J 
Neurochem. 80: 1089-1094. 

Werb Z. 1997. ECM and cell surface proteolysis: regulating cellular ecology. Cell 81: 
439-442. 

Wheeler D, lida M, Dunn E. 2009. The role of Src in solid tumours. Oncologist 14: 667-
678. 

Whitfield J, Neame S, Paquet L, Bernard 0 , Ham J. 2001. Dominant-negative c-Jun 
promotes neuronal survival by reducing BIM expression and inhibiting 
mitochondrial cytochrome c release. Neuron 29: 629-643. 

Williams S, Baer M, Dillner AJ, Johnson P. 1995. CRP2 (C/EBP beta) contains a 
bipartite regulatory domain that controls transcriptional activation, DNA binding 
and cell specificity. EMBO J. 14: 3170-3183. 

Wilson L, Luttrell D, Parsons J, Parsons S. 1989. pp60c-src tyrosine kinase, 
myristylation, and modulatory domains are required for enhanced mitogenic 
responsiveness to epidermal growth factor seen in cells overexpressing c-src. Mol 
Cell Biol. 9: 1536-1544. 

Wisdom R, Verma I. 1993. Proto-oncogene FosB: the amino terminus encodes a 
regulatory function required for transformation. Mol Cell Biol. 13: 2635-2643. 

Wisdom R, Johnson RS, Moore C. 1999. c-Jun regulates cell cycle progression and 
apoptosis by distinct mechanisms. The EMBO J. 18: 188-197. 

Wise T, Schafer D, Lambeth L, Tyack S, Bruce M, Moore R, Doran T. 2007. 

172 



Ph.D Thesis-L. Wang McMaster-Biology 

Characterization and comparison of chicken U6 promoters for the expression of 
short hairpin RNAs. Anim Biotechnol. 18: 153-162. 

Wong W, HAvarstein L, Morgan I, Vogt P. 1992. c-Jun causes focus formation and 
anchorage-independent growth in culture but is nontumourigenic. Oncogene 7. 

Wu Z, Rosen E, Brun R, Hauser S, Adelmant G, Troy A, McKeon C, Darlington G, 
Spiegelman B. 1999. Cross-regulation of C/EBPa and PPARy controls the 
transcriptional pathway of adipogenesis and insulin sensitivity. Mol. Cell 3: 151-
158. 

Xanthoudakis S, CurranT. 1992. Identification and characterization of Ref-1, a nuclear 
protein that facilitates AP-1 DNA-binding activity. Embo J 11: 653-665. 

Xi S, Zhang Q, Gooding W, Smithgall T, Grandis J. 2003. Constitutive activation of 
Stat5b contributes to carcinogenesis in vivo. Cancer Res. 63: 6763-6771. 

Yamanaka R, Kim G, Radomska H, Lekstrom-Himes J, Smith L, Antonson P, Tenen D, 
Xanthopoulos K. 1997. CCAAT/enhancer binding protein £ is preferentially up
regulated during granulocytic differentiation and its functional versatility is 
determined by alternative use of promoters and differential splicing. Proc Natl 
Acad Sci US A 94: 6462-6467. 

Yang M, Liu T, Chang J, Lin P, Lin S. 2003. JunB gene expression is inactivated by 
methylation in chronic myeloid leukemia. Blood 101: 3205-3211. 

Yap A. 1998. The morphogenetic role of cadherin cell adhesion molecules in human 
cancer: a thematic review. Cancer Invest. 16: 252-261. 

Yeatman TJ. 2004 A renaissance for SRC. Nat Rev Cancer. 4: 470-480. 
Yeh W, Cao Z, Classon M, McKnight S. 1995. Cascade regulation of terminal adipocyte 

differentiation by three members of the C/EBP family of leucine zipper proteins. 
Genes & Dev. 9: 168-181. 

Yin K, Lee J, Chen S, Xu J, Hsu C. 2002. Amyloid-beta induces Smac release via AP-
1/Bim activation in cerebral endothelial cells. J Neurosci. 22: 9764-9770. 

Yoon k, Zhu S, Ewing S, Smart R. 2007. Decreased survival of C/EBP beta-deficient 
keratinocytes is due to aberrant regulation of p53 levels and function. Oncogene 
26: 360-367. 

Yu C, Meyer D, Campbell G, Lamer A, Carter-Su C, Schwartz J, Jove R. 1995. 
Enhanced DNA-binding activity of a Stat3-related protein in cells transformed by 
the Src oncoprotein. Science 269: 81-83. 

Zahnow C. 2009. CCAAT/enhancer-binding protein ~: its role in breaset cancer and 
associations with receptor tyrosine kinase. Expert Rev Mol Med 11: 1-20. 

Zeng Y, Cullen BR. 2005. Efficient processing of primary microRNA hairpins by Drosha 
requires flanking nonstructured RNA sequences. J Biol Chern. 280: 9. 

Zeng Y, Wagner E, Cullen B. 2002. Both Natural and Designed Micro RNAs Can Inhibit 
the Expression of Cognate mRNAs When Expressed in Human Cells. Mol Cell 9: 
1327-1333. 

Zhang S, Yang W, Kontaridis W, Bivona T, Wen G, Araki T, Luo J, Thompson J, 
Schraven B, Philips M, Neel B. 2004. Shp2 Regulates Src Family Kinase Activity 
and Ras/Erk Activation by Controlling Csk Recruitment Mol Cell 13: 341-355 

Zhao J, Guan J. 2009. Signal transduction by focal adhesion kinase in cancer. Cancer 

173 



Ph.D Thesis-L. Wang McMaster-Biology 

Metas Rev 28: 35-49. 
Zheng XM, Wang Y, Fallen CJ. 1992. Cell transformation and activation of pp60c-src by 

overexpression of a protein tyrosine phosphatase. Nature 359: 336-339. 
Zhu S, Yoon K, Stemeck E, Johnson P, Smart R. 2002. CCAAT/enhancer binding 

protein-beta is a mediator of keratinocyte survival and skin tumorigenesis 
involving oncogenic Ras signaling. Proc Natl Acad Sci US A. 99: 207-212. 

174 



Ph.D Thesis-L. Wang McMaster-Biology 

Appendix 1: Mechanism of apoptosis induced by JunD down-regulation in 

v-Src-transformed CEF 

1. Introduction 

The proliferation and survival of cancer cells are restricted by several "oncogene 

checkpoints". Several mechanisms of tumour suppression have evolved to limit the 

proliferation of cancer cells. Seminal studies by Serrano and co-workers showed that 

. d R . d h . f 16/NK4A d 21WAFI d activate as m uces t e expressiOn o p an p , an promotes senescence 

in MEF (Serrano et al., 1997). Inactivation of the p53 and Rb genes bypassed the Ras-

induced senescence, highlighting the importance of these pathways in oncogene-induced 

senescence (OIS). Recent studies have uncovered novel pathways of cellular senescence. 

For instance, prolonged treatment with IFN-~ or -y causes senescence in normal human 

fibroblasts, a process that is dependent on the activation of p53 (Kim KS et al., 2009a, 

Moiseeva et al., 2006). Hence, p53 plays an important role in the induction of OIS. The 

role of the C/EBP~-p53 pathway in the induction of oncogene checkpoint came from the 

recent findings that C/EBP~ mediates the induction of inflammatory cytokines or 

chemokines in response to oncogenes, in particular IL6 and IL8, resulting in DNA 

damage and OIS via a p53-dependent manner (Acosta et al., 2008b, Kuilman et al., 

2008). However, the exact mechanism causing OIS in this pathway remains largely 

undefined. 

In previous studies, we have shown that the down-regulation of AP-1 activity by 

overexpressing TAM67 in v-Src transformed CEF induces three distinct phenotypes 
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contributing to the impairment of the cell proliferation, survival and transformation 

(Chapter 3). In chapter 5, we also uncovered a role for AP-1 and, in particular, for JunD 

in the survival of v-Src transformed CEF. Inhibition of JunD by shRNA also resulted in 

down-regulation of AP-1 activity (Chapter 5), suggesting that AP-1 is essential for cell 

survival upon v-Src transformation. In addition, we also observed that the apoptosis 

induced by JunD inhibition is p53-dependent (Chapter 5, Fig.24). In this section, we 

present preliminary data on the target(s) of JunD/AP-1 inhibition and apoptosis in these 

cells. We performed the gene profiling analysis of v-Src transformed CEF expressing the 

dominant negative mutant T AM67 or the junD shRNA and identified a cohort of 22 

genes induced aberrantly by v-Src in conditions of AP-1 inhibition. Four of these genes 

(Serpin B2, IFIT5 , OASL and DAPK1) are known components of the IFN-y pathway and 

two (DAPK1 and IL6) are well characterized targets of C/EBPp. Concomitant down

regulation of JunD and C/EBPP or DAPK1 by shRNA suppressed the apoptosis observed 

in conditions of JunD/AP-1 inhibition and restored the capacity of v-Src transformed CEF 

to grow in an anchorage-independent manner. These results suggest that the inhibition of 

AP-1/JunD causes the activation of a latent pathway involving C/EBPp, DAPK1 and p53 

that functions as oncogene checkpoint in v-Src transformed CEF. 

2. Results 

Identification of target genes commonly regulated by TAM67 and lunD inhibition 

In order to identify critical targets of AP-1, we performed a gene profiling analysis of 

CEF co-infected with ts NY72-4 RSV and a group B virus expressing TAM67 or the 
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junD shRNA. Since JunD inhibition causes apoptosis upon ts v-Src activation and the 

same phenotype is also prominent when AP-1 activity is impaired by expression of 

T AM67, we reasoned that genes mis-regulated in a v-Src- and AP-1-dependent manner 

would include candidate genes involved in the induction of apoptosis in these cells. In 

this analysis, the control cells were CEF co-infected with NY72-4 RSV and a 

RCASBP(B) vims expressing gfp and a shRNA for this gene product. We have shown in 

the past that GFP expression is silenced in these conditions thus providing an essential 

control for any non-specific effects dependent on the induction of RNA interference 

(Wang et al, Manuscript in Appendix 2). The inhibition of AP-1 altered markedly the 

pattern of gene expression of v-Src transformed CEF (data not shown) A complete 

analysis of these results will be presented elsewhere (Wang and Maslikowski, in 

preparation). Interestingly, a set of 21 non-redundant genes, normally not regulated by v

Src, were induced in response to TAM67 expression or downregulation of JunD 

expression by shRNA. These genes are described in Table 2. TSKU, which encodes a 

secreted protein involved in development of chick embryo, is a target of PPARa in 

human hepatocytes based on microarray analysis (Rakhshandehroo et al., 2009). 

However, its function is not fully elucidated. The cathepsin K gene predominantly 

expressed m osteoclasts encodes a lysosomal cysteine protease involved in bone 

remodeling and resorption (Troen 2006). Most interestingly, some of the genes (!FITS, 

Serpin B2, OASL and DAPK1 ) are part of the interferon pathway. OASL (2' -5'

oligoadenylate synthetase-like) is a distant member of the OAS family lacking any 

catalytic activity and known function (Andersen et al. , 2004). SerpinB2 is a protease 
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inhibitor with pleiotropic actions. Its role and that of IFIT5 in the control of the cell cycle 

is unclear (Tonnetti et al. , 2008). In contrast, Death-Associated Protein Kinase 1 

(DAPK1) is involved in the activation of the ARF/p53 pathway leading to apoptosis 

(Gade et al., 2008, Raveh et al., 2001). Over-expression of c-Myc or E2F-1 in MEF is 

known to activate DAPK1 and contribute to OIS caused by these factors (Raveh et al., 

2001). Both DAPKl and IL6 are well-known targets of C/EBP~ (Acosta et al. , 2008a, 

Gade et al. , 2008). 
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Table 2: Identification of genes activated by v-Src in conditions of AP-1 inhibition reveals the Interferon and C/EBP~ signatures. The P" 
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Effect of co-inhibition ofJunD and C/EBPB on the transformation of CEF by v-Src 

As shown in Table I, DAPKl (death associated protein kinase 1) and IL6 are among 

the target genes. These two genes are also known targets of C/EBPP (Gade et al., 2008). 

In particular, the induction of DAPKl by IFN-y is dependent on C/EBPP and does not 

rely on the canonical J ak-STAT pathway (Gade et al. , 2008). Since C/EBPP activity is 

enhanced in response to TAM67 expression in v-Src transformed CEF (Chapter 3), we 

asked whether the inhibition of c/ebp/3 by shRNA would alter the survival and capacity of 

v-Src transformed CEF to grow in soft agar in conditions of JunD inhibition. Two shRNA 

constructs for c/ebp/3 have been tested and shRNA #99 was selected based on its capacity 

to efficiently inhibit the expression of C/EBPP in normal CEF (Fig. 26A). The shRNA 

operon in the retroviral vector provides two separate sites allowing the expression of two 

hairpin sequences simultaneously. Therefore, vectors were generated to express shRNA 

species for junD and c/ebp/3, and co-infection of CEF was performed with a temperature 

sensitive mutant ofRSV, NY72-4. As shown in Fig.lB, expression of shRNA species for 

junD and c/ebp/3 was able to restore the capacity of v-Src transformed CEF to grow in an 

anchorage-independent manner. This finding indicates that blocking C/EBPP activity was 

able to bypass the inhibitory effect caused by JunD inhibition, implying a role of C/EBPP 

in the apoptosis induced in these conditions. 
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Figure 26. Co-inhibition of JunD and C/EBPI3 expression restores colony formation in soft agar. A. Western 

blotting analysis was carried out to examine the inhibition of C/EBPI3 expression by shRNA in normal CEF. The 

level of CIEBPI3 was significantly reduced in normal CEFs. Erk I was used a loading control; B. Soft agar assays 

were carried out to study the transformation capability of v-Src transformed CEF upon co-inhibition of JunD and 

C/EBPI3. Colonies formation was observed in v-Src transformed CEFs expressing a control virus (Panels B&D), 

or a virus expressing shRNA species for junD and c/ebpb, but not that expressingjunD shRNA (Panel C). 
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Following the finding that the activity of C/EBP~ is critical for the apoptosis induced 

by JunD inhibition, and since DAPK-1 is a known target of C/EBP~ (Gade et al. , 2008), 

we then asked whether DAPK1 plays a similar role in these cells. Semi-quantitative RT

PCR and Western blotting analyses confirmed the induction of DAPK1 upon ts v-Src 

activation and TAM67 or junD shRNA expression in CEF, respectively (Fig.27 A-D). 

More importantly, the concomitant repression of DAPKl restored the capacity of v-Src 

transformed CEF to form colonies in soft agar in conditions of JunD down-regulation 

(Fig.27J). Colonies formed in these conditions (JunD and DAPK1 co-inhibition) were 

more numerous and significantly larger than control v-Src transformed CEF (Fig.27 

E&F). This result suggests that DAPK1 limits the proliferation of v-Src transformed 

cells, a process antagonized in part by the activation of AP-1. Collectively, these results 

also imply that C/EBP~, DAPK1 and p53 form a negative regulatory pathway limiting 

the proliferation and survival of these cells. 
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Figure 27. Role of DAPKJ in the apoptosis induced by lunD inhibition. A. CEFs co

infected with temperature sensitive mutant of RSV, NY72-4 and a control virus or virus 

expressing TAM67. Semi-quantitative RT-PCR confirmed that DAPK1 is induced in the 

presence of TAM67 at the permissive temperature (Lane 4). GAPDH was used as a 

loading control; B. Densitometric analysis revealed that the transcription of DAPK-1 is 

increased by 1.7 fold in Lane 4 of Panel A; C. CEFs were co-infected with temperature 

sensitive mutant of RSV, NY72-4 and a control virus or virus expressing junD shRNA. 

Western blotting analysis verified that the expression of DAPK1 is stimulated upon v-Src 

activation and JunD inhibition (Lanes 2&4); D. Densitometric analysis was performed to 

examine the down-regulation of JunD expression and stimulation of DAPKl. The level 

of JunD expression is reduced by 50% at both non-permissive (41.5 °C) and permissive 

temperature (35°C), while DAPK1 is stimulated at the permissive temperature upon JunD 

inhibition; E-F. Soft-agar assays were performed to show that co-repression of dapkl and 

junD by shRNA restores the ability of v-Src transformed CEF to form colonies in soft 

agar. Number of colonies per field greater than 100 ~min each condition is shown. Mean 

number of colonies formed in the presence of dual shRNA for junD and dapkl species is 

greater than control (RCASBP(B)-shRNA-~U6),junD shRNA orfra-2 shRNA (one-way 

ANOV A followed by Tukey post-hoc test, p<0.05; panel E). Mean number of colonies 

per field for v-Src transformed CEF expressing the control,junD shRNA,fra-2 shRNA or 

dual shRNA (junD + dapkl) are 4.22, 1.40, 1.40 and 8.70, respectively. As shown in 

panel F, mean colony diameter of cells in the presence of dual shRNA (junD + dapkl) is 

greater than the control (Kruskal-Wallis test followed by Dunn's post-hoc test, p<0.05). 
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Outlier data greater than 350 !liD are not shown. Mean colony sizes for v-Src transformed 

CEF expressing the control, junD shRNA, fra2 shRNA or dual shRNA (junD + dapkl) 

are 138.6 !liD, 113.7 !lffi, 111.5 )liD and 163.5 !lffi, respectively. Whiskers in both plots 

indicate 5th -95th percentiles. Levels of significance in pair-wise tests are indicated in 

brackets above box-plots. *, **and*** indicate p values less than 0.05, 0.01 and 0.001 

respectively; G-J. Representative fields from colony formation assays quantified in 

panels E and F (lOX magnification). Only a few colonies were observed in v-Src 

transformed CEF expressingjunD or fra-2 shRNA (Panels Hand I); NP: Non-permissive 

temperature; P: Permissive temperature. 
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3. Summary 

We have shown that the down-regulation of JunO expression caused the induction of 

a p53-dependent pathway of apoptosis (Chapter 5, Fig.24). In this study, we performed 

gene profiling studies and identified 22 genes that are commonly regulated by TAM67 

and JunO inhibition. Some of these genes (IFIT5 , Serpin B2, OASL and DAPK1) are part 

of the interferon pathway, which also functions as oncogene checkpoint. Indeed, 

prolonged treatment with IFN-~ or y causes senescence in normal human fibroblasts, a 

process that may also involve DNA damage and the activation of p53 (Kim KS et al. , 

2009a, Moiseeva et al., 2006). We paid particular attention to the death associated 

protein kinase 1 (DAPKl), whose expression is directly activated by C/EBP~ and 

contributes to the induction of apoptosis upon interferon gamma (IFNy) treatment in 

MEF (Gade et al. , 2008), implying a potential role of C/EBP~-DAPK1 in the induction of 

apoptosis. Colony formation and survival of v-Src transformed CEF were restored when 

C/EBP~ was down-regulated concomitantly with JunO (Fig.1 and data not shown), 

suggesting that C/EBP~ mediates the apoptosis observed in condition of JunO inhibition. 

Likewise, co-inhibition of junD and dapkl by shRNA relieved the effects of JunO 

inhibition and restored the capacity of v-Src transformed CEF to form colonies in soft 

agar. Significantly, colonies formed in these conditions were more numerous and larger 

than colonies formed by control v-Src transformed CEF with normal levels of AP-1/JunD 

and DAPKl (Fig.27). This result suggests that DAPK1 limits the anchorage dependent 

proliferation of v-Src transformed cells. However, the RT-PCR and western blotting 

analyses revealed a modest induction of DAPKl in v-Src transformed CEF in the 
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presence of TAM67 or junD shRNA (Fig.27). This might be due to fact that these 

analyses were based on samples from short incubation (6-8 hours) at the permissive 

temperature (37 .5°C), where the ts. v-Src mutant is activated to induce transformation. We 

reasoned that longer incubation at the permissive temperature may reveal more 

considerable induction of DAPK1 expression and enzymatic activity in these cells. 

Further studies are required to confirm this hypothesis. Moreover, whether or not 

C/EBP~ is directly responsible for the induction of DAPK1 in conditions of AP-1 

inhibition remains to be investigated. Since DAPK1 induces apoptosis in a p53-

dependent manner (Raveh et al. , 2001), these results suggest that C/EBP~, DAPK1 and 

p53 form a pathway restricting the proliferation of v-Src transformed cells. 
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ABSTRACT 

The activation of AP-1 is a hallmark of cell transformation by tyrosine kinases . In this 

study, we characterize the role of AP-1 proteins in the transformation of chicken embryo 

fibroblasts (CEF) by v-Src. In normal CEF, the expression of a dominant negative 

mutant of c-Jun (TAM67) induced senescence. In contrast, three distinct phenotypes 

were observed when TAM67 was expressed in v-Src transformed CEF. While senescent 

cells were also present, the inhibition of AP-1 caused apoptosis in a fraction of the v-Src 

transformed cells. In addition, cells containing lipid-rich vesicles accumulated, 

suggesting that a sub-population of the v-Src transformed cells underwent differentiation 

in response to the inhibition of AP-1. JunD and Fra-2 were the main components of this 

factor while c-Jun accounted for a minor fraction of AP-1 in v-Src transformed CEF. The 

down-regulation of c-Jun expression by shRNA induced senescence in normal and v-Src 

transformed cells. In contrast, a high incidence of apoptosis was caused by the down

regulation of JunD, suggesting that the pro-survival function of AP-1 was determined by 

this factor. Levels of the p53 tumour suppressor were elevated in conditions of JunD 

inhibition. Repression of p53 by shRNA enhanced the survival and anchorage

independent proliferation of v-Src transformed CEF with J unD/ AP-1 inhibition. The 

inhibition of Fra-2 had no visible phenotype in normal CEF but caused the appearance of 

lipid-rich vesicles in v-Src transformed CEF. Therefore, AP-1 facilitated transformation 

by acting as a survival factor, by inhibiting premature entry into senescence and by 

blocking the differentiation of v-Src transformed CEF. 
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INTRODUCTION 

Activated Ras and v-Src induce profound changes in the pattern of gene expression (9). 

These changes are regulated at multiple levels but are often dependent on the activation 

of transcription factors working cooperatively on promoter/enhancer regions. The 

significance of transcription factor activation is highlighted by the inhibitory effects that 

dominant negative mutants of Ets, Stat3 or AP-1 exert on cell transformation (5, 16, 29, 

42-44 ). Separate groups reported that the inhibition of AP-1 by the expression of a 

deletion mutant of c-Jtm lacking a trans-activation region interferes with transformation 

by RasV12 or v-Src. In addition, immortalized fibroblasts nullizygous for c-Jun cannot 

be transformed by these oncoproteins (22). However, these cells are still capable of 

forming tumours in animals albeit with delayed kinetics. Cells recovered from these 

tumours are characterized by high levels of AP-1 activity resulting from increased 

expression of JunD (22). These observations underline the importance of AP-1 activation 

in cell transformation by oncogenic Rasor tyrosine kinases. 

Several mechanisms of AP-1 activation have been described before. Herschman 

and co-workers reported that v-Src controls the trans-activation potential of c-Jun by 

inducing the activity of the JNK/SAPK pathway in murine fibroblasts (30). In contrast, 

the activity of this pathway is enhanced modestly in v-Src transformed CEF, indicating 

that other pathways of AP-1 regulation are activated in these cells (3). The Ras

dependent stimulation of ERK modulates the phosphorylation and activity of Fra-2 in 

RSV transformed CEF, in agreement with the notion that v-Src controls several aspects 

of the regulation of AP-1 (36). Similar studies performed on NIH 3T3 fibroblasts 
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concluded that transformation by activated Ras is dependent on c-J un/Fra-1 and the 

displacement of weaker trans-activators of the Jun family by the more potent c-Jun 

protein. Significantly, Yaniv and co-workers reported that the over-expression of JunB 

and JunD inhibits the transformation of NIH 3T3 cells by Ras, implying that these factors 

function as negative regulators or poor activators of AP-1 in these cells (38). However, a 

different view is depicted by the studies of primary mouse embryo fibroblasts (MEF) 

harboring a disruption of the c-jun or junD gene. Indeed, c-jun or junD (-/-) MEF 

proliferate poorly and rapidly undergo premature senescence in vitro, suggesting that 

both gene products are required for normal proliferation of primary embryonic fibroblasts 

(46, 47). Consistent with this notion, MEF lacking JunD express elevated levels of 

p19Arf, which triggers the entry into senescence (46). The role of JunD is not restricted 

to the control of cell proliferation since junD ( -/-) MEF are also hyper-sensitive to the 

action of TNF D and rapidly undergo apoptosis in response to this factor ( 46). 

In this study, we characterize the activation of AP-1 in CEF transformed by the 

Rous sarcoma virus (RSV). We show that the JunD/Fra-2 heterodimer accounts for most 

of the AP-1 activity in normal and v-Src transformed CEF. The increase of AP-1 activity 

was dependent on the accumulation of JunD, Fra-2 and, to a lesser extent, c-Jun. 

Moreover, the trans-activation potential of JunD was stimulated markedly in response to 

v-Src transformation, suggesting that JunD is a key target of v-Src transformation. The 

inhibition of AP-1 by a dominant negative mutant of c-J un resulted in a high incidence of 

apoptosis in RSV -transformed CEF but not in their normal counterparts. Down-

regulation of c-Jun by shRNA induced senescence but no apoptosis. In contrast, the 
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disruption of JunD expression caused a high incidence of apoptosis, suggesting that the 

pro-survival activity of AP-1 depends on JunD. Down-regulation of Fra-2 expression by 

shRNA had no visible phenotype in normal CEF but induced the accumulation of lipid

rich vesicles in v-Src transformed cells. Therefore, AP-1 promoted cell transformation 

by acting as a survival factor, by inhibiting premature entry into senescence and by 

antagonizing the differentiation of v-Src transformed CEF. 

MATERIALS AND METHODS 

Cell culture. Chicken Embryo Fibroblasts (CEF) were cultured at 41.5°C in 

DMEM medium supplemented with 5% heat-inactivated newborn bovine serum (Cosmic 

calf serum, Hyclone), 5% Tryptose Phosphate Broth (TPB), and 1% Penicillin, 

Streptomycin, and L-Glutamine (Gibco-BRL Lifesciences Technology). CEF were 

infected with the non-transforming myristylation-deficent strain NY315 RSV, the wild 

type transforming Schmidt-Ruppin A (SR-A), or with the temperature sensitive (ts) 

strains NY72-4 (a group A virus) or LA90 RSV (a group B virus). Results pertaining to 

the role of AP-1 in the transformation and survival of v-Src transformed CEF were 

confirmed using both temperature sensitive strains of RSV. LA90 and NY72-4 RSV

infected CEF were cultured at the non-permissive temperature of 41.5°C and transferred 

to the permissive temperature of 37.5°C to activate the temperature sensitive v-Src 

kinase. CEF were also treated with a 800 nM dose of Tetradecanoyl Phorbol Acetate 

(TPA) (Sigma) or 1% ethanol diluent in some experiments. 

Generation of retroviral vectors for shRNA expression. Using existing avian 
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RCASBP vectors for shRNA expression, we failed to observe prolonged down-regulation 

of several transcription factors of the AP-1 or NFKB family in CEF (our unpublished 

results). In vectors designed by Das and co-investigators, a shRNA is expressed in the 

context a chicken microRNA under the control of the chicken U6 promoter (8). Since 

microRNA loci are transcribed by RNAP II, we deleted the U6 promoter and leader 

sequence to generate vectors expressing one or two shRNA species under the control of 

the strong viral LTR. This was done by replacing the Not1-Cla-1 expression cassette of 

the transfer plasmid pRFPRNAiC with a DNA fragment consisting of the mi~roRNA 

operon sequences but lacking the chicken U6 promoter and leader region of the same 

vector (8). This was completed by amplifying the microRNA region by PCR using 

forward (5' ATACTAGCGGCCGCATAAAGT 3') and reverse pnmers (5' 

GGATCCATCGATAAAAAAGCT 3') bordering the reg1on of interest. Cloning of 

sequences for shRNA expression in the modified transfer vector, designated 

pRFPRNAiC-shRNA- DU6, was performed as described by Das and co-workers (8). 

Target sequences for components of the chicken AP-1 factor (c-Jun, JunD, Fra-2) 

are described in Table 1. While two or more targets were generated of each factor 

included in this study, the results described below were obtained with the RCASBP

shRNA vector providing the most efficient down-regulation of the factor of interest 

(Table 1). However, the phenotype associated with the down-regulation of c-Jun, JunD 

or Fra-2 was observed with two or more independent targets of the same gene (data not 

shown). All shRNA constmcts were designated by the number of the first nucleotide of 

the targeted sequence, subcloned into the sub-group A or B RCASBP retroviral vectors 
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and tested by transfection into normal CEF using the calcium phosphate method (15). 

Following transfection of the shRNA retroviral vector, in some experiments CEF were 

super-infected 24 hrs later with the temperature sensitive mutants NY72-4 or LA90 RSV. 

Construction of mismatch and scrambled shRNA control constructs. Two types of 

retroviral constructs were generated to examine the specificity of a shRNA species. In 

the first type, the sequence forming the stem structure of the shRNA was scrambled to 

eliminate the targeting of the mRNA of interest. Alternatively, we substituted two 

nucleotides of the stem structure disrupting the complementarity of the hairpin sequence 

to the target mRNA; these were designated "mismatch constructs". Results obtained with 

scrambled shRNA constructs were confirmed with the corresponding mismatch 

constructs. Sequences of these constructs are also described in Table 1. 

Since the over-expression of JunD reduces the expression of c-Jun and the over

expression of c-Jun impairs JunD expression in CEF (14), we also looked at the effects of 

a shRNA on the expression of other members of the AP-1 family but did not see any 

stimulatory effects of the down-regulation of c-Jun, JunD or Fra-2 (see Fig. lOA and data 

not shown). 

Transactivation Domain Constructs and Transient Expression Assays. DNA 

fragments corresponding to amino acids 1-193 of chicken c-Jun and 1-220 of chicken 

JunD were amplified by PCR and sub-cloned in the Hindii-Sall sites of plasmids 

pCDNA3-Gal4 DBD or pRC/RSV -Gal4 DBD. These constructs encode fusion proteins 

consisting of the trans-activation domain (TAD) of c-Jun or JunD at the N terminus and 

the DNA binding domain (DBD) of the yeast Gal4 transactivator at the C-terminus. The 
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activity of the Gal4 fusion proteins was assessed in NY72-4 RSV infected CEF co

transfected with a plasmid consisting of a CAT reporter gene controlled by five Gal4 

binding sites fused a minimal promoter (pJFCAT-TATA-Gal4). The same results were 

obtained when the c-Jun or JunD Gal4 fusion proteins were expressed with the pCDNA3-

Gal4 or pRC/RSV -Gal4 backbone vectors. 

The methodology and CAT reporter gene constructs consisting of the ILS (also 

designated CEF-4) promoter or a minimal promoter fused to TPA-response elements 

(TRE), NFKB binding sites (PRDII) or C/EBP binding sites have been described before 

(10, 13). The DEAE-dextran method was used for all transient expression experiments. 

In brief, normal CEF, SR-A RSV transformed CEF , NY72-4 or LA90 RSV-infected 

CEF kept at the non-permissive temperature of 41.5°C, were seeded at a confluence of 

70-80% in 100 mm dishes. Variable amounts of the effector expression plasmid (see 

Figure legends for details) were co-transfected with 2 !lg of the CAT reporter plasmid 

and 2 !lg of pRSV -Pgal along with variable amounts of carrier salmon sperm DNA to 

make up to a total of 30 !lg of DNA. Transfection efficiency was determined by the level 

of P-galactosidase activity recovered in lysates of transfected cells. Transformation was 

obtained by transferring NY72-4 or LA-90 RSV infected CEF to the permissive 

temperature of 37.YC for a 24 hr period. All transient expression assays were conducted 

in triplicate samples in two or more independent experiments. Error bars represent the 

standard error. 

Proliferation and soft agar assays. CEFs were transfected with shRNA retroviral 

constructs and cultured for 2 passages to ensure infection of the entire CEF population. In 
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some cases, the CEF population was super-infected with NY72-4 or LA90 RSV, as 

described below. For proliferation assays, cells were seeded into 24-well dishes at a 

density of 12,000 cells/per well and cell numbers were determined over a six day period 

by counting quadruplicate samples of each cell type in a Coulter counter. Anchorage

independent proliferation was determined in soft agar assays performed at the permissive 

temperature (37.5"C), as described before (13). 

Lipid staining, senescence-associated ~-galactosidase (SA~G) and Tunel assays. 

Lipids were stained with the lipophilic dye Oil-Red 0, as described before (24). All 

singly and doubly infected cells were assayed for SA~G activity using commercially 

available reagents and protocols provided by the supplier (Cell Signaling Technology; 

#9860). Apoptosis was quantitated by the Tunel assay using commercially available 

reagents (Roche, #12156792910). In brief, cells were fixed with 4% Paraformaldehyde 

in 1X PBS for 1 hour at room temperature and permeabilized with 0.1% Triton X-100 in 

0.1% sodium citrate. After washing extensively in PBS, specimens were incubated with 

Terminal deoxynucleotidyl Transferase (TdT) and TMR red labeled dUTP containing 

solution for 1 hour at 370C. All the samples were mounted in 10 ul of 0.1 % phenylene 

diamine in 70% glycerol. Apoptotic cells were visualized under fluorescence microscopy. 

Chromatin was stained with DAPI (Sigma, #D9542) and nuclei were counted to 

quantitate the number of cells in each field. A minimum of 500 cells in an average of 15 

fields were counted on each slide. The percentage of Tunel positive cells and standard 

errors were determined for each condition and cell type. 

Electrophoretic mobility shift assays (EMSA). Nuclear extracts were prepared 
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from normal and v-src transformed CEF, as described before (3). Briefly, cells were 

scraped and pelleted in IX Phosphate Buffered Saline (PBS) and lysed in a buffer 

containing 10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM 

Dithiothreitol (DTT), 0.5 mM PhenylMethylSulphonylFluoride (PMSF), 2 f!g/mL 

leupeptin, 5 f!g/mL antipain, 5 f!g/mL aprotinin, 1 mM NaF, 1 mM Na3V04, and 10% 

NP-40. The nuclear pellet was isolated by centrifugation and solubilized in a solution 

containing 20 mM HEPES pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 

1 mM PMSF, 10 f!g/mL leupeptin, 5 f!g/mL antipain, 5 f!g/mL aprotinin, 1 mM NaF, and 

1 mM Na3V04. Insoluble debris was removed by centrifugation and the remaining 

supernatant containing the nuclear protein fraction was used in a gel shift assay. Gel 

shifts were performed as follows: 2 f!g of nuclear protein were incubated on ice at 4°C for 

3 hours in 20 f!L of lX interaction buffer consisting of 10 mM Tris pH 7.5, 1 mM DTT, 1 

mM EDTA, 2 f!g poly dl-dC (for non-specific DNA competition), 100 mM NaCl, and 

25% glycerol. 1 f!g of the appropriate Jun or Fos antibody or antibody pre-incubated 

with 5X amount of peptide antigen were also included in reactions for supershifting of 

binding complexes and as a control for supershifted complexes, respectively. For 

competitive binding analyses, a 50 molar excess of a cold wild type or mutant TRE 

oligonucleotide was included in the binding reaction. All protein reactions were 

subsequently incubated with approximately 0.1 ng (lO,OOOcpm) of a a32P-dCTP or 

a32P-dATP radioactively labelled TRE probe for 15 minutes at room temperature prior 

to loading. Reactions were run under non-denaturing conditions at 4°C on a pre-run 4.8% 

polyacrylamide gel in 0.5X TBE for 2.5 hours at 200 volts . Gels were dried under 
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vacuum and exposed to Kodak film overnight at -80°C. 

Chromatin immunoprecipitation. Chromatin immunoprecipitation (ChiP) 

protocol was based on the EZ ChiP protocol by Upstate Biotechnology (Millipore, 

Massachusetts, USA). All recipes are provided in the EZ ChiP documentation. Briefly, 

CEFs infected with RCASBP(A) or SR-A RSV were grown to sub-confluence, fixed in 

1% formaldehyde for ten minutes and then quenched in 125mM glycine for 5 minutes. 

Cells were collected, centrifuged at 200g and washed in PBS twice to remove media and 

fixation solution. Cells were lysed in SDS lysis buffer in the presence of protease 

inhibitors. Lysates were sonicated on ice using a Branson 350 probe-sonicator for 6 

minutes at 60% intensity, 50% duty cycle. An aliquot of DNA from each sample was 

reverse cross-linked and assayed for shearing by agarose gel electrophoresis. 10% of each 

sample was reserved for input controls and not subjected to immunoprecipitation. One 

mg of protein was immunoprecipitated overnight at 40C in the presence of 30J.!l (packed 

volume) blocked sepharose beads and lJ..Lg of relevant antibody. Anti-c-Jun (sc-44), JunD 

(sc-74), and Fra-2 (sc-604) antibodies were obtained from Santa Cruz Biotechnology. 

Following precipitation, beads were washed twice in low salt buffer, once in high salt 

buffer, once in LiCl buffer and twice in TE. Protein/DNA complexes were eluted twice 

with elution buffer, reverse cross-linked overnight and then treated with RNAse A and 

proteinase K the following day. DNA was isolated by phenol/chloroform extraction, 

precipitated and resuspended in TE. Precipitated DNA was PCR amplified using standard 

protocols. Primer pairs for the v-Src responsive unit (SRU) of the promoter/enhancer of 

IL8/CEF-4 gene and upstream negative control were: 
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5'AAGAAACTAGTCTGCATGGGCA 3' (forward SRU) 

5' CCAAACACTCCTAACCATGAACG 3' (reverse SRU) 

5' GCTGCTTCAGGATCATCTTCTAGGA 3' (forward negative control region) 

5' CACTCAGTCGGCTGATTCAGAGA3' (reverse negative control region) 

Western blotting analysis. Whole cell protein lysates were prepared by harvesting 

non-transformed and transformed CEF washed and pelleted in cold 1X PBS. Cells were 

resuspended and lysed in 1X Sodium Dodecyl Sulphate (SDS) buffer consisting of 2.3% 

SDS, 5% ~-mercaptoethanol, 10% glycerol, and 62.5 mM Tris pH 6.8 by boiling samples 

for 5 minutes . 20-40 11g of proteins were separated by electrophoresis through a 

denaturing 10% polyacrylamide gel, transferred electrophoretically onto a nitrocellulose 

membrane (Schleicher and Schuell, BA85) and probed with various antibodies. 

Commercial antibodies made against c-Jun (SC-45X), JunD (SC-74X), Fra-2 (SC-604X) 

(all used at a dilution of 1:2000), p53 (SC-99) and ERK-1 (SC-93) (used at a dilution of 

1:2000) were obtained from Santa Cruz Biotechnology (Santa Cruz, California). The c

Fos antibody (#2000752) used in EMSA analysis was purchased from Geneka 

Biotechnology Inc. (Montreal, Quebec). Immune complexes were visualized using 

horseradish peroxidase-conjugated secondary antibody and a chemiluminescent substrate 

(ECL system, GE Healthcare). 

RESULTS 

The inhibition of AP-1 induces multiple phenotypes in v-Src transformed chicken 

embryo fibroblasts. Cells transformed by tyrosine kinases or activated Ras have elevated 
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levels of AP-1 activity (9, 22). In immortalized cell lines transformed by these 

oncogenes, the inhibition of AP-1 results in a more normal morphology and the inability 

to proliferate in the absence of anchorage ( 16, 29). AP-1 is also activated in chicken 

embryo fibroblasts (CEF) transformed by the Rous sarcoma virus (3). To characterize 

the role of AP-1 in primary embryonic fibroblasts, we expressed T AM67, a mutant of c

Jun deleted of the N-terminal trans-activation domain, with the RCASBP retroviral 

system (1, 14). As reported previously, the proliferation of normal CEF was markedly 

inhibited by the expression ofT AM67, a process that may reflect the down-regulation of 

cyclin D1 (14). Flat, hi-nucleated cells were often found in populations of normal CEF 

expressing T AM67, suggesting that the dominant negative mutant of c-Jun induces 

senescence. In agreement with this notion, a significant proportion of the T AM67 

expressing CEF were positive for the senescence-associated ~-galactosidase activity 

(SA~G) described by Dimri et al (Fig.1A-B; (12)). Likewise, CEF co-infected with a 

temperature sensitive mutant of RSV, ts LA-90, and RCASBP-TAM67 expressed the 

SA~G activity, indicative of cellular senescence. This was seen at both the permissive 

and non-permissive temperature (Fig.1 C-F). In addition, CEF populations expressing the 

ts v-Src kinase and TAM67 were significantly depleted and cell numbers decreased by 

60% when transferred to the permissive temperature for a 16 hr period (data not shown). 

Cells floating in the medium were abundant. Finally, a fraction of the cells were highly 

vesiculated but did not express the SA~G activity (asterisk in Fig.1F). These phenotypes 

were not observed in CEF co-infected by ts LA-90 RSV and the RCASBP(A) control 

virus (Fig.1C-D). 
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To determine if senescence or cell death accounts for the loss of transfmmed 

CEF, we repeated the experiment with cells transferred to the permissive temperature for 

a shorter duration (12 hrs). The quantitation of SA~G activity confirmed that TAM67 

induces cellular senescence to similar extents at the permissive and non-permissive 

temperatures (Fig.lG). A high incidence of apoptosis was also detected in CEF 

expressing T AM67. However, this incidence was at least one order of magnitude greater 

at the permissive temperature. In fact apoptosis was nearly undetectable at the non

permissive temperature of 41.5°C (Fig.2). Interestingly, control LA90 RSV -infected CEF 

that did not express TAM67 also showed signs of apoptosis when transferred to the 

permissive temperature, suggesting that v-Src activity induces apoptosis, albeit modestly. 

Vesiculated CEF, appearing in response to T AM67 expression and activation of 

the temperature-sensitive v-Src, did not stain in the Tunel and SA~G assays, indicating 

that they were neither senescent nor undergoing apoptosis. We also looked at processing 

of MAPLC3, a marker of autophagy, in conditions of AP-1 inhibition and v-Src 

transformation but did not see any difference between control and TAM67 expressing 

cells (data not shown). Finally, an assay based on the incorporation of Lucifer yellow 

ruled out macropinocytosis as a source of the vesicles detected in the T AM67 expressing 

RSV infected CEF [data not shown; (35, 37)]. 

Transient expression of T AM67 induces apoptosis in a high fraction of the v-Src 

transformed CEF. To rule out the possibility that the phenotype caused by the expression 

ofT AM67 is a non-specific effect of having multiple viruses replicating in the cell and to 

determine the extent of apoptosis, we expressed TAM67 transiently by transfecting 
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plasmid CMV-TAM67 or a control vector in LA90 RSV infected CEF. A plasmid 

expressing GFP was included in the experiment to identify cells that were effectively 

transfected. The transfection efficiency was comparable (15-20%) in CEF transfected 

with the control vector or T AM67 expressing construct (data not shown). As described 

in Fig.3, the expression of TAM67 did not induce apoptosis when the cells were 

maintained at the non-permissive temperature. In contrast, the activation of the ts v-Src 

kinase induced apoptosis in 50% of the LA90 RSV infected CEF transfected with the 

T AM67 expression construct. A lower incidence of apoptosis was also detected in CEF 

transfected with the control vector, in agreement with our previous observations that v

Src transformation causes cell death in a small fraction of the cells (Fig.3). Therefore, the 

induction of apoptosis was observed in a high proportion of the v-Src transformed cells 

indicating that cell death is the predominant phenotype caused by the expression of 

T AM67. Moreover, this result confirmed that cell death was not caused by the 

replication of multiple viruses in the cell. 

JunD and Fra-2 are the main components of AP-1 in RSV-transformed CEF. 

Elevated levels of AP-1 DNA binding activity were detected in nuclear extracts of v-Src 

transformed CEF (Fig.4A). The results of gene profiling studies indicated that c-Jun, 

JunD and Fra-2 are expressed in CEF (34). Using antibodies and EMSA, we confirmed 

the presence of all three proteins in the AP-1 complex of uninfected and SR-A RSV

transformed CEF. While c-Fos was found in nuclear extracts of TPA-stimulated cells, it 

could not be detected in v-Src transformed CEF (Fig.4A, lanes 4,9,15). Significantly, the 

same constituents, JunD and Fra-2, predominated in the AP-1 complex of normal and 
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transformed CEF. Therefore, constitutive activation of AP-1 was not characterized by the 

expression and recruitment of different factors induced during v-Src transformation. 

JunD and Fra-2 were also detected on the IL8 promoter/enhancer by chromatin 

immunoprecipitation (ChiP). In agreement with the results of EMSA, both proteins were 

recruited to the IL8 promoter/enhancer region in response to v-Src transformation (Fig. 

4B). In contrast, c-Jun was not detected by ChiP assay in normal (control RCASBP 

infected) and v-Src transformed CEF (SR-A RSV infected), confirming that the 

JunD/Fra-2 dimer is the predominant form of AP-1 in these cells. 

v-Src controls the activity of AP-1 at multiple levels. To characterize the increase 

in AP-1 DNA binding activity, we first looked at the expression of the three components 

of AP-1 identified above, by Western blotting analysis. As shown in Fig.SA, c-Jun, JunD 

and Fra-2, were more abundant in CEF transformed by the wt SR-A strain of RSV. This 

was more striking for Fra-2 and JunD. CEF infected with the transformation deficient 

vims NY 315 RSV or with the control RCASBP(A) virus expressed similar levels of Fra-

2, c-Jun and JunD. As reported by other investigators, multiple forms of these proteins 

were detected in this analysis. To a large extent, the v-Src dependent increase in AP-1 

DNA binding activity can be accounted by the accumulation 

Fra-2 in CEF stably transformed by SR-A RSV. 

of c-Jun, JunD and 

Pathways controlling the activity of several MAPKs, including ERK and 

JNK/SAPK, are activated in v-Src transformed cells (3, 30). Since JNK/SAPK targets 

the activation domain of c-Jun and JunD (11, 19, 23, 26, 48), we examined the potency of 

these domains fused to the DNA binding region of the Gal4 transactivator [Fig.SB; (39)]. 
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Using this approach, we observed the potentiation of the JunD trans-activation function 

in v-Src transformed CEF (Fig.5C). Potentiation of the corresponding domain of c-Jun 

was also observed in these cells. However, the effects on the c-Jun domain were modest. 

A fraction of the JunD trans-activation function was sensitive to the action of a dominant 

negative mutant of SEK but a significant fraction of this activation was still detected in 

these conditions. Collectively, these results suggest that v-Src controls the activity of 

AP-1 at several levels and targets JunD and Fra-2, primarily, to enhance the activity of 

this factor in CEF. 

TAM67 regulates the activity of AP-1, NFKB and C/EBP~. The leucine zipper 

mediates the interaction of c-Jun with members of the Jun, Fos and ATF families. The 

same region promotes the interaction with NFKB and C/EBP~ (17, 20, 41 ). Therefore, 

TAM67 may alter the activity of all three factors binding to the v-Src Responsive Unit 

(SRU) of the IL8 promoter (6, 10, 13). This was confirmed in transient expression 

assays . As expected, the activation of a TRE-controlled promoter by v-Src was strongly 

impaired by the expression of TAM67 (Fig. 6A). However, a significant inhibition was 

also observed for the NFKB-controlled promoter while, in contrast, C/EBP activity was 

stimulated by T AM67 (Fig.6B ). The resulting effect was a partial inhibition of the IL8 

promoter in v-Src transformed CEF (Fig.6C). Thus, the effect of the dominant negative 

mutant of c-Jun was not restricted to the inhibition of AP-1. 

T AM67 promotes the accumulation of lipid-rich vesicles in v-Src transformed 

CEF. The over-expression of C/EBP~ induces adipogenesis in fibroblasts, including CEF 

(24, 33). Therefore, the observation that TAM67 stimulates the activity of the C/EBP-
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controlled promoter in v-Src transformed CEF raised the possibility that lipids 

accumulate in these cells. This was confirmed by staining CEF with Oil-Red 0. As 

shown in Fig.7, the vesicles observed in a fraction of the TAM67 expressing cells 

accumulated the lipophilic dye, indicating that they contain lipids. Oil-Red 0 positive 

cells were detected primarily at the permissive temperature indicating that the response 

was v-Src-dependent and that, on its own, T AM67 was unable to promote a marked 

accumulation of lipids (Fig. 7E). 

We also asked if T AM67 induces the expressiOn of the lipid-binding p20K 

lipocalin, a marker of contact inhibition and reversible growth-arrest but not adipogenesis 

in CEF (14, 24). As shown in Fig.7F, the activation of the temperature-sensitive v-Src 

kinase did not enhance the expression of p20K. This was true in control and T AM67 

expressing CEF. Therefore, the inhibition of AP-1 did not induce a state of reversible 

growth arrest in these cells. Cells accumulating lipids at the permissive temperature were 

flat and viable for extended periods of time, suggesting that they had undergone 

differentiation. 

Generation of retroviral vectors for shRNA expression in CEF. RNA interference 

provides the means to inhibit gene expression in a sequence-specific manner. Avian 

retroviruses for expression of shRNA have been described before (4, 7, 8, 18). However, 

little information exists on the efficacy of these vectors and their capacity to silence gene 

expression in a sustained manner, a condition required for studies on cell proliferation 

and transformation. Using existing RCASBP vectors expressing shRNA from an internal 

Poliii promoter, we failed to observe prolonged down-regulation of several transcription 

205 



Ph.D Thesis-L. Wang McMaster-Biology 

factors of the AP-1 or NFKB family in chicken embryo fibroblasts (CEF; our unpublished 

results). Similar conclusions were reached by other investigators (7). In the original 

vector designed by Das and co-investigators, a shRNA is expressed in the context a 

chicken microRNA locus under the control of a U6 promoter. We reasoned that 

transcriptional interference between the viral LTR and the U6 promoter impairs the 

replication or expression of the viral genome. Since microRNA genes are transcribed by 

RNAPII, we deleted the U6 promoter and leader sequence to generate plasmid RCASBP

shRNA-L1U6. In this vector, the shRNA sequence is cloned downstream of a splicing 

acceptor site and egfp gene (Fig.8A). Since expression of the viral genome can be 

monitored through GFP expression, we used the modified RCASBP vector to express a 

shRNA sequence targeting this gene and followed GFP expression in CEF. As shown in 

Fig.8B-C, GFP was detected broadly in the cell population transfected with the control 

retroviral vector but was undetectable in cells expressing the shRNA for GFP. This was 

confirmed by Western blotting analysis (Fig.8D). The expression of p27 gag was 

reduced in vectors containing the microRNA cassette but was detected with both the 

parental RCASBP-shRNA-L1U6 vector and its derivative construct harbouring the shRNA 

sequence for GFP. Infection assays confirmed that functional retroviral particles were 

released in the medium of these cells (data not shown). Thus, while the vector was able to 

effectively silence the expression of GFP, viral protein expression and virus replication 

were not completely impaired by the presence of the shRNA sequence in the retroviral 

genome. 

The expression of GFP and p27 gag was followed for several passages after 
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transfection of these retroviral constructs (Fig.9A). GFP expression was sustained in 

cells transfected with the parental vector but remained undetectable in CEF expressing 

the shRNA sequence. Gag expression was detected for the duration of the experiment 

with both retroviral vectors. We then determined if GFP expression could be inhibited in 

these cells when expressed transiently from an unrelated vector (CMV -GFP). CEF 

infected with RCASBP (A) were used as control in this experiment to allow for the 

detection of the transiently expressed GFP in the absence of the shRNA. As shown 

Fig.9B, GFP expression was reduced considerably in CEF infected by RCASBP-shRNA

fj.U6-egfp for more than six passages, suggesting that sustained inhibition was provided 

by the shRNA. This result also suggests that GFP down-regulation was the result of RNA 

interference and was not limited to the retrovirally encoded GFP gene of RCASBP

shRNA-j'j.U6- egfp. We also examined the effect of shRNA expression on cell 

proliferation. CEF infected with RCASBP-shRNA-/j.U6-GFP accumulated at levels and 

with kinetics comparable to those of RCASBP(A) or RCASBP-shRNA-/j.U6 infected 

CEF (Fig.9C). Therefore, the induction of RNA interference did not affect CEF 

proliferation. 

JunD mediates the pro-survival function of AP-1 in v-Src transformed CEF. 

Retroviral constructs expressing shRNA were generated to inhibit the expression of a 

single component of AP-1. A partial down-regulation of c-J un expression led to a 

significant inhibition of CEF proliferation and a high incidence of senescent cells but no 

apoptosis (Fig.lOA-F, R-S). The inhibition of JunD expression decreased CEF 

proliferation but did not cause senescence, as indicated by the absence of SAPG-positive 
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cells in these conditions (Fig. lOG-L). However, apoptotic cells were detected in CEF 

population expressing the junD shRNA (Fig. lOS). Despite a marked reduction in protein 

expression, the down-regulation of Fra-2 had little effect on the proliferation of normal 

CEF. Moreover, the inhibition of Fra-2 had no visible phenotype, causing no senescence 

or apoptosis (Fig.lOM-S). In summary, c-Jun inhibition caused premature entry into 

senescence while JunD inhibition triggered apoptosis in a small fraction of normal CEF 

(3%; Fig.lO). 

We generated CEF infected with a temperature-sensitive mutant of RSV (NY72-4 

RSV) and a virus expressing a shRNA for c-jun, junD or fra-2. A partial inhibition of c

Jun and JunD expression was observed in CEF expressing the corresponding shRNA. In 

contrast, Fra-2 expression was severely impaired at the permissive and non-permissive 

temperature (Fig.ll). Transient expression assays confirmed the inhibition of AP-1 

activity in v-Src transformed CEF expressing the shRNA for junD or fra-2 (Fig.l2A-B). 

In contrast, the partial down-regulation of c-Jun did not dramatically reduce the activity 

of AP-1 in these cells . 

As described in normal CEF, SA~G activity was observed in 72-4 RSV infected 

CEF expressing the c-jun shRNA at the permissive and non-permissive temperature, but 

was not detected in conditions of JunD or Fra-2 inhibition (data not shown). However, 

apoptotic cells were observed in cells expressing the junD shRNA. This phenotype was 

enhanced by the activation of the temperature sensitive v-Src kinase (Fig. 12I-J). A 

lower incidence of apoptosis was also detected in conditions of Fra-2 and c-Jun inhibition 

(Fig.12K). Therefore, JunD was important for the pro-survival activity conferred by AP-
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1 in v-Src transformed CEF. 

Lipid vesicles accumulate in response to Fra-2 inhibition in v-Src transformed 

cells. NY72-4 RSV infected CEF expressing the fra-2 shRNA were flat at the non

permiss ive and permissive temperature, indicating that Fra-2 expression was required to 

achieve morphological transformation. In addition, lipid-rich vesicles accumulated at the 

permissive but not at the non-permissive temperature (Fig.13D, H-1). This was not 

observed in conditions of c-Jun or JunD down-regulation (data not shown). Therefore, 

Fra-2 expression was required to block the accumulation of lipids in v-Src transformed 

CEF. 

In summary, the pleiotropic action of T AM67 can be ascribed to individual 

components of the AP-1 factor. Thus, c-J un inhibition caused a premature entry into 

senescence while JunD was required for the survival of v-Src transformed CEF. Finally, 

the inhibition of Fra-2 blocked morphological transformation and induced the appearance 

of lipid-rich vesicles upon activation of the temperature-sensitive v-Src kinase. 

The down-regulation of p53 restores the viability and transformation of v-Src 

transformed CEF in conditions of J unD inhibition. The induction of p53 was observed in 

cells expressing the junD shRNA. This induction was enhanced by the activation of the 

temperature sensitive v-Src kinase (Fig. 14A, lane 8). UV -irradiated CEF served as 

positive control in this experiment. To determine the role of p53 in the apoptosis induced 

by JunD inhibition, we constmcted a retroviral vector expressing separate shRNA for p53 

and JunD (Fig. 14A, lanes 3,6,9). The down-regulation of p53 restored the proliferation 
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and morphology of v-Src transformed CEF (data not shown). Anchorage-dependent 

proliferation was examined in soft agar assays. While RSV infected CEF were unable to 

form colonies in conditions of JunD inhibition, the concomitant down-regulation of p53 

restored the ability of these cells to grow in an anchorage-independent manner. JunD 

expression and the activity of AP-1 remained low in these cells (Fig.14A-B). Therefore, 

the induction of apoptosis observed in conditions of JunD/ AP-1 inhibition was p53-

dependent. These results imply that in the absence of p53, high AP-1 activity is no 

longer required to ensure the survival of v-Src transformed CEF. 

DISCUSSION 

Sustained gene down-regulation provided by the RCASBP-shRNA retroviral 

system. Two methods were employed to assess the role of AP-1 in v-Src transformed 

CEF. The expression of TAM67 with the RCASBP vector provided the most potent 

inhibition by reducing the activity of a TRE-controlled promoter by over 90% (Fig.6A). 

However, the effects of the dominant negative mutant of c-Jun were not limited to AP-1 

as a considerable inhibition of NFKB was also observed, in agreement with the results of 

other investigators (28). In contrast, T AM67 enhanced the expression of a reporter gene 

controlled by C/EBP binding sites, indicating that it can exert positive or negative effects 

on the factors binding to the v-Src responsive unit of the IL8 promoter/enhancer. We 

showed previously that the expression of a dominant negative mutant of C/EBP~ 

enhances the activity of AP-1 in CEF (14). Therefore, AP-1 and C/EBP~ cooperate in 

the induction of genes of the GO/G 1 transition, such as IL8, but antagonize each other in 

210 



Ph.D Thesis-L. Wang McMaster-Biology 

different promoter/enhancer contexts. The mechanism underlying this phenomenon is 

unknown but may reflect the competition for limiting amounts of co-activators in the cell. 

To alleviate the non-specific effects of the dominant negative mutant of c-Jun, we 

employed a second strategy based on the expression of shRNA by the RCASBP retroviral 

system (21). To this end, we modified an existing vector developed by Das and co

investigators by removing the internal U6 promoter and leader sequence and expressing 

the shRNA as a spliced sub-genomic transcript controlled by the strong LTR of 

RCASBP. Gene down-regulation by the modified vector was sustained over several 

passages and thus adequate for biological assays such as colony formation in soft agar 

(Fig.l4). 

The efficiency of the RCASBP-shRNA vectors varied in a gene-dependent 

manner. Efficient down-regulation was observed for gene products, such as Fra-2, that 

did not reduce cell viability or markedly impair cell proliferation. In contrast, a partial 

inhibition was observed for gene products that provided a survival advantage, such as 

JunD, or were required for cell proliferation, such as c-Jun (Fig.lO). The same result was 

observed with shRNA vectors targeting four different regions of the c-jun or junD 

mRNA, making it unlikely that the limited down-regulation of these gene products 

reflects the secondary structure and inaccessibility of these transcripts (our unpublished 

results). The partial inhibition may be the result of the selective pressure exerted against 

cells with a high degree of c-Jun or JunD down-regulation. In support of this idea, we 

observed that the modified RCSABP-shRNA-~U6 vector provides near complete 

inhibition of GABARAP (y-aminobutyric acid receptor A associated protein) or 
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CHOP10/gadd153, two proteins promoting apoptosis in conditions of ER stress in CEF 

(our unpublished results). Thus, further modification of the vector to provide inducibility 

of the shRNA may enhance the efficiency of this retroviral system (7). 

The inclusion of a short hairpin structure in the retroviral genomic RNA did not 

abolish replication and the release of infectious particles, suggesting that the genomic 

transcript is less susceptible to degradation. Other investigators have reported similar 

observations using different retroviral constructs ( 18). It is possible that the rapid 

assembly and release of retroviral particles limit the accessibility of genomic transcripts 

to the RNA interference machinery or that the secondary structure masks or disrupts the 

formation of the hairpin in the genomic and env sub-genomic transcripts, as proposed by 

Harpavat and Cepko (18). This feature of the RCASBP-shRNA system promotes the 

rapid and stable expression of the shRNA in the vast majority of the CEF population. 

AP-1 is required for the survival of v-Src transformed CEF. The inhibition of 

AP-1 reduces markedly the proliferation of normal CEF (14). In this study, we show that 

AP-1 is also required for the survival of v-Src transformed cells. The expression of a 

dominant negative mutant of AP-1 (TAM67) or the down-regulation of JunD by shRNA 

resulted in a high incidence of apoptosis in these cells (Fig.2 and 12). Other studies have 

shown that v-Src transformed cells are hypersensitive to the action of PI3K inhibition and 

suggested that v-Src generates conditions promoting apoptosis (2, 45). In agreement with 

this notion, we found that the activation of v-Src was sufficient to increase the incidence 

of apoptosis, albeit modestly, even in the absence of AP-1 inhibition (Fig. 2I). 

The nature of the pro-apoptotic pathway(s) involved in this response is unknown 
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but may function as a p53-dependent "oncogene checkpoint". Wagner and co-workers 

reported that c-J un( -I-) MEF undergo premature entry into senescence in vitro and that c

Jun inhibits the transcription of the p53 tumour suppressor by a mechanism that remains 

poorly understood (40). Likewise, JunD(-/-) MEF undergo premature entry into 

senescence in culture, the result of the accumulation of ARF and the induction of the p53 

pathway (46) . Again, the mechanism by which JunD inhibits the expression of ARF is 

unclear. More recently, Gillespie and co-investigators provided a different explanation 

for the response of primary MEF with inhibition of AP-1 (31). These authors showed 

that the normal in vitro proliferation of c-Jun( -/-) MEF is restored by culturing the cells in 

conditions of moderate hypoxia (3 %). They also showed that the c-Jun(-/-) MEF display 

the formation of yH2AX foci and evidence of DNA damage in normal laboratory 

conditions (i.e. 20% oxygen). Thus, they concluded that MEF with reduced c-Jun/AP- 1 

activity are more susceptible to DNA damage in conditions of hyperoxia. The activation 

of the DNA damage response has also been described in the senescence induced by 

activated Ras (RasV12; (32)). Ferbeyre and co-workers showed that the senescence 

caused by RasV12 can be bypassed by the down-regulation of ATM in primary human 

fibroblasts. We observed the accumulation of p53 in v-Src transformed CEF over

expressing TAM67 or the JunD shRNA (Fig.14 and data not shown). Significantly, the 

concomitant inhibition of p53 and JunD by shRNA restored the ability of v-Src 

transformed CEF to grow in soft agar, indicating that they were transformed. Using 

antibodies for chicken Arf (p7 Arf);(25) or RT -PCR, we failed to detect the induction of 

p7 Arf protein or transcript in normal and v-Src transformed CEF expressing TAM67 or 
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shRNA for junD (our unpublished results). Species-dependent differences may account 

for this discrepancy in the induction of p53 in MEF and CEF ( 46). Therefore, the 

pathway leading to the activation of p53 remains to be investigated in v-Src transformed 

CEF. JunD provides a survival signal in MEF treated with TNFa (27, 46). Therefore, 

the pro-survival function of JunD is conserved in CEF and MEF. 

T AM67 inhibited NFKB activity in v-Src transformed CEF (Fig.6). Preliminary 

results revealed that the inhibition of p105/p50 NFkB1 by shRNA induces senescence in 

normal CEF and apoptosis in their v-Src transformed counterparts (our unpublished 

results). Therefore, like JunD, p105/p50 NFkB 1 is required for the survival of v-Src 

transformed cells. 

Specificity of action of AP-1 proteins. The expression ofT AM67 caused several 

phenotypes in v-Src transformed CEF. Surprisingly, each phenotype was ascribed to a 

different component of AP-1 as the down-regulation of c-J un caused senescence, the 

inhibition of JunD induced apoptosis and the reduction of Fra-2 levels resulted in the 

accumulation of lipid-rich vesicles but no senescence or apoptosis. These results imply a 

certain specificity in the action of each component of AP-1. Alternatively, the 

phenotypes may simply reflect a different degree of AP-1 inhibition and/or a different 

contribution to the activity of this factor by c-Jun, JunD and Fra-2. Since complete 

inhibition of c-Jun (and JunD) was not achieved in these studies, it is difficult to 

distinguish between these models . Fra-2 must also dimerize with a member of the Jun 

family to bind to the TRE. Therefore, it is expected that the down-regulation of JunD, 

the predominant member of the Jun family expressed in CEF, would also impair the 
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function of Fra-2. However, no lipid vesicles were observed in conditions of JunD 

inhibition. It is possible that the expression of genes associated with the accumulation of 

lipids is also regulated in conditions of JunD inhibition but that the induction of apoptosis 

interferes with this process. As described in other fibroblasts, the over-expression of 

C/EBP~ promotes adipogenesis in CEF (24). It is tempting to speculate that the increase 

in C/EBP~ activity caused by the expression of TAM67 promotes cell differentiation 

(adipogenesis) and is responsible for the formation of lipid-rich vesicles in v-Src 

transformed CEF (Fig.7). Studies to evaluate the role of C/EBP~ and determine if 

markers of adipogenesis are induced by v-Src in conditions of Fra-2/AP-1 inhibition are 

in progress. 

CONCLUSION 

In these studies, we demonstrate that AP-1 facilitates transformation by several 

processes, blocking premature entry into senescence, functioning as a survival factor and 

antagonizing cell differentiation. We identify JunD and Fra-2 as the main components of 

AP-1 in v-Src transformed CEF and provide evidence that these proteins fulfill different 

functions in the cell. Using a modified RCASBP system for shRNA expression, we 

implicate JunD as an essential factor of cell transfmmation and show that JunD/AP-1 is 

required for the survival of v-Src transformed CEF. 
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RCASBP(A)-TAM67 Expression Constructs 

G 

Figure 1. Determination of senescence-associated P galactosidase activity (SAPG) in CEF infected with 
RCASBP(A) or RCASBP(A)-TAM67 (panels A-B), or co-infected with the temperature sensitive mutant 
LA90 RSV (panels C-F). SAPG was determined at the permissive and non-permissive temperature. Arrow
heads point to SAPG positive cells while the asterisks identifies cell that is highly vesiculated but negative for 
SAPG activity. The arrow points to a cell displaying membrane blebbing. All photos were taken at a 400x 
magnification. G) Quantitation of SA~G activity in CEF co-infected with LA90 RSV and RCASBP(A)
TAM67 or the control virus RCASBP(A) at the permissive and non-permissive temperature. 
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Expression Constructs 

Figure 2. Tunel assays of CEF co-infected with LA90 RSV and RCASBP(A)-TAM67 or the control virus 
RCASBP(A) at the permissive (panels B,D,F,H) and non-permissive temperature (panels A,C,E,G). Nuclei 
were stained with DAPI. Arrowheads indicate the position of apoptotic cell nuclei. I) Quantitation of the 
incidence ofapoptotic cells as determined in the experiment described in panels A-G. The error bars represent 
the standard error. All photos were taken at a magnification of 400x. 
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Figure 3. The induction of apoptosis by transient expression ofTAM67 in LA90 RSV-infected CEF at the 
non-permissive (41.5 °C) and permissive temperature (37.5°C) was determined by the Tune] assay (panels 
A-L). M) Quantitation of apoptosis. The en-or bars represent the standard en-or. All photos were taken at a 
magnification of 400x. 

225 



Ph.D Thesis-L. Wang McMaster-Biology 

A) 

Free 
Probe _.,.. 

B) 
IP 

input pre-imm. c-Jun JunO Fra2 
,--, ,------, ,--, ,--, ,--, 

~~ ~q,..:i' 5§.'-i" 5b~~ ~ .. ~ 
,..c:Ji '"'~ ,..cr'"' '"'~ ,..'-.P ~ ,..c:Ji '"'~ ,..cr'"' '"'~ 

ll8 SRU 

-ve control 

10 

Figure 4. A) Identification of the components of AP-1 by EMSA and specific antibodies for c
Jun, Jun D, Fra-2 and c-Fos. Nuclear extracts were prepared from normal CEF (lanes 1-5), SR-A 
RSV transformed CEF (lanes 6-14) and TPA treated CEF (lane 15). The position of the 
nucleoprotein complex bound by the antibody is indicated by the asterisk. The competitor was a 
50 molar excess of the unlabelled TRE oligonucleotide (lane 13) or mutant form of the TRE 
(lane 14), added to the binding reaction. B) Identification of JunD and Fra-2 as factors recruited 
to the SRU region of the IL8 promoter by ChiP assays. RCASBP(A) infected CEF served as 
controls and were compared to wt SR-A RSV transformed CEF. An upstream promoter region 
was studied in parallel and used as negative control. 
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Figure 5. A) Western blotting analysis of c-J un, JunO and Fra-2 expression in CEF infected with the 
transformation-deficient viruses RCASBP(A) and NY315 RSV or transfmmed by wt SR-A RSV. ERK was 
used as a loading control. B) Schematic representation of Gal4 fusion constructs. The transactivation domain 
(TAD) of chicken c-Jun (am ino acids 1-193) or JunD (amino acids 1-220) was fused to the D A binding 
domain (DBD) of the Gal4 protein. C) Potentiation of the TAD ofc-Jun and JunO in normal and wt SR-A RSV 
transformed CEF. Partial inhibition of the c-Jun and JunD trans-activation function is observed in response to 
the expression of a dominant negative mutant ofSEK (SEKAL). 
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Figure 6. Effect of TAM67 on the 1L8 promoter/enhancer and regulatory elements. CEF infected with the 
temperature sensitive strain NY72-4 RSV were co-transfected with either a TAM67 expression construct or 
the control vector along with CAT reporter constructs consisting of a minimal promoter controlled by (A) the 
TRE for AP-1 or PRDII for NFKB, (B) C/EBP binding sites for CEBP/~ or (C) the IL8 promoter/enhancer. 
CAT activity was measured for cells at the non-permissive temperature of 41 SC (non-transformed) and 
permissive temperature of 3 7 SC (transformed). 
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Figure 7. Lipid-containing vesicles (arrow) were identified at the permissive temperature by Oil-Red 0 stain
ing ofCEF co-infected with ts NY72-4 RSV and RCASBP(A)-TAM67 (panels A-D). E) Quantitation of cells 
with Oil-Red 0 positive vesicles. F) Expression of the growth arrest-specific p20K lipocalin in control and 
TAM67 expressing CEF. Contact-inhibited CEF were used as a positive control for p20K expression. Erk-1 
was used as loading control. 
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Figure 8. Avian replication competent retroviruses for shRNA expression. A) Schematic representation of the 
virus-based shRNA expression system. The U6 promoter and leader sequences have been removed from the 
original microRNA operon described by Das and co-workers {Das, 2006 #6360} . Sequences generating the 
hairpin structure are cloned at the Nhel/Mlul, Mlul/Sphl or at both of these locations in the transfer vector 
pRFPRNAiC-shRNA-LlU6. The microRNA cassette, harbouring the hairpin sequences, is then sub-cloned in 
the retroviral vectors. The RCASBP(A)-shRNA-LlU6 vector carries an egfp gene missing in the RCASBP(B) 
counterpart; B-C) GFP expression was examined by fluorescence microscopy four passages after transfection 
of the control RCASBP(A)-shRNA-LlU6 or RCASBP(A)-shRNA-LlU6 vector carrying the egfjJ shRNA 
(RCASBP(A)-shRNA-LlU6-GFP) inserted at the Nhel/Mlul site (magnification: 200X). GFP expression was 
completely suppressed by the GFP shRNA; D) Western blotting analysis of GFP expression in CEF infected 
with the control viruses RCASBP(A) and RCASBP(A)-shRNA-LlU6 or the egfjJ shRNA expressing virus. 
The expression ofp27 gag in the cell or recovered from the medium was also examined. Erk-1 was used as a 
loading control. 
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Figure 9. Sustained inhibition ofGFP expression by shRNA . A) GFP expression in control and egfp shRNA 
expressing CEF. Protein lysates were prepared from the 6th passage after transfection of the control and retro
viral vector expressing the egfp shRNA. Levels of GFP and p27 gag, recovered from the tissue culture 
medium, were analyzed by Western blotting analysis. Erk-1 was used as a loading control; B) A GFP expres
sion plasmid (pGFP-NI) was transfected with pRSV-~Gal at the 5th passage into CEF infected with the 
RCASBP(A) control vector or egfp-shRNA expression virus. pRSV-~Gal was used to control for transfection 
efficiency. The results of triplicate samples are shown and quantitated . The inhibition of transiently expressed 
GFP was over 70% in CEF expressing the egfp shRNA. C) The proliferation ofCEF infected with the control 
vectors RCASBP(A), RCASBP(A)RNAi {Das, 2006 #6360} and RCASBP(A)-shRNA-t.U6 is compared to 
that of CEF expressing the egfp shRN A. Error bars represent the standard error from the mean. 
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Figure 10. Effect of c-Jun, JunD, Fra-2 down-regulation by shRNA in normal CEF. Down-regulation of c-Jun 
expression by shRNA was examined by Western blotting analysis (panel A). The level of c-Jun inhibition was 
determined by densitometry (panel B). The reduction of c-Jun expression impaired cell proliferation (panel C) 
and induced premature entry into senescence while the control vector or expression of the mismatch form of 
c-jun shRNA did not have any significant effects (SA~G assays; panels D-F). ThejunD-82! shRNA reduced 
the expression of JunO and inhibited cell proliferation (panels G-1). The levels of JunD were determined by 
dens itometty (panel H). SA~G assays revealed no induction of senescence in conditions of JunD inhibition 
(panels J-L). Fra-2 expression was abolished by the corresponding shRNA (panel M). Loss of Fra-2 expres
sion did not impair proliferation or induce any visible phenotype in normal CEF (panels N-Q). R) Quantita
tion ofSA~G-positive cells in the presence of various shRNA as described above. S) Quantitation ofapoptosis 
in CEF expressing a shRNA for c-jun,junD or fra-2 or the control vector RCASBP(B)-shRNA-L':.U6 as deter
mined by the Tune! assay. 
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Figure 11. Repression of c-Jun, Jun D and Fra-2 expression by shRNA in v-Src transformed CEF. CEF were 
co-infected with the temperature sensitive mutant NY72-4 RSV and a group virus B express ing a shRNA for 
c-jun,junD or fra-2 or the control virus RCASBP(B)-shRNA-t1U6 (Contro l). The repression was determined 
at the non-permissive (NP) and permissive temperature (P) of 41.5"C and 37 SC, respectively, by Western 
bloning analysis (panels A, C, E) followed by densitometry (panels B, D, F) . Erk-1 was used as loading 
control. 
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Figure 12. Apoptosis induced by v-Src in response to JunD down-regulation. A-B) Effects ofc-Jun, JunD and 
Fra-2 down-regulation by shRNA on the activity of AP-I in 72-4 RSV-infected CEF. C-J) Tune! assays in 
NY72-4 RSV infected CEF expressing a shRNA for junD. K) Quantitation of apoptosis induced by the control 
virus or a virus expressing shRNA for individual AP-I members. Error bars indicate the standard errors. 
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Figure 13. Formation of lipid vesicles in NY72-4 RSV infected CEF expressing the .fra-2 shRNA. Vesicles 
(arrows) appear following the activation of the temperature sensitive v-Src kinase in NY72-4 RSV infected 
CEF expressing theji-a-2 shRNA (A-D: Phase contrast microscopy; E-H: Oil-Red 0 staining). I) Quantitation 
of Oil-Red 0 positive cells. Error bars indicate the standard errors. 
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Figure 14. Induction oftp53 in CEF expressing the jun.D shRNA. A) Western blotting analysis oftp53 level 
in CEF infected with a control virus (RCASBP(A)-shRNA-~U6), a virus expressing thejunD shRNA or sepa
rate shRNA for junD and tp53 (junD + tp53). The induction oftp53 in UV-irradiated CEF was used as a posi
tive control (lane 10). Expression of the tp53 shRNA abrogates the accumulation oftp53 in CEF co-infected 
with NY72-4 RSV and a virus expressing thejunD shRNA (lanes 5-6 and lanes 8-9). The arrowhead points to 
a protein of slower mobility whose expression is not induced by UV irradiation or the expression of the tp53 
shRNA and therefore appears to be unrelated to tp53 . B) Transient expression assays for AP-1 activity in 
NY72-4 RSV infected CEF expressing a single shRNA forjunD or two shRNA forjunD and tp53 . C-F) Soft 
agar assays of CEF co-infected with NY72-4 RSV and a control virus (RCASBP(A)-shRNA-~U6), a virus 
encoding a single shRNA for junD or tp53, or two shRNA species for junD and tp53 (junD +tp53) ; magnifica
tion: 1 OX. The down-regulation of tp53 re-established the anchorage-independent proliferation of v-Src 
transformed CEF with Jun D/AP-1 inhibition. 
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