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ABSTRACT 

Neuronal differentiation encompasses an elaborate developmental program which 

until recently was difficult to study in vitro. The advent of several cell lines able to 

differentiate in culture proved to be the turning point for gaining an understanding of 

molecular neuroscience. In particular the olfactory epithelium provides an attractive tool 

with which to investigate fundamental questions relating to neuronal differentiation, as it 

displays a unique capacity to regenerate and to retain a neurogenetic potential from its 

genesis and throughout adult life. 

The coordinated regulation of gene expression is fundamental to the control of 

neuronal differentiation.  In order to reveal active processes at the molecular level and to 

dissect key components of molecular pathways, differential gene expression studies 

provide a foundation for the elucidation of dynamic molecular mechanisms. This thesis 

identified genes involved in neuronal differentiation by utilising a clonal olfactory 

receptor neuronal cell line (OLF442).  Gene expression levels were identified using 

differential display and oligonucleotide array technology before and after serum 

deprivation.  Differential display revealed two kinases whose expression levels were 

elevated during the differentiation of OLF442, identified as focal adhesion kinase (FAK) 

related non-kinase (FRNK) and mammalian ste20 like (MST)2 kinase.  Furthermore, 

analysis of the oligonucleotide array data confirmed the expression of genes involved in 

altering presentation of extracellular matrix molecules, in mediating cytoskeletal re

arrangements, and in ceasing the cell cycle, supporting the use of OLF442 as a model for 

studying differentiation. 

The differentiation of OLF442 results from the synchronisation of multiple 

transduction cascades and cellular responses as evidenced by the microarray data.  A 

protein that can synchronise such signalling is the non-receptor protein tyrosine kinase, 

FAK.  Thus the finding of the endogenous FAK inhibitor FRNK by differential display 

was intriguing as there was no difference in the expression level of FAK induced by 

differentiation, contrasting that of FRNK.  This induced FRNK expression was derived 

autonomously as it was not responsive to the caspase-3 inhibitor, DEVD-CHO.  This is 

particularly pertinent since the primary role of FRNK is to act as an inhibitor of FAK by 

competing with its substrates and reducing the phosphorylation of both FAK and its 

associated proteins. 



III 

Differential display also revealed the upregulation of another kinase, which had 90% 

homology with rat MST2 kinase within the 3′ UTR. Both mouse MST2 kinase (sequence 

submitted to GenBank, accession number AY058922) and the closely related family 

member MST1 kinase were sequenced and cloned.  Moreover, evidence to support an 

autonomously expressed carboxyl-terminal domain of MST2 kinase is presented in 

Chapter 3 and provides a unique way in which MST2 may regulate its own activity. To 

further understand the role of MST in neuronal differentiation, a series of stable OLF442 

transfections (with mutant and wild-type MST constructs) were carried out.  MST was 

localised with cytoplasmic structures that may represent actin stress fibres, indicating a 

potential cytoskeletal role during neuronal differentiation.  This indicated that MST1 may 

play a role in the morphological processes involved in neuronal differentiation. 

The identification of two kinases by differential display provided the motivation to 

understand the cellular context of OLF442 and to determine the phosphorylation status of 

the mitogen-activated protein kinase (MAPK) signalling cascades. Differentiation of 

OLF442 induced high-level phosphorylation of a putative B-Raf isoform, MEK2 and 

ERK1/2. Interestingly, there was a switch between preferential phosphorylation of MEK1 

in undifferentiated OLF442 to preferential phosphorylation of MEK2 following 

differentiation. SAPK/JNK was also phosphorylated, as was the transcription factor c-Jun, 

which is a common substrate of both the ERK and SAPK/JNK signalling modules. 

The mapping of the cellular context of differentiating OLF442 has identified a 

promising model of a novel MAPK module.  This consists of FAK signalling through 

Rap1 to ERK providing sustained activation, which is buffered or terminated by the 

expression of the endogenous FAK inhibitor FRNK.  Furthermore, MST kinase could 

potentially play a role in regulating the cytoskeletal re-arrangements that are necessary for 

neuronal differentiation.  MST kinase may signal transiently via the SAPK pathway to 

provide concomitant activation of c-Jun that is required for neuronal differentiation. 

An understanding of the gene expression pattern of the normal neuronal 

differentiation program allows a greater understanding of potential developmental 

aberrations.  This could provide an opportunity for therapies to be conceived, while 

understanding the complexity of neuronal determination could also provide opportunities 

for stem cell transplantation. 
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1.1 Introduction 

Neuronal differentiation encompasses an elaborate developmental program 

controlled by both endogenous and exogenous factors.  The orchestrated expression of 

transcription factors, cell surface markers, structural proteins and signal transduction 

pathway components is required, and these are but a few of the necessary molecules that 

must interact and relay information within each precursor cell, and more globally within 

the neural tissue.  Cells readily couple the extracellular matrix and associated regulatory 

factors with intracellular phosphorylation events, gene expression and protein production 

to induce growth, differentiation, survival and apoptotic responses (Boudreau and Jones, 

1999; Vleminckx and Kemler, 1999; Blanchard, 2000). In the discourse to follow, 

particular emphasis is placed on neuronal differentiation of the mammalian olfactory 

system, a model upon which many research studies have been based, given the inherent 

obstacle of investigating conditions of the nervous system, highlighted by the inability to 

directly sample tissue that in most cases has undergone development without the 

opportunity for repair processes to occur.  The olfactory epithelium therefore provides an 

attractive tool with which to investigate fundamental questions relating to neuronal 

differentiation, an understanding of which could provide preventative or management 

therapies, while understanding the complexity of neuronal determination could also 

provide cell transplant opportunities. 

1.2 Neuronal Differentiation 

The organised execution of the differentiation program requires the expression of a 

molecular hierarchy of genes in sequence (Crews and Hunter, 1994).  Determining 

molecular regulation can be difficult with contradictory results and cellular multitasking 

(Jordan et al., 2000) problems to resolve.  What dictates the transition between 

proliferation, apoptosis, growth arrest and differentiation? Paradoxically, a growth factor 

can induce survival and proliferation but can also arrest growth and cause apoptosis.  For 

example, in the olfactory epithelium the current view is that fibroblast growth factor 2 

(FGF2) stimulates proliferation of the globose basal cells (Newman et al., 2000), however 

in a human derived olfactory cell line, FGF2 stimulated proliferation and induced 

differentiation (Ensoli et al., 1998).  The view that growth factors and other signals vary 
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the probability of some event happening, such that in a population of cells the event will 

happen but not necessarily be seen in every individual cell (Mackay-Sim, personal 

communication) can clarify discrepancies between in vivo and in vitro studies.  However, 

the lack of universality between in vitro models and outcomes for a particular 

neurotrophic factor provides evidence that the paradigm illustrated does not address an 

important issue, that is, what is the effect of the context of the cell?  For example, a 

quiescent cell may not respond with quiescence but only with proliferation, and likewise a 

proliferating cell may respond not with proliferation but with differentiation 

(Blagosklonny, 1999).  The linear view that a growth factor binds to its receptor and elicits 

a direct single response does not take into account cellular context.  More appropriate is 

the idea “that stimuli that regulate cell growth may initiate proliferative and anti-

proliferative signals simultaneously” (Blagosklonny, 1999).  Additionally, exposure to a 

growth factor may prime the cell to respond to stimuli otherwise ignored, but present 

within the extracellular environment.  Cellular context questions the state of the cell at a 

given point in time. A detailed analysis of growth factors is beyond the scope of the 

present discussion but for a thorough review of neurotrophic factors in the primary 

olfactory pathway see Mackay-Sim and Chuah, (2000). 

Beyond growth factors lies a greater quandary, that of intracellular signalling 

pathways. Signalling networks represent a common characteristic between all cell types, 

that is, the ability to coordinate their activities with environmental changes. Hence a 

cellular response to a growth factor is only as strong as the ability of the intracellular 

machinery to detect it.  In turn, cell fate determination governed by transcriptional events 

in response to external communication relies on this signalling machinery. Like the 

growth factor dilemma, signal transduction is dependent on cellular context.  The rat 

adrenal pheochromocytoma clonal cell line PC12 has provided useful insight into the 

regulation of the signal transduction cascade during neuronal differentiation and death. 

PC12 cells differentiate with neuron-like characteristics.  Treatment of PC12 cells with 

nerve growth factor (NGF) results in neurite extension (Greene and Tischler, 1976).  Upon 

binding of NGF, the cell surface receptor tyrosine kinase (Trk) A is activated.  Active 

TrkA recruits via adapter proteins and exchange factors, the GTP-binding protein (G-

protein) Ras.  Ras in turn activates members of the mitogen-activated protein kinase 

(MAPK) cascade, including MAPK kinase kinase (MAPKKK)/Raf, a serine threonine 

kinase, that activates MAPK kinase (MAPKK)/MEK and finally MAPK/extracellular 
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signal-regulated kinase (ERK) which translocates and transactivates transcription factors, 

changing gene expression to promote growth, differentiation or mitosis (Seger and Krebs, 

1995; Tibbles and Woodgett, 1999).  Stimulation of the ERK pathway is believed to play a 

crucial role in NGF-induced neurite extension (Cowley et al., 1994).  Studies have shown 

that constitutively active MEK, induced neurite outgrowth and that blockade of the ERK 

pathway using dominant-negative MEK or the MEK inhibitor PD98059 resulted in 

inhibition of NGF-induced neurite development (Dudley et al., 1995; Fukuda et al., 1995; 

Pang et al., 1995).  Nonetheless contradictory findings have been reported, in which NGF-

induced neurite outgrowth of PC12D cells, a subline of PC12 cells, was shown to be 

resistant to the addition of PD98059 (Sano and Kitajima, 1998).  Furthermore, neuronal 

differentiation of PC12 cells in the absence of ERK activation was induced by treatment 

with bone morphogenic protein (BMP)-2 (Iwasaki et al., 1996).  Consequently it is clear 

that signalling pathways other than the ERK cascade also contribute to neuronal 

differentiation of PC12 cells. This illustrates well the importance of cellular context, 

particularly as it becomes apparent that linear signal transduction pathways are not “free

standing entities but parts of larger networks” (Jordan et al., 2000), where junctions and 

nodes are significant components of the network as a whole, providing means by which 

signals can be integrated, split and routed to generate multiple outputs.  Jordon et al. 

(2000) clearly describe the cellular networking of transduction cascades with relevant 

examples to illustrate the complexity of understanding cellular context (Figure 1-1) 

(Jordan et al., 2000). 
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Figure 1-1  Postsynaptic signalling network. 

Key elements of the postsynaptic signalling network in the CA1 pyramidal neuron highlighting the 
connections between the different kinases and cellular machinery.  Each protein kinase in the network can 
regulate multiple cellular functions.  Figure from Jordan et al. (2000). 

1.2.1 Neuronal Differentiation And The Cell Cycle 

As has been briefly illustrated above, cellular context questions the state of a cell. 

However it is well established that several distinct cellular processes, including neuronal 

precursor exit from the cell cycle, govern neuronal differentiation.  The molecular 

processes regulating the cell cycle are fundamentally similar in all eukaryotic cells (Bybee 

and Thomas, 1991).  The cell cycle consists of four distinct phases, G1 phase (the first 

gap) before DNA synthesis occurs, S phase when DNA replication occurs, G2 phase (the 

second gap) after DNA synthesis and the M (mitotic) phase when cell division occurs. 

When growth conditions are limiting, cells exit the cell cycle during G1 and remain in a G0 

state as nongrowing, nondividing (quiescent) cells.  Appropriate stimulation of quiescent 

cells induces them to return to G1 and resume growth and division (Lodish, 1995). 

Heterodimeric protein kinase complexes control cell cycle progression.  The regulatory 

subunit is comprised of a cyclin, so named because its concentration cycles in phase with 

the cell cycle.  The constitutively expressed catalytic subunit known as a cyclin dependent 
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kinase (CDK) does not display any kinase activity unless associated with a cyclin.  Each 

CDK catalytic subunit can associate with different cyclins, and the associated cyclin 

determines which proteins the cyclin-CDK complex phosphorylates.  Different cyclin-

CDK complexes control progression through the distinct stages of the cell cycle (Arellano 

and Moreno, 1997; Roovers and Assoian, 2000).  Importantly the duration and timing of 

cyclin expression determines the phase of the cell cycle in which their associated CDK is 

active.  Therefore “cyclin abundance is rate limiting for progression through the different 

stages of the cell cycle” (Lees, 1995). 

Environmental cues from growth factors and the extracellular matrix provide the 

level of control that determines whether a cell will proliferate or lay quiescent. The 

binding of growth factors to various receptors and matrix proteins to integrins transduces 

signals via the cytoplasmic MAPK cascades to exert their effects on key cell cycle 

regulators (Roovers and Assoian, 2000).  During normal growth conditions, the cell cycles 

continuously.  Progression through the G1 phase is regulated by cyclin D-CDK4/CDK6 

and cyclin E-CDK2 complexes (Sherr, 1994), the stimulatory effects of which can be 

counteracted by CDK inhibitory proteins (CKIs) (Roovers and Assoian, 2000).  Both 

CDK4/CDK6 and CDK2 also require activation via phosphorylation by cyclin-activating 

kinase (CAK).  Research to date has demonstrated that extracellular signals through 

receptor kinases (eg. receptor tyrosine kinase) and integrins control G1 progression by 

regulating the expression of cyclinD and/or down-regulating the CDK-inhibitory proteins, 

p21cip1 and p27kip1 (Roovers and Assoian, 2000). 

The cyclin-E/CDK2 complex is responsible for the G1 to S phase transition. 

Following entry into the S phase, CDK2 associates with cyclin-A, a complex that is 

responsible for DNA synthesis and progression through the S phase.  During the G2 phase, 

complexes necessary for mitosis accumulate.  Cyclin-B, first synthesised during the S 

phase, associates with CDC2 (CDK1), while cyclin-A, now associated with CDC2 

(CDK1), also increases in concentration as the cycle proceeds through the G2 phase, 

peaking in early mitosis (Figure 1-2), (Lees, 1995; Roovers and Assoian, 2000). The 

question of how the cell cycle machinery is tightly and co-ordinately regulated and 

controlled by various mechanisms has been reviewed thoroughly (Lees, 1995; Arellano 

and Moreno, 1997; Cook et al., 2000; Harbour and Dean, 2000). 
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Figure 1-2  Cell cycle components. 

Components of the cell cycle responsible for progression through the indicated phase. Figure from Ohnuma 
et al. (2001). 

The mechanism that directs neuronal differentiation must be linked, directly or 

indirectly, to cell cycle regulation. When terminal differentiation occurs the cell must exit 

the cell cycle and enter quiescence or G0. A variety of experimental conditions, including 

addition of growth factors, extracellular matrix molecules, or serum deprivation, have 

been used to differentiate neuronal precursor cells (Tomaselli et al., 1990; Kuo et al., 

1997; Qi et al., 1997; Ensoli et al., 1998; Klesse et al., 1999; Newman et al., 2000). In 

each case a common theme is the subsequent activation of the ERK cascade. Activation 

of the Ras→Raf→MEK→ERK pathway has been tied to induction of cyclin D1 (Lavoie 

et al., 1996).  Importantly, the intensity and duration of the ERK activation state are 

crucial for determining whether a cell proliferates or arrests during G1 passage.  Sewing et 

al. (1997) demonstrated that a strong Raf signal is required for G1-specific cell cycle arrest 

by inducing the CDK-inhibitory protein, p21cip1, which inhibits cyclin D and cyclin E 

dependent kinases (Sewing et al., 1997; Woods et al., 1997).  It appears that the “critical 

determinant in the induction of cyclin D1 is the duration, rather than the intensity of the 

ERK signal (Figure 1-3)” (Roovers and Assoian, 2000). 
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Figure 1-3  Sustained versus transient ERK 
activation on the cell cycle. 

The cooperative effects of integrins and growth 
factor receptors results in a sustained ERK signal 
associated with the induction of cyclin D1. 
Initiation of integrin signalling results in a 
transient and relatively weak activation of ERK, 
while initiation of receptor tyrosine kinase 
signalling by strongly mitogenic concentrations of 
growth factors results in a strong, transient ERK 
signal sufficient to induce p21cip1. Figure from 
Roovers and Assoian (2000). 

In the nervous system as in other systems, the cell cycle is closely tied to cell 

determination, and consequently cell differentiation (Ohnuma et al., 2001). McConnell 

and Kaznowski (1991) demonstrated that the laminar fate of cortical neurons is 

determined during the S phase or G2 phase of the final cell cycle, indicating the influence 

that the cell cycle has on the determination process.  Ohnuma et al. (2001) summarise 

recent experiments demonstrating the various molecules that can actively participate in 

determining neuronal cell fate choice and regulating cellular differentiation, including 

CDKs and CDK inhibitors.  Regulators of the cell cycle can also influence the 

differentiation of neural cells, as demonstrated by the simultaneous down-regulation of 

CDC2 and CDK2 activity necessary for neuronal differentiation of PC12 cells (Dobashi et 

al., 2000).  Recently however, it was found that neuronal differentiation of P19 mouse 

embryonal carcinoma cells with retinoic acid required the up-regulation of p27kip1 (CDK

inhibitory protein), indicating that p27kip1 expression is indispensable for neuronal 

differentiation (Sasaki et al., 2000).  Whilst, dominant negative mutants of CDK4 and 

CDK6 effectively induced mitotic arrest in primary neural precursor cells, independent of 

the previously proposed binding and sequestration of p21cip1 and p27kip1 via the tumour 

suppressor retinoblastoma (Rb) pathway (Ferguson et al., 2000).  These examples 

highlight the intricate nature of determining which cell cycle components are crucial for 

neuronal differentiation and determination.  Evidently different cell lines rely on different 

key cell cycle regulatory components.  The challenge is to determine the signalling 

pathways that lead to activation of these components, which may provide some insight 
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into the discrepancies between in vitro neuronal differentiation model systems. 

Understanding the signalling cascades involved in progression through the cell cycle, 

relative to associated changes in cell shape and cytoskeletal tension imparted by the 

extracellular matrix, provides an understanding of the importance of the structural and 

mechanical complexity of the cell environment (Huang and Ingber, 1999).  In the 

discussion to follow, the ability of the extracellular matrix to regulate the cell cycle via 

signal transduction pathway modulation will be discussed. 

1.2.2 Neuronal Differentiation And The Extracellular Milieu 

Cellular recognition of the extracellular environment is fundamentally important 

for development, maintenance of normal adult tissue architecture and function (McCarthy, 

1993). Execution of neuronal differentiation requires that the immediate extracellular 

environment is conducive to cell cycle arrest and differentiation.  Far from being a passive 

structure the extracellular matrix (ECM) plays a pivotal role in the presentation of locally 

acting molecules such as growth factors, ephrins and cadherins from neighbouring cells, 

laminin, fibronectin, collagen, and proteoglycans (Streuli, 1999; Bovolenta and Fernaud-

Espinosa, 2000).  The ECM can influence cell behaviour, actively sequestering or 

mobilising mitogenic molecules (eg. growth/survival factors and cytokines) by matrix 

remodelling through the action of serine proteases and matrix metalloproteinases (Streuli, 

1999). By cleaving specific ECM proteins, proteases can create architectural changes in 

the matrix structure allowing the concealment or exposure of growth factors to cell surface 

signalling receptors (Figure 1-4) (Nagase and Woessner, 1999).  Moreover, cell-cell and 

cell-ECM interactions are required to guide processes such as cell migration and neurite 

extension, via mediation with cell surface glycoproteins and ECM constituents (Suter et 

al., 1995).  Cell adhesion molecules and surface adhesion molecules form the core 

components of this interactive process (Edelman and Crossin, 1991).  Unlike other 

proteins, adhesion molecules can provide an explanation of how a “one-dimensional 

genome can control the formation of three-dimensional structures” (Jones and Murray, 

1991). 
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Figure 1-4  ECM remodelling can affect cellular differentiation in several ways. 

(a) Remodelled ECM directly changes cell-ECM interactions. (b) ECM remodelling releases bound growth 
factors (GF). (c) Exposure of cryptic sites (grey bands) within the ECM alters integrin signalling. (d) ECM 
remodelling releases active ECM fragments (black bar). (e) Surface-bound ECM remodelling enzymes shed 
growth factor ectodomains. GFR, growth factor receptor. Figure from Streuli et al., (1999). 

Cell adhesion molecules belong to the immunoglobulin superfamily, and are 

involved in calcium dependent homophilic binding to identical molecules and heterophilic 

binding to structurally unrelated molecules on neighbouring cells (Suter et al., 1995).  Cell 

surface expressed adhesion molecules have the capacity to potentiate this interaction via 

their ability to link cells together, thus cell adhesion molecules can guide correct 

development and can maintain tissue structure in the mature form (Jones and Murray, 

1991).  Over 30 different cell adhesion molecules have been classified, a subset of which 

undergo alternative splicing and post-translational modifications (eg. amount of associated 

sialic acid) (Jones and Murray, 1991).  Although cell adhesion molecules are highly 

dynamic and are also environment dependent to some extent, their action relies more 

heavily on the genetic program of the cell at different developmental stages.  In contrast, 

surface adhesion molecules mediate cell-surface adhesive contacts.  Surface adhesion 

molecules are more responsive to the extracellular environment, thus environmental 

stresses may be transduced to the cell interior and consequently magnified in terms of the 

effects that result on development.  Transmembrane proteins link the ECM with the 

intracellular environment mediating this responsive and dynamic process. 
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Integrins are transmembrane proteins that provide an important information route 

and a mechanism for cells to regulate cell migration, cell adhesion, wound healing, and the 

inflammatory response (Sjaastad et al., 1994).  Binding of the integrins to the ECM, 

triggers intracellular signalling pathways that also regulate molecular mechanisms such as 

proliferation, genetic induction and ultimately cellular differentiation.  The integrins are a 

family of heterodimeric, trans-membrane glycoproteins that are comprised of α and β 

subunits in a noncovalent association (Coppolino et al., 1995).  The domains of the α and 

β subunits together form a ligand binding site on the cell exterior, allowing cell association 

with the ECM and some serum and complement proteins (Hemler, 1993). As different 

integrins bind distinct subsets of ligands, cells can express a diverse repertoire of integrins 

on their surface providing a source of diversity for cell-matrix interactions and an array of 

cellular responses.  The cytoplasmic domains of both the α and β integrin subunits can 

partake in interactions with intracellular proteins, which unlike extracellular ligand 

binding can occur independently of subunit association in vitro (Hemler, 1993).  The 

broad programs of cellular responses to the ECM come about by the existence of 

approximately 20 distinct α-β heterodimers.  These different integrins translate adhesive 

signals into a diversity of post-ligand-binding events by virtue of the β cytoplasmic 

domain of the integrin (Hemler, 1993).  For example the β1 subunit has been shown to 

interact with components of the cytoskeleton allowing a mechanical link to the ECM 

(Chen et al., 2000).  Cytoplasmic interactions involving the α subunits have been less well 

characterised. 

The dynamics of cellular adhesion are diverse, and include several aspects of 

regulation of the mechanism of adhesion itself.  Integrin receptors mediate an assorted 

array of cellular responses. Receptor occupancy and aggregation provide a means by 

which a single integrin can produce a repertoire of functions, by virtue of the association 

of the integrin with other integrins (Miyamoto et al., 1995).  A series of experiments 

performed by Miyamoto et al. (1995), demonstrated that integrin receptors induce distinct 

cellular responses to binding of a ligand, to receptor aggregation, or to a combination of 

receptor binding and aggregation.  For example integrin occupancy by monovalent ligand 

redistributed integrins but failed to induce tyrosine phosphorylation signalling and 

cytoskeletal reorganisation. In contrast, integrin aggregation by non-inhibitory 

monoclonal antibodies induced intracellular accumulation of focal adhesion proteins and 
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their phosphorylation, but failed to accumulate other cytoskeletal proteins.  However a 

combination of integrin aggregation and occupancy resulted in accumulation of 

cytoskeletal proteins (Miyamoto et al., 1995). Other regulatory aspects of cellular 

adhesion rely on the activation state of the ligand and functionality of certain integrins that 

are expressed inactive, but that can be rapidly converted to an active state without the 

requirement for new protein synthesis (Hemler, 1993).  In contrast, other cell types 

express functionally active integrins, which lose their function during cell differentiation, 

although surface expression continues (Hemler, 1993).  Consequently the dynamics of 

adhesion is dependent on the activation state of the integrin, the external environment, and 

the intracellular context of the cell and on the association of integrins with intracellular 

proteins. 

One of the key players in regulating cell cycle progression is focal adhesion kinase 

(FAK, or pp125FAK), which communicates with extracellular matrix signals via the 

integrins.  FAK was functionally linked to the integrins because of the observation that 

clustering of integrins, either with anti-integrin antibodies or by plating cells on 

fibronectin, resulted in tyrosine phosphorylation of a 120-130 kDa protein(s) (Guan et al., 

1991; Kornberg et al., 1991).  Hence FAK is a downstream transducer of an integrin 

mediated-signal, one of the first proteins to relay extracellular information to the 

intracellular signalling complex.  Upon phosphorylation of FAK by active integrins, FAK 

is able to form protein complexes with the SH2 domains of other signalling molecules 

including, sarcoma (Schmidt-Ruppin A-2) viral oncogene (Src), growth factor receptor 

bound (Grb)7, and phosphatidyl-inositol-3-kinase (PI3K) (Reiske et al., 2000). 

Differential complex formation by FAK results in different biological outcomes. For 

instance the FAK/Src complex plays a critical role in cell cycle regulation by signalling 

through ERK, as opposed to the FAK/PI3K and FAK/Grb7 complexes (Reiske et al., 

2000). FAK also participates centrally in cell migration and neurite extension processes 

driven by the ECM.  FAK is further discussed in Chapter four. 
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1.2.3 Neuronal Differentiation And Neurite Extension And Migration 

An important component involved in cell migration and neurite extension is the 

actin cytoskeleton.  Bi-directional signalling between the cytoskeleton and the ECM 

through the integrins provides a means by which information can be transferred back and 

forth as cells adjust their morphology and position to maximise survival and growth 

(Schoenwaelder and Burridge, 1999).  The information encoded in ECM molecules must 

culminate in cytoskeletal rearrangement and the addition of new membrane to the 

extending neurite (Perron and Bixby, 1999).  This process is achieved by various signal 

transduction pathways activated by a variety of axon growth inducers such as growth 

factors, N-cadherin and laminin which exert their actions on the actin cytoskeleton (Perron 

and Bixby, 1999; Dimitropoulou and Bixby, 2000).  For example, the neuroblastoma cell 

N1E-115 deprived of serum and grown on a laminin matrix, exhibits integrin-dependent 

neurite outgrowth by signalling via Ras through PI3K to the Rho family GTPases (Rho, 

Cdc42, and Rac) (Sarner MCB 2000).  While ERK activation is a convergence point for 

signalling pathways generated by a variety of axon growth inducers (Perron and Bixby, 

1999; Dimitropoulou and Bixby, 2000), FAK participates centrally in neurite extension 

and migration.  In PC12 cells Anneren et al. (2000) demonstrate increased neurite 

outgrowth by a signalling pathway through FAK, while a subline, PC12-E2, induced to 

extend neurites with neural cell adhesion molecule, was dependent on activation of FAK 

and the MAPK signalling cascade (Kolkova et al., 2000). 

Importantly, neurite outgrowth involves transmembrane links between the ECM 

and the actin cytoskeleton, formed by the integrins and clustered into specialised adhesive 

structures termed focal adhesions (FAs) and focal complexes (Schoenwaelder and 

Burridge, 1999).  Numerous signalling components reside within focal complexes. 

However, much of the actin organisation and integrin distribution is driven by the Rho 

family GTPases by signalling through several serine/threonine kinases that promote 

myosin filament assembly and actin-activated myosin ATPase activity (Schoenwaelder 

and Burridge, 1999). By controlling the actin cytoskeleton and the formation of focal 

contacts, the cell is able to anchor to a substrate or allow migration and extension of long 

processes. An important aspect of movement is the assembly and disassembly of the focal 

adhesions that occur at the tips of filopodia or lamellipodia.  The rapid turnover of focal 
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complexes at these sites is primarily driven by FAK, as cells deficient in FAK display 

reduced motility (Ilic et al., 1995).  Although adhesive interactions influence cytoskeletal 

organisation the cytoskeleton also affects the organisation and function of adhesive 

molecules at the cell surface by clustering integrins into focal adhesions and focal 

complexes (Schoenwaelder and Burridge, 1999).  The reciprocal nature of this interaction 

allows the cytoskeleton not only to cause morphology change and neurite outgrowth, but 

to act as a sensor and respond to change by signalling through FAK to alter focal 

complexes and subsequently to signal through the Ras/ERK signalling cascade (Irigoyen 

and Nagamine, 1999). 

1.2.4 Neuronal Differentiation And Apoptosis 

A normal phenomenon of neuronal differentiation is apoptosis, otherwise known 

as programmed cell death.  Apoptosis is considered an active process because in contrast 

to passive cell death induced by toxins (necrosis), apoptosis requires the synthesis of new 

proteins (Altman, 1992).  The importance of apoptosis is evident when one considers that 

between 30% and 40% of all cells generated in the nervous system die by the time 

maturation is reached (Cowan et al., 1984).  For example, in the olfactory epithelium some 

cells die shortly after division (Carr and Farbman, 1992; Holcomb et al., 1995), whilst the 

majority of developing neurons die approximately 2 weeks later, after which any surviving 

neurons are sustained for several months (Moulton, 1974; Hinds et al., 1984; Mackay-Sim 

and Kittel, 1991).  Widespread-programmed cell death may appear to be an unfavourable 

and wasteful exercise, however multiple chances of generating functional connections is 

fundamental.  Without this process, correct neuronal density, connectivity and function 

may not be achieved. 

Apoptosis is regulated by a series of orchestrated biochemical cascades, dubbed 

the death program, as they commit a cell to death (Altman, 1992).  In C.elegans, it appears 

that the expression of various genes within the ces (cell death specification) and ced (cell 

death abnormal) families are responsible for:  

1) determination, specifying which cells will die, 

2) triggering an internal factor presumed to initiate the lethal cascade, 

3) killing, initiation of the biochemical events that destroy the cell, 
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4) protection, the blockade of apoptotic pathways if the responsible gene is  

activated, 

5) engulfment, the mediation of phagocytosis, and, 

6) degradation, the expression of nuclease-1 that results in the breakdown 

of nucleic acids (Margolis et al., 1994). 

The characteristic morphology of apoptotic cells includes cytoplasmic shrinkage, 

membrane blebbing, nuclear condensation and DNA fragmentation (Widmann et al., 

1998), processes that accompany the activation of caspases, a family of aspartic acid-

directed proteases (Alnemri et al., 1996).  Caspases are synthesized as zymogens that 

undergo a minimum of two cleavages to generate a mature enzyme with enhanced 

catalytic activity (Earnshaw et al., 1999).  Caspase mediated proteolysis of their natural 

substrates, including protein kinases (eg. FAK), signal transduction pathway kinases (eg. 

MEKK1), and proteins involved in proliferation and the cell cycle, results in irreversible 

commitment to cell death (Earnshaw et al., 1999).  Typically initiator zymogens undergo 

scaffold-mediated activation, a mechanism that involves assembly of a molecular platform 

in response to death stimuli triggered by cell surface receptors (TNF receptor, death 

receptor (DC) 3/4 and 5, and CD95/Fas/Apo-1) which provide the scaffold upon binding 

of their ligands (Earnshaw et al., 1999).  Scaffold-mediated activation can also occur in 

response to environmental insults without prior ligation of death receptors. Recruitment 

of initiator caspases to the scaffold provides an environment in which the local zymogen 

concentration is increased and conformation changes can occur, allowing zymogens to 

efficiently catalyse each other and/or autocatalyse themselves producing highly active 

mature caspases (Ramage et al., 1995; Earnshaw et al., 1999).  Once activated caspases 

cleave numerous cellular targets, disrupting cellular function.  Caspase activation can be 

regulated at several levels, most notably by the anti-apoptotic Bcl-2 family members and 

by the cellular inhibitor of apoptosis proteins (cIAPs) (Earnshaw et al., 1999). Although 

caspase activation is a typical response of apoptotic cell death, recent data has illustrated 

an unlikely role for activation of caspases, that is as key proteases in the process of 

erythroid differentiation (Zermati et al., 2001) and in the terminal differentiation of 

epidermal keratinocytes (Weil et al., 1999).  Both erythroid and keratinocyte terminal 

differentiation require nuclear condensation, loss of organelles and enucleation, processes 

that share similarities to the morphological changes observed during apoptosis (Zermati et 

al., 2001).  This illustrates the point that although the classical view of caspase activation 
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is in their involvement in cell death, increased understanding of caspase function reveals 

that they may be involved in activation of molecules required for processes such as 

transcription factor activation and signal transduction component activation, without 

eliciting cell death (Zeuner et al., 1999). 

1.3 Neuronal Differentiation And The Olfactory Epithelium 

Understanding the complex molecular events that direct neuronal differentiation 

forms the basis of a plethora of research, both at the fundamental pure science and clinical 

levels. An inherent obstacle in neuroscience stems from the inability to directly sample 

tissue that has undergone development.  An understanding of the normal neuronal 

differentiation program would undoubtedly allow a greater understanding of potential 

developmental deviations.  This could provide an opportunity for therapies to be 

conceived, while understanding the complexity of neuronal determination could also 

provide opportunities for stem cell transplantation.  As illustrated below, the 

developmental program affected during the birth and restructure of the olfactory 

neuroepithelium provides an opportunity to examine such processes. 

1.3.1 The Significance Of The Olfactory Epithelium 

An understanding of the fundamental molecular mechanisms involved in olfactory 

neurogenesis has arisen in part due to the popularity of using the olfactory epithelium in 

neuronal differentiation studies.  Several important attributes unique to the olfactory 

epithelium are responsible for this.  One such feature is the peripheral location of the 

olfactory epithelium, which provides non-invasive access to sample fresh tissue from 

laboratory animals, humans involved in case studies (Feron et al., 1999) and at autopsy 

(Murrell et al., 1996).  More importantly, the olfactory epithelium displays a unique 

capacity to regenerate (Figure 1-5) and to retain a neurogenetic potential from its genesis 

and throughout adult life (Graziadei, 1978; Gordon et al., 1995; Roskams et al., 1998). 

The intrinsic regenerative capacity of the olfactory epithelium is demonstrated by the 

ability of the basal cells within the olfactory neuroepithelium to sustain the replacement of 

neurons, even when experimentally induced destruction of the mature olfactory receptor 

neurons has occurred, leading to complete restoration of the morphology and functionality 
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of the olfactory epithelium (Graziadei, 1978).  For this reason the olfactory epithelium is a 

model system for neuronal differentiation, providing insights into the mechanisms 

responsible for neurite extension, axon guidance and neuronal patterning. 

Figure 1-5  Olfactory epithelium dynamics identified immunologically during regeneration. 

Olfactory sensory neurons are identified with an antibody to olfactory marker protein (A).  The neuronal cell 
bodies located in the central region of the olfactory epithelium extend dendrites forming a knob at the 
lumenal surface.  (B) The olfactory epithelium is devoid of sensory neurons positive for olfactory marker 
protein following bulbectomy.  (C) Growth associated protein-43 (GAP-43) staining in normal olfactory 
epithelium detects immature neurons located beneath the olfactory sensory neurons.  (D) GAP-43 positive 
immature neurons respond to migratory cues within the bulbectomised epithelium and migrate away from 
the lower portion of the epithelium. The immature neurons differentiate as they migrate up through the 
epithelium becoming mature sensory neurons. All images are courtesy of Dr. François Féron. 

The regenerative capacity of the olfactory epithelium has also been shown to be 

indistinguishable from that which occurs initially at the olfactory placode (Roskams et al., 

1998). The mechanisms responsible for olfactory receptor neuronal differentiation from 

basal cells at the embryonic stage are analogous to those active mechanisms that cause 

differentiation in the adult olfactory epithelium. This concept has been demonstrated by 

expression studies of neuron-specific β-tubulin type III, in which the developmental 

expression pattern is recapitulated when neurons undergo a synchronised neurogenic 

response, as occurs following chemical lesion in the adult neuroepithelium (Roskams et 

al., 1998). In addition, cells expressing Mash 1 (Mammalian aschaete-scute homologue 

1), a transcription factor expressed in neural precursors, behave analogously in adult and 

embryonic olfactory epithelium (Guillemot et al., 1993), suggesting that the part of the 
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olfactory receptor lineage pathway responsible for Mash1 expression is conserved from 

embryo to adult (Gordon et al., 1995).  The evidence for retention of a conserved 

neurogenic program supports the use of the regenerating olfactory epithelium to study and 

model normal neuronal development, particularly for areas of the nervous system in which 

regeneration does not occur.  Hence the olfactory epithelium is expected to reveal general 

neurogenetic principles and mechanisms common to other neural regions. 

1.3.2 Development Of The Olfactory Epithelium 

The concept of primary olfactory neuronal differentiation occurring exclusively 

from the olfactory placodes was reported by His (1889), Cajal (1890) and Disse 

(1901,1902) [quoted in (Graziadei, 1978)].  The olfactory epithelium is initially seen as a 

horseshoe structure that envelops the olfactory pits, which form from the rapid expansion 

of mesenchyme around the olfactory placodes.  It is presumed that as development 

continues, the heightening mesenchyme generates a depression (olfactory pit) which 

consists of the presumptive olfactory tissue (Getchell, 1991).  The placodal patches that 

form are part of the anterolateral edge of the neural plate and these areas become detached 

from the surrounding mesenchyme as a result of differential growth preceding closure of 

the neural tube (Verwoerd et al., 1979) [quoted in (Getchell, 1991)].  Recently it was 

shown that the key initiating signal, retinoic acid, released from the lateral cranial 

mesoderm activates a retinoic acid inducible transgene in neuroepithelial cells in the 

olfactory placode and the ventrolateral forebrain (LaMantia et al., 1993).  This signal 

appears to be sufficient to drive localised neuronal differentiation and axon innervation 

into the ventrolateral forebrain forming the mammalian olfactory pathway (LaMantia et 

al., 1993).  This finding was confirmed by another study, in which the absence of an 

olfactory epithelium and olfactory bulb in homozygous Pax6 mutant mice results from the 

inability of these mice to produce retinoic acid from the frontonasal mesenchyme (Anchan 

et al., 1997). 

The olfactory pit is lined with a pseudostratified columnar epithelium which 

consists of three rudimentary cell types: 1) olfactory receptor neurons; 2) basal cells; and 

3) supporting cells (Farbman, 1977).  The nuclei of the basal cells lying nearest to the 

basement membrane of the epithelium pass through a restricted lineage pathway resulting 
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in the production of olfactory receptor neurons.  The nuclei of the olfactory neurons which 

rest in the central region of the epithelium send their axons to contact the telencephalic 

region that will subsequently differentiate and give rise to the olfactory bulb, and establish 

synaptic contact with the mitral, tufted and periglomerular cells.  The olfactory receptor 

neurons also extend a dendritic process to the epithelial luminal surface that terminates in 

a ciliated knob and provides direct contact with the environment (Getchell, 1991).  These 

dendritic processes are protected by the sustentacular (supporting) cells, which lie closest 

to the lumenal surface (Crews and Hunter, 1994). 

As noted earlier, the ability of the olfactory epithelium to produce a new set of 

mature olfactory receptor neurons on demand is a result of an asymmetrically dividing 

stem cell located within the basal cell layer (Mackay-Sim and Kittel, 1991).  The 

asymmetric division produces another stem cell that stays close to the basement membrane 

and a neuronal precursor that undergoes several rounds of division to produce a series of 

immature neurons. The immature neurons then differentiate and migrate away from the 

basement membrane to assume a central position within the epithelium when 

differentiation is complete (Figure 1-6) (Mackay-Sim and Kittel, 1991; Mackay-Sim and 

Chuah, 2000). Mackay-Sim and Kittel (1991) determined the life span of olfactory 

receptor neurons by injection of a retrograde tracer into the olfactory bulb. Labelled 

mature olfactory receptor neurons located at the olfactory epithelium were found at 

periods of at least 90 days post olfactory bulb injection.  Previously the life span of 

olfactory receptor neurons was estimated to be 30 days by [3H] thymidine tracking 

(Moulton, 1974; Graziadei, 1978) and up to 1 year when adult mice were reared in a 

laminar flow hood (Hinds et al., 1984).  These estimates were challenged however 

(Mackay-Sim and Kittel, 1991), because [3H] thymidine only labels dividing cells and thus 

would estimate the lifespan of neuronal precursors and not necessarily the neurons 

themselves.  Additionally, the assumption that labelled cells had “entered the population 

via division of basal cells and left it as mature neurons” also gave a false indication of life 

span (Mackay-Sim and Chuah, 2000).  At any given point in time there exists a broad 

population of olfactory receptor neurons of different ages and hence different stages of 

neuronal differentiation.  This does not indicate that subpopulations of receptor neurons 

exist (Allen and Akeson, 1985), simply that there are cells of differing ages (Getchell, 

1991; Crews and Hunter, 1994). 
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Figure 1-6  A schematic diagram of the cell lineage relations between basal cells and mature olfactory 
receptor neurons. 

The relationship between horizontal basal cells (HBC) and globose basal cells (GBC) has yet to be defined. 
Neurotrophic factors important for various processes of neuronal development are shown.  IN, immature 
neuron; MN, mature neuron.  Figure from Mackay-Sim and Chuah (2000). 

A particular problem of determining how olfactory receptor neurons arise from 

undifferentiated, multipotential, self-renewing stem cells is the identity of the true stem 

cell within the olfactory epithelium.  The precursors of olfactory receptor cells are the 

basal cells, however two distinct basal cell types exist, based on histological appearance, 

location within the epithelium and protein expression profile. The horizontal basal cells 

are ovoid and lie nearest to the basal lamina whilst the globose basal cells are more nearly 

spherical and are located more superficially (Crews and Hunter, 1994).  All globose basal 

cells can be identified with the antibody GBC1-3 (Goldstein and Schwob, 1996), whilst 

Guillemot and colleagues (Guillemot et al., 1993) showed that some globose basal cells 

express Mash1, a transcription factor expressed early in the lineage pathway. However, 

this study did not show whether Mash1 positive cells are GBC1-3 positive.  Double label 

studies of GBC1-3 and Mash1 are necessary to support the idea that Mash1 positive cells 

are indeed globose basal cells as suggested by Guillemot et al. (1993).  Meanwhile the 

horizontal basal cells lie beneath the globose basal cells, express keratin and are identified 

by a surface glycoprotein that interacts with lectin BS-I (Holbrook et al., 1995). The 

relationship between the globose and horizontal basal cells remains elusive, with no 
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concrete evidence to suggest or dismiss a link between them.  Similarly the unknown 

identity of the true stem cell within the olfactory epithelium impedes work on 

understanding the molecular events leading to cell fate determination and consequently the 

early steps of the differentiation program. 

1.3.3 Immortalised Cell Lines 

Aside from stem cell identity problems, the difficulty with observing the molecular 

pathway that a given cell population has executed in vivo is the complexity of dissecting 

the signalling cues that a cell has perceived from its environment. In vitro work attempts 

to simplify the context within which a cell finds itself, and cellular context can be further 

reduced with the use of a clonal cell line.  Clonal cell lines have been used extensively in 

research (Schubert et al., 1974; Pleasure et al., 1992; Howard et al., 1993; Eves et al., 

1994; Barber et al., 2000) as they provide a homogeneous population of cells that can be 

grown indefinitely in vitro (Lendahl and McKay, 1990).  Numerous techniques have been 

used to establish clonal cell lines, with retroviral vector-mediated transduction of myc 

oncogenes into mitotically active progenitor cells proving popular (Ryder et al., 1990). 

This method allows the production of immortalised cell lines that have unlimited mitotic 

activity without the inducing properties associated with tumourigenicity (Ryder et al., 

1990). Importantly, an immortalised clonal cell line will retain features from the 

originating tissue and thus allow the study of a single cell.  Extensive collections of 

immortalised cell lines have been used to investigate events crucial for neuronal 

differentiation.  

Since the inception of the clonal cell line PC12 (Greene and Tischler, 1976) 

endless studies have been carried out on diverse aspects of neuronal differentiation. For 

example, over-expression of the murine thymoma viral (v-akt) oncogene homolog-1 (Akt, 

also known as protein kinase B) in NGF treated PC12 cells results in differentiation arrest 

(Bang et al., 2001), while c-Jun over-expression in PC12 cells leads to enhanced neuronal 

morphology and apoptosis protection, without reaching complete differentiation as 

detected with patch clamping (Dragunow et al., 2000).  Likewise H19-7 cells, an SV40 

Tts-immortalised rat hippocampal neuronal cell line (Eves et al., 1996), have been used to 

determine the role of apoptosis induced by differentiation or serum deprivation.  H19-7 
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cells have also been used to study signal transduction pathways induced by basic 

fibroblast-derived growth factor in neuronal cell differentiation (Kuo et al., 1997) and to 

investigate the role of cyclins during neuronal differentiation (Xiong et al., 1997). Finally, 

neural cell adhesion molecule positive and neurofilament positive cell lines from human 

embryonic spinal cord have been generated with the ability to differentiate into mature 

functional neurons (Li et al., 2000).  These examples illustrate the diversity of reported 

clonal cell lines, and the insight they can provide into multifaceted and complex in vivo 

processes. 

1.3.4 OLF442 

The benefit of working with clonal cell lines is several fold.  In the first instance, 

one is able to isolate a cell or population of identical cells and maintain a high degree of 

environmental control, accounting not only for immediate control from neighbouring cells 

which may be of different type, but also for intrinsic differences between test 

animals/groups. Secondly, one can be assured that any observed response is a direct result 

of a given stimulus or test condition.  This is particularly useful in situations where the test 

hypothesis is not established, for example, the identification of factors involved in the 

proliferation and differentiation of developing olfactory precursors with differential 

display. 

This study utilises an olfactory neuronal derived cell line previously prepared by 

immortalisation of precursor cells isolated from the adult mouse olfactory epithelium 

(MacDonald et al., 1996).  Several immortalised clonal cell lines were generated by the 

retroviral insertion of the n-myc oncogene during cell division of the neuronal precursors 

(Bartlett et al., 1988; MacDonald et al., 1996).  Of the clonal cell lines produced, one 

specific clonal cell line was particularly interesting.  Designated as OLF442, this cell line 

has the capacity to exhibit a neuronal morphology and a genetic fingerprint consistent with 

the process of neuronal maturation [eg. expression of neurofilament protein, growth-

associated phosphoprotein (GAP-43) and β-tubulin] when induced to differentiate upon 

serum depletion (Figure 1-7) (MacDonald et al., 1996; Zehntner, 1998b). 
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Figure 1-7  OLF442 differentiation. 

Non-differentiated OLF442 grown in complete serum (A).  Culture of OLF442 for 48 hr in serum deplete 
medium extends long processes (B). 

Serum depletion has been used extensively to differentiate cells in culture.  A 

neuronal catecholaminergic cell line, CAD (Cath.a-differentiated), is analogous to 

OLF442 as removal of serum from the culture medium results in the cessation of 

proliferation, extension of long processes and expression of neuron-specific proteins, such 

as class III β-tubulin and GAP-43, but not glial fibrillary acidic protein (Suri et al., 1993; 

Qi et al., 1997).  Additionally, NIC, a cell line derived from the rat olfactory epithelium 

also up-regulates its expression of β-tubulin and NCAM when placed in serum deplete 

medium.  However, NIC does not appear to express olfactory marker protein (OMP), an 

indicator of olfactory neuron maturation, suggesting that differentiation into the mature 

olfactory receptor neuron is incomplete (Goldstein et al., 1997).  Like NIC, differentiated 

OLF442 may represent a cell state approaching maturity but without attaining it. OLF442 

OMP expression has been reported (MacDonald et al., 1996), however it has also been 

questioned by several studies in which OMP was not detected (Zehntner, 1998b; Behrens 

et al., 2000).  Zehntner et al. (1998b) demonstrated, by flow cytometric analysis, that 

OLF442 cultures maintained in serum-deplete medium for 12 hr display a cell cycle 

distribution consistent with a quiescent state, whereby 87% of cells were arrested in the 

first gap phase of the cell cycle (G1) in a nongrowing, nondividing state that leads to cell 

cycle exit into G0. Given that cell cycle cessation per se does not appear to be a sufficient 

initiator of differentiation and neurite extension, as observed in GOTO cells (Tsuneishi et 

al., 1993), OLF442 maintained in serum deplete medium for longer periods of time 

resulted in greater neurite extension (Zehntner, 1998b).  Importantly, in OLF442 cells 
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neurites continue to extend longer processes with time, as was also demonstrated by CAD 

cells, which continue neurite extension for up to four days in culture (Qi et al., 1997). 

It is well established that cell cycle arrest of proliferating neuronal precursor cells 

by nutrient withdrawal can result in either apoptosis or alternatively differentiation 

(Howard et al., 1993; Eves et al., 1996).  A balance between apoptosis and differentiation 

represents a major point of regulation during neuronal differentiation in vivo (Holcomb et 

al., 1995; Blagosklonny, 1999).  In serum-depleted OLF442 cultures apoptosis has not 

been detected, as serum deplete cultures lack the presence of apoptotic cell debris, and 

DAPI staining does not show irregular nuclei characteristic of apoptosis.  Moreover the 

morphological differentiation induced by serum withdrawal over a 48 hr period can be 

reversed in OLF442 by serum repletion, indicating that they have not been committed to 

execute the apoptotic pathway. Thus OLF442 can provide insight into how 

undifferentiated, immature neuronal precursors give rise to mature olfactory receptor 

neurons. 
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1.4 The Aim Of This Thesis 

The aim of this study was to characterise the gene expression profile of an 

olfactory neuronal derived cell line OLF442 by differential display. The clonal cell line 

OLF442, prepared by immortalisation of precursor cells isolated from the adult mouse 

olfactory epithelium (MacDonald et al., 1996) exhibits a neuronal morphology when 

induced to differentiate upon serum deprivation (MacDonald et al., 1996; Zehntner, 

1998b). By using differential display and comparing an undifferentiated neuronal 

precursor population to a differentiated population extending neurites, it is possible to 

infer information about active processes at the molecular level and to dissect key 

components of molecular pathways.  The differential display procedure was also expected 

to allow the identification of novel genes required for the process of differentiation. 

Chapter Two illustrates the differential display method used and discusses the 

results obtained in light of data subsequently attained by cDNA Microchip Array analysis. 

Ensuing experiments and discussions centre on this information and provide a picture of 

some of the molecular processes active during neuronal maturation.  



Chapter 2 26 

2 IDENTIFICATION AND 


CHARACTERISATION OF GENES 


REGULATED BY NEURONAL 


DIFFERENTIATION




Chapter 2 27 

2.1  Introduction To Differential Gene Expression 

The coordinated regulation of gene expression is fundamental to the control of 

normal physiological phenomena within a cell, specifying cellular characteristics and 

responses to intracellular and extracellular cues.  In order to reveal active processes at 

the molecular level and to dissect key components of molecular pathways, differential 

gene expression studies provide a foundation for the elucidation of dynamic 

molecular mechanisms.  Furthermore, the study of differential gene expression is 

particularly useful when an experimental hypothesis has not been established, as may 

occur in an uncharacterised biological model.  This situation may arise when 

identification of factors involved in a complex process such as cellular proliferation, 

differentiation, or tumourigenesis is pursued. 

Various approaches to investigate differential gene expression have been 

utilised including differential hybridisation (Sambrook et al., 1989), subtractive 

hybridisation (Lee et al., 1991; Byers et al., 2000), and differential display (Liang and 

Pardee, 1992), predecessors to the more advanced technologies of SAGE (serial 

analysis of gene expression), TOGA (total gene expression analysis), and 

GeneCalling, collectively referred to as ‘open’architecture systems, that do not need 

any pre-existing biological or sequence information (Green et al., 2001).  This 

contrasts the so-called ‘closed’ systems such as quantitative PCR and oligonucleotide 

or cDNA microarray technologies (Schena et al., 1995) that require knowledge about 

a given genome (Green et al., 2001). 

2.1.1  Differential And Subtractive Hybridisation 

The earliest method described for the comparison of expressed genes between 

control and experimental samples was differential hybridisation (St John and Davis, 

1979; Sambrook et al., 1989).  This technique compares cDNA probes from control 

and test samples by screening test cDNA against duplicate control cDNA libraries 

(Sambrook et al., 1989) and was first used by St John and Davis in 1979 when they 

characterised galactose-inducible DNA sequences from Saccharomyces cerevisiae by 

differential plaque filter hybridisation (St John and Davis, 1979).  However, unlike 
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subsequent hybridisation procedures, classical differential hybridisation is technically 

challenging, with high background and cDNA library duplication problems 

encountered.  The innovation of superior hybridisation techniques resulted from these 

technical problems and the inability of differential hybridisation to detect rare 

transcripts (Sambrook et al., 1989). 

Subtractive hybridisation, unlike differential hybridisation is a positive 

selection system, as control mRNA is directly hybridised with test cDNA resulting in 

double stranded RNA:DNA hybrids representative of transcripts common to both 

populations.  The distinctive feature of subtractive hybridisation that placed it at the 

forefront of differential gene expression was its ability to create a pool of cDNAs 

enriched for the sequences unique to an experimental condition (Lee et al., 1991), 

where the single stranded cDNA represents transcripts unique to the experimental 

population (Sambrook et al., 1989).  When combined with poly(A) reverse 

transcription (RT) polymerase chain reaction (PCR) [poly(A) RT-PCR], usually used 

to generate the starting cDNA for the technique, the advantages become greater 

(Brady and Iscove, 1993; Byers et al., 2000), including the ability to detect rare 

mRNAs, which represent as little as around 0.01% of the total number of mRNA 

species present.  However, it is generally accepted that the technique will reliably 

isolate genes enriched at least 5-10 fold in the experimental pool compared to the 

control (Byers et al., 2000).  Additionally, the identification of genes present in the 

subtracted pool is not dependent on their prior characterisation; therefore this method 

is ideal for identifying novel genes (Matz and Lukyanov, 1998; Byers et al., 2000). 

Although subtractive hybridisation has several advantages over differential 

hybridisation, there are several major shortcomings associated with the technique. 

These include the possibility of subtracting family members containing high levels of 

sequence homology (Sambrook et al., 1989), the comparison of only two populations 

simultaneously (Matz and Lukyanov, 1998), the bias one-way nature of the selection 

process in which only up-regulation or down-regulation can be assessed, and the 

technical difficulty of performing subtractive hybridisation.  Nonetheless, both the 

differential hybridisation and subtractive hybridisation methodologies have been 

extended and improved with the advent of PCR (as mentioned above for increasing 

the sensitivity of subtractive hybridisation) however some of the fundamental 

drawbacks still persist. 
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Since its inception, subtractive hybridisation has yielded many related 

techniques including representational difference analysis (RDA).  Here the 

complexity of the cDNA populations to be compared is reduced by digestion with 

frequently cutting restriction enzymes, ligation to adaptors, and amplification by PCR, 

followed by subtraction (Hubank and Schatz, 1994; Byers et al., 2000).  Another 

technique, directed random oligonucleotide primed (DROP) subtractive hybridisation 

(Telenius et al., 1992) results in detection of mRNAs in the region of moderate-to-low 

abundance (0.06%) and can detect differences in both directions (Byers et al., 2000). 

Furthermore, subtractive hybridisation has also been combined with the more popular 

differential hybridisation technique resulting in enhanced reproducibility, increased 

sensitivity, and reduced false positive results (Byers et al., 2000). However, increased 

methodological complexity can result in very technical and laborious experiments that 

can outweigh their apparent advantages.  As a result differential display was 

introduced as the method of choice a decade ago, as outlined in the ensuing 

discussion. 

2.1.2  Differential Display 

Differential display (DD) (Liang and Pardee, 1992) and RNA arbitrary primed 

polymerase chain reaction (RAP-PCR) (McClelland et al., 1993) were simultaneously 

introduced in 1992 as a means to identify and compare genes expressed as mRNA in 

various cell populations under specified conditions (Liang and Pardee, 1995).  Most 

eukaryotic mRNAs contain a polyadenylate [poly(A)] tail (Jackson and Standart, 

1990), a feature on which differential display relies for anchorage of the poly-T 

primer used in reverse transcription.  The resultant cDNA is then PCR amplified with 

an arbitrary primer and poly-T primer, this contrasts with RAP-PCR which uses 

arbitrary primers for both the RT reaction and for the subsequent amplification by 

PCR (Liang and Pardee, 1995).  In both cases the amplified subpopulation of cDNA 

is resolved on a DNA sequencing gel and the test samples are visualised against 

adjacently processed control samples, thus allowing the differential display of cDNA 

bands (Figure 2-1). 



Chapter 2 30


Figure 2-1  Schematic diagram of the differential display protocol. 

Details of the methods used here are given in the Sections indicated. 
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Classical differential display employs the use of a degenerate two-base- 

anchored oligo-dT primer [d(T)11NN where N= G, A, T, C] to reverse transcribe a 

subset of the total mRNA population extracted from cell lines or tissues under various 

conditions (Liang and Pardee, 1992).  More recently a one-base anchored oligo-dT 

primer set [d(T) 11MN where M=G, A, or C] with a degenerate base at the penultimate 

nucleotide was used in differential display to further increase the size of the reverse 

transcribed subset so that it represents one quarter of the total mRNA present in a 

sample (Liang et al., 1994). 

Amplification of the cDNA by PCR using the 3′ anchored oligo dT primer and 

a 5′ arbitrary decamer which anneals randomly along the length of the cDNA results 

in the amplification of a subset of the total cDNA population, which is resolved by 

denaturing polyacrylamide gel electrophoresis (PAGE).  In order to increase the 

cDNA amplified, it may be necessary to perform multiple amplifications with 

different primer combinations, although redundancy in cDNA amplification is likely 

as an alternative decamer may anneal upstream of a cDNA already represented in an 

amplified subpopulation of another primer set (Matz and Lukyanov, 1998).  Given 

that twenty different arbitrary decamers (priming as 6- to 7- mers) combined with 

twelve different combinations of oligo d(T)11 MN primers are estimated to be required 

to display the approximately fifteen thousand individual mRNA species expressed in 

an average eukaryotic cell (Liang and Pardee, 1992), which likely represents an 

underestimate if system redundancy is taken into account, many amplifications and 

gels would need to be run to display the whole set, a disadvantage of differential 

display. 

Differentially expressed genes are represented by bands that are present on the 

gel in one sample but not in another, or at different intensities indicating varying 

levels of abundance between samples (Matz and Lukyanov, 1998). Thus specific 

advantages of differential display include the simultaneous detection of both up-

regulated and down-regulated genes and the comparison of more than two RNA 

populations, in fact limitations to the number of comparisons that can be done are 

only imposed by the size of the gel.  Although PAGE analysis and autoradiography 

provide several of the advantages that make differential display popular, an inherent 
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problem of differential display stems from the low resolution of polyacrylamide gels 

(Byers et al., 2000).  Hence, apparently single bands may contain multiple cDNA 

species. Additionally it may be hard to select a highly expressed, highly distributed 

sequence, for example where the differences in transcript concentrations between the 

samples exceeds 100 fold, as differences in fragment abundance of 50:1 or 1000:1 are 

likely to have the same appearance on a polyacrylamide gel due to autoradiographic 

saturation (Matz and Lukyanov, 1998).  These technical problems cause a large 

portion of the observed false positives obtained with differential display, which can 

account for up to 50% or more of the observed transcripts (Wan et al., 1996). 

However the single greatest contributor to false positives is arbitrarily primed PCR 

using short oligos (Matz and Lukyanov, 1998), which can be solved with the use of 

longer arbitrary primers (Zhao et al., 1995).  Nonetheless differential display has 

advantages over other methods which include: the use of small amounts of total RNA, 

the identification of mRNA species independent of prevalence (Wan et al., 1996), and 

the detection of rare and abundant transcripts of both known and novel genes (Matz 

and Lukyanov, 1998).  As with subtractive hybridisation, differential display is biased 

towards the 3′ end of mRNA that does not contain the coding regions of genes. 

Therefore, cDNA bands of interest must be further amplified and characterised by 

library screening to identify coding regions or to obtain full-length cDNA clones 

(Matz and Lukyanov, 1998).  Confirmation of cDNA expression levels by Northern 

blotting or RNase protection must also be carried out to ensure the isolated clone does 

not represent a false positive. 

Differential display, until recently the method of choice by many investigators 

as shown by its prominence in PubMed literary searches, has proven technically 

challenging and frustrating.  However, it has been successfully used to isolate novel 

genes and to imply function for many genes otherwise not thought to play a role in a 

particular process.  Biological processes such as differentiation (Nishinaka et al., 

2000), apoptosis (Barzilai et al., 2000) and cell growth (Johnsen et al., 2000) have 

been investigated with differential display.  Moreover, differential display has been 

used in conjunction with a variety of total RNA sources including primary cell 

cultures (Seidel et al., 1998), transformed cell cultures (Zehntner et al., 1998a), 

tumour cell lines (Kito et al., 1997), and tissue samples such as the study of neuron 
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regeneration in the dorsal root ganglion (Livesey and Hunt, 1998).  The contribution 

that differential display has made to molecular biology is noteworthy, however with 

the advent of robotics, the looming completion of genome sequences for model 

organisms and the vastness of the expressed sequence tag (EST) databases, 

differential display will surely become an archaic methodology in the not too distant 

future. Microarray technology is here. 

2.1.3  Microarray Technology 

Advances in molecular and computational biology have resulted in the 

generation of powerful, high-throughput methods for the analysis of differential gene 

expression (Carulli et al., 1998).  Microarray technologies first appeared in the 

literature in 1995 with the development of a ‘‘chip’’ based approach for the 

monitoring of plant gene expression, utilising microarrays of cDNA clones as gene-

specific hybridisation targets to quantitatively measure expression of corresponding 

plant genes (Schena et al., 1995).  Later applied to evaluating the differential 

expression of 1046 human cDNAs of unknown sequence (Schena et al., 1996), the 

reality of further miniaturisation and therefore, more comprehensive gene expression 

analysis and gene discovery led to two major types of microarrays. Both cDNA 

microarrays and oligonucleotide microarrays share one distinguishing feature, the 

ability to allow “parallel quantification of the expression levels of an almost unlimited 

number of genes from a given genome” (Deyholos and Galbraith, 2001). Coupled 

with the exponential growth of genomic sequence information and ESTs, each of 

which contains the partial sequence of an expressed gene, a minefield of opportunity 

has been uncovered. 

Capable of monitoring gene expression in cell lines and tissues by providing 

elaborate mRNA fingerprints (Carulli et al., 1998) microarray technology has become 

an important part of biological research (Alon et al., 1999). The use of microarrays 

for expression profiling is based on two key points.  First, an alteration in abundance 

of mRNA precedes changes in expression of many genes, excluding post- 

transcriptional gene expression events (alternative splicing, RNA editing, expressed 

single nucleotide polymorphisms – cSNPs, etc) (Deyholos and Galbraith, 2001; Green 
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et al., 2001). Second, a stable DNA duplex can only form between DNA strands 

possessing complimentary sequences (Deyholos and Galbraith, 2001).  These two 

fundamental principles are employed by microarrays through immobilisation of 

millions of single-strand copies of gene fragments on a solid support surface as 

individual array features. The array surface, which is then hybridised with labelled 

cDNA or cRNA, is washed and assessed for bound target to probe and subsequently 

analysed using various algorithms to determine gene expression levels in a given 

tissue, cell line or disease state (Carulli et al., 1998; Schadt et al., 2000). 

DNA microarrays are comprised of large fragments of genes (400–2,000 bp) 

typically produced through PCR amplification of cDNA or EST libraries using 

vector-specific primers, obviating the need for sequence information (Deyholos and 

Galbraith, 2001). However, as portions of the vector sequence and poly(A) tail can be 

included in each probe amplified, the hybridisation specificity of the microarray may 

decrease, therefore gene specific primers are often used for each probe amplification. 

Gene specific primers can also be used for probe amplification of genomic DNA 

negating the need for cDNA/EST libraries; see Deyholos and Galbraith, 2001 for a 

thorough review of DNA microarray technology (Deyholos and Galbraith, 2001). In 

contrast, oligonucleotide-based microarrays consist of short (20-25 bp) synthetic 

DNA molecules such as the present day Affymetrix GeneChip® probe arrays (see 

Section 2.3.6 for manufacture of oligonucleotide arrays).  Currently the Affymetrix 

GeneChip® probe arrays have the capacity to represent in excess of 10,000 gene 

sequences comprising fully characterised full-length genes and expressed sequence 

tag (EST) clusters on a single array (Affymetrix, ; Alon et al., 1999).  Although 

oligonucleotide arrays are expensive, they provide the capacity to analyse the 

expression pattern of literally thousands of different genes in a matter of days. 

Therefore they allow the identification of gene associations in a particular cell type, 

tissue or biological process providing a broad perspective of the state of the cell (Alon 

et al., 1999; Byers et al., 2000).  The utility of microarrays have been challenged as 

many have claimed that arrays can only screen for predetermined, and therefore 

known, genes, limiting their use for detection of novel, or unsuspected genes (Carulli 

et al., 1998; Byers et al., 2000).  However, with the presence of exponentially 

expanding EST databases that will inevitably represent entire genomes, the technique 

does allow great flexibility in mining for novel genes. 
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2.2 Aim 

The objective of this study was to identify novel neuroregulatory genes that 

direct differentiation of an olfactory neuronal derived cell line, OLF442, as it 

undergoes differentiation in vitro. The differentiation exhibited by OLF442 was 

investigated using both differential display and cDNA microarray technology.  It was 

anticipated that the combination of these two techniques would provide an adequate 

representation of the active processes that a cell employs during initiation and 

progression through the differentiation program. 
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2.3 Methods 

Primer sequences and recipes to all reagents and buffers mentioned throughout the 
methods are provided in Appendix I. 

2.3.1  Cell Culture 

2.3.1.1  Routine Maintenance And Passage Of OLF442 

The immortalised mouse olfactory epithelium clonal cell line OLF442 was maintained 

in low glucose Dulbecco’s Modified Eagle Medium (DMEM) (Gibco BRL®, 

Melbourne, VIC, Australia), supplemented with 10% (v/v) heat-inactivated foetal calf 

serum (FCS; Gibco BRL®) and 100 µM glutamine (GLUT; Gibco BRL®). Cells were 

grown in 25 cm2 TPP (Life Technologies Pty. Ltd. Melbourne, Australia) tissue 

culture flasks and incubated in a 5% CO2 humidified atmosphere at 37ºC.  Upon 

reaching confluency (>80% flask cover) cells were passaged by aspirating the 

medium from culture vessels and washing adherent cells with Hank’s Balanced Salt 

Solution (HBSS; Gibco BRL®). The HBSS was aspirated and cells were dislodged by 

addition of Trypsin-EDTA (Gibco BRL®): 0.5 mL for 25 cm2 flasks, 1 mL for 75 / 

175cm2 flasks, and incubated at 37°C for 2-3 min, at which time 10% 

FCS/DMEM/GLUT was added to the flasks and the cells triturated.  Cell suspensions 

were centrifuged for 5 min at 1500 rpm in a bench top centrifuge (Sigma, Castle Hill, 

NSW, Australia).  Cell pellets were resuspended in 10% FCS/DMEM/GLUT and cell 

number was determined using a 0.5% (w/v) Trypan blue (Trace® Scientific Ltd. 

Noble Park, VIC, Australia) viability exclusion stain and counted in a 

haemocytometer (Weber Scientific International, Lancing, England). Cells were 

replated at a density of 30 cells per mm2 of tissue culture flask surface area at 3-4 day 

intervals. 

2.3.1.2  Serum Depletion 

For differentiation studies of OLF442, cultures were grown in a medium depleted of 

exogenous growth factors by replacing medium containing 10% FCS with serum 

depleted medium comprising DMEM supplemented with 1% bovine serum albumin 



Chapter 2 37 

(BSA; Sigma) and 100 µM GLUT.  Prior to serum depletion, cells were seeded at the 

appropriate density: 30 cells/mm2 for 10% FCS treated cells and 90 cells/mm2 for 1% 

BSA treated cells for 48 hr cultures; 60 cells/mm2 for 10% FCS treated cells and 90 

cells/mm2 for 1% BSA treated cells for 24 hr cultures; and 90 cells/mm2 for 1% BSA 

treated cells and 10% FCS treated cells for 1, 4 and 8 hr cultures.  All cultures were 

initially grown in control medium (10% FCS/DMEM/GLUT) for 18-24 hrs prior to 

treatment. Following the initial 18-24 hr settling phase, control medium was aspirated 

and cultures were washed with HBSS three times.  The appropriate medium was then 

added to the culture vessels and the cells were incubated for the required periods of 

time. 

2.3.1.3  Storage 

Cells were routinely prepared for storage in liquid nitrogen.  Confluent cultures were 

harvested by trypsinisation (refer to 2.3.1.1), then triturated in 10% FCS/DMEM/ 

GLUT and centrifuged at 1500 rpm in a bench top centrifuge for 5 min.  The cell 

pellet was resuspended in 1 mL freezing medium composed of 90% FCS, 10% 

dimethyl sulfoxide (DMSO; Sigma) and 500 µL aliquoted into a single cryotube 

(Nunc, Roskilde, Denmark).  Generally, one confluent 25 cm2 flask was frozen into 

two 1 mL cryotubes.  Cryotubes were placed at -70ºC overnight in a cotton wool 

package, following which they were transferred to liquid nitrogen for long term 

storage. Retrieval of frozen stocks from liquid nitrogen was carried out when 

maintained cultures exceeded 15 passages. Cells were immediately thawed by 

placing cyrotubes in a 37ºC water bath, followed by dilution in 1 mL 10% 

FCS/DMEM/GLUT and centrifugation at 1500 rpm for 5 mins. The resultant cell 

pellets were resuspended and split between two 25cm2 flasks containing 10% 

FCS/DMEM/GLUT. 
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2.3.2  Differential Display 

2.3.2.1  Total RNA Extraction 

Preparation of total RNA was performed as described previously (Chomczynski, 

1987).  Briefly, at the completion of the 48 hr OLF442 cell growth period in 10% 

FCS or 1% BSA supplemented medium, culture flasks were washed three times with 

sterile ice-cold HBSS and lysed directly in the tissue culture flask with the addition of 

2 mL denaturing solution D per 175cm2 flask.  Solution D was prepared as a stock 

solution in Milli Q filter sterile water (MQ H2O) and stored at room temperature, the 

stock solution was supplemented with 0.1 M 2-mercaptoethanol (Sigma) prior to use. 

The denatured cell lysates were transferred to 10 mL polypropylene tubes (Sarstedt, 

Technology Park, SA, Australia) and placed on ice.  Sequentially, 2 M sodium 

acetate, pH 4 added to a final concentration of 0.2 M, 2 mL phenol, pH4.5 (water 

saturated), and 0.2 mL of chloroform-iso-amyl alcohol mixture (49:1; Sigma) were 

added to the lysates, with thorough mixing after the addition of each reagent. 

Samples were incubated on ice for 15 min, following which lysates were transferred 

to microcentrifuge tubes (QSP, Quality Scientific Plastics, USA) and centrifuged at 

15,000 rpm for 20 min at 4ºC in a microcentrifuge (Sigma).  After centrifugation, the 

aqueous phase containing the RNA was transferred to a clean microcentrifuge tube 

and precipitated with 1 volume of isopropanol (Ajax Chemicals, Auburn, NSW, 

Australia) at -20ºC for 1 hr.  The suspensions were centrifuged at 15,000 rpm for 20 

min at 4ºC.  Pellets were resuspended in 0.3 mL of solution D and once again 

precipitated with 1 volume isopropanol at -20ºC for 1 hr.  Following sedimentation at 

15,000 rpm for 10 min at 4ºC the RNA pellets were washed with 75% (v/v) ethanol 

(EtOH; Ajax Chemicals) centrifuged and air-dried for 10 min at room temperature. 

Finally the RNA pellets were resuspended in 50 µL MQ H2O or TE, incubated at 

65ºC for 10 min, and stored at -20ºC for future use. 

2.3.2.2  RNA Quantitation: Concentration and Purity 

The relative purity and concentration of the isolated RNA was determined by 

spectrophotometry: an optical density of 1 at an absorbance wavelength of 260 nm 
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corresponds to 40 µg/mL of RNA (Sambrook et al., 1989).  Relative RNA purity was 

determined by assessment of the ratio of absorbance at 260 and 280 nm (the 

A260/280 ratio).  Although there is significant variability in the A260/280 ratio 

depending on sample pH, it is generally accepted that a ratio of 1.5 to 2.0 for slightly 

alkaline samples (pH 7.5-8.5) denotes pure RNA (Wilfinger et al., 1997). 

2.3.2.3  RNA Integrity: RNA Formaldehyde Gel Electrophoresis 

Electrophoresis of RNA through agarose gels containing formaldehyde is necessary to 

ensure that RNA does not form secondary structures by remaining single stranded. 

Electrophoresis remains the method of choice to quickly determine RNA quality and 

integrity (Lehrach et al., 1977) and to confirm concentration/purity of RNA 

determined by spectrophotometry.  RNA gel electrophoresis was carried out as 

described by GeneScreen™ and GeneScreen Plus® Transfer and Detection Protocols 

(GeneScreen). In short, 5 µg total RNA was added to 20 µL RNA sample loading 

buffer, heat denatured at 95ºC for 2-5 min, and cooled on ice prior to loading onto a 

1.5% agarose gel containing 0.66 M deionised formaldehyde (Sigma) and 1X 3-(N-

morpholino) propanesulfonic acid (MOPS) buffer. The RNA gel was electrophoresed 

in 1X MOPS buffer at 80 V at room temperature until the bromophenol blue dye front 

had migrated three quarters of the length of the gel.  Following electrophoresis the gel 

was soaked in 1X MOPS buffer containing 0.5 µg/mL ethidium bromide (EtBr) for 

several hours and viewed under UV light using UVP’s Gel documentation and 

Analysis System – GDS 7600 (UVP, Upland, California, USA). 

2.3.2.4  Isolation of mRNA 

mRNA was prepared from total RNA with the oligotex mRNA extraction kit 

(QIAGEN, Hilden, Germany) as per the manufaturers instructions (QIAGEN, 1999). 

Briefly, approximately 200 µg total RNA was diluted in MQ H2O to a final volume of 

250 µL, to which 250 µL of binding Buffer OBB and 15 µL Oligotex Suspension was 

added and thoroughly mixed.  Samples were heated to 70ºC for 3 min to disrupt RNA 

secondary structure then placed at room temperature for 10 min to allow oligo dT30 of 

the Oligotex particles to hybridise with the poly-A tail of the mRNA. The Oligotex: 

mRNA complexes were pelleted by centrifugation for 2 min at 14,000 rpm, and 
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resuspended in 400 µL of wash Buffer OW2 and pipetted onto a small spin column 

and centrifuged for 1 min at 14,000 rpm. The column was again washed with 400 µL 

Buffer OW2.  Finally 20 µL of 70ºC elution Buffer OEB was used to resuspend the 

Oligotex: mRNA complexes in the spin column and centrifuged for 1 min at 14,000 

rpm.  The eluate was used for a second elution to ensure maximal yield and mRNA 

concentration. 

2.3.2.5  Chromosomal DNA Removal: DNase Treatment  

mRNA was treated with 10 Units of RNase free DNase I (Boehringer Manheim, 

Manheim, Germany) to remove chromosomal DNA contamination in the presence of 

10 Units rRNasin (Promega, Madison, Wisconsin, USA), 10 mM Tris-HCl (pH 8.3), 

50 mM KCl, 1.5 mM MgCl2 and 5 mM dithiothreitol (DTT) at 37ºC for 30 min 

(Kienzle et al., 1996).  The digested samples were extracted with Phenol/Chloroform 

(3:1) and the aqueous phase was precipitated with 3 M sodium acetate and 100% 

EtOH at -70ºC for 30 min.  The treated samples were centrifuged at 14,000 rpm for 10 

min; pellets were washed with 70% EtOH, air-dried and resuspended in 20 µL MQ 

H2O. 

2.3.2.6  Reverse Transcription 

mRNA was reverse transcribed with one of four different degenerate 3' anchored 

oligo-dT primer sets (T12MN: T12MG, T12MC, T12MA and T12MT, where M is G, A 

or C) as follows, 0.1 µg DNase I treated mRNA in the presence of 1X Superscript II 

buffer, 20 µM deoxynucleotide triphosphates (dNTPs), 10 mM DTT and 20 pmol 3′ 

anchored primer, was incubated at 65ºC for 5 min to denature the mRNA secondary 

structure and subsequently incubated 10 min at 37ºC to allow primer annealing. 

Recombinant Moloney Murine Leukaemia Virus derived reverse transcriptase without 

RNase H activity (MMLV-RT RNase H-, Superscript II, Gibco-BRL)(200 units) was 

added, and incubated at 37ºC for 50 min, following which the reverse transcriptase 

was heat inactivated for 5 min at 95ºC. 
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2.3.2.7  RNase H Treatment 

The cDNA was digested with 1.5 Units of RNase H (Promega) added directly into the 

post heat inactivated reverse transcriptase reaction and incubated at 37ºC for 30 min. 

The RNase H was inactivated by incubation for 5 min at 95ºC.  Samples were stored 

at -20ºC for future use. 

2.3.2.8  cDNA Integrity 

cDNA quality and integrity was confirmed by the presence of a well known 

housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH), with 

polymerase chain reaction (PCR) amplification using, 1 µM GAPDH forward primer 

and 1 µM GAPDH reverse primer (Lycke and Larsen) in the presence of 1X PCR 

buffer (Perkin Elmer, Roche, Branchburg, New Jersey, USA), 250 µM dNTPs, 1.5 

mM MgCl2 and 0.625 Units AmpliTaq® Polymerase (Perkin Elmer) in a final reaction 

volume of 25 µL.  An equal volume of autoclaved mineral oil (Sigma) was layered on 

top of the reaction mixture and the samples were placed in an OmniGene thermal 

cycler (HB TR3-CM, Hybaid, Teddington, Middlesex, U.K), and subjected to a 94ºC 

x 5 min incubation, followed by 35 cycles at 94ºC x 1 min, 55ºC x 30 sec, 72ºC x 30 

sec, with a final extension at 72ºC x 5 min. 

2.3.2.9  PCR Product Analysis 

Agarose gel electrophoresis was used routinely for separation and purification of 

DNAs greater than 200 bp. Electrophoresis was carried out as described (Sambrook 

et al., 1989), in brief, 0.2 volumes of 6X DNA gel loading buffer was added to each 

sample and loaded onto a gel of 0.8%-1.5% agarose (Sigma) in 0.5X TBE buffer 

containing 0.5 µg/mL EtBr, submerged in 0.5X TBE.  DNA was separated 

electrophoretically at 100 V at room temperature for approximately 1 hr or until the 

bromophenol blue dye front had migrated three quarters through the gel. Following 

electrophoresis the gel was viewed under UV light using UVP’s Gel documentation 

and Analysis System. 
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2.3.2.10  Differential Display (DD) PCR 

Approximately 0.5 µg cDNA was amplified in a PCR containing a degenerate 

anchored oligo (2.5 µM) DD-C [T11-CC/T11-AC/ T11-GC], an arbitrary oligo (2.5 µM) 

W2, 2 µM dNTPs, 1.0 uL 10 µCi/µL [α32P] dATP (>1000Ci/mmol, Amersham Int., 

Amersham, UK), 1.5 mM MgCl2, 1X PCR buffer and 1 unit AmpliTaq® polymerase 

(Perkin Elmer) in a final reaction volume of 20 µL, in thin walled PCR tubes.  An 

equal volume of autoclaved mineral oil (Sigma) was layered on top of the reaction 

mixture and the samples were placed in an OmniGene thermal cycler to proceed 

through the following PCR program: thirty five cycles of denaturation at 94ºC x 30 

sec, annealing at 42ºC x 2 min and extension at 72ºC x 30 sec, preceded by a 5 min 

incubation at 95ºC and followed by a 5 min extension at 72ºC.  Three µL of each DD

PCR were mixed with 4 µL formamide loading buffer and incubated for 10 min at 

85ºC and kept on ice until loaded onto a 6% denaturing polyacrylamide sequencing 

gel, along with a control sequencing reaction. 

2.3.2.11  Sequencing Reaction  

A sequencing reaction was performed with control single stranded M13mp18 DNA 

using the United States Biochemical (USB) Sequenase® version 2.0 DNA sequencing 

kit (USB, Cleveland, Ohio, USA), and M13 (-40 universal) primer as outlined in the 

manufacturer’s protocol (Sequenase, 1993).  The control sequence reaction was run 

alongside the DD-PCR products, as a size marker and to control for radioactive label 

intensity during autoradiographic exposure.  Single stranded DNA (1.0 µg) was 

annealed to 0.5 pmol M13 primer with 1X Sequenase® reaction buffer in a 10 µL 

reaction volume and incubated at 65ºC for 2 min followed by slow cooling to room 

temperature over 30 min.  A labelling reaction was carried out by addition of 5 mM 

DTT, 0.5 µL [α32P] dATP (Amersham), 2 µL of 1X labelling mix and 2 µL of dilute 

Sequenase® version 2.0 DNA polymerase to the annealing mixture. The labelling 

reaction was incubated at room temperature for 5 min, then 3.5 µL was transferred 

into 2 µL of four separate termination mixes (G, A,T, and C) and further incubated at 

37ºC for 5 min.  Each reaction was terminated by addition of 4 µL of stop solution 

(dye) incubated for 5 min at 80ºC, and kept on ice until loaded onto a 6% denaturing 

polyacrylamide-sequencing gel. 
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2.3.2.12  Sequencing Gel 

The complete DD-PCR and sequencing reactions were prepared as described above 

ready for separation on a denaturing polyacrylamide gel.  The 6% denaturing 

sequencing gel mix was prepared fresh prior to use and poured by the sliding plate 

method, using 0.4 mm-1.2 mm wedge spacers and a shark tooth comb (Zehntner, 

1998b).  The gel was run in 1X TBE at 60 W for approximately 3 hr or until the 

Xylene Cyanol dye front had migrated to within 10 cm from the bottom of the gel. 

Following electrophoresis the top plate was removed and the gel was separated from 

the bottom plate by placing 3MM filter paper (Whatman International, Maidstone, 

England) over the entire surface of the gel. The filter paper and attached gel were 

gently peeled back away from the bottom plate and covered in plastic wrap. 

Fluorescent tracker tape (Amersham) markers were placed on the gel to produce 

orientation marks to allow alignment following film exposure.  The gel was subjected 

to autoradiography with a Cronex intensifying screen (Dupont, Australia) at -70°C for 

48 hrs using RX-80 Fuji medical X-ray film (Fuji Photo Film Co., Ltd., Japan). 

2.3.2.13  Fragment Elution 

Differentially expressed bands of interest were identified and excised from the 

sequencing gel by alignment with the autoradiograph.  Differential display fragments 

were eluted from the gel by incubation in 100 µL of MQ H2O at room temperature for 

10 min followed by 15 min at 100ºC.  Gel slice and filter paper debris was pelleted at 

14,000 rpm for 2 min. The supernatant was decanted into a clean tube and 0.3 M 

sodium acetate, 50 µg glycogen (Sigma), and 400 µL of 100% EtOH was added and 

incubated for 30 min at -70ºC, followed by a 10 min centrifugation step (14,000 rpm) 

at 4ºC. Pellets were rinsed with 500 µL 85% EtOH, sedimented, air-dried, and 

resuspend in 10 µL MQ H2O. 

2.3.3  Secondary PCR 

The extracted DD fragment was used for re-amplification by placing 1 µL of the 

eluted DNA in a 40 µL reaction volume using the same degenerate anchored oligo 
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(dT) primer set and PCR conditions as were used in the DD-PCR, except that isotope 

was ommited and 20 µM dNTPs were used.  Negative controls included eluent from 

blank gel pieces and a PCR without template (MQ H2O). The remaining recovered 

DNA was stored at -20ºC for future re-amplification if necessary. 

2.3.3.1  Secondary PCR Product Analysis 

2.3.3.1.1  DNA Agarose Gel Electrophoresis 

20 µL of the secondary PCR was analysed by agarose gel electrophoresis as described 

in Section 2.3.2.9 PCR Product Analysis. 

2.3.3.1.2  QIAGEN Gel Extraction  

Relevant bands were excised from the agarose gel under UV illumination and purified 

using the QIAquick Gel Extraction Kit (Qiagen, Clifton Hill, VIC, Australia) as per 

the manufacturer’s instructions.  Briefly, excised gel fragments were solubilised in 3 

volumes of Buffer QG and incubated at 50ºC for 10 min until the gel slice had 

completely dissolved.  If the PCR fragment was <500 bp and >4 kb, 1 gel volume of 

isopropanol was added to the sample.  Samples were added to a QIAquick spin 

column and centrifuged at top speed (14,000 rpm) for 1 min, after which 0.5 mL of 

Buffer QG was added to the spin column and again centrifuged for 1 min.  Wash 

Buffer PE (0.75 mL) was added to the spin column and allowed to stand for 2-5 min. 

The spin column was centrifuged at 14,000 rpm to elute the wash buffer and again 

centrifuged to remove any residual EtOH prior to elution of the PCR fragment from 

the column with 30 µL of Buffer EB. 

2.3.3.1.3  DNA non-denaturing Polyacrylamide Gel Electrophoresis (PAGE) 

Non-denaturing polyacrylamide gel electrophoresis (PAGE) was used for the 

separation and purification of dsDNA, compared to denaturing PAGE used for the 

separation and purification of ssDNA, as, unlike agarose gels, PAGE can adequately 

resolve DNAs between 5-200 bp in size (Sambrook et al., 1989).  Briefly, glass plates 
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and spacers were thoroughly cleaned and dried.  Non-denaturaing PAGE gels (8% ) 

were prepared in a Miniprotean apparatus (Bio-Rad, Richmond, CA, USA) using a 

29:1 acrylamide:bis-acrylamide stock solution, with 1X TBE buffer.  Following 

acrylamide polymerisation (approximately 60 min at room temperature), the combs 

were removed and the wells flushed with buffer.  The re-amplified DD-PCR samples 

(20 µL) were mixed with 0.2 volume 6X gel loading buffer and loaded into wells. 

Gels were run in 1X TBE at 80 V (1-8 V/cm) or until the marker dye had migrated the 

desired distance.  The apparatus was dismantled and the gel was stained, by 

immersing in 0.5 µg/mL EtBr in 1X TBE.  Gels were stained for 30-45 mins at room 

temperature and visualised on a UV transilluminator. Where DD-PCR products could 

not be visualised by agarose gel electrophoresis they were run on non-denaturing 

PAGE and fragments isolated as described in Section 2.3.2.13 Fragment Elution. 

2.3.4  PCR Product Cloning 

Differential display fragments, amplified and gel extracted, were quantitated by 

spectrophotometry; an optical density of 1 at an absorbance wavelength of 260 nm 

corresponds to 50 µg/mL of dsDNA (Sambrook et al., 1989). 

2.3.4.1  pGEM-T Vector Cloning 

Isolated fragments were cloned into pGEM®-T (3 Kb) or pGEM®-T Easy (3 Kb) 

Vector Systems (Promega, Madison, WI, USA), as instructed by the manufacturer’s 

protocol [Promega, 1998 #313].  Although AmpliTaq® was used, providing PCR 

products with 3' A ends, the standard tailing procedure was carried out to ensure that 

the fragments being cloned had a high proportion of 3' A tails, in order to increase 

ligation efficiency.  Briefly, 2 µL of purified PCR fragment was added to 1 µL of 1X 

PCR buffer, 1 µL of 25 mM MgCl2, 0.2 mM dATP and 5 Units AmpliTaq® 

Polymerase (Perkin Elmer) in a final reaction volume of 10 µL, and incubated at 70ºC 

for 30 min.  The fragment concentration to be used was calculated by size and vector: 

insert molar ratios.  Optimal ligations were done at a 1:6 (vector: insert) ratio.  Once 

the fragment (insert) concentration had been determined, a 10 µL ligation reaction 

was set up with 1 µL pGEM®-T (50 ng) or pGEM®-T Easy (50 ng) Vector, 5 µL 2X 
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rapid ligation T4 DNA ligase buffer and 1 µL of T4 DNA ligase (3 Weiss units/1 µL). 

Following an overnight incubation at 4ºC, the ligations were transformed into JM109, 

DH5α, or DH10β competent cells. 

2.3.4.2  JM109 Transformations 

JM109 high efficiency competent cells (Promega) were transformed as described 

(Promega, 1998); in short, 2 µL of each ligation reaction were placed in an ice cold 

centrifuge tube containing 50 µL of recently thawed JM109 competent cells and 

incubated on ice for 20 min.  The cells were heat shocked for 45 sec at exactly 42ºC 

and then incubated on ice for a further 2 min. SOC medium (950 µL) was added to 

the cells and incubated for 60-90 min with shaking (approximately 150 rpm) at 37ºC. 

Transformed cells (20 µL and 200 µL aliquots) were plated onto Luria-Bertani (LB) 

plates with ampicillin (AMP)/ isopropylthio-β-D-galactoside (IPTG)/ 5-bromo-4-

chloro-3-indoyl-β-D-galactoside (X-gal) to select for the appropriate plasmid, and 

incubated at 37ºC in the inverted position overnight. 

2.3.4.3  Preparation of DH5α and DH10β Electro-competent Cells 

Prewarmed (37ºC) LB medium (1 L) was inoculated with 1/50 volume of fresh 

overnight culture and incubated at 37ºC with rigorous shaking at 150-180 rpm, to an 

optical density of A600= 0.5-0.8 (cell growth in early to mid log phase).  The culture 

was chilled in a slurry of ice water for 15-30 min and centrifuged in a cold rotor at 

4ºC for 15 min at 5,000 rpm. The cell pellet was resuspended in 800 mL of sterile 

ice-cold MQ H2O and centrifuged at 4ºC for 15 min at 5,000 rpm. The cell pellet was 

again resuspended in 500 mL of sterile ice-cold MQ H2O and centrifuged at 4ºC for 

15 min at 5,000 rpm. This procedure was repeated twice more, each time 

resuspending the cell pellet in a smaller volume of liquid: ie. 20 mL 10% sterile ice-

cold glycerol and 2 mL 10% sterile ice-cold glycerol. The resulting cell suspension 

was aliquoted in 40 µL lots into 1.5 mL centrifuge tubes, snap frozen in liquid 

nitrogen, and stored at -80ºC. 
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2.3.4.4  DH5α and DH10β Electro-competent Cell Transformations 

Cuvettes, ligation reactions and aliquots of electro-competent DH5α or DH10β cells 

were placed on ice to thaw while the Gene Pulser (BioRad, Regents Park, NSW, 

Australia) was set to 2.5 kV for 0.2 cm cuvettes.  The ligation reactions (1-2 µL) were 

added to the thawed cells and gently mixed, transferred immediately to a pre-chilled 

cuvette and pulsed at 2.5 kV.  Following electro-transformation cells were instantly 

resuspended in 1 mL SOC medium and incubated at 37ºC for 45-60 min with 

vigorous shaking at 225 rpm.  Aliquots of transformed cells (20 µL and 200 µL) were 

then plated onto LB plates with AMP/IPTG/X-gal to select for the appropriate 

plasmid, and incubated in the inverted position overnight at 37ºC. 

2.3.4.5  Plasmid Isolation 

Small scale plasmid mini preparations from cultures grown in liquid medium (LB 

with AMP) that had been inoculated with a single colony picked from an agar plate 

were carried out as described below [STET preparation method adapted from 

Sambrook et al., (1989)].  However, although the purity of the plasmid preparations 

was sometimes excellent, the variability in purity of plasmids prepared this way 

meant that further purification was often required.  This was generally done when a 

plasmid was required for direct sequencing, further cloning, PCR analysis, or probe 

preparation. 

2.3.4.5.1 Plasmid Isolation - STET Preparation 

A single bacterial colony was transferred with a toothpick onto a master plate and into 

a 10 mL tube containing 2 mL LB supplemented with AMP(100 µg/mL) and 

incubated overnight at 37ºC.  An aliquot of 1.5 mL from the culture was transferred 

into a microfuge tube and spun at 15,000 rpm for 60 sec at 4ºC.  The supernatant (SN) 

was removed and the cell pellet was resuspended in 400 µL STET solution, with 

30 µL lysozyme (10 mg/mL; Boehringer Mannheim), and vortexed until resuspended. 

Samples were boiled for 60 sec and centrifuged at 15,000 rpm for 15 min at 4ºC.  The 

resulting mucous pellet of cell debris was removed from the SN with a toothpick and 

discarded. To the SN, 400 µL isopropanol (-20ºC) was added and samples were 
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thoroughly mixed and centrifuged at 15,000 rpm for 10 min at 4ºC to precipitate 

plasmid DNA.  The resulting plasmid pellet was washed with 200 µL 70% EtOH and 

sedimented at 15,000 rpm at 4ºC for 10 mins.  Finally the SN was removed and the 

pellets were air-dried on the bench for about 10 min.  Pellets were resuspended in 100 

µL TE (or MQ H2O) and incubated at 65ºC for 15 min. 

2.3.4.5.2  Plasmid Isolation - Qiagen Mini Preparations 

STET preparations were further purified using the QIAprep Spin Miniprep Kit 

(Qiagen) as instructed by the manufacturer’s handbook.  Briefly, STET preparations 

were dissolved in 5 volumes Buffer PB, mixed and loaded onto a QIAprep column 

and centrifuged for 60 sec.  The column was washed with 0.75 mL Buffer PE and 

again centrifuged for 60 sec.  The flow-through was discarded and the column spun 

again for an additional 60 sec.  The QIAprep column was transferred to a fresh 1.5 

mL microfuge tube and the DNA was eluted from the column with 50 µL Buffer EB 

and centrifuged at 14,000 rpm for 60 sec. 

2.3.4.6  Plasmid DNA Digestion 

Generally 5-10 µL of plasmid DNA was routinely digested in a final reaction volume 

of 20 µL.  Restriction enzyme buffer (1X) and 1-2 Units of Restriction enzyme 

formed the core components of the reaction.  Additives such as BSA were added 

when specified as per manufacturer’s instructions, and the digest made up to the final 

volume with MQ H2O. Reactions were incubated at the specified temperature for 

optimal cutting for 2-16 hrs.  Following digestion, reactions were loaded and run on 

an agarose gel (refer to Section 2.3.2.9) with 0.2 volumes of 6X DNA gel loading 

buffer. 

2.3.4.7  Sequence Analysis 

All sequencing was done using the ABI PRISM® BigDye™ Terminator Cycle 

Sequencing Ready Reaction Kit as indicated by the manufacturer’s instructions and 

samples were electrophoresed on an ABI Prism 377A DNA Sequencer. 
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2.3.5  Expression Analysis Of Differential Display Fragments 

Confirmation of differential expression of cloned fragments was done by Northern 

blotting onto GeneSreen Plus® membranes (Du Pont, Boston, MA, USA) following 

the manufacturer’s protocol.  Probes were labelled by random hexamer priming and 

hybridised as detailed below.  Briefly, total RNA was isolated as described in Section 

2.3.2.1, and samples were assessed for purity and integrity as indicated in Section 

2.3.2.2. Total RNA (20 µg) was electrophoresed through an agarose gel containing 

formaldehyde (refer to Section 2.3.2.3). 

2.3.5.1  Northern Blotting 

Following electrophoresis the formaldehyde agarose RNA gel was soaked in 5 

volumes of MQ H2O for 5 mins and the soak was repeated four times to remove 

excess formaldehyde from the gel.  The GeneSreen Plus membrane (Du Pont) was cut 

to size and hydrated in MQ H2O for 30 sec, then soaked in the transfer solution (10X 

SSPE) for 15 min.  A capillary blot was set up as described in the GeneScreen Plus® 

Transfer and Detection Protocols (GeneScreen).  In short, three pieces of Whatman 

3MM chromatography paper large enough to accommodate the agarose gel and to 

extend into the buffer tray were soaked in 10X SSPE and suspended on a glass plate 

above the buffer tray creating a wick.  The agarose gel, membrane, another 3 pieces of 

dry Whatman 3MM paper and a four-inch stack of paper towel were placed 

sequentially on top of the wick.  Another glass plate was placed on the assembly and 

weighted down with a water filled conical flask.  The transfer in the presence of 10X 

SSPE proceeded for 16-24 hr, following which the assembly was dismantled and the 

membrane was rinsed in 2X SSPE for 5 min to remove residual agarose gel that may 

lead to high autoradiographic background.  The RNA was fixed to the membrane by 

UV crosslinking (254 nm X 1 min 40 sec or 1200 µW/cm2, which is optimal for a wet 

membrane) and the membrane was then oven baked at 80ºC for 1-2 hr to reverse the 

formaldehyde reaction.  Membranes were either stored desiccated at 4ºC or 

prehybridised immediately. 
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2.3.5.2  Labelling Probes 

Probes were radiolabelled with [α32P] dATP (>1000Ci/mmol), using a Random 

Primed DNA Labelling Kit (Boehringer Mannheim).  The procedure was carried out 

as instructed by the manufacturer.  Briefly, 25 ng of double stranded DNA was diluted 

in MQ H2O to a final volume of 9 µL and heat denatured for 10 min at 100°C, 

followed by incubation on ice for 10 min.  dTTP, dGTP and dCTP mix (1 µL of each) 

was added along with 2µL of reaction mixture, 5µL of [α32P] dATP and 1 µL of 

Klenow enzyme. The labelling reaction was incubated at 37°C for 30 min and 

terminated with the addition of 2 µL 0.2M EDTA (pH 8.0).  The reaction was diluted 

with 80 µL TE buffer and passed through a Sephadex G-25 or G-50 (Sigma) spin 

column (Sambrook et al., 1989) as described below. 

2.3.5.3  Probe Purification 

To separate labelled DNA from unincorporated nucleotides, the Random Primed 

DNA probes were passed through a TE equilibrated Sephadex G-25 or G-50 (Sigma) 

spin column. Briefly, Sephadex was hydrated in TE buffer and autoclaved.  A 

disposable 1 mL sterile syringe was plugged with cotton wool and placed into a 

polypropylene centrifuge tube, filled with hydrated Sephadex and centrifuged at 

4000 rpm for 5 min.  The syringe was repeatedly refilled with Sephadex and 

centrifuged until the packed bed volume was 0.8 mL. The TE diluted probes were 

loaded onto the column and centrifuged at 4000 rpm for 5 min.  The eluant containing 

radiolabelled probe fragments was collected and transferred to a fresh 1.5 mL 

centrifuge tube and heat denatured at 100°C for 10 min, then placed on ice for 10 min. 

2.3.5.4  Northern Blot Hybridisation 

Oven baked RNA membranes were prewet with 2X SSPE prior to prehybridisation. 

Membranes were incubated in hybridisation bottles in a hybridisation rotisserie 

(Amersham) at 42°C for 3-4 hr in prehybridisation solution [5X SSPE, 50% w/v 

deionised formamide, 5X Denhardts solution, 1% sodium dodecyl sulphate (SDS), 

10% dextran sulphate (Sigma) and 100 g/mL denatured, sheared herring sperm DNA 

(Sigma)].  Following prehybridisation, heat denatured α32P-labelled DNA was added 
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to the solution and allowed to hybridise at 42°C overnight.  The membranes were 

washed twice in 2X SSPE for 15 min at room temperature in hybridisation bottles 

with slow rotation in a hybridisation rotisserie, and twice in 2X SSPE, 1% SDS for 15 

min at 65°C. Probed membranes were placed in a plastic bag and subjected to 

autoradiography using RX-80 Fuji medical X-ray film with an X-ray cassette and 

intensifying screen (Kodak) overnight at -70°C. Membranes were stripped by boiling 

in 0.1X SSC, 1% SDS for 30 min. Stripped membranes were hybridised as indicated 

above without prehybridising. 

2.3.6  Oligonucleotide Array Data 

OLF442 was supplied to Dr Lubert Stryer and Research scientist Dr Yanxiang Cao 

(Affymetrix and Department of Neurobiology, Stanford University, USA) who grew 

the cells as described and carried out Affymetrix GeneChip® analysis as per standard 

Affymetrix procedures.  This collaboration was facilitated and directed by Associate 

Professor Alan Mackay-Sim. 

The Affymetrix GeneChip® probe arrays are high-density arrays of 

oligonucleotide probes that are synthesized using a combination of photolithography 

and oligonucleotide chemistry (Lockhart et al., 1996).  Briefly, genes are represented 

on a probe array by typically 20 sequences of generally 25 nucleotides in length, 

uniquely identifying chosen genes or ESTs which have relatively uniform 

hybridisation characteristics (Affymetrix, ; Schadt et al., 2000).  Each oligonucleotide, 

or probe, is synthesized in a small region termed a feature (the length and width of 

which is either 50 µm for the low-density arrays or 24 µm for the high-density 

arrays), which can contain between 106 to 107 copies of a given probe (Schadt et al., 

2000).  The oligonucleotide probes are synthesized on a glass wafer using a series of 

photolithographic masks to define chip exposure sites, followed by solid-phase 

chemical synthesis, resulting in the construction of high-density oligonucleotide 

arrays, with each probe in a predefined position in the array (Affymetrix). 

Importantly, each oligonucleotide probe, designed to correspond to the perfect 

match (PM) oligonucleotide from a gene sequence (or EST), has a partner mismatch 
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(MM) oligonucleotide, in which the centre base position of the oligo has been mutated 

(Schadt et al., 2000).  The MM probes provide an estimate of the degree of random 

hybridisation and cross hybridisation, when PM and MM probe intensities are 

compared (Schadt et al., 2000).  mRNA from the sample to be analysed is 

fluorescently labelled according to the protocol defined by Lockhart et al. (1996), 

prior to hybridisation with corresponding probes on the array (Byers et al., 2000). 

Following hybridisation the array is subjected to a series of automated stringency 

washes then is scanned with a confocal laser scanner.  The laser, which excites each 

feature, detects the photon emissions from the fluorescently labelled RNA that has 

hybridised to the probes in the feature, and creates an image ready for analysis 

(Schadt et al., 2000).  The resulting PM/MM feature intensities are assessed 

statistically to determine whether a gene is present and the level of its expression 

using GeneChip software supplied by Affymetrix (Schadt et al., 2000). The Genechip 

software performs the fundamental operations to analyse the imaged array, including 

(1) image segmentation, (2) correction of background noise, (3) scaling/normalising 

arrays for array-to-array comparisons, and (4) statistical calculations to indicate 

whether a gene transcript is present and differentially expressed (Schadt et al., 2000). 
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2.4 Results 

2.4.1  OLF442 Differentiation 

Prior to serum depletion, the optimal OLF442 seeding density for growth of 

cultures over a 48 hr period in complete medium was determined.  It had been 

observed that the rapid proliferation of cells grown in complete medium over a 48 hr 

period resulted in cultures containing colonies/spheres of cells with a heterogeneous 

morphology, when seeded at the same density as cultures depleted of serum 

(Figure 2-2, Panel C).  Cultures containing spheres were composed of flat rounded 

cells that clumped together forming a colony attached to neighbouring colonies by 

multipolar cells with long processes.  However, when seeding density was lowered 

such that clump formation was avoided in cultures grown in complete medium over a 

48 hr period, the equivalent seeding density resulted in cell loss of the serum deplete 

cultures due to insufficient cell numbers and therefore (presumably) lack of trophic 

support. Considering that cell density could be an uncontrolled factor in the culture of 

proliferating cells versus quiescent cells, an optimised seeding density of 30 

cells/mm2 for serum complete (10% FCS treated cells) and 90 cells/mm2 for serum 

deplete (1% BSA treated cells) 48 hr cultures was used throughout this study 

(Figure 2-2, Panel A and B). 
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Figure 2-2  OLF442 48 hr cultures. 

Seeding density was optimised such that growth in serum free medium and complete medium resulted 
in healthy cultures.  Panels A and B show healthy cultures in complete medium and serum free medium 
respectively.  Panel C illustrates the consequence of over seeding, resulting in a heterogeneous 
population of non-differentiated cells and cells extending long processes reminiscent of differentiated 
OLF442, with the formation of extensive cell aggregates. 
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2.4.2 Total RNA To cDNA 

Prior to differential display PCR, the total RNA isolated from serum complete 

(10% FCS) and serum deplete (1% BSA) cultures was assessed for purity and 

estimated concentration (Figure 2-3). 

Figure 2-3  RNA formaldehyde gel. 

Total RNA (5 µg) from cultures grown for 48 hr in serum deplete medium (1% BSA) lanes 1-3, and 
complete medium (10% FCS) lanes 4-6 are shown. 

cDNA integrity was analysed by PCR amplification of the “house keeping” 

gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH).  The forward GAPDH 

primer and reverse GAPDH primer (Lycke and Larsen) had been designed to amplify 

a region of GAPDH spanning exon 7 of the human GAPDH gene (bp 4348-4614) 

resulting in amplification of a 266 bp amplicon.  Both the forward and reverse primers 

have 100% homology with mouse GAPDH mRNA although the mouse 266 bp 

amplicon shares 91% homology with the human amplicon.  PCR amplification of 

GAPDH in cDNA samples to be used for differential display confirmed cDNA 

integrity whilst lack of amplification of minus reverse transcriptase (-RT) samples 

confirmed the absence of genomic DNA contamination (Figure 2-4). 



Chapter 2 56 

Figure 2-4  cDNA integrity. 

cDNA integrity was analysed by resolving PCR amplified GAPDH on a 1% agarose gel.  Lane 1 shows 
amplification of GAPDH from cDNA isolated from 10% FCS treated OLF442, and lane 2 is a negative 
control without reverse transcriptase added (no DNA contamination).  Lane 3 shows GAPDH 
amplification from cDNA isolated from 10% FCS treated OLF442 cells that had formed cell 
clumps/aggregates in culture due to high seeding density, while lane 4 is the negative control without 
reverse transcriptase.  Lane 5 shows amplification of GAPDH from cDNA isolated from 1% BSA 
treated OLF442 and lane 6 is a negative control without reverse transcriptase.  Lane 7 is the negative 
PCR control and lane 8 shows a 100 bp ladder. 

2.4.3  Differential Display 

Differential display was performed as described (Section 2.3.2) with a 

degenerate anchored oligo DD-C and an arbitrary oligo W2.  Reactions were done in 

duplicate, including MQ H2O controls and the internal experimental minus (-) RT 

controls.  Differential display experiment number 5 (DD5) was the most successful 

display done and produced all the bands that were subsequently gel-extracted, re-

amplified and cloned. In excess of 30 bands were identified with a differentially 

displayed pattern, that is, present/absent or of higher/lower intensity in differentiated 

OLF442 (1%BSA) compared with non-differentiated OLF442 (10%FCS).  Of these, 

12 differentially expressed bands were identified and recovered from the gel by 

alignment with the autoradiograph (Figure 2-5). 
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Figure 2-5  Differential display number 5 (DD5). 

The differentially expressed cDNA amplification fragments isolated are indicated. 10% FCS treated 
OLF442 (FCS + RT) and 1% BSA treated OLF442 (BSA + RT) cDNA amplification PCR products 
display a different banding pattern, indicating differential gene expression during OLF442 
differentiation over a 48 hr period.  10% FCS treated OLF442 without reverse transcriptase added 
(FCS - RT) and 1% BSA treated OLF442 without reverse transcriptase added (BSA - RT) controls 
demonstrate that the cDNA was free of genomic DNA contamination. 

The differentially expressed cDNA amplification fragments isolated are 

indicated in Table 2-1.  The relative signal intensity of up-regulated or down-

regulated is also indicated and refers to that which occurs in the serum complete (10% 

FCS) treated OLF442, compared to the serum deplete OLF442 (1% BSA) condition 

that becomes differentiated following a 48 hr incubation.  Induced refers to a band 

absent in the 10% FCS treated OLF442 DD-PCR and present in the 1% BSA treated 

OLF442. 
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Table 2-1  Outline of differential display products isolated a 

Fragment Size (bp) Expression  
Name (Approximate) Level 
DD5-1 300 Downregulated 
DD5-2 320 Downregulated 
DD5-3 420 Induced 
DD5-4 350 Upregulated 
DD5-5 330 Upregulated 
DD5-6 280 Upregulated 
DD5-7 260 Induced 
DD5-8 250 Upregulated 
DD5-9 230 Upregulated 
DD5-10 220 Upregulated 
DD5-11 200 Induced 
DD5-16 350 Down-regulated 

a The table shows a list of the isolated bands and their approximate size as determined from a manual 
sequencing reaction.  Relative expression level was assessed for serum depleted (1% BSA) OLF442 
samples as compared to serum complete (10% FCS) samples. 

Interestingly, upon re-amplification of the differential display fragments, one 

of the excised bands produced two amplification products (data not shown). 

Differential display product DD5-3 contained two cDNA species within the one band 

(DD5-3A was approximately 460 bp and DD5-3B was approximately 420 bp). 

2.4.4  Differential Display Fragment Cloning 

All re-amplified amplicons were cloned into the pGEM®-T/pGEM®-T Easy 

cloning systems as they take advantage of the ability of Taq polymerase to add a 

terminal 3’deoxyadenosine during the PCR.  These vectors contain a single 3’-T 

overhang at the cloning site, allowing sticky end ligation that is more successful than 

blunt end ligating.  Individual colonies were screened until a positive insert clone was 

identified. Curiously, differential display products DD5-5 and DD5-7 produced two 

bands of different size and sequence upon cloning (Figure 2-6). This is most likely 

due to the re-amplification of multiple differential display products from single band 

excisions as mentioned above. However the resolution of the re-amplified PCR 

products on a 1.5% agarose gel was insufficient to detect 5-20 bp differences and 

multiple products were not observed until cloned fragments were digested and 

electrophoresed on a 2% agarose gel (Figure 2-6 and Figure 2-7). 
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Figure 2-6  Secondary PCR amplification of DD5-5 and DD5-7. 

Differential display products DD5-5 (lane 4) and DD5-7 (lane 5).  Only one band was visible following 
1.5% agarose gel electrophoresis of re-amplified differential display products. 

Figure 2-7  DD5-7 and DD5-5 cloned fragments. 

(A) DD5-7 minipreparations digested with Nco I and Not I run on a 2% agarose gel. Two different 
sized inserts are apparent, lane# 6, DD5-7(5) contains as insert of 265 bp, while lane# 8, DD5-7(7) 
contains an insert of 260 bp.  (B) DD5-5 minipreparations digested with Nco I and Not I run on a 2% 
agarose gel. Two different products were cloned from one re-amplified differential display fragment. 
Lane# 3, DD5-5(2) contains an insert of 317 bp and lane# 4, DD5-5(3) contains an insert of 296 bp 
(refer to Table 2-2 ). 
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Clones containing an insert were further purified and sequenced.  Sequences 

were analysed using chromatogram analysis software, Chromas 1.5 (McCarthy, 

1998). The sequences were analysed using the nucleotide-nucleotide blast (blastn) 

(Madden et al., 1996; Altschul et al., 1997) program to identify homology with known 

sequences in the non-redundant database (Table 2-2).  At the time of writing, the 

mouse genomic sequences were not accessible to us and therefore differential display 

fragments with no known homology have not yet been compared to this resource. 

Table 2-2  Differential display product sequence homology a 

DD5-1(1) 
Fragment 

DD5-2
325 

Size (bp) 

 320 
No homology - unknown sequence 

Sequence Homology 

No clone 

DD5-3B(5) 
DD5-3A

400 
 480 

300 
265 
260 

No homology - unknown sequence 
No clone 

DD5-5(2) 
DD5-4

DD5-5(3) 
DD5-6(5) 
DD5-7(5) 
DD5-7(7) 
DD5-8(4) 

317 
 350 

296 97% Homology wi

92% Homology wi
90% Homology wi

97% Homology with mouse Focal adhesion kinase (FAK) 
No clone 

th mouse Ribosomal protein L3 (Rp13) 
No homology - unknown sequence 

th mouse Fas-Binding protein Daxx 
th Rat mRNA for MST2 Kinase 

No homology - unknown sequence 

DD5-16(1) 

DD5-9(6) 
DD5-10
DD5-11

350 

250 
199 

 210 
 200 

No homology - unknown sequence 

No homology - unknown sequence 
No clone 
No clone 

a The table illustrates the observed fragment size of each differential display product, upon cloning and 
sequencing.  Only four fragments exhibited homology with known mRNAs, whilst six fragments 
represent novel sequences.  The ‘No clone’ indicates fragments that were not successfully cloned. 

2.4.5  Expression Analysis Of Differential Display Fragments 

The cloned differential display products were used to probe total RNA isolated 

from OLF442 serum complete and deplete conditions by Northern Blot analysis. 

Confirmation of the observed differential display expression levels was necessary to 

eliminate possible false positive differential display results.  Random primed DNA 

radiolabelled probes effectively incorporated [α32P] dATP and provided sufficient 

sensitivity for detecting their target mRNAs.  Differential display products DD5-5(2), 

DD5(3), DD5-7(7) and DD5-9(6) all produced signal intensities that supported the 

expression levels seen in the differential display. However, DD5-5(2) probe detected 

two transcripts, a larger transcript corresponding to full-length FAK mRNA and a 
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smaller transcript corresponding to focal adhesion kinase related non kinase (FRNK) 

(Figure 2-8, A). DD5-5(3) and DD5-9(6) both appeared up-regulated in the serum 

deplete (1% BSA) conditions versus the serum complete (10% FCS) conditions as 

indicated (Figure 2-8, C and D).  On the other hand, DD5-7(7) probing of total RNA 

by Northern blotting exhibited an up-regulation of MST2 in serum depleted cultures, 

not an induction as illustrated (Figure 2-8, B) indicating that this message not only 

participates in the process of OLF442 differentiation but may also play a role in 

mitotic OLF442.  Equalised RNA loading was confirmed in all Northern blots by 

probing with the “house keeping” gene GAPDH.  As shown (Figure 2-8) the mRNA 

expression level of GAPDH was equal in both the control and test samples. 

Confirmation of the expression levels for the remaining differential display products 

was unsuccessful as Northerns were not sufficiently sensitive to detect a signal. 

Figure 2-8  Northern analysis of differential display products. 

Probes used are indicated, along with GAPDH used to confirm equal RNA loading. 
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2.4.6  cDNA Array Data 

The cDNA array data was received from Affymetrix in the form of a Microsoft® 

Excel spreadsheet containing the top 138 expressed genes with a three fold or greater 

difference in differentiated OLF442 (1% BSA) versus non-differentiated OLF442 

(10% FCS). In addition, the top 100 expressed genes that were downregulated by 

three fold or greater in differentiated OLF442 (1% BSA) versus non-differentiated 

OLF442 (10% FCS) were also included.  This data was clustered and characterised 

into predominant functional groups (Table 2-3), refer to Appendix II for clustered 

gene lists. 

Table 2-3  cDNA array data a 

9 4 
l 3 

1 1 
/

i / i i 19 2 

l i i i /
i ) 13

Protei i i icl
i 10

 i ls 18

i 8 3 

in 
i 13 1 

Other 18 
( ) 23 

Functional Group Upregulated 
Genes 

Downregulated 
Genes 

Signalling molecules 
Cell cycle contro 15 
Cell death control 
Growth factors and/or receptors secretory 
prote ns neurotransm tters and chemok nes 
Nuc ear prote ns (transcr pt on factors, DNA RNA 
process ng enzymes and binding proteins  26 

n process ng, prote n/ves e transport, 
chaperones and prote n folding molecules  15 

Metabolic associated molecules and enzymes, 
transporters, on channe  18 

Cytoskeletal components, and accessory proteins 
involved in m gration 
Extracellular matrix proteins and molecules involved 
adhes on and cell-cell interactions 

Expressed Sequence Tags ESTs 20 

a The cDNA array data was categorised into functional groups.  The number of genes assigned to each 
functional set provides a broad indication of the overall status of OLF442 during neuronal 
differentiation.  The complete data set is given in Appendix II. 
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2.5 Discussion 

2.5.1  Differential Display 

The aim of this work was to identify novel neuroregulatory genes that may be 

involved in processes that accompany the morphological differentiation of OLF442 

upon serum depletion.  The differential display produced twelve differentially 

expressed bands of which fifteen bands were generated upon secondary amplification 

and cloning. As mentioned previously, the low resolution of polyacrylamide gels is 

probably the key factor in explaining why one isolated band can produce numerous 

re-amplification products.  Additionally, the ability of the researcher to precisely line 

up the autoradiograph with the sequencing gel requires precision so that extraction of 

the correct band is in fact carried out.  Of the re-amplified and cloned fragments, six 

had no homology to any sequence in the non-redundant database (including ESTs); 

considering that the mouse genomic database (Celera) was not accessible, these 

sequences are potentially very interesting.  Of the differentially displayed fragments 

with sequence homology to known genes, DD5-5(2) shared 97% homology with 

mouse focal adhesion kinase (FAK) and DD5-7(7) shared 90% homology with rat 

mammalian ste20 like (MST) 2 kinase.  These two kinases provided the impetus for 

the work described in following chapters, primarily because they could provide 

additional information about possible signal transduction pathways that may be active 

during OLF442 differentiation. Furthermore, their expression levels were confirmed 

with Northern blot analysis (Figure 2-8).  Importantly, Northern anlysis of DD5-5(2) 

detected two bands, one which corresponds to full-length FAK whose expression was 

not significantly different between the cultures, and one which corresponds to focal 

adhesion kinase related non kinase (FRNK), the expression of which was elevated in 

differentiated OLF442. The implications of increased FRNK expression are further 

studied and discussed in Chapter four. 

Northern blot analysis only confirmed the expression level of four 

differentially displayed fragments.  Presumably the expression level of the remaining 

fragments was below that detectable by Northern blotting.  These probably could have 

been detected by RNase protection, which displays a 2-5 fold increase in sensitivity 
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over Northern analysis (Sambrook et al., 1989). Interestingly, two of the fragments 

identified as upregulated with differential display were also shown to be upregulated 

by oligonucleotide array analysis and are therefore implicated in the differentiation 

process of OLF442. The detection of the same genes with increased expression using 

the two distinct techniques gives credence to each result and illustrates the ability of 

these two methodologies to produce true data sets that can be further confirmed and 

studied. 

2.5.2  Comparison Of The Differential Display And Oligonucleotide Array Data  

The oligonucleotide array data received was the result from a single trial pilot 

study and therefore although interesting is only suggestive.  However several aspects 

of the data are promising.  A simple ratio comparison of the average difference values 

between the top 200 expressed genes in differentiated OLF442 versus non-

differentiated OLF442 shows a 3 fold increase in SPARC (secreted protein, acidic and 

rich in cysteine).  SPARC gene expression elevation was shown in a differential 

display study of OLF442 to participate in the embryonic development of the olfactory 

epithelium (Zehntner, 1998b), in agreement with the array data.  Additionally, the 

array data shows a 1.8 fold increase in Ribosomal protein L3, this study also 

demonstrated an elevation of Ribosomal protein L3 by differential display and 

confirmed by Northern blotting (Figure 2-8C).  Furthermore, differential display 

product DD5-7(5), which has 92% homology with mouse Fas-binding protein Daxx 

(Table 2-2), was found to be upregulated 6.6 fold in differentiated OLF442 by the 

array data (Appendix 2).  Finally, the ratio comparison of the array data indicates a 

0.8 fold change in GAPDH expression in differentiated OLF442 compared to non-

differentiated OLF442.  Such a low GAPDH fold change is not significant and 

therefore provides an adequate loading control for experiments such as Northern 

blotting. 
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2.5.3  Oligonucleotide Array Data: Implications 

Although the possibilities appear boundless, cDNA arrays present several 

problems. Firstly, high throughput assays generate exhaustive amounts of data that 

require sophisticated computational and statistical techniques for their analysis. The 

vastness of the data combined with various algorithms to determine 

background/gradient correction values and scaling/normalization values results in a 

plethora of functional data values.  For example, Affymetrix currently determines 

background variation by partioning the array into 16 equal squares each containing 

many features.  The assumption that feature-to-feature background variation is not 

significant is in most cases reasonable, nonetheless it is not a rule.  As demonstrated 

by Schadt et al. (2000), within each partitioned segment the lower 2% of the feature 

intensities for that block are averaged, and this average is subtracted from each feature 

in the block.  However analysis of one section of an array covered by four separate 

partitioned segments displays variability in the reported intensity values illustrating 

the break-down in this rule (Schadt et al., 2000). 

Additionally, Affymetrix assumes intensity differences between two or more 

arrays as linearly related (using least squares regression), however by simply 

changing such calculations to take into account a zero y-intercept, normalisation 

values can be dramatically affected (Alon et al., 1999; Schadt et al., 2000).  Such data 

analysis variations ultimately can impact on whether a gene is reported as 

differentially expressed or even present. Probe hybridisation efficiency is also an 

unknown quantity, as hybridisations defined by Affymetrix are carried out at 45°C in 

a rotisserie oven set at 60 rpm for 16 h.  Probe melting temperatures significantly 

greater can influence PM/MM differences as it would be expected that PM and MM 

probes would bind the RNA more tightly resulting in smaller PM/MM differences and 

biasing differential expression results (Schadt et al., 2000).  Although an awareness of 

these issues is important, the current Affymetrix analysis software parameters are 

optimised to provide algorithms suitable for most applications.  However, extracting 

the most accurate results and information from array data sets has further to evolve, 

and can only occur by understanding limitations and sources of variation (Schadt et 

al., 2000). 
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2.5.4  Oligonucleotide Array Data Analysis 

The cDNA array data is fascinating, particularly as it confirms much of what 

one would expect during the implementation of the neuronal differentiation program. 

It also provides clues and significant insight into the mechanisms active during 

OLF442 differentiation.  As illustrated in Chapter one, the extracellular medium is a 

supportive and instructional entity that both nurtures the cell and directs neuronal 

differentiation.  Array data goes a long way toward providing an overall picture of 

active cellular processes, and in the situation investigated here indicates an elevation 

in the expression of numerous proteins involved in extracellular matrix remodelling 

and deposition. 

2.5.4.1  The Extracellular medium 

The collagens are a family of fibrous proteins that constitute the framework 

upon which the extracellular matrix is assembled.  Collagen alpha 1 type VI and alpha 

2 type VI have been shown to be the primary component of the extracellular matrix 

deposited along neural crest migratory pathways and are implicated in the regulation 

of cell movement by functioning as a migratory substrate (Perris et al., 1993), whilst 

alpha 1 type XVIII collagen, a homotrimeric basement membrane molecule of 

unknown function, is found in low amounts in all basement membranes and 

accumulates at high levels in the nervous system.  Deletions in the carboxyl terminal 

domain of alpha 1 type XVIII collagen results in multiple cell migration and axon 

guidance defects indicating the importance of this molecule in neurite extension 

(Ackley et al., 2001).  The up-regulation of associated molecules such as the 

membrane glycoprotein, nidogen (entactin), which forms a complex with laminins 

and is a major component of basement membranes (Dziadek, 1995), and laminin 

alpha 4 chain, a member of the heterotrimeric extracellular matrix glycoproteins 

involved in processes such as cell migration, proliferation and differentiation 

(Kortesmaa et al., 2000), confirm the dynamic restructure which the extracellular 

matrix undergoes during neuronal differentiation of OLF442.  Other up-regulated 

glycoprotein molecules including EGP314 precusor (Wurfel et al., 1999), 

extracellular matrix associated protein (SC1) (Fujii et al., 2000), and osteopontin 



Chapter 2 67 

(Opn), a secreted, glycosylated phosphoprotein (O'Regan and Berman, 2000), 

facilitate cellular adhesion.  SC1 is particularly interesting as it is specifically and 

transiently expressed during the axonal growth of motorneurons, although on its own 

appears to be insufficient for the guidance mechanism of axonal outgrowth (Fujii et 

al., 2000). Additionally the elevated expression of ryudocan core protein, a 

ubiquitous type I integral membrane heparan sulfate proteoglycan present in focal 

adhesions (Woods and Couchman, 1994), has been implicated in promoting neurite 

growth (Kojima, 2000).  Interestingly, ryudocan core protein contains potential 

binding sites for the transcription factors C/EBP and NF-kappa-B (Tsuzuki et al., 

1997), both of which were found to be upregulated approximately 10 and 16 fold 

respectively during OLF442 differentiation, by the cDNA array results.  Furthermore 

the up-regulation of the metalloproteinase bone morphogenetic protein 1 (BMP-1) 

that cleaves procollagen (Garrigue-Antar et al., 2001) and activates latent growth 

factors such as the TGF-beta superfamily has been linked to cell differentiation and 

pattern formation during development (Sarras, 1996).  These results confirm the 

widespread architectural changes made during the differentiation program of OLF442, 

however these alone are insufficient to support the orchestrated co-ordination of 

diverse biological processes required for olfactory receptor neuronal precursor 

maturation and neurite extension. 

2.5.4.2  The Cytoplasmic Environment 

In order to achieve concomitant process extension on a conducive extracellular 

matrix support, cytoskeletal changes are fundamental.  The actin cytoskeleton is an 

essential scaffold for integrating membrane and intracellular functions.  The cDNA 

array data indicated that the level of A-X-actin in differentiating OLF442 cells is 

increased 4-6 fold when compared to non-differentiating cultures. Along with 

elevated actin levels, accessory actin binding and regulatory proteins such as gelsolin, 

an actin filament severing and capping protein implicated in actin remodeling (Sun et 

al., 1999), and eplin, which localises to filamentous actin and suppresses cell 

proliferation when overexpressed (Maul and Chang, 1999), are upregulated, 

indicating active cytoskeletal processesing in the presence of cellular differentiation. 

Likewise, the microtubule cytoskeleton composed of tubulin heterodimers assembled 
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into polymers are essential for, among other functions, mitotic spindle formation, 

axonal transport and organelle positioning (Dutcher, 2001) and are remodelled in 

response to differentiation.  This is illustrated by the increased expression of a core 

component of microtubules β-tubulin type I, the microtubule stabilising factor 

microtubule-associated protein 4 (MAP4) required to promote tubulin polymerisation 

(Andersen, 2000), and the decrease of the destablising factor stathmin (Andersen, 

2000) indicating that the microtubule cytoskeleton, although undergoing possible 

polymerisation (albeit slowly), is probably relatively stable. 

The upregulation of cytosolic dynein, a molecular motor that produces 

directed movement along microtubules towards the proximal or minus-end (Asai and 

Koonce, 2001) would imply that differentiation of OLF442 requires movement of 

cargo toward the centrosome.  Given that dynein plays an important role in the 

maintenance of the Golgi apparatus integrity and intracellular location, and that 

together with the centrosomes it co-localises to the site of newly emerging axons in 

cerebellar granule neurons (Zmuda and Rivas, 1998), it is apt to consider exactly what 

the Golgi does. The Golgi apparatus is involved in the “post-translational 

modification of newly synthesised membrane lipids and secretory proteins, which are 

received from the endoplasmic reticulum (ER) and en route to the plasma membrane 

or the endocytic pathway” (Roghi and Allan, 1999).  Speculation about the cargo of 

dynein is premature, however the cDNA array data indicates that during OLF442 

differentiation cholesterol biosynthesis is upregulated.  The upregulation of 3-

hydroxy-3-methylglutaryl-CoA (HMG-CoA) and HMG-CoA reductase results in the 

synthesis of mevalonate (Mathews and Van Holde, 1990).  The upregulation of 

squalene synthase would indicate that OLF442 potentiates the conversion of 

mevalonate to squalene with the expected upregulation of cholesterol synthesis.  The 

upregulation of Apolipoprotein D (ApoD) and bilirubin, both of which can bind 

cholesterol (Rassart et al., 2000), may indicate a role for dynein based transport of 

cholesterol (among numerous other molecules) from the endoplasmic reticulum to the 

Golgi for further processing prior to transport to the outgrowing cellular membrane. 

This may also be the method by which OLF442 is able to process and package 

numerous upregulated secretory proteins and chemokines (Table 2-3). 
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2.5.4.3  The Cell Cycle 

Thus far the array data has provided the opportunity to make inferences about 

active processes in the cytoplasmic quarters of the cell and in the extracellular matrix. 

Here the array data confirms a previous study which showed that the olfactory-

derived immortalised cell line OLF442 rapidly proliferates in control medium with a 

doubling time of 20 ± 1 hr, slowing down to a doubling time of 34 ± 1 hr upon serum 

deprivation (Zehntner, 1998b).  As a result within 24 hr of serum depletion 87% of 

OLF442 cells quiesce in the G1-G0 transition of the cell cycle compared to 50% 

occupying G1-G0 in serum complete cycling cells, as shown by FACS analysis 

(Zehntner, 1998b).  Accordingly, OLF442 begins to differentiate and extend long 

processes which continue to grow as the serum deplete culture time is increased.  This 

observation is consistent with the idea that the removal of growth factors from the 

culture medium results in the downregulation of transcription from genes encoding 

CDK2, CDK4 and cyclins D and E. Therefore the levels of all these proteins fall 

rapidly, particularly as cyclin D mRNA and protein is unstable (Lodish, 1995). For 

that reason, cells in G0 lack the cell cycle regulatory proteins required to promote 

passage through the cell cycle restriction point and which compose the S phase 

promoting factors (Lodish, 1995).  The array data shows that cyclins A and B1 are 

downregulated 4.6 fold and 6.2 fold respectively, both of which are required for 

progression through S phase and the mitotic phase.  Also CDK4 and CDK6 inhibitor 

protein (p16ink4a), that inhibits the CDK4/6-cylin D complex preventing progression 

through the G1 phase, is upregulated 3.5 fold.  These proteins and other cell cycle 

regulatory proteins also detected by the array all confirm the cessation of the cell 

cycle and are in agreement with the study that shows OLF442 serum deplete cell 

cultures are quiescent (Zehntner, 1998b). 

2.5.4.4  The Nucleus 

It is also interesting to note that while processes involved in broad 

morphological changes were upregulated during the differentiation of OLF442, the 

nucleus is far from inactive.  The oligonucleotide array data reveals a situation where 

the expression level of numerous transcription factors is elevated even though DNA 
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replication is downregulated, as would be expected in quiescent differentiating cells. 

This is evidenced by the downregulation of primase, the enzyme responsible for 

initiation of all new DNA strands (Arezi and Kuchta, 2000) from which DNA 

polymerase can proceed with replication.  Primase is also required for the unwinding 

of the parental DNA strands ahead of the replication fork and for RNA priming of 

Okazaki fragments on the lagging strand during DNA replication (Mathews and Van 

Holde, 1990).  Importantly, RNA primer removal of Okazaki fragments during DNA 

replication is necessary and carried out by Flap endonuclease-1 (FEN-1), a structure-

specific and multifunctional nuclease that plays important roles in DNA base excision 

repair and maintenance of genome stability (Qiu et al., 2000).  The decreased 

expression of the DNA polymerase alpha catalytic subunit p180, primase small 

subunit, Flap endonuclease-1, and of molecules involved in nucleotide metabolism 

such as ribonucleotide reductase subunit M1/M2 and nucleoside diphosphate kinase 

A/B, thymidylate synthase and thymidylate kinase, illustrate the general reduction in 

DNA synthesis.  This conclusion can be further supported by the downregulation of 

various histones, responsible for structuring DNA into chromatin and nucleosomes to 

compact DNA into the nucleus (Mathews and Van Holde, 1990).  Likewise, the 

downregulation of the nonhistone chromosomal high mobility group 2 (HMG2) 

protein, that binds DNA in a sequence-nonspecific manner causing structural 

alterations in DNA such as bending, kinking and unwinding.  HMG2 can also 

participate as a transcriptional activator and a DNA binding regulatory component of 

DNA-dependent protein kinase which may participate in cell proliferation (Nakamura 

et al., 2001), and its downregulation is testimony that OLF442 differentiation leads to 

a generalised suppression of DNA replication and associated processes. 

The histone H2A.X from which polyadenylated and 3' processed mRNAs are 

transcribed as a short form (replication type histone) or a long form (basal type 

histone) is also downregulated, which compares favourably with a study confirming 

that H2A.X decreased in amount when cell cultures were incubated with inhibitors of 

DNA synthesis (Mannironi et al., 1989).  Moreover, RNA processing proteins such as 

pre-mRNA splicing factor (SRP20), involved in alternative splicing of transcripts in a 

cell cycle dependent manner (Jumaa et al., 1997), and cleavage stimulation factor 

required for polyadenylation and 3' end cleavage of mammalian pre-mRNAs 

(Takagaki et al., 1992), are downregulated.  Another downregulated RNA processing 



Chapter 2 71 

protein, U1 small nuclear ribonucleoprotein (SnRNP) specific protein C, important for 

complex formation with the pre-mRNA 5' splice site (Tang et al., 1997) and for 

assembly of the spliceosome which performs nuclear pre-mRNA splicing (Labourier 

and Rio, 2001), again confirms the extensive downregulation of OLF442 DNA 

processing requirements.  The expression level of translational proteins including 

elongation factor 1-delta, large ribosomal subunit protein, ribosomal protein L36, and 

60S ribosomal L6 protein are also decreased, and may indicate that the translational 

ability of differentiated OLF442 cultures is compromised.  Curiously several 

transcriptional activators were also downregulated, including the putative 

transcriptional regulator mEnx-1, the murine homolog of the Drosophila Enhancer of 

zeste gene and a member of the Polycomb group of genes which are transcriptional 

regulators of homeobox gene expression (Hobert et al., 1996).  A recent study 

investigating the role of Enx-1 in various haematopoietic cells showed that Enx-1 is 

involved in proliferation, accordingly the promyelocytic cell line HL-60 when 

differentiated to mature granulocytes with all-trans retinoic acid exhibited a 

downregulation of Enx-1.  Moreover, Enx-1 antisense oligodeoxynucleotide 

suppressed DNA synthesis in HL-60 cells (Fukuyama et al., 2000).  Other 

downregulated transcription factors include cellular binding protein (CNBP), 

originally reported to be a single-stranded DNA-binding protein specifically 

interacting with sterol responsive elements of the low-density lipoprotein (De 

Dominicis et al., 2000), which also binds as a trans-acting factor upstream of the 

Macrophage colony-stimulating factor (M-CSF; CSF-1) promoter (Konicek et al., 

1998) and Carg-binding factor A (CBF-A) (Bushweller, 2000; Mikheev et al., 2000). 
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2.6 Conclusion 

Differential display has revealed the upregulation of several fragments, the most 

interesting of which are kinases, including FRNK and MST2 kinase, and whose 

expression levels were confirmed by Northern analysis. Given that no mouse MST2 

homologue has been described, and that no functional role for full-length MST2 has 

been proposed in neuronal cells, the full-length isolation of murine MST2 will be 

outlined in the following Chapter. 

The comparison of the differential display results and the oligonucleotide array 

data indicate that both techniques are reliable and informative.  The choice of one 

technique over the other relies primarily on laboratory resources and the nature of the 

model system to be analysed.  Furthermore, post-data acquisition management of 

arrays is crucial, as more questions will be raised than can be answered by simple 

binary comparisons (Green et al., 2001).  As illustrated here, array data provides 

insight and opportunity to ask specific questions and to make inferences about active 

processes, however it must be coupled with thoughtfully planned experiments to 

ensure that assumptions are not drawn from speculation but instead from tangible 

evidence. 
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3  MAMMALIAN STE20 LIKE (MST) 

KINASE: ISOLATION AND 

CHARACTERISATION 
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3.1  Extracellular To Nuclear Communication 

The intracellular signal transduction cascades that communicate external 

environmental stimuli to the cell interior undoubtedly convey the initiating signals 

that lead to the morphological differentiation of OLF442 by serum depletion.  The 

prevailing belief of the mechanism utilised by the mitogen-activated protein kinase 

(MAPK) superfamily is the amplification of signals originating at the cellular 

membrane by the use of multiple messengers whose activity is regulated by reversible 

phosphorylation and/or in some instances by irreversible proteolysis.  As discussed 

below, mammalian Ste20-like (MST) kinase can be regulated by phosphorylation and 

proteolysis, however the MAPK pathways in which it functions remains to be 

elucidated. 

3.1.1  Mitogen-Activated Protein Kinase (MAPK) 

Signalling networks represent a common characteristic between all cell types, 

which is the ability to coordinate cellular activities with environmental changes. 

Perception of the extracellular milieu by the internal signalling machinery provides 

cues for cell fate determination and represents the principle communication system 

utilised by cells to traffic information from the external membrane to the cell nucleus. 

The delivery of extracellular signals to their intracellular targets is mediated by a 

network of interacting proteins directing a large number of cellular processes, 

including proliferation, differentiation, oncogenic transformation, immune responses 

and apoptosis (Pawson and Scott, 1997; Tibbles and Woodgett, 1999).  In both 

mammals and lower eukaryotes the archetypal MAPK cascade is arranged in a 

conserved three-kinase tier (Figure 3-1), consisting of a MAPK that is phosphorylated 

and activated by a MAPK kinase (MAPKK/MEK/MKK). MAPKKs are 

characteristically dual specificity kinases which catalyse the phosphorylation of 

MAPKs on both tyrosine and threonine residues.  The MAPKKs are themselves 

phosphorylated and activated by serine/ threonine kinases that function as MAPKK 

kinases (MAPKKKs/MEKKs/MKKKs) (Garrington and Johnson, 1999). The 

MAPKKKs have distinct defined regulatory motifs that are not found in MAPKKs or 

MAPKs. These motifs include pleckstrin homology (PH) domains, proline-rich 

sequences for binding SH (Src-homology) 3 domains, binding sites for G-proteins, 
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leucine zipper dimerisation sequences, and phosphorylation sites for tyrosine and 

serine/threonine kinases.  Thus MAPKKKs can be differentially regulated by a variety 

of upstream inputs for their selective regulation of MAPKKs (Garrington and 

Johnson, 1999).  This organisation allows transmission of signals by sequential 

phosphorylation and activation of the components specific to a respective cascade, 

resulting in activation of different MAPKs.  Consequently, activated MAPKs 

phosphorylate appropriate substrates, including other protein kinases and transcription 

factors, to evoke a cellular response to extracellular stimulation (Pawson and Scott, 

1997; Ip and Davis, 1998).  In the budding yeast Saccharomyces cerevisiae, and the 

fission yeast Schizosaccharomyces pombe, these cascades are activated principally by 

cellular stresses. The evolutionary conservation of these cascades in mammals, to 

primitive stress responses such as osmolar shock demonstrates their effectiveness and 

efficiency (Pombo et al., 1996).  Additionally, these cascades have evolved further in 

mammals to provide responses to elaborate stimuli such as cytokines and growth 

factors. 

Figure 3-1  Schematic representation of the generic MAPK cascade. 

Panel A, depicts the three-kinase tier arrangement. Panel B illustrates the core components of the ERK 
cascade specifically. Figure from Kolch (2000). 
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In the budding yeast, S. cerevisiae, at least six MAPK pathways have been 

identified, regulating diverse biological processes [reviewed in (Herskowitz, 1995; 

Elion, 2000)].  By far the best-characterised and understood receptor-G protein 

coupled MAPK cascade, is the pheromone response pathway.  It is comprised of a 

p21-activated protein kinase (PAK) family member Ste20, a MAPKKK Ste11, a 

MAPKK Ste7, and two MAPKs Fus3 and Kss1 (Figure 3-2) (Elion, 2000). The 

pheromone response pathway stimulates several cellular responses including cell 

cycle arrest in G1 phase, transcriptional changes and polarised morphogenesis (Leeuw 

et al., 1998).  The upstream regulator of signals transduced by this cascade, Ste20, 

was the first identified member of the serine/threonine protein kinases of the 

Ste20/Pak family, a component that exerts its effects upstream of the MAPKKK 

position (Figure 3-2) (Leberer et al., 1992; Ramer and Davis, 1993).  Although Ste20 

is central to the pheromone response pathway its activity is not restricted solely to this 

cascade. In fact Ste20 is rather promiscuous and is utilised by three other signalling 

pathways in S. cerevisiae, including the osmotic stress pathway (O'Rourke and 

Herskowitz, 1998), nutrient deprivation response pathway and the vegetative growth 

pathway (Lee and Elion, 1999; Elion, 2000).  Given that functional redundancy 

between family members is minimal, the promiscuous nature of Ste20 implies that the 

members of this family may be universal regulators of multiple biological processes. 

Combined with a growing family tree, Ste20 is becoming one of the most interesting 

kinases currently under investigation, as many of its mammalian counterparts have no 

defined function. 
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Figure 3-2  Schematic model of the role of Ste20 in the activation of the pheromone response 
pathway. 

Activation of the pathway requires that pheromone binding activate the G protein complex leading to 
an exchange of GDP to GTP on Gα, followed by dissociation of the Gα,β, and γ subunits to allow 
binding of Gβ to downstream targets. Figure from Elion, (2000). 

3.1.2  Ste20/PAK Serine/Threonine Protein Kinase Family 

Yeast Ste20 (Ramer and Davis, 1993), and mammalian homologue PAK 

(Manser et al., 1994), are the founding members of the Ste20/PAK family as both 

share significant homology throughout their catalytic domains (Sells and Chernoff, 

1997). Mammalian and yeast homologues of the Ste20/PAK family of kinases are 

divided into two classes based on their organisation.  Class I (Ste20, Cla4 and PAK) 

contain a carboxyl-terminal catalytic domain, an amino-terminal regulatory domain 

and are activated by the small guanosine triphosphatases Cdc42 and/or Rac1 (Sells 

and Chernoff, 1997). Members of class II, which include Sps-1, germinal center 

kinase (GCK), hematopoietic progenitor kinase (HPK), kinase responsive to stress 

(KRS) 1/2, mammalian Ste20-like (MST) kinase 1/2/3, and Ste20/oxidant stress 

response kinase (SOK1), lack GTPase binding domains, but are conserved throughout 

their amino-terminal catalytic domain (Figure 3-3) (Creasy et al., 1996; Sells and 

Chernoff, 1997).  
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Figure 3-3  The p21-activated protein kinase (PAK) family. 

The PAK family can be divided into three categories: true PAKs (a), pleckstrin-homology (PH)-PAKs 
(b) and GCKs (c). Figure from Sells and Chernoff (1997). 

The Ste20/PAK family of protein kinases has emerged as a necessary 

component of the morphological signalling process (Daniels and Bokoch, 1999). The 

principle function of Ste20 appears to be its ability to regulate cell polarity during 

growth and in response to numerous extracellular signals (Pruyne and Bretscher, 

2000a). Controlled changes to the actin cytoskeleton are fundamental for numerous 

cellular processes including motility, cell division, cell adhesion, and cell death 

(Daniels and Bokoch, 1999).  In S. cerevisiae the Rho-family G-protein Cdc42 is 

central to changes in the actin cytoskeleton during vegetative growth (Pruyne and 

Bretscher, 2000a), high osmolarity and nutrient deprivation (Elion, 2000). GTP-

bound Cdc42 localises Ste20 to the site of new growth at the cell cortex and activates 

a MAPK cascade resulting in cytoskeletal reorganisation (Pruyne and Bretscher, 

2000b).  However in response to pheromone, mating projections develop when Ste20 

localises to and associates with an active heterotrimeric G-protein directly (Leeuw et 
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al., 1998), thereby activating a MAPK cascade and producing distinct cytoskeletal 

structures (Daniels and Bokoch, 1999). The downstream response to each signal is 

the rearrangement of the actin cytoskeleton and consequently control of various other 

processes such as the cell cycle.  In mammalian fibroblasts PAK1 regulates cell 

motility (Sells et al., 1999b) while in Drosophila the Ste20-related kinase misshapen 

regulates axonal targeting and dorsal closure (Su et al., 1998; Su et al., 2000). It 

appears obvious that global cytoskeletal changes required for polarity and motility are 

central to the growth and survival of S. cerevisiae in a manner that may be analogous 

to processes involved in mammalian cells.  Evidence is limited however, and 

dissecting elaborate signalling processes in higher order cells is challenging. 

Members of the mammalian Ste20/PAK family with undefined function indicate that 

they may participate in subtle processes whose transduction cascades have yet to be 

elucidated. 

3.1.3  Mammalian Ste20-Like (MST) Kinase 

pp60

Wang and Erikson (Wang and Erikson, 1992) observed a 63-kDa protein 

kinase activity identified late in the transformation of chicken embryo fibroblasts by 
v-src, whose activity correlated with the presentation of the transformed cell 

phenotype.  Later identified as mammalian Ste20-like (MST)2, this protein kinase 

activity was observed in mammalian cells treated with okadaic acid (OA) or following 

staurosporine (STR) treatment (Taylor et al., 1996).  Subsequent isolation of the 

cDNAs by Taylor et al. (1996) identified two serine/threonine protein kinases shown 

to be members of a subfamily of kinases related to yeast Ste20p.  The specificity of 

activation of these enzymes, designated as KRS-1 (63 kDa) and KRS-2 (61 kDa), for 

kinase responsive to stress, suggested that they might function early in a mammalian 

cell stress response pathway (Taylor et al., 1996).  Sequencing of the p63 and p61 

cDNAs indicated that the clones encoded two distinct but closely related protein 

kinases with predicted molecular weights of 56.3 kDa and 55.6 kDa (Taylor et al., 

1996).  However the sequences of these cDNAs had been reported previously (Creasy 

and Chernoff, 1995a, 1995b) and are designated MST1/KRS-2 and MST2/KRS-1.  In 

fact, MST1 kinase was first cloned and characterised in 1995 by cDNA amplification 

of a human lymphocyte cDNA library with degenerate oligonucleotide primers that 
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corresponded to conserved amino acids present in the catalytic domains of 

serine/threonine kinases (Creasy and Chernoff, 1995b).  A polyclonal antiserum 

directed against the carboxyl-terminus of MST1 (aa 276-487) identified a 57 kDa 

polypeptide.  The amino-terminal half of MST1 contains the 11 subdomains 

characteristic of a serine/threonine protein kinase while the carboxyl-terminal half is 

relatively acidic (pI 4.4) and lacks any notable sequence motifs (Creasy and Chernoff, 

1995b).  Interestingly, a short acidic region (10–15 aa in length) in their noncatalytic 

domains is a trait shared with other Ste20 family members (Taylor et al., 1996).  A 

second human homologue of the Ste20-kinase family, known as MST2, shares 

significant homology with MST1 (78% identity, 88% similarity) and encodes a 

protein of 56kDa (Creasy and Chernoff, 1995a).  While MST1 and MST2 are two 

different proteins encoded by distinct genes (Taylor et al., 1996) much of the 

published work has found that they share the same (or very similar) functional 

properties, therefore much of what is reported for one protein may also correspond to 

its counterpart (refer to Appendix III and IV for relevant MST1/2 alignments). 

MST1/2 are allocated within the serine/threonine protein kinase Ste20/PAK 

family as both share significant homology with Ste20p and p21-activated kinase 

(PAK) (62-65% similar) throughout their catalytic domains (Creasy and Chernoff, 

1995a, 1995b).  Preliminary data suggested that MST1/2 do not interact with 

recombinant glutathione S-transferase-tagged Cdc42, Rac1 or Rho as they lack the 

necessary interacting domains (Taylor et al., 1996).  Additionally, MST1/2 lack a 

potential SH3-binding domain present in some but not all Ste20p family members 

(Taylor et al., 1996) and do not contain an obvious pleckstrin homology domain 

through which they might interact with heterotrimeric G proteins (Musacchio et al., 

1993). 

Further, Schinkman and Blenis (1997) cloned and characterised a novel 

human member of the Ste20/PAK family termed MST3, which awaits identification 

of a physiological function.  Based on its domain structure MST3 belongs to the Sps1 

subfamily of Ste20-like kinases with an amino-terminal kinase domain and a 

carboxyl-terminal regulatory domain.  MST3 more closely resembles SOK1, with 

amino acid similarities of 88 and 68.8% in the kinase domain and overall protein 

sequence respectively, however MST3 is not regulated by oxidative stress as is SOK1 
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(Pombo et al., 1996; Schinkmann and Blenis, 1997).  Also the recently identified 

MST4 which is most closely related to MST3 (Qian et al., 2001) and has been found 

to participate in the activation of the MEK/ERK pathway and in mediating cell 

growth and transformation (Lin et al., 2001). 

3.1.4  MST Catalytic Activity 

The catalytic activity of MST1 is characteristic of a serine/threonine kinase 

capable of phosphorylating an exogenous substrate as well as itself (Creasy and 

Chernoff, 1995b).  Creasy and Chernoff (1995b) found that MST1 activity increased 

3-4 fold upon treatment with PP2A (a serine/threonine phosphatase), suggesting that 

MST1 is negatively regulated by phosphorylation.  At present no obvious biological 

role has been assigned to MST1, as treatment with several agents such as calf serum, 

lysophosphatidic acid (LPA), 12-0-tetradecnoyl-phorbol-13-acetate (TPA), heat 

shock, and high salt failed to alter MST1 activity (Creasy and Chernoff, 1995b).  As 

MST1 does not appear to function in any known MAPK signal transduction cascade 

(because its activity is not increased in response to growth factors, heat shock or high 

osmolarity), it was concluded that MST1 would probably be involved in an unknown 

pathway.  Likewise, MST3 activity, which does not change upon growth arrest, serum 

deprivation or growth promoting agents such as serum, LPA, epidermal growth factor 

(EGF), and platelet-derived growth factor (PDGF), is probably involved in an 

unknown pathway (Schinkmann and Blenis, 1997).  Additionally, stress stimuli such 

as anisomycin, sorbitol, staurosporine, and UV exposure also failed to increase MST3 

kinase activity (Schinkmann and Blenis, 1997).  However, the delayed activation of 

MST2/KRS-1 by Src, and lack of regulation by growth promoting stimuli, suggest 

that MST2 might function in the late morphological alterations that result upon pp60v

src transformation.  In addition to a pivotal role that this kinase may play in the cellular 

response to extreme stress (Taylor et al., 1996), it appears that cell cycle progression 

does not affect MST1 activity and it is believed that inhibition of activity is not 

specific to quiescence, instead, MST1 appears to be maintained in a partially inactive 

state through serine/threonine phosphorylation (Creasy and Chernoff, 1995b). 

Although the biological function of MST1/2 has yet to be definitively elucidated, 

it is apt to consider that the founding member of the Ste20/PAK family, namely 
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Ste20, partakes in roles reminiscent of differentiating eukaryotic cells.  Since genetic 

screens of proteins required for mating in the budding yeast S. cerevisiae were 

conducted (Leberer et al., 1992), it has been shown that Ste20 acts upstream of the 

MEK kinase position and stimulates a MAPK cascade essential for cell-cycle arrest 

and transcription of mating specific genes (Figure 3-2) (Leberer et al., 1997). 

Activation of this cascade through binding of pheromones to G-protein-coupled 

receptors results in growth arrest in G1 phase of the cell cycle, differential gene 

expression and formation of mating-specific projections otherwise termed polarised 

morphogenesis (Leeuw et al., 1998).  Importantly however, MST1 does not appear to 

be functionally analogous with Ste20p as it is unable to complement a ste20 null allele 

in S.cerevisiae using a quantitative mating assay (Creasy and Chernoff, 1995b).  This 

evidence does not necessarily refute a possibility that in mammalian cells MST1/2 

may play a similar role.  Data obtained to date suggests that members of the MST 

subfamily are likely to lie immediately downstream of a Ras-related or heterotrimeric 

G protein (Taylor et al., 1996).  Stimuli identified to date that “induce MST activity 

have common phenotypical ramifications; all reduce cell attachment and result in 

eventual death, with the exception of transformation by pp60v-src ” (Taylor et al., 

1996). However, the identification by an in-gel kinase assay of a 56 kDa 

serine/threonine kinase that is able to phosphorylate thyroid transcription factor-1 

(TTF-1) exclusively on serine residues in thyroid cells suggests a functional role 

besides apoptosis (Aurisicchio et al., 1998).  The rat homologue of the human MST2 

kinase was found to be constitutively active in thyroid cells and was responsible for 

the phosphorylation of TTF-1, otherwise known as Nkx2.1, a member of the NK-2 

family of vertebrate homeobox genes which play an essential role in tissue 

differentiation and organogenesis (Bingle, 1997; Small et al., 2000). Additionally, a 

role for MST1 has been proposed in megakaryocyte differentiation by signalling from 

the megakaryocyte growth and development factor (Mpl ligand) to promote induction 

of lineage-specific cellular programming (Sun and Ravid, 1999). 
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3.1.5  MST Kinase Homodimerisation 

The homodimerisation of MST1 is a process likely to be necessary for the 

interaction of MST1 with its effector molecule, or for phosphorylation of its substrate 

(Creasy et al., 1996).  MST3 can also dimerise therefore resembling MST1 in this 

respect (Schinkmann and Blenis, 1997).  The self association capability exhibited by 

MST1 is dependent on the extreme carboxyl-terminal 57 amino acids which are 

essential for this process, however loss of dimerisation does not appear to affect its 

kinase activity (Creasy et al., 1996).  In addition, an inhibitory domain mapped by a 

series of carboxyl-terminal and internal deletions indicate the presence of an element 

within a central 63 amino acid (aa 331-394) region of MST1 that inhibits kinase 

activity, as removal of this domain increases kinase activity approximately 9 fold 

(Creasy et al., 1996).  This is supported by the expression of a smaller 40-kDa 

carboxyl-terminal truncated form of MST1 that arises from proteolysis.  This 

proteolytic cleavage product has a greater kinase activity than full-lengthMST1, 

indicating that the carboxyl terminus has an inhibitory role (Creasy and Chernoff, 

1995b).  Interestingly, both functional domains lie in regions conserved between 

MST1 and MST2, and the molecule without the dimerisation and inhibitory domains 

is not as active as one, which only lacks the inhibitory domain (Creasy et al., 1996). 

It is also important to note that MST1 is associated with a high molecular weight 

complex in cells, therefore it may oligomerise with other proteins (Creasy et al., 

1996).  Several examples of serine/threonine protein kinases that dimerise exist, 

including homodimerisation of the amino-terminal domain of Akt, a cytoplasmic 

serine/threonine protein kinase coded for by the c-akt proto-oncogene (Datta et al., 

1995), and chemically induced oligomerisation of Raf-1 (Morrison and Cutler, 1997). 

Dimerisation of ERK2 (a tyrosine/threonine MAPK) does not appear to increase its 

kinase activity but has been shown to play important roles in ERK2 substrate 

interactions and subcellular targeting (Cobb and Goldsmith, 2000). 
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3.2 Aim 

In the previous Chapter the detection of MST2 kinase in a differentiated mouse 

olfactory neuronal derived cell line OLF442 by differential display was described. 

Given that no mouse MST2 homologue had been identified the cloning of full-length 

mouse MST2 kinase was undertaken. 
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3.3 Methods 

Recipes for all reagents and buffers mentioned throughout the methods are provided 

in Appendix I.  Also listed in Appendix I are bacterial genotypes and primer 

sequences. 

3.3.1  Mouse Olfactory Epithelium cDNA Library Screening 

A mouse olfactory epithelium cDNA library (primary titre of 6x105 plaque forming 

units (pfu), amplified titre of 1010 pfu/mL) was screened with several probes as 

described below.  

3.3.1.1  Titering the Amplified Library 

A single, isolated colony from the working stock plate of XL1-Blue (Stratagene, 

Integrated Sciences, Melbourne, Australia) was used to inoculate 10 mL of LB/10 

mM MgSO4 (Sigma)/10%(v/v) maltose broth without antibiotics (Clontech).  The 

culture was incubated overnight at 37°C with shaking at 140 rpm until the OD600 of 

the culture reached 1.0.  Cells were centrifuged in a sterile conical tube for 10 min at 

2000 rpm and the supernatant was removed.  The cell pellet was resuspended in 10 

mM MgSO4 until an OD600 of 0.5 was reached.  Dilutions of the phage lysate (library) 

were prepared serially in SM buffer.  To the diluted phage, 200 µL of OD600 = 0.5 

XL1-Blue host cells were added and incubated at 37°C for 15 min.  Melted NZY top 

agar (3 mL) at 45 °C was added to each phage/XL1-Blue preparation mixed by 

inversion and poured onto separate NZY plates, ensuring that the top agar was evenly 

distributed on the plates.  The plates were left at room temperature to allow the top 

agar to harden, then incubated overnight at 37°C.  The plaques were counted in order 

to determine the titre (pfu/mL) as follows:

     Pfu/mL = number of plaques  x  dilution factor  x 103 µL/mL


              X µL of diluted phage plated 
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3.3.1.2  cDNA Library Plaque lifts 

Phage was plated at a concentration of 1x109 pfu as described above. Plates were 

chilled to 4°C for 1 hr prior to performing plaque lifts.  Plaque lifts were onto NEN 

Colony/Plaque Screen Hybridisation Transfer Membranes (Perkin Elmer Life 

Sciences, Melbourne, VIC, Australia) according to the manufacturer’s 

recommendations.  Briefly, the first filter disc (dry membrane) was placed in contact 

with the agar plate for 2 min, ensuring that the membrane was evenly placed on the 

plate without trapping air bubbles.  The duplicate plaque lift was allowed to transfer 

for approximately 4 mins.  Disc positions were marked with three asymmetrical 

needle stick holes in the filter and plate using sterile Indian Ink (Sigma).  Following 

plaque lifts, the transfer membranes were denatured by submerging in denaturing 

solution (1.5 M NaCl, 0.5 M NaOH) for 2 min, followed by incubation in neutralising 

solution (1.5 M NaCl, 0.5 M Tris-HCl, pH 8.0), for 5 min and finally rinsed in 2X 

SSC, 0.2 M Tris-HCl, pH 7.5, for no more than 30 sec. Excess buffer was blotted 

from the membranes (plaque side up) on Whatman 3MM paper and transferred to a 

sheet of dry Whatman 3MM paper (plaque side up).  DNA was fixed to membranes 

by oven baking filters at 80°C for 2 hrs. 

3.3.1.3  Plaque Lift Hybridisation and Screening 

Prior to prehybridisation the oven-dried membranes were pre-wet in 2X SSC for 

1 min and placed in hybridisation bottles interleaved with separating mesh. 

Membranes were prehybridised for 3 hrs at 62.5°C in prehybridisation solution (1% 

SDS, 1% Dextran Sulphate, 5X Denhardts solution and 0.58gm NaCl/10ml). Probes 

were radiolabelled with [α32P] dATP (> 1000Ci/mmol), using a Random Primed 

DNA Labelling kit (refer to Section 2.3.5.2) and were subsequently column purified 

as indicated in Section 2.3.5.3.  Probe eluant was diluted to 900 µL with MQH2O and 

100 µL of sheared herring sperm or salmon sperm DNA (5 mg/mL) was added.  The 

probe mixture was denatured at 100°C for 10 min then chilled on ice for 15 min. The 

probe solution was added to the prehybridisation mixture and allowed to hybridise 

overnight at 62.5°C. Membranes were washed twice with 2X SSC at room 

temperature for 10 min, twice with 2X SSC, 0.1% SDS at 60°C for 20 min, and once 

with 0.1X SSC, at room temperature for 10 min.  Wet membranes were placed on 
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plastic wrap and exposed to RX-80 Fuji medical X-ray film with an X-ray cassette 

and intensifying screen (Kodak) overnight at -70°C.  Membranes could be stripped 

and reprobed by incubating the membrane discs in 100 mL of 0.4 M NaOH at 42°C 

for 30 min, followed by incubation in100 mL of 0.1 X SSC, 0.1% SDS, 0.2 M Tris-

HCl (pH 7.5) at 42°C for 30 min with gentle agitation. 

3.3.1.4  Picking Plaques 

Aligning the film with the master plate according to the India ink orientation marks 

allowed the selection of positive plaques that were identified on duplicate filters. The 

chosen plaque was stabbed out of the agar plate by using a glass Pasteur pipette. 

These plaque/agar plugs were placed into a 1.5 mL centrifuge tube containing 300 µL 

of SM buffer and 1.5 µL of chloroform. The plug suspension was briefly vortexed 

and incubated at room temperature overnight to allow phage particle diffusion out of 

the agar.  The isolated phage solution was used for further rounds of plating and 

hybridisation.  Secondary, tertiary and up to quaternary screens were routinely done to 

ensure the correct plaque had been isolated.  Plugs taken using a glass Pasteur pipette 

placed in 300 µL of SM buffer overnight produced yields of approximately 106-107 

pfu/ml. 

3.3.1.5  Excision: Converting λTriplEx2 to pTriplEx2 

Conversion of a λTriplEx2 (phage) clone to a pTriplEx2 plasmid involves in vivo 

excision and circularisation of a complete plasmid from the recombinant phage. The 

plasmid is released as a result of cre-recombinase-mediated site-specific 

recombination at the loxP sites that occurs when the recombinant phage is transduced 

into an appropriate host with cre-recombinase expression such as E.Coli BM25.8 and 

grown at 31°C.  The conversion was carried out as per the Clontech instruction 

manual.  Briefly, a single isolated colony from the working stock plate of BM25.8 

host cells was used to inoculate 1 mL of LB/MgSO4 broth.  The BM25.8 suspension 

was incubated overnight at 31°C with shaking at approximately 150 rpm until the 

OD600 reached 1.1-1.4 then 100 µL of 1 M MgCl2 was added to the culture.  The 

eluted phage (150 µL) from a positive plaque was combined with 200 µL of BM25.8 
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culture and incubated at 31°C for 30 min without shaking, following which 400 µL of 

LB broth was added.  The phage/BM25.8 suspension was incubated for an additional 

1 hr with shaking (225 rpm) at 31°C.  The infected cell suspension (1-10 µL) was 

then spread onto an LB/AMP plate and grown overnight at 31°C to obtain isolated 

colonies. Plasmid DNA was prepared as described (Section 2.3.4.5) and analysed by 

DNA digestion (Section 2.3.4.6) and sequence analysis (Section 2.3.4.7). 

3.3.2  Full-length MST Kinase Isolation From cDNA 

3.3.2.1  Serum Depletion and mRNA Extraction 

OLF442 cells were differentiated as described (Section 2.3.1.2).  Total RNA was 

extracted as outlined in Section 2.3.2.1 and the relative purity was determined by 

absorbance at 260 and 280 nm (A260/A280 ratio). mRNA was prepared from 

approximately 200 µg total RNA with the oligotex mRNA extraction kit (Section 

2.3.2.4) and was quantitated by spectrophotometry. 

3.3.2.2  SMART cDNA Synthesis 

mRNA was reverse transcribed using the SMART™ PCR Library Construction Kit 

(Clontech, Palo Alto, California, USA) as per the manufacturer’s instruction.  Briefly 

0.075 µg mRNA was combined with 1 µL of (10 µM) SMART III Oligonucleotide 

and 1 µL of (10 µM) CDS III/3' PCR primer and made up to 5 µL with MQH2O. 

Reactions were incubated at 72°C for 2 min then cooled on ice for 2 min, and the 

following reagents were added in order: 2 µL of 5X First-strand buffer, 1 µL DTT (20 

mM), 1 µL dNTP mix (dATP, dCTP, dGTP, dTTP, 10 mM each).  Finally, 1 µL (200 

Units) of recombinant Moloney Murine Leukaemia Virus derived reverse 

transcriptase without RNase H activity (MMLV-RT RNase H-; Superscript II, Gibco-

BRL) was added and the reaction was overlayed with 20 µL mineral oil and incubated 

at 42°C for 2 hr. 



Chapter 3 89 

3.3.2.3  cDNA Amplification by Long Distance (LD) PCR 

cDNA was amplified by LD-PCR using the Advantage cDNA PCR Kit (Clontech) as 

follows: 2 µL first strand cDNA was added to 1X cDNA PCR reaction buffer, 2 µL 

50X dNTP mix (dATP, dCTP, dGTP, dTTP, 10 mM each), 2 µL 5'-PCR primer (10 

µM), and 2 µL (10 µM), CDS III/3’ PCR primer and 2 µL 50X Advantage cDNA 

Polymerase Mix.  The reaction was made up to 100 µL with MQH2O, overlaid with 

50 µL mineral oil and subjected to the following PCR program: 95°C x 1 min 20 sec, 

95°C x 20 sec, 68°C x 6 min for 24 cycles. 

3.3.2.4  cDNA Quality and Integrity 

cDNA quality was analysed by resolving a 5 µL aliquot of the LD-PCR amplified 

cDNA on a 1.1% agarose gel (Section 2.3.2.9). The integrity of the cDNA was 

confirmed by analysing for the presence of GAPDH by PCR amplification (Section 

2.3.2.8).  Briefly 2 µL of LD-PCR amplified cDNA was subjected to PCR using 

GAPDHF and GAPDHR primers and the following PCR program: 95°C x 5 min, 

followed by 4 cycles at 95°C x 1 min, 57°C x 1 min, 72°C x 1 min 30 sec, followed 

by 20 cycles at 95°C x 1 min, 65°C x 1 min, 72°C x 1 min 30 sec with a final 

extension at 72°C x 10 min.  PCR amplification products were resolved on an agarose 

gel as above. 

3.3.3  Full-length Amplification Using Rat MST2 Kinase Primers 

A forward primer (rMST2F) and reverse primer (rMST2R) were designed to flank the 

rat MST2 coding sequence using the web based primer prediction and analysis 

program Primer3 (Rozen and Skaletsky, 1998).  The Expand Long Template PCR 

System (Roche, Castle Hill, NSW, Australia) was used to amplify full-length mouse 

MST2 kinase.  Master mix 1 was prepared by adding 1 µM of rMST2F and rMST2R, 

to 500 µM dNTPs in a final volume of 20 µL with MQH2O. Master mix 2 was 

prepared by combining 1X Expand buffer, 0.75 mM MgCl2 and 2.5 Units of Expand 

enzyme mix to a volume of 25 µL with MQH2O.  Master mix 1 was combined with 

master mix 2, and 5 µL of amplified cDNA was added.  The 50 µL reaction was 
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overlayed with 50 µL mineral oil and subjected to the following PCR program: 

94°C x 2 min, followed by 10 cycles at 94°C x 10 sec, 57°C x 30 sec, 68°C x 2 min, 

proceeded by 25 cycles at 94°C x 10 sec, 65°C x 30 sec, 68°C x 2 min with a 20 sec 

increment per cycle, followed by a final extension at 68°C x 7 min.  PCR products 

were visualised by agarose gel electrophoresis (Section 2.3.2.9).  

3.3.3.1  PCR Product Cloning 

MST2 PCR amplified products were gel extracted using the QIAquick Gel Extraction 

Kit (Section 2.3.3.1.2) and quantitated by spectrophotometry.  Gel extracted PCR 

products were cloned into pGEM®-T (3 Kb) or pGEM®-T Easy (3 Kb) Vector 

Systems as instructed by the manufacturer’s protocol (Promega, 1998).  PCR products 

were A tailed and ligated using a vector: insert ratio of 1:2 (Section 2.3.4.1). 

Ligations were incubated at 4°C overnight prior to transformation (see below). 

3.3.3.2  XL10-Gold Transformations 

Epicurian Coli® Solopack™ Gold Supercompetent Cells (XL10-Gold) have an 

extremely high transformation efficiency (1 x 109 cfu/µg), (Stratagene). 

Transformations were carried out as indicated by the manufacturer’s instructions 

(Stratagene, 1998).  In short, XL10-Gold cells were thawed on ice and 1 µL of β-

mercaptoethanol mix was added to each aliquot of cells, followed by incubation on 

ice for 10 min with gently swirling every 2 min.  Approximately 0.01-50 ng of DNA 

(2 µL of ligation reaction mix) was added to the cells, gently mixed and incubated on 

ice for 30 min. Cells were heat pulsed at 54°C for exactly 60 sec, placed on ice for 2 

min then resuspended in 150 µL of NZY broth and incubated for 1 hr at 37°C with 

shaking (225 rpm).  Aliquots (20µL and 180 µL) of transformed cells were plated 

onto LB/AMP plates with IPTG/X-gal to select for the appropriate plasmid and 

incubated in the inverted position overnight at 37°C.  Positive colonies were picked 

and plasmid preparations were carried out as described (Section 2.3.4.5) and analysed 

by DNA digestion (Section 2.3.4.6) and sequence analysis (Section 2.3.4.7). 
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3.3.4  Mouse MST2 Kinase Putative Sequence And Primer Design 

The known Rattus norvegicus MST2 kinase nucleotide sequence was analysed for 

homology against the mouse expressed sequence tag (EST) database (NCBI) using 

the standard nucleotide-nucleotide (blastn) program (Madden et al., 1996; Altschul et 

al., 1997), to generate a putative mouse MST2 kinase sequence.  When ESTs 

containing homology were found, these were compared against the mouse EST 

database in order to find ESTs with overlapping regions of homology.  This process 

was repeatedly cycled until a putative full-length mouse MST2 kinase cDNA 

sequence containing an ORF was established.  The putative coding sequence was then 

aligned with the known rat and human MST2 kinase orthologues and found to contain 

a high level of conservation.  Primers flanking the potential coding sequence were 

designed using Primer3 (Rozen and Skaletsky, 1998) ready for cDNA amplification 

(refer to Table 3-1).  

3.3.4.1  Full-length Amplification Using Putative Mouse MST2 Kinase Primers 

SMART capped cDNA prepared as described (Section 3.3.2.2), was used with the 

putative mouse MST2 kinase forward primer (mMST2F) and mouse MST2 kinase 

reverse primer (mMST2R) to amplify the coding sequence of mouse MST2 kinase 

using the Expand Long Template PCR System.  Master mix 1 was prepared by adding 

1 µM of forward and reverse primer, 500 µM dNTPs to a final volume of 20 µL with 

MQH2O. Master mix 2 was prepared by combining 1X Expand buffer and 2.5 Units 

of Expand enzyme mix to a volume of 25 µL with MQH2O.  Master mix 1 was 

combined with master mix 2 and 5 µL of amplified cDNA was added.  The 50 µL 

reaction was overlayed with 50 µL mineral oil and subjected to the following PCR 

program: 94°C x 2 min, followed by 10 cycles at 94°C x 10 sec, 65°C x 30 sec, 

68°C x 2 min, then 20 cycles at 94°C x 10 sec, 65°C x 30 sec, 68°C x 2 min with a 20 

sec increment per cycle, followed by a final extension at 68°C x 7 min. PCR products 

were visualised by agarose gel electrophoresis (Section 2.3.2.9). 
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3.3.4.2  Mouse MST2 Kinase PCR Product Cloning 

MST2 PCR amplified products were gel extracted using the QIAquick Gel Extraction 

Kit (Section 2.3.3.1.2) and quantitated by spectrophotometry.  Gel extracted PCR 

products were cloned into the pGEM®-T Easy (3 Kb) Vector System (Section 

2.3.4.1).  PCR products were A tailed and ligated using a vector: insert ratio of 1: 3. 

Ligations were incubated at 4°C overnight prior to transformation, into XL10-Gold 

cells (Section 3.3.3.2). 
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3.4 Results 

3.4.1  cDNA Library Screening With Differential Display Product DD5-7(7) 

The differential display fragment DD5-7(7) was used to probe a mouse 

olfactory epithelium library constructed in the laboratory using a SMART™ PCR 

Library Construction Kit (Clontech, Palo Alto, California, USA). Tertiary screening 

was carried out as described above and positive λTriplEx2 (phage) were converted to 

pTriplEx2 plasmid.  Several clones were identified and isolated: a 500 bp fragment 

with 94% identity to mouse cysteine rich intestinal protein (Crip), a 1.1 kb fragment 

of 85% identity with rat MST2 kinase, a 1.2 kb fragment with 92% identity to rat 

MST2 kinase, and a 1.6 kb clone sharing 86% identity with mouse zinc finger protein 

Zfp-37.  The 1.1 and 1.2 kb fragments both represented the putative mouse MST2 

kinase, however both fragments fell short of the expected 2.6 kb full-lengthclone and 

alignment against the human and rat orthologues indicated that both fragments 

represented the entire 3’ UTR, encoding none of the coding sequence.  

3.4.2  Amplification Of Smart cDNA With Rat MST2 Kinase Primers 

PCR primers flanking the rat MST2 kinase coding sequence were designed in 

an attempt to amplify the full-length mouse orthologue.  SMART cDNA was 

synthesised from mRNA derived from differentiated and non-differentiated OLF442 

(Figure 3-4).  SMART cDNA integrity was verified with the amplification of GAPDH 

as shown in (Figure 3-5).  The amplification of a 266 bp fragment coincides with the 

expected GAPDH amplicon size.  The absence of GAPDH in the minus reverse 

trancriptase (-RT) samples confirms the absence of genomic DNA contamination. 
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Figure 3-4  SMART cDNA. 

Lane # 1, SMART cDNA synthesised from non-
differentiated OLF442 grown in 10% 
FCS/DMEM.  Lane # 2, SMART cDNA 
synthesised from differentiated OLF442 cultured 
in 1% BSA/DMEM.  Lane# 3, 1 kb DNA ladder. 

Figure 3-5  SMART cDNA integrity. 

Lane 1, negative control of SMART cDNA 
synthesised from 10% FCS treated OLF442, 
without reverse transcriptase added (no DNA 
contamination).  Lane 2, amplification of 
GAPDH from SMART cDNA synthesised from 
10% FCS treated OLF442.  Lane 3, GAPDH 
amplification from SMART cDNA isolated 
from 1% BSA treated OLF442.  Lane 4 is a 
negative control without reverse transcriptase. 
Lane 5: 1 kb ladder. 
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PCR amplification of the SMART cDNA with the rat forward and reverse 

MST2 kinase PCR primers produced several bands of distinct size in the two different 

samples, ie. the OLF442 serum deplete (differentiated) versus OLF442 serum 

complete (non-differentiated) cultures.  Of the amplified products two represented 

possible mouse MST2 kinase amplicons, as the expected size was approximately 1.5 

kb of coding sequence (Figure 3-6).  Upon cloning and sequencing of the 1.8 kb and 

2.0 kb amplified cDNAs neither had homology with MST2 kinase, instead both 

products amplified from OLF442 serum deplete conditions had high homology with 

rat Agrin. 

Figure 3-6  MST2 kinase PCR amplification of 
SMART cDNA using the rat MST2 forward and 
reverse primers. 

Lane 1, SMART cDNA derived from complete 
medium (10% FCS treated) OLF442, Lane 2, 
SMART cDNA derived from deplete medium (1% 
BSA treated) OLF442, Lane 3: 1 kb DNA ladder. 

3.4.3  Mouse MST2 Kinase Putative Sequence Construction And Primer Design 

The known Rattus norvegicus MST2 kinase nucleotide sequence was analysed 

for homology against the mouse expressed sequence tag (EST) database (NCBI) using 

the nucleotide-nucleotide blast (blastn) program to identify homology with ESTs. 

Firstly, the differential display product DD5-7(7) was checked against the EST 

database to find a corresponding EST from which the sequence could be anchored and 

built upon with overlapping ESTs at the 5' DD5-7(7) terminus.  DD5-7(7) had high 
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homology with EST AI391371 at the 5' end and with EST AV004508 at the 3' end. 

Unfortunately this contig did not possess any overlapping sequence with any other 

ESTs that could be used for further assembly (Figure 3-7).  Therefore the rat MST2 

kinase sequence was compared to the mouse EST database and two ESTs with 

significant overlapping portions were identified that shared 335 bp of homologous 

sequence with rat MST2 kinase.  This contig, representative of the 5' terminal portion 

of the putative mouse MST2 kinase sequence, was compared to the mouse EST 

database and a corresponding EST with an overlapping region was identified.  This 

process was repeated and ESTs were sequentially pasted together to build a putative 

or consensus mouse MST2 kinase sequence (Figure 3-7).  When the putative full-

length mouse MST2 kinase cDNA sequence containing an ORF with significant 

homology to rat and human MST2 kinase proteins when translated was established 

(Appendix III and IV), primers mMST2F and mMST2R flanking the potential coding 

sequence were designed (Table 3-1). 

Table 3-1  PCR primers designed from the putative mouse MST2 kinase sequence a 

PRIMER NAME PRIMER SEQUENCE (5’-3’) LENGTH Tm (°C) POSITION 
mMST2F ATGGAGACCGTGCAGCTGAGGAAC 24 bp 73.4 33-56 
mMST2R ACTTCTGACAACACCAGCCCAGCC 24 bp 73.2 1489-1512 
1mMST2F GACCCCGTTTTGGATGGCTCCTGA 24 bp 76.1 590-613 
1mMST2R CAGCGGGAAGTGGACCAGGACGAC 24 bp 77.2 957-980 
3UTRMST2F ATGCCATTGAAGCCAAGAAGAG 22 bp 66.3 1456-1477 
3UTRMST2R TGTGTAATTGACCTGGGACCAG 22 bp 65.8 2227-2248 

a mMST2F/R primer set flank the entire coding sequence, 1mMST2F/R primer set are internal primers 
binding within the coding sequence and 3UTRMST2F/R primer set flank the 3’ UTR.  Position denotes 
the base call on the putative mouse MST2 kinase sequence. 



Figure 3-7  Schematic diagram of the putative mouse MST2 kinase sequence. 

The ESTs show some degree of overlapping/identical sequence, which allowed the contig to be assembled.  The double break in the sequence reflects the portion 
of the putative sequence where no overlap could be found. 

C
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3.4.4  	Full-length Mouse MST2 Kinase Amplification Using Putative Mouse 
MST2 Kinase Primers 

Once the putative mouse MST2 kinase sequence was established, the primers 

flanking the putative coding sequence were used to amplify the mouse homologue. 

SMART cDNA synthesised previously from mRNA derived from differentiated and 

non-differentiated OLF442 (Figure 3-4) was used in conjunction with the mMST2F 

and mMST2R primer set (Table 3-1).  PCR amplification of SMART cDNA derived 

from serum depleted OLF442 (differentiated) produced several bands of distinct size 

including faint bands at approximately, 1.8 kb and 2.8 kb.  Importantly, an abundant 

1.5 kb amplified product of the expected size was obtained, corresponding to the open 

reading frame of MST2 (Figure 3-8).  

Figure 3-8  MST2 kinase PCR amplification of SMART cDNA using the putative mouse MST2 
forward and reverse primers. 

Lane 1, negative PCR control (water), Lane 2, SMART cDNA derived from complete medium (10% 
FCS treated) OLF442, Lane 3, SMART cDNA derived from deplete medium (1% BSA treated) 
OLF442, Lane 4, 1 kb DNA ladder. 

Ligation of the 1.5 kb amplicon into pGEM®-T Easy at a vector: insert ratio of 

1:3, followed by transformation of XL10-Gold cells, produced approximately 90% 

positive clones (Figure  3-9). When sequenced and compared to the GenBank 

database it became apparent that the putative MST2 kinase clone actually encoded the 

coding sequence of MST1 kinase.  Sequence alignment at the nucleotide level with 
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that of the putative mouse MST2 kinase sequence, and with the available human and 

rat MST1/2 kinase sequences, showed that the isolated clone had greater similarity to 

MST1 kinase at the nucleotide level (Appendix III). 

Figure  3-9  Miniprep digests of PCR-amplified mouse MST kinase cloned into pGEM-T. 

Miniprep samples from 24 colonies were digested with EcoR1 and separated on a 1.2% agarose gel. 

3.4.5  cDNA Library Screening With Mouse MST1 Kinase Coding Sequence 

Subsequent to the full-length isolation of the MST1 kinase-coding region, the 

mouse olfactory epithelium cDNA library was again screened.  Using the isolated 

MST1 kinase as the probe (1.5 kb), several positive clones were isolated.  Conversion 

of λTriplEx2 phage to pTriplEx2 plasmid followed by digestion resulted in the 

isolation of a 1.6 kb fragment and another fragment approximately 2.6 kb in size. 

Sequence comparison of the 1.6 kb clone with GenBank using blastn showed that the 

1.6 kb fragment shared 87% identity with mouse lipocortin I mRNA. Fortunately, 

sequence alignment of the larger 2.6 kb clone with the putative mouse MST2 kinase 
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sequence assembled from ESTs (Section 3.4.3) was similar, furthermore comparison 

of the clone with GenBank using blastn also confirmed that it had greater homology 

with human and rat MST2 kinase than with MST1 kinase (Appendix III). 

3.4.6  	Evidence For The Expression Of An Autonomously Expressed Carboxyl-
Terminal Domain Of MST2 Kinase 

Upon investigation of the mouse MST2 kinase nucleotide sequence a second 

Kozak signal sequence was identified approximately 70 bp upstream from the 

caspase-3 cleavage site (Appendix III).  This raised the possibility of the expression of 

an mRNA species 1.6 kb in size.  Interestingly, an mRNA species of this approximate 

size was identified by Northern blot analysis probed with a carboxyl-terminal mouse 

MST2 kinase probe (Figure 3-1) as indicated (Section 2.3.5).  It was hypothesised that 

this mRNA species may be an autonomously expressed carboxyl-terminal domain of 

MST2 kinase. This hypothesis was further strengthened using a database approach. 

Brief use of the Celera Discovery System allowed the analysis of the mouse 

genome.  MST2 kinase was found to be located on chromosome 15, whilst human 

MST2 kinase is located on the equivalent chromosome, which is chromosome 8. Like 

mouse, the human MST2 kinase is composed of 11 exons (Figure 3-11A). 

Interestingly, several human EST sequences were identified that contained 100% 

homology with human MST2 kinase in only a portion of the EST.  These were found 

to be located with close proximity to the second Kozak sequence and in frame start 

codon, present approximately twenty four amino acids upstream from the caspase 

cleavage site (also present in the mouse orthologue), further supporting the idea that 

the carboxyl terminal domain of MST2 kinase may be autonomously expressed. 

Comparison of the EST (AA464628) using blastn to the human genome localised the 

putative 5' leader sequence within an intron of MST2 positioned 5' of exon 8 encoding 

sequence for the non-catalytic domain.  The alternative splicing of this putative exon 

(termed 7a) into the mRNA would result in the expression of the carboxyl terminal 

half of MST2 kinase (Figure 3-11B). 

In contrast another EST (AI189947) represents exon 8, however it extends a 

further 285 bp downstream from the expected splicing position. An alternative 
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splicing event at this new position could result in the expression of an mRNA species 

expressing only the amino terminal half of MST2 kinase that corresponds to the entire 

kinase domain terminating just two amino acids upstream from the caspase cleavage 

site (Figure 3-11C). The resulting expression of an approximately 1 kb size mRNA 

species correlates well with that observed previously by Northern blot analysis using a 

probe corresponding to the kinase domain (nt 233-463) of human MST2 (Creasy and 

Chernoff, 1995a). 

Figure 3-10  Northern analysis of differentiated OLF442 cultures with mouse MST2 kinase. 

Two bands at approximately 2.7kb and 1.5kb in size, representing full-length and the carboxyl-terminal 
half of MST2 kinase were identified using an MST2 kinase probe directed to the carboxyl-terminal 
end.  Differentiated (BSA) and non-differentiated (FCS) cultures were grown over a 24hr and a 48 hr 
period. 
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Figure 3-11  Schematic illustration of the genomic organisation of human MST2 kinase. 

(A) Genomic organisation of human MST2 kinase that is composed of 11 exons, and the resulting 
mRNA sequence.  (B) Alternative splicing of exon 7a (replacing exon 7) could result in the expression 
of the C-terminal half of MST2 kinase, encoding the regulatory domain.  (C) Alternative splicing of 
exon 8, 285bp further downstream, could generate a truncation expressing the N-terminal half of MST2 
kinase encoding the kinase domain. 
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3.5 Discussion 

3.5.1  Full-length Isolation Of Mouse MST2 Kinase 

The differential display fragment DD5-7(7) shared 90% identity with Rattus 

norvegicus mRNA for MST2 kinase between base pairs 2351-2423 and 2477-2534 of 

the 3' UTR. As there was no mouse sequence for MST2 kinase available, a full-

length clone was sought.  The differential display fragment was used to probe a 

mouse olfactory epithelium cDNA library.  Four different sized clones were isolated 

and identified, of which only two encoded the putative mouse MST2 kinase sequence. 

The 1.1 and 1.2 kb fragments fell short of the expected 2.6 kb full-lengthclone and 

alignment against the human and rat orthologues indicated that both fragments 

represented the entire 3' UTR. 

The inability to isolate the full-length clones from the cDNA library led to a 

PCR based approach in which primers flanking the rat MST2 kinase coding sequence 

were designed in an attempt to amplify the mouse orthologue. SMART cDNA (full

length enriched) was synthesised from mRNA derived from differentiated and non-

differentiated OLF442 and PCR amplified with the rat forward and reverse MST2 

kinase PCR primers. Two amplification products of 1.8 kb and 2.0 kb in size were 

isolated.  Upon sequencing, neither amplified cDNA had homology with MST2 

kinase, instead both products amplified from OLF442 serum deplete conditions had 

high homology with rat Agrin (accession number NM_175754). 

Failing the amplification of mouse MST2 kinase using the rat primers, the 

known Rattus norvegicus MST2 kinase nucleotide sequence was analysed for 

homology against the mouse expressed sequence tag (EST) database (NCBI) to 

identify homology with ESTs.  A putative mouse MST2 kinase contig was assembled 

(Figure 3-7) that contained an ORF with significant homology to rat and human 

MST2 kinase proteins when translated.  Primers mMST2F and mMST2R flanking the 

potential coding sequence were designed and used to amplify mouse MST2 kinase. 

PCR amplification of SMART cDNA derived from serum depleted OLF442 

(differentiated) in conjunction with the putative mouse MST2 primer set, produced an 
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abundant 1.5 kb amplified product of the expected size (Figure 3-8). Sequencing of 

this amplicon revealed that the putative MST2 kinase clone encoded the coding 

sequence of mouse MST1 kinase (accession number AF271360).  Consequently, the 

mouse olfactory epithelium cDNA library was again screened using MST1 kinase as 

the probe.  Two different sized positive clones were isolated following the screen. A 

1.6 kb clone shared 87% identity with mouse lipocortin I mRNA (accession number 

X07486) and a second 2.6 kb clone was indeed mouse MST2 kinase (including 

flanking vector sequence).  This clone encoded the same sequence as the smaller 

clone isolated previously from the library screened with the differential display 

product and included an extra 1110 bp of 5' sequence. 

Taken together these clones represented 2210 bp of the mouse MST2 Kinase 

mRNA, however the 5' UTR and a portion of the 5' coding sequence were missing. 

Attempts to 5' RACE the mouse MST2 kinase sequence from the OLF442 cell line 

failed, therefore the remaining unknown sequence was obtained using a database 

approach. Briefly, the incomplete mouse MST2 kinase nucleotide sequence was 

analysed for homology against the mouse EST database (NCBI) using the basic 

BLAST algorithm, facilitating the identification of an EST (H3025B05-5) that 

overlaped with the 5' segment of the library clone and which comprised the remaining 

427 bp of unknown sequence.  The complete sequence submitted to GENBANK 

(accession number AY058922) consists of 2639 nucleotides with an open reading 

frame encoding a protein of 497 aa.  This cDNA contains a strong Kozak sequence 

(GCCATGG) at the putative start site and a polyadenylation signal (AATAAA) 53 bp 

upstream from the poly A tail.  Designated mouse MST2 kinase, it shares high 

homology with its human and rat counterparts showing 90% identity and 93% identity 

respectively at the nucleotide level.  Importantly it comprises a more complete 

sequence to an earlier mouse MST2 kinase sequence posted on the database by Lee, 

K. et al. (accession number AF271361) that lacks any sequence information about the 

5'UTR and 3' UTRs. 

3.5.2  MST Kinase Expression Profile 

Northern analysis of MST2 kinase in OLF442 produced a transcript size of 
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approximately 2.7 kb, however a smaller band was also present.  Upon investigation 

of the mouse MST2 kinase nucleotide sequence a second Kozak signal sequence was 

identified approximately 70 bp upstream from the caspase-3 cleavage site.  The 

approximate size of an mRNA species beginning at this position would be at least 

1.6 kb without any 5' UTR sequence. The observation of a second mRNA species of 

approximately 1.6 kb by Northern blot analysis raised the possibility that the 

carboxyl-terminal domain of MST2 kinase may be autonomously expressed in an 

analogous manner to FRNK (Focal adhesion kinase Related Non-Kinase) (Nolan et 

al., 1999).  FRNK is the autonomously expressed non-catalytic carboxyl-terminal 

portion of FAK (Focal Adhesion Kinase) whose expression is directed by an 

alternative promoter, located within an intron of FAK residing 5' from the exon 

encoding the carboxyl-terminal domain and 3' to the exon encoding sequences for the 

catalytic domain (Nolan et al., 1999).  FRNK has been demonstrated to act as a 

negative regulator of FAK activity by displacing FAK as they compete for common 

binding proteins (Richardson and Parsons, 1996).  Further evidence for the expression 

of the carboxyl-terminal domain of MST2 kinase came from the identification of an 

EST whose 5' sequence had no homology to human MST2 kinase but whose terminal 

128 bp shared 100% homology with human MST2 kinase.  This EST (AA464628) 

was located on chromosome 8 in the intron between exon 7, encoding the amino 

terminal kinase domain and exon 8 (of the human genome), encoding the second 

Kozak and start sequence of the non-kinase domain of the human MST2 kinase 

(Figure 3-11B). 

Additionally, a second EST (AI189947) was also identified and was identical to 

exon 8 but contained an extra 285 bp of sequence.  Alternative splicing, 285 bp 

further downstream would result in the expression of an mRNA species expressing 

only the amino terminal kinase domain of MST2 kinase (Figure 3-11C).  The 

resulting expression of an approximately 1 kb size mRNA species correlates well with 

that observed previously by Northern blot analysis using a probe corresponding to the 

kinase domain (nt 233-463) of human MST2 (Creasy and Chernoff, 1995a).  

MST1/2 and 3 are ubiquitously expressed (Creasy and Chernoff, 1995a, 1995b; 

Schinkmann and Blenis, 1997).  Northern analysis of a human MST1 probe specific 

to the kinase domain (nucleotides 178-481) detected two transcripts (7kb and 3.4kb) 
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with high expression levels in all tissues, except the heart and brain, which only 

expressed the larger 7kb transcript.  A probe to the 3' UTR (nucleotides 1529-1930) 

was found to only detect the 7kb transcript (Creasy and Chernoff, 1995b), indicating 

that the 3.4 kb transcript probably represented a gene encoding MST2.  This was 

demonstrated by Northern analysis of MST2 using a probe directed to the protein 

kinase domain (nucleotides 233-463).  This probe detected 3 transcripts, of 5.5kb, 

3.4kb and less than 1kb whose expression levels were greatest in kidney, skeletal 

muscle and placental tissue (Creasy and Chernoff, 1995a).  Again brain tissue only 

expressed the larger 5.5kb transcript.  A probe directed to the 3' UTR (nucleotides 

2130-2820) of MST2 hybridised to only the 3.4kb transcript (Creasy and Chernoff, 

1995a) therefore indicating that the larger 5.5kb transcript was not a splice variant. In 

addition it was noted that the 7kb MST1 transcript did not cross hybridise with either 

MST2 probe even though MST1 and MST2 are 70% identical at the nucleotide level 

(Creasy and Chernoff, 1995b).  Therefore it was postulated that the 5.5kb transcript 

probably represented another MST2 encoding gene.  By comparison, Northern 

analysis using a probe specific to the entire coding region of rat MST2 (nucleotides 

81-1574) detected a transcript of 3.4 kb in all cell lines tested and these expression 

levels correlated well with the presence of the kinase activity identified by in-gel 

kinase assay (Aurisicchio et al., 1998).  Here Northern analysis using a probe directed 

to the kinase domain of mouse MST2 detected a transcript of approximately 3 kb as 

did a probe directed to the 3' UTR which detected an additional transcript of 

approximately 1.6 kb. 
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3.6 Conclusion 

Full-length mouse MST2 kinase cDNA was isolated from differentiating mouse 

olfactory receptor neurons (ORNs) using a combination of techniques including RT

PCR and cDNA library screening. MST1/2 are serine/threonine protein kinases that 

are activated by a subset of stress conditions and apoptotic agents but not activated by 

commonly used mitogenic stimuli.  Given that apoptosis does not appear to be an 

active process during the differentiation of OLF442 it will be prudent to assess the 

phosphorylation status of the signal transduction cascades and of MST2 kinase itself. 

Importantly, it will be of interest to determine whether MST2 kinase is cleaved and 

whether or not cleavage is affected by caspase inhibition.  These questions may offer 

further insight into the evidence that has been put forward in this chapter arguing for 

the expression of an autonomously expressed carboxyl-terminal domain of MST2 

kinase. 
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4 SIGNAL TRANSDUCTION STATUS OF 

OLF442 
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4.1  Signal Transduction By The MAPK Superfamily 

As noted, signalling cascades participate in most cellular processes conveying 

vital information from various sources to targets within the cell cytoplasm and 

nucleus. The MAPK signalling cascades can be divided into two phases, one being 

membranous and the other cytoplasmic (Pearson et al., 2001).  The first phase 

originates at the inner plasma membrane.  For the ERK pathway this occurs at the 

receptors for mitogens or growth factors, which recruit and activate a small GTP 

binding protein (Ras) via the adapter molecule (Grb2) and the guanine nucleotide 

exchange factor (mSOS).  Phase two is initiated when the sequential stimulation of 

several cytoplasmic protein kinases occurs.  In the ERK cascade Ras activates Raf, a 

serine threonine kinase, which activates MEK1 and MEK2.  MEK, in turn 

phosphorylates and activates ERK1 and ERK2, which translocate and transactivate 

transcription factors, changing gene expression to promote growth, differentiation or 

mitosis (Garrington and Johnson, 1999; Tibbles and Woodgett, 1999; Kolch, 2000). 

Likewise, the stress activated protein kinase (SAPK) and p38 kinase pathways are 

also hierarchically arranged in order to elicit a cellular response to toxins, physical 

stresses and inflammatory cytokines (Tibbles and Woodgett, 1999; Kyriakis and 

Avruch, 2001). 

MAPK signalling cascades are a cellular information superhighway. They 

have several salient features, including highly specific and reversible substrate 

phosphorylation by protein kinases and phosphatases, and localisation of protein 

kinases into modules through direct protein-protein interactions of scaffolding and 

anchoring proteins (Garrington and Johnson, 1999).  In contrast, a pseudo-redundancy 

that is built into the system by protein kinase isoforms that serve related but distinct 

functions, non-reversible proteolysis and pathway crosstalk, give MAPK signalling 

cascades a highly elaborate level of control (Seger and Krebs, 1995).  Further 

complexities include changes to the magnitude, duration and frequency of activation, 

which influences cellular outcome (Roovers and Assoian, 2000).  Therefore the 

control mechanisms that terminate and/or modulate transduced signals are important 

in deciding the fate of a response. Signal transduction by this strategy gives the cell 

various options for amplifying and or modifying the output signal (Tibbles and 
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Woodgett, 1999; Kolch, 2000).  Moreover, interactions between cascades are evident 

and occur in various ways to integrate and control outputs.  

Currently, in eukaryotic cells, nearly twenty MAPKs have been identified 

(Pearson et al., 2001), and these can be grouped into five discrete and evolutionarily 

conserved subfamilies based on sequence homology and function (Weber, 1999). 

These include the ERK1/2 cascade, that preferentially regulates cell growth and 

differentiation (Pearson et al., 2001), the c-Jun N-terminal kinase (JNK/SAPK – stress 

activated protein kinase), p38 MAPK and ERK5 cascades, which primarily function 

in response to environmental stress and inflammatory cytokines (Kyriakis and 

Avruch, 2001), and the poorly characterised ERK7 and newly identified ERK8 

cascades (Abe et al., 2001; Abe et al., 2002).  Seven MEKs have been functionally 

identified in mammalian cells representing the fewest number of members in the 

MAPK cascade. MEKs also have high specificity for their MAPK substrates 

allowing minimal variation of the MEK-MAPK part of the MAPK module. In 

contrast, fourteen MEKKs have been functionally identified that are quite diverse in 

structure (Garrington and Johnson, 1999).  The disparity between the numbers of 

MEKKs, MEKs and MAPKs suggest that there is infidelity of MAPK pathway 

members confirming the notion that MAPKs have overlapping substrate specificities 

that are co-ordinated by scaffold and docking proteins (Pearson et al., 2001). 

Notably, it has been demonstrated that docking proteins themselves can directly affect 

catalytic activity.  Bardwell et al. (2003) demonstrated that upstream MEKs, 

inactivating phosphatases and downstream phosphorylation substrates can all compete 

with each other for binding to the same docking site on ERK2.  These protein-protein 

interactions play a critical role in the catalytic activity of the kinases and phosphatases 

involved (Bardwell et al., 2003).  It is not surprising that competitive docking, in 

addition to reversible phosphorylation, directly influences the catalytic activity of 

MAPKs.  Hence MAPK phosphorylation levels alone cannot be relied upon to 

provide a snapshot of signalling potential without appreciating the auxiliary effect of 

cellular context, for example scaffolding and substrate availability. 



Chapter 4 111 

4.1.1  MAPK Signalling In Neurons 

MAPK signalling particularly through the ERKs is responsible for the 

regulation of many neuronal events including synaptic plasticity, long-term 

potentiation, neuronal differentiation and survival (Grewal et al., 1999).  As discussed 

in Chapter 1, several studies have characterised the regulation of MAPK family 

members during neuronal differentiation.  Used extensively as a model system, PC12 

cells have provided many insights into the signalling mechanisms active during 

neuronal differentiation. The general consensus is that NGF activation of the cell 

surface receptor TrkA recruits and activates Ras via the adapter protein (Grb2) and 

exchange factor (mSOS), Ras activates Raf, which activates MEK1/2 and ERK1/2. 

Yet several studies have also shown that ERK activation is not necessary for PC12 

neurite extension and differentiation.  These include the neuronal differentiation of 

PC12 with bone morphogenic protein BMP-2 in the absence of ERK activation 

(Iwasaki et al., 1996) and the neurite outgrowth of PC12D in the presence of 

PD98059, a specific MEK1/2 inhibitor (Sano and Kitajima, 1998).  It is clear that 

signalling pathways other than the ERK cascade also contribute to neuronal 

differentiation of PC12 cells. 

The lesser-characterised stress induced MAPK cascade that culminates in p38 

MAPK activation can also induce neuronal differentiation of PC12 cells (Iwasaki et 

al., 1999). The p38 MAPK pathway alone is sufficient for PC12 neuronal 

differentiation, as expression of constitutively active forms of the p38 MAPK 

pathway upstream activators MEK3/6 induced neurite outgrowth, and their inhibition 

with SB203580 abolished it (Iwasaki et al., 1999).  Interestingly, the stress induced 

JNK/SAPK pathway is simultaneously activated alongside the classic mitogenic ERK 

cascade by the proto-oncoprotein Cot that directly activates MEK-1 and SEK-1, 

inducing neurite outgrowth of PC12 cells (Hagemann et al., 1999). The dual 

stimulation of ERK and the JNK/SAPK do not exhibit any antagonistic effects 

(Hagemann et al., 1999), although Leppa et al. (1998) show that the common 

substrate c-Jun is differentially regulated by the ERK and JNK/SAPK pathways 

following NGF induced PC12 differentiation.  Again these examples highlight the 

infidelity of MAPK pathway members, whose overlapping substrate specificities are 

defined via scaffolding and docking proteins.  Evidence for a spatio-temporal effect 
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on signalling cascades comes from studies of growth factor induced activation of G-

proteins Ras and Rap1 whose cytoplasmic location varies between cell types 

(Mochizuki et al., 2001).  Variations in Ras and Rap1 distribution within the 

cytoplasmic domain may explain how the signals for differentiation and survival are 

distinguished by neuronal cells (Mochizuki et al., 2001). 

Neuronal differentiation via the MAPK cascades has been intensively studied, 

yet differences between cell models and effectors of differentiation shed light on the 

signalling strategy employed by cells to respond to all environmental cues with a 

given set of proteins.  OLF442 differentiation induced by serum deprivation resulted 

in the upregulation of two protein kinases (refer Chapter 2).  MST2 kinase a member 

of the Ste20/PAK protein family responsible for regulating cell polarity during growth 

(Pruyne and Bretscher, 2000a) and in response to nutrient deprivation (Elion, 2000) 

highlighted the possible involvement of a MAPK cascade signalling to the 

cytoskeleton in response to differentiation.  In addition, the identification of focal 

adhesion kinase (FAK/pp125FAK) and focal adhesion kinase related non-kinase 

(FRNK), both integral to the response to the ECM via the integrins and signalling to 

the MAPK cascade, indicated another mechanism of OLF442 differentiation initiated 

by serum deprivation. 

4.1.2  Focal Adhesion Kinase 

FAK was originally identified in pp60v-src-transformed chicken embryo cells 

as a substrate that is localised within focal adhesions and becomes highly tyrosine 

phosphorylated (Schaller et al., 1992).  Subsequently isolated from mouse (Hanks et 

al., 1992) and human, (Andre and Becker-Andre, 1993) the primary role of FAK is to 

convey signals from the integrins which contain short cytoplasmic domains lacking 

enzymatic activity.  FAK is a non-receptor tyrosine kinase whose catalytic domain is 

flanked by a large amino-terminal integrin-binding domain and a carboxyl-terminal 

domain containing an SH3 motif and focal adhesion targeting (FAT) sequence 

(Zachary, 1997).  The localisation of FAK to focal adhesions along with other 

proteins including paxillin, talin and the src family of protein tyrosine kinases 

(pp60c-src and pp59c-fyn) with whom FAK can directly bind, suggests that FAK is at the 
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junction of signalling by integrins, oncogenes and neuropeptides (Ilic et al., 1997). 

Ubiquitously expressed throughout development (Furuta et al., 1995; Hens and 

DeSimone, 1995) and in most cell lines (Hanks et al., 1992) and adult tissues, the 

highest level of FAK expression occurs in the brain (Andre and Becker-Andre, 1993). 

Although localised primarily in focal adhesions it is not restricted to these sites in 

neural tissue where it is distributed throughout the cytoplasm (Grant et al., 1995). 

Throughout brain development multiple transcripts with different patterns of 

expression are observed (Burgaya and Girault, 1996; Serpente et al., 1996).  These 

isoforms are dynamic in their expression, phosphorylation and interaction with 

substrates (Serpente et al., 1996).  The preferential expression of alternative splice 

isoforms in rat brain with elevated autophosphorylation activity suggests neural 

specific properties. 

Differentiation requires the systematic integration of signals from the ECM, 

the cell cycle, and the cytoskeleton to control neurite extension and neuronal 

maturation.  Besides serving as a platform for the assembly of signalling cascades, 

studies have demonstrated a role for FAK in such diverse cellular roles as neuronal 

signalling and synaptic plasticity, as illustrated by fyn mutant mice deficient in long-

term potentiation (Grant et al., 1995), to apoptosis, embryonic development and 

migration (Zachary, 1997). FAK responds to fluid shear stress (Li et al., 1997), can 

be regulated by changes in cell density (Xu and Zhao, 2001), and, importantly for this 

study, has been shown to be involved in PC12 neurite outgrowth (Anneren et al., 

2000), and implicated in the neuronal differentiation of SH-SY5Y neuroblastoma 

cells (Bruce-Staskal and Bouton, 2001). 

FAK located within focal adhesions can be activated by the ECM via the 

integrins, or by serum factors (lysophosphatidic acid) and bioactive peptides 

(endothelin, bombesin) via their specific cell surface receptors (Ilic et al., 1997).  The 

small G-protein family, of which Rho is a member, mediates the effects of these 

factors on organisation of the cytoskeleton (Nobes and Hall, 1995).  However, 

integrin activation of FAK can occur directly via the β1 cytoplasmic domain of 

integrins or by association of auxiliary proteins (eg. talin, paxillin and tensin) located 

within the focal adhesion that bind integrins and FAK (Guan, 1997). Importantly 

FAK has six tyrosine phosphorylation sites, the selective phosphorylation of which 
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allows FAK a diverse signalling repertoire in response to integrin activation. 

Autophosphorylation at Tyr397 leads to the generation of a binding site for the SH2 

domain of Src-family non-receptor protein tyrosine kinases.  The subsequent 

interaction of Src with FAK results in the phosphorylation of several other tyrosine 

residues maximising FAK kinase activity, but more importantly results in the 

phosphorylation of Tyr925 creating a Grb2-binding site (Ilic et al., 1997).  Grb2 binds 

to mSOS, a guanine exchange factor for Ras, connecting FAK signalling to the 

MAPK cascade (Guan, 1997).  FAK can also activate the second messenger PI3K 

(Guan, 1997).  The activation of several distinct signalling cascades can explain the 

diverse range of cellular responses elicited by FAK.  Moreover, as discussed below, 

an independently expressed carboxyl-terminal domain of FAK may modulate its 

function and consequently that of its downstream effectors. 

4.1.3  FAK-Related Non-Kinase (FRNK) 

In some cells the carboxyl-terminal domain of FAK is expressed autonomously 

as a 41 kDa protein termed FRNK, for FAK-related non-kinase or pp41/43FRNK 

(Schaller et al., 1993).  FRNK overexpression can inhibit tyrosine phosphorylation of 

FAK, and that of tensin and paxillin, resulting in the delay of cell spreading on 

fibronectin surfaces (Richardson and Parsons, 1996).  Richardson and Parsons (1996) 

found that the inhibitory effects of FRNK could be reversed by co-expression with 

FAK, suggesting that both compete for common binding protein(s) whose association 

with FAK is necessary for signalling. As such, fak was the first non-receptor tyrosine 

kinase found to generate an endogenous regulator frnk, whose expression is directed 

by an alternative promoter residing within an intron of fak positioned 3' of the exon 

encoding sequences for the catalytic domain of FAK (Nolan et al., 1999).  Expression 

of an endogenous regulator is a strategy that can further regulate FAK tyrosine kinase 

activity and localisation (Richardson and Parsons, 1996) from signals that do not 

necessarily emanate from the focal adhesion itself.  Alternatively an FRNK-like 

polypeptide can also be generated by caspase-3 and caspase–6 cleavage of FAK 

(Gervais et al., 1998).  Although FAK has been shown to suppress apoptosis by 

activating the PI3K-Akt survival pathway, resulting in activation of NF-kappaB and 

induction of inhibitor-of-apoptosis proteins (IAPs: cIAP-1, cIAP-2, XIAP) (Sonoda et 
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al., 2000), the apoptotic cascade can overcome this ability by generating FRNK and 

blocking FAK function.  Together FAK and FRNK may regulate the initiating signal 

directing OLF442 to commit to differentiation via the MAPK cascades. 
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4.2 Aim 

The identification of increased mRNA expression levels for FRNK, and MST2 

kinase indicate that signal transduction cascades are active during OLF442 

differentiation. The specific aims of this chapter are as follows: 

1) To determine which of the MAPK cascades are functionally active 

during OLF442 differentiation using Western blotting and 

phosphorylation specific antibodies. 

2) To establish the effect of inhibiting the mitogenic ERK1/2 cascade 

implicated in neuronal differentiation of various cell lines, by using the 

MEK1/2 specific inhibitor PD98059 in OLF442 cultures. 

3) To confirm the elevated expression of FRNK and MST2 kinase protein 

during OLF442 differentiation. 

4) To determine the level of FAK expression in OLF442 before and after 

differentiation by serum depletion. 

5) To verify that FRNK expression is autonomous and not a result of 

caspase-3 cleavage of FAK by treating cultures with DEVD-CHO, a 

specific caspase-3 inhibitor. 
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4.3 Methods 

4.3.1  Cell Culture 

OLF442 cells cultured under serum deplete (1% BSA/DMEM/GLUT) and serum 

complete (10% FCS/DMEM/GLUT) conditions (Section 2.3.1.2), were harvested by 

trypsinisation from 25/75 cm2 tissue culture flasks as indicated in Section 2.3.1.1. 

Cultures treated with the cell-permeable caspase-3 inhibitor, DEVD-CHO (dissolved 

in DMSO - Calbiochem, Merck, Kilsyth, VIC, Australia) were seeded at the 

appropriate density: 30 cells/mm2 for 10% FCS treated cells and 90 cells/mm2 for 1% 

BSA treated cells for 48 hr cultures.  All cultures were initially grown in control 

medium (10% FCS/DMEM/GLUT) for 18-24 hrs prior to treatment.  Following the 

initial 18-24 hr settling phase, control medium was aspirated and cultures were 

washed with HBSS three times.  The appropriate medium supplemented with 10 nM 

DEVD-CHO was then added to the culture vessels and the cells were incubated as 

follows: one batch for 48 hrs and one batch for 24 hrs at which time the media was 

replaced with media minus the inhibitor and further incubated for 24 hr.  Cultures 

treated with the MEK1/2 inhibitor PD98059 (dissolved in DMSO - Cell Signalling 

Technology; Genesearch, Arundel, QLD, Australia) were treated the same as the 

caspase-3 inhibitor cultures except that the appropriate incubation media was 

supplemented with 5 µM PD98059.  Vehicle controls were ommited as the final 

DMSO concentration in tissue culture was 0.01%. 

4.3.2  Protein Analysis 

4.3.2.1  Protein Extraction 

Cell pellets collected by trypsinisation were resuspended in 5 mL ice cold HBSS and 

centrifuged at 1500g for 5 min.  Pellets were washed three times and resuspended in 

protein extraction buffer (Appendix I) at approximately 1X104 cells/µL.  Cell 

suspensions underwent three cycles of freeze thawing in liquid nitrogen followed by 

sonication for 5 min to shear DNA.  Cell suspensions were sedimented at 14,000g for 
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10 min.  The supernatant containing the cytoplasmic protein fraction was removed 

and transferred to a clean microcentrifuge tube for protein quantitation. 

4.3.2.2  Coomassie Blue Protein Estimation 

Estimation of protein concentration in cell extracts was done using a Bradford assay, a 

colorimetric Coomassie Brilliant Blue G-250 binding protocol (Bradford, 1976).  A 

standard curve (with a concentration range of 10 µg to 0.313 µg) was prepared by 

serial dilution with bovine serum albumin (BSA) diluted in protein extraction buffer, 

and plated out (20 µL/well) on a microtitre plate in triplicate.  Sample protein extracts 

were diluted (1/20) with protein extraction buffer and also plated out in triplicate. 

Bradford reagent (BioRad) diluted 1/5 with MQH2O was added to samples            

(200 µL/well) and incubated at room temperature for 5 min to allow maximal colour 

reaction.  Absorbance was read on a Titertek Multiscan ELISA plate reader (MTX 

Labs, Virginia, USA) at a wavelength of 595 nm.  Protein concentrations were 

calculated from the standard curve and adjusted with protein extraction buffer to a 

given concentration and quantitated again.  Prior to SDS-PAGE, 1/5 of the sample 

volume to be loaded on the gel of 20% (w/v) SDS, 10% (v/v) bromophenol blue was 

added to each sample and the capped centrifuge tubes were boiled for 5 min and 

cooled prior to gel loading. 

4.3.2.3  SDS-Polyacrylamide Gel Electrophoresis  

Protein separation was achieved with SDS-PAGE (Laemmli, 1970) using a BioRad 

Protean II minigel apparatus (BioRad, Hercules, CA, USA).  OLF442 protein 

preparations were loaded at 10 µg/lane, as was Benchmark protein ladder (Invitrogen, 

Mount Waverley, VIC, Australia).  Protein was run through a 4% polyacrylamide 

stacking gel, and then separated in a 10% polyacrylamide separating gel with 1X 

SDS-PAGE running buffer, at 150 V for approximately 90 min.  When the 

bromophenol blue dye front reached the bottom of the gel, the apparatus was 

disassembled and the gels were prepared for Western blotting, by removing the 

stacking gel. 
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4.3.2.4  Western Blotting 

Transfer of proteins from SDS-PAGE gels onto polyvinylidene fluoride (PVDF) 

Immobilon-P Transfer Membrane (Millipore, North Ryde, NSW, Australia) was done 

with a vertical tank transfer assembly (Bio-Rad) and 1X transfer buffer.  Transfer 

proceeded overnight at 4°C at 150 mAmps.  Gels were subsequently stained in 

Coomassie solution to observe transfer efficiency.  The PVDF membranes were 

placed into blocking solution [2% (v/v) fish gelatin (Sigma)/1X tris buffered saline 

(TBS)/0.1% (v/v) Tween-20 (Sigma)] and incubated with rocking at room 

temperature for 1 hr or alternatively overnight at 4°C. Following optimisation, 

primary antibodies were diluted appropriately (Table 4-1) in blocking solution and 

incubated overnight at 4°C.  Membranes were then washed three times with TBS-T 

for 10 min at room temperature with rocking and placed in one of the following 

horseradish peroxidase (HRP) conjugated secondary antibodies; Rabbit Anti-Goat, 

Goat Anti-Rabbit, or Goat Anti-Mouse (Bio-Rad), each diluted (1:2000) in blocking 

solution, and incubated at room temperature for 1 hr.  Membranes were washed three 

times with TBS-T for 10 min at room temperature with rocking and incubated with a 

1/5 dilution of SuperSignal Ultra Chemiluminescent Substrate (Pierce; Progen 

Industries, Darra, QLD, Australia).  Membranes were then exposed to Hyperfilm 

(Amersham Biosciences, Castle Hill, NSW, Australia). 
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Table 4-1  Primary antibodies used in Western blotting a 

Phosphorylated c-Raf 
(Ser338) 

Antibody 

Rabbit 

Source 

1:2000 

Dilution 

74 kDa 

MW 

Cell Signalling Technology 

Supplier 

Phosphorylated-MEK1/2 
(Ser217/221) Rabbit 1:2000 43.5/44.5 

kDa Cell Signalling Technology 

Phosphorylated-ERK1/2 
(Thr202/Tyr204) Rabbit 1:2000 44/42 kDa Cell Signalling Technology 

Phosphorylated-ERK1/2 
(Tyr204) 

TOTAL ERK1/2 

Mouse 

Rabbit 

1:2000 

1:2000 

44/42 kDa 

44/42 kDa Cell S

Santa Cruz Biotechnology 

ignalling Technology 
Phosphorylated-p90RSK 

(Ser380) Rabbit Undetected b 90 kDa Cell Signalling Technology 

Phosphorylated-ELK-1 
(Ser383) Rabbit Undetected b 62 kDa Cell Signalling Technology 

Phosphorylated-ELK-1 
(Ser383) Mouse Undetected b 90 kDa Santa Cruz Biotechnology 

Phosphorylated 
SEK1/MKK4 (Thr223) 

Phosphorylated 
SAPK/JNK 

Rabbit 

Rabbit 

1:2000 

1:2000 

46 kDa Cell Signalling Technology 

ignalling Technology 

Phosphorylated 
SAPK/JNK 

(Thr183/Tyr185) 

Mouse Undetected b 46/54 kDa 

46/54 kDa Cell S

Santa Cruz Biotechnology 

Phosphorylated ATF-2 
(Thr71) 

(Thr183/Tyr185) 

Rabbit 1:2000 70 kDa Cell Signalling Technology 

Phosphorylated ATF-2 
(Thr71) Mouse Undetected b 70 kDa Santa Cruz Biotechnology 

Phosphorylated c-Jun 
(Ser73) Rabbit 1:2000 48 kDa Cell Signalling Technology 

Phosphorylated p38 
(Tyr182) Mouse Undetected b 38 kDa Santa Cruz Biotechnology 

FAK/FRNK Mouse 1:2000 125/43/41 
kDa Santa Cruz Biotechnology 

MST2/KRS-1
MST2&1/KRS-1&2 

 Goat 
Mouse 

Undetected c 
Undetected c 

63 kDa 
63/61 kDa 

Santa Cruz Biotechnology 
Zymed Laboratories 

a The Table shows a list of all the primary antibodies used, the dilution, and the position of the 
phosphate to which the antibody was generated. 
b No immunoreactive bands were observed. 
c Identity of the correct band was not possible due to high background. 
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4.4 Results 

4.4.1  	MAPK Cascade Activation Status Of Differentiating Olfactory Receptor 
Neurons 

The phosphorylation status of the mitogen (ERK) and stress responsive 

(SAPK/JNK and p38) protein kinase cascades was investigated following the in-vitro 

differentiation of OLF442 following 4, 8, 12, 24 and 48 hr culture periods.  However, 

the most notable changes in phosphorylation status were observed at 48 hr, and data 

shown is representative of this time point (Figure 4-1, representative of experiments 

done in triplicate).  The phosphorylation of c-Raf was not significantly different 

between the undifferentiated (FCS) and differentiated (BSA) cultures, however the 

antibody used also detected a signal of higher molecular weight of unknown identity 

that was more highly phosphorylated in the differentiated culture.  Although the 

incoming signal from c-Raf was presumably of the same intensity, the resulting 

phosphorylation of MEK1/2 was not. Notably, there is a switch between the 

preferential phosphorylation of MEK 1 in undifferentiated OLF442 to MEK2 during 

differentiation over 48 hr.  This results in a high level of phosphorylation of both 

ERK1/2 in the differentiated cultures.  It is noteworthy that the activation level in 

undifferentiated cultures does not appear to match the intensity of phosphorylation 

from its upstream effector MEK1.  The differential activation of ERK1/2 does not 

reflect a difference in the total content of ERK1/2 (phosphorylated and 

unphosphorylated) between the cultures, and does not result in differential activation 

of the transcription factor, ELK-1, downstream of ERK.  Also of note was the 

detection of a higher molecular weight signal with both the phosphorylated MEK1/2, 

and phosphorylated ERK1/2 antibodies.  These immunoreactive bands may represent 

isoforms of the MEK and ERK proteins. 

Interestingly, activation of the stress responsive cascade p38 was not observed, 

however activation of the SAPK/JNK cascade was apparent.  The upstream effector 

SEK1 was phosphorylated, albeit to a relatively low level during differentiation, 

which resulted in the activation of SAPK.  In undifferentiated OLF442, SEK1 

phosphorylation was not detected despite the detection of a low-level of SAPK 
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phosphorylation.  Nonetheless, the phosphorylation of c-Jun (on Ser73) downstream 

of SAPK was detected equally in differentiated and undifferentiated OLF442. 

Figure 4-1  Composite image of Western Blots of MAPK pathway members phosphorylated 
during OLF442 differentiation. 

FCS: OLF442 grown in complete medium for 48 hr, BSA: OLF442 grown in serum deplete conditions 
for 48 hr, resulting in differentiation. All antibodies used specifically detected only the phosphorylated 
form of the protein except for the detection of total ERK1/2 that detected both phosphorylated and 
unphosphorylated forms of the protein, n=3. The antibodies used are described in Table 4-1. 

4.4.2  Olfactory Receptor Neuronal Differentiation In The Presence Of PD98059; 

A MEK Specific Inhibitor 

Treatment of OLF442 cultures with the specific MEK1/2 inhibitor PD98059 

(PD, 5 µM) for 48 hr did not display morphological differences.  However, a decrease 

of MEK1 and MEK2 phosphorylation in undifferentiated and differentiated cultures 

respectively were observed (Figure 4-2, representative of experiments done in 



Chapter 4 123 

triplicate).  This selective inhibition however, did not decrease the level of ERK1/2 

phosphorylation in differentiated cultures. The removal of PD98059 and addition of 

serum to the differentiated culture reversed both the effects of PD98059 and serum 

deprivation (Figure 4-2, BSA+PD+BSA), resulting in a phosphorylation status that 

closely mirrored that of undifferentiated OLF442 (Figure 4-2, FCS).  The 

phosphorylation of c-Raf in treated cultures was also decreased, possibly indicating 

the action of a feedback mechanism as it was depleted in BSA+PD compared with 

FCS+PD (Figure 4-2).  The activation level of c-Jun was also reduced in both cultures 

treated with PD98059, again to a greater level in BSA compared with FCS and its 

phosphorylation levels could be increased by removal of the MEK inhibitor and 

addition of serum.  SEK1/MKK4, SAPK/JNK and p38 phosphorylation was not 

detected in PD98059 treated cultures. 

Figure 4-2  Composite image of Western Blots of MAPK pathway members phosphorylated 
during OLF442 differentiation in the presence of the MEK1/2 specific inhibitor PD98059. 

FCS: OLF442 grown in complete medium for 48 hr, BSA: OLF442 grown in serum deplete conditions 
for 48 hr, resulting in differentiation.  FCS+PD: culture supplemented with 5 µM PD98059 and 
incubated for 48 hr, BSA+PD: culture supplemented with 5 µM PD98059 and incubated for 48 hr. 
FCS+PD+FCS: culture supplemented with 5 µM PD98059 and incubated for 24 hr at which time the 
medium was replaced with complete medium without inhibitor and incubated for a further 24 hr. 
BSA+PD+FCS: serum deplete culture supplemented with 5 µM PD98059 and incubated for 24 hr at 
which time the medium was replaced with complete medium without inhibitor and incubated for 
another 24 hr, n=3.  The antibodies used are described in Table 4-1. 
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4.4.3  	Olfactory Receptor Neuronal Differentiation In The Presence Of DEVD
CHO A Specific Caspase-3 Inhibitor  

OLF442 cultures treated with the caspase-3 inhibitor, DEVD-CHO (10 nM) 

did not display morphological differences.  At the signal transduction level, 

differences in phosphorylation of MAPK components was negligible with only a 

slight decrease in the activation state of MEK2 in the differentiated cultures treated 

with DEVD-CHO (Figure 4-3, BSA+D, representative of experiments done in 

triplicate).  Disparity in the levels of c-Jun activation between the cultures is more 

prominent here and may reflect some (unknown) variations in culture conditions, as 

only FCS treated (undifferentiated) OLF442 c-Jun phosphorylation is decreased with 

respect to previous blots (Figure 4-2).  Furthermore, no cell culture synchronisation 

was done and may reflect this observed difference.  In agreement with differentiated 

cultures treated with PD98059, differentiated cultures exposed to DEVD-CHO for 24 

hr and whose medium was then replaced with 10%FCS/DMEM/GLUT, display the 

ability to restore the same phosphorylation levels as that of undifferentiated OLF442. 

In particular MEK2 phosphorylation is reverted to preferential phosphorylation of 

MEK1 and ERK1/2 phosphorylation is decreased to the basal levels observed in 

undifferentiated OLF442.  The caspase-3 inhibitor did not present any significant 

effect on these cultures, and the ability of the differentiated cultures to parallel the 

signal transduction status of undifferentiated cells probably reflects the resistance of 

these cells to commit to apoptosis within 24 hr of serum depletion.  This is consistent 

with the observation that differentiated OLF442 cultures subsequently exposed to 

serum containing media retracted processes (Section 1.3.4).  However, an apparent 

loss of the high molecular weight Raf band was observed in FCS cultures treated with 

the caspase-3 inhibitor.  Once more, SEK1/MKK4, SAPK/JNK and p38 

phosphorylation was not detected in these cultures. 
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Figure 4-3  Composite image of Western Blots of MAPK pathway members phosphorylated 
during OLF442 differentiation in the presence of the specific caspase-3 inhibitor DEVD-CHO. 

FCS: OLF442 grown in complete medium for 48 hr, BSA: OLF442 grown in serum deplete conditions 
for 48 hr, resulting in differentiation.  FCS+D: culture supplemented with 10 nM DEVD-CHO and 
incubated for 48 hr, BSA+D: culture supplemented with 10 nM DEVD-CHO and incubated for 48 hr. 
FCS+D+FCS: culture supplemented with 10 nM DEVD-CHO and incubated for 24 hr at which time 
the medium was replaced with complete medium without inhibitor and incubated for a further 24 hr. 
BSA+D+FCS: serum deplete culture supplemented with 10 nM DEVD-CHO and incubated for 24 hr at 
which time the medium was replaced with complete medium without inhibitor and incubated for 
another 24 hr, n=3.  The antibodies used are described in Table 4-1. 

4.4.4  Olfactory Receptor Neuronal Differentiation And Focal Adhesion Kinase 

The protein expression level of FAK did not appear significantly elevated in 

undifferentiated cultures (Figure 4-4, BSA, representative of experiments done in 

triplicate), in accord with the mRNA expression level of full-length FAK observed by 

Northern blotting between the two cultures (Figure 2-8, A; larger transcript). 

However the level of FRNK was increased relative to that in undifferentiated 

OLF442, also consistent with the higher expression level of FRNK mRNA observed 

by Northern blotting (Figure 2-8, A; smaller transcript).  Treatment of OLF442 

cultures with the caspase-3 inhibitor DEVD-CHO did not decrease the protein level of 

FRNK in agreement with the conclusion (Chapter two) that FRNK in differentiated 

OLF442 is derived from autonomous expression, not cleavage of FAK by caspase-3. 

In addition, the exposure of cultures to DEVD-CHO resulted in the detection of an 
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immunoreactive band at approximately 31 kDa that was highly expressed in 

differentiated cultures treated with either DEVD-CHO or PD98059 (Figure 4-4, 

BSA+D and BSA+PD), and only faintly visible in untreated differentiated OLF442 

(Figure 4-4, BSA). Furthermore, treatment of differentiated cultures with PD98059 

for 48 hr resulted in a marked decrease of full-length FAK protein expression that 

increased again when serum was added back to the cultures.  Therefore it is possible 

that MEK2 activation is important for high level expression of FAK during 

differentiation, by a cascade that functions independently of ERK1/2 activation but 

that requires an input signal from MEK2, since PD98059 treatment of OLF442 

differentiation cultures still results in high level phosphorylation of ERK1/2 

(Figure 4-2). 

Figure 4-4  Western blot of FAK and FRNK during OLF442 differentiation and treatment with 
DEVD-CHO and PD98059. 

FCS: OLF442 grown in complete medium for 48 hr, BSA: OLF442 grown in serum deplete conditions 
for 48 hr, resulting in differentiation.  FCS+D: culture supplemented with 10 nM DEVD-CHO and 
incubated for 48 hr, BSA+D: culture supplemented with 10 nM DEVD-CHO and incubated for 48 hr. 
FCS+D+FCS: culture supplemented with 10 nM DEVD-CHO and incubated for 24 hr at which time 
the medium was replaced with complete medium without inhibitor and incubated for a further 24 hr. 
BSA+D+FCS: serum deplete culture supplemented with 10 nM DEVD-CHO and incubated for 24 hr at 
which time the medium was replaced with complete medium without inhibitor and incubated for 
another 24 hr. FCS+PD: culture supplemented with 5 µM PD98059 and incubated for 48 hr, BSA+PD: 
culture supplemented with 5 µM PD98059 and incubated for 48 hr.  FCS+PD+FCS: culture 
supplemented with 5 µM PD98059 and incubated for 24 hr at which time the medium was replaced 
with complete medium without inhibitor and incubated for a further 24 hr.  BSA+PD+FCS: serum 
deplete culture supplemented with 5 µM PD98059 and incubated for 24 hr at which time complete 
medium without inhibitor was added and incubated for another 24 hr, n=3.  The antibodies used are 
described in Table 4-1. 
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4.5 Discussion 

Investigation of the MAPK signal transduction cascades was prompted by the 

identification of two kinases (FRNK and MST2) whose expression was increased 

following OLF442 serum deprivation.  Unfortunately the protein expression levels of 

MST1/2 were not adequately determined due to problems encountered using 

commmercial antibodies from two separate sources (refer Table 4-1).  High-level 

background was a big problem with the presence of several bands close in size to the 

approximate molecular weight of MST2, making accurate identification virtually 

impossible.  Nonetheless, differentiation of OLF442 resulted in the differential 

regulation of the mitogenic ERK1/2 and stress responsive SAPK/JNK signal 

transduction cascades, whilst activation of the stress responsive/inflammatory p38 

cascade was not observed (Figure 4-1). 

4.5.1  	Differential Phosphorylation Of Members In The MAPK Cascade 
Coincides With OLF442 Differentiation 

Numerous studies have cited the necessity of ERK phosphorylation for 

neuronal differentiation (Cowley et al., 1994; Seger and Krebs, 1995; Leppa et al., 

1998; Tibbles and Woodgett, 1999).  In accord with these studies, OLF442 

differentiation caused a high level phosphorylation of ERK1/2 compared to 

undifferentiated OLF442 (Figure 4-1).  Remarkably, the high level phosphorylation of 

ERK1/2 was resistant to MEK1/2 inhibition with the specific inhibitor PD98059 

(Figure 4-2), and also did not reflect a difference in the total content of 

phosphorylated and unphosphorylated ERK between the cultures.  Unexpectedly 

however, there was a switch between the preferential phosphorylation of MEK1 in 

undifferentiated OLF442 to MEK2 during differentiation over a 48 hr culture period. 

Although a switch in activation of the MEKs is seldom reported during neuronal 

differentiation, the MEK isoforms can be differentially regulated in distinct cell lines 

by common ERK regulators (Xu et al., 1997).  The differential switch between 

activated MEK1 to MEK2 indicates that a unique signal is involved in OLF442 

differentiation, particularly as integrin and growth factor activation of MEKs is 

generally non-discriminatory.  Moreover, both of the phosphorylated MEK1/2 and 
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ERK1/2 antibodies used in this study detected higher molecular weight bands of 

unknown identity. Further, analysis of the putative ERK isoform identified was 

carried out using an ERK1b antibody obtained from Yung et al. (2000).  Interestingly, 

ERK1b is a novel 46 kDa ERK1 isoform that is differentially regulated by MEK and 

may relay extracellular signals under conditions of persistent stimulation (Yung et al., 

2000; Yung et al., 2001).  However, this antibody did not successfully detect ERK1b 

in OLF442 cultures.  Nonetheless, the presence of signalling cascade isoforms imparts 

additional complexity that may be essential for delineating signals that may utilise 

overlapping MAPK components as demonstrated by Raf. 

The activation of c-Raf upstream of the MEKs in OLF442 was not 

significantly different between the undifferentiated (FCS) and differentiated (BSA) 

cultures, however the antibody used also detected a higher molecular weight band of 

unknown identity that was more pronounced in the differentiated culture (Figure 4-1). 

Three cytosolic phosphoprotein kinases make up the Raf family, consisting of A-Raf 

(68 kDa), B-Raf (95 kDa) and c-Raf (74 kDa) (Hagemann and Rapp, 1999).  In 

addition ten isoforms of B-Raf with molecular weights ranging from 67 kDa to 99 

kDa generated by alternative splicing have been reported (Barnier et al., 1995), while 

another study found several proteins with apparent molecular weights ranging from 

65 kDa to 70 kDa and 95 kDa to 105 kDa in mouse brain extracts with a polyclonal 

antibody specific to the 12 C-terminal amino acids of B-Raf (Moodie et al., 1994). 

The Raf isoform identified in this study is approximately 110 kDa in size and was 

detected with an antibody generated by immunizing rabbits with a synthetic 

phosphopeptide corresponding to residues surrounding Ser338 of human c-Raf (Cell 

Signalling Technology). A protein alignment of mouse B-Raf and human c-Raf 

revealed that eight of the eleven amino acids surrounding Ser338 of human c-Raf 

were identical with those of mouse B-Raf.  However, it has been reported that B-Raf 

is not phosphorylated at Ser338, and instead phosphorylation occurs at Ser445 

(Hagemann and Rapp, 1999).  Whether the level of homology around Ser338 is 

sufficient for antibody cross-reactivity is not known, particularly as the serine residue 

is not phosphorylated in B-Raf. Yet, the immunoreactive band may represent a Raf 

isoform that may be specifically expressed in OLF442.  This is consistent with the 

restricted expression of one of the larger B-Raf isoforms (99 kDa) whose expression 

occurs solely in the brain and spinal cord (Barnier et al., 1995).  B-Raf is the main 
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MEK activator in bovine brain (Yamamori et al., 1995) and differentiated PC12 cells 

(Traverse and Cohen, 1994), and this Raf isoform may be responsible for the 

preferential phosphorylation of MEK2 in OLF442.  What drives the activation switch 

from MEK1 in undifferentiated OLF442 to MEK2 in differentiated OLF442 is a 

matter of speculation but could involve any one of the upstream effectors belonging to 

the small G-protein family. 

Importantly for this study, TC21 is an upstream effector of B-Raf and a 

member of the small G-protein family that specifically binds B-Raf (Hagemann and 

Rapp, 1999), and results in PC12 differentiation when overexpressed (Graham et al., 

1999).  PC12 cells proliferate with EGF stimulation and differentiate when stimulated 

with NGF, both of which can activate Raf (Hagemann and Rapp, 1999). Wixler et al 

[(1999) in (Hagemann and Rapp, 1999)] found all three Raf isoforms (A,B and c) in 

PC12 cells, but only A- and B-Raf showed sustained activation in response to NGF 

stimulation.  Conversely, a transient activation of all three Raf isoforms resulted in 

PC12 proliferation following exposure to EGF. However when expressed as 

oncogenic mutants having sustained activation these isoforms resulted in PC12 

differentiation.  Initial Raf activation requires the small G-protein Ras, but sustained 

activation of B-Raf is necessary for PC12 neuronal differentiation, and this sustained 

activation has been shown to be mediated by another small G-protein, Rap1 

(Hagemann and Rapp, 1999).  Various studies have described the following 

mechanism in PC12 cells: cAMP-dependent protein kinase (PKA) phosphorylates 

Rap1, which competes with Ras binding to c-Raf blocking its activation, and results 

in sustained activation of B-Raf leading to PC12 differentiation (Hagemann and Rapp, 

1999).  The control of ERK signalling via the small G-proteins Ras and Rap1 in 

response to multiple second messengers, such as cyclic adenosine monophosphate 

(cAMP), calcium, and diacylglycerol (DAG) is common in neurons, providing a 

broader signalling repertoire (Grewal et al., 1999). 

The exposure of OLF442 cultures to the specific MEK1/2 inhibitor PD98059 

(5 µM) for 48 hr resulted in a decrease of MEK1 and MEK2 phosphorylation in 

undifferentiated and differentiated cultures respectively (Figure 4-2). Curiously, the 

selective inhibition did not decrease the level of ERK1/2 phosphorylation in 

differentiated cultures as expected, suggesting that ERK1/2 activation may occur by 
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another pathway. PD98059 resulted in a decrease of Raf and c-Jun activity in the 

differentiated cultures.  Furthermore, removal of PD98059 and addition of serum to 

the differentiated culture reversed the effects of differentiation, resulting in elevated 

activation of c-Raf and MEK1, and downregulation of the putative B-Raf isoform and 

ERK activity.  The reversal of phosphorylation to the basal levels observed in 

undifferentiated OLF442 reflects the resistance of these cells to commit to apoptosis 

within 24 hr of serum depletion, consistent with the retraction of differentiated 

OLF442 processes when cultures are repleted with serum.  This ability of the cultures 

to reverse their morphological and signalling state when differentiated was also 

observed in OLF442 cultures treated with the caspase-3 inhibitor, DEVD-CHO (10 

nM) for 24 hr followed by serum repletion for a further 24 hr.  Caspase-3 inhibition of 

OLF442 did not significantly affect the MAPK signal transduction levels as 

differences in phosphorylation of MAPK components were negligible, with only a 

slight decrease in the activation state of MEK2 in the differentiated cultures treated 

with DEVD-CHO (Figure 4-3).  Phosphorylation of SEK1/MKK4, SAPK/JNK and 

p38 was not detected in the PD98059 cultures or the DEVD-CHO treated cultures. 

On the other hand, c-Jun activation levels did appear to change between 

undifferentiated (FCS) cultures, possibly reflecting slight variations in the culture 

conditions. Recently, overexpression of c-Jun was reported to delay apoptosis in 

serum-starved murine erythroleukemia cells (Poindessous-Jazat et al., 2002) and this 

may account for the high level of c-Jun activity observed in all differentiated cultures. 

One common substrate that the ERK and SAPK/JNK signalling modules share 

is the c-Jun transcription factor.  Exposure of PC12 cells to NGF, or expression of 

constitutively active MEK1, leads to activation of the ERK cascade and c-Jun 

phosphorylation (Leppa et al., 1998). Furthermore, constitutively activated c-Jun can 

induce differentiation independent of upstream signals, whilst c-Jun activation by the 

SAPK/JNK pathway via SEK1/MKK4 results in apoptosis (Leppa et al., 1998).  It has 

since emerged that activation of c-Jun in naive PC12 cells (undifferentiated) is anti

apoptotic and does not require its transcription factor qualities, as mutations in these 

domains does not inhibit its survival inducing ability (Leppa et al., 2001). Instead the 

transcription factor qualities of c-Jun are essential for its ability to differentiate PC12 

cells (Leppa et al., 2001).  Activation of c-Jun in differentiated cells is apoptotic and 

requires SAPK/JNK activity (Leppa et al., 2001).  The mechanism by which c-Jun is 



Chapter 4 131 

able to induce survival in undifferentiated PC12 cells has yet to be described but 

possibly involves a fine balance between the activities of several other downstream 

MAPK effectors.  The results presented here may also argue for the activation of a 

novel MAPK module that includes ERK1/2 activation by MEK2 (or a MEK2 splice 

variant), utilising B-Raf activation.  In fact the identity of the MEK2 immunoreactive 

band identified in this study may be questioned particularly since the selective 

inhibition of MEK1/2 was unable to inhibit ERK1/2 activation during OLF442 

differentiation.  Therefore it is possible that the immunoreactive band identified is 

very closely related to MEK2 and could represent a splice variant. 

4.5.2  Elevated FRNK Expression May Influence OLF442 Differentiation 

Investigation of the protein expression level of FAK showed no significant 

difference between differentiated (FCS) and undifferentiated (BSA) cultures (Figure 

4-4), consistent with the expression level of full-length FAK mRNA (Figure 2-8A; 

larger transcript).  The protein expression level of FRNK was increased relative to 

that in undifferentiated OLF442, and again matched the higher expression level of 

FRNK mRNA observed by Northern blotting (Figure 2-8A; smaller transcript). 

Exposure of OLF442 cultures to the caspase-3 inhibitor DEVD-CHO did not result in 

a decrease of FRNK protein, confirming that FRNK in differentiated OLF442 is 

derived from autonomous expression, not cleavage of FAK by caspase-3.  The 

appearance of a 31 kDa band recognised by the anti-FAK antibody, that was highly 

expressed in differentiated (BSA) cultures, was observed when OLF442 was treated 

with DEVD-CHO and with PD98059 (Figure 4-4). Notably, treatment of 

differentiated cultures with PD98059 for 48 hr resulted in a marked decrease of full-

length FAK protein expression, whereas the expression was increased when serum 

was added to the cultures.  Consequently MEK1/2 activation is important for high-

level expression of FAK during differentiation.  This may occur by a cascade that 

functions independently of ERK1/2 activation but which requires an input signal from 

MEK1/2, as PD98059 treatment of OLF442 differentiation cultures still show high-

level phosphorylation of ERK1/2 (Figure 4-2).  The significance of elevated FRNK 

expression becomes evident when one considers that the primary role of FRNK is to 

act as an inhibitor of FAK by transiently blocking the formation of focal adhesions 
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and reducing the phosphorylation of both FAK and other proteins bound in the focal 

adhesion complex.  Activation and association of the adaptor protein Shc with Grb2 

mediates integrin and growth factor signalling to ERK in response to matrix adhesion 

or growth factor stimulation (Wary et al., 1998).  This process does not require FAK 

participation in cells that do not express B-Raf (Barberis et al., 2000), however, in B-

Raf expressing cells, Shc mediates early integrin-dependent ERK activation, whilst 

FAK, p130CAS (Crk-associated substrate), Crk, and Rap1 signalling mediates the late 

phase of ERK activation (Schlaepfer et al., 1998; Barberis et al., 2000).  Interestingly, 

FAK participates centrally in the transmission of signals emanating from GTK 

overexpression in PC12 cells (Anneren et al., 2000).  Overexpression of GTK (a 

cytoplasmic tyrosine kinase of the Src family) in PC12 cells results in a larger fraction 

of cells exhibiting processes, a response not accompanied by increased ERK activity 

and not affected by PD98059 treatment (Anneren et al., 2000).  Anneren et al. (2000) 

also noted that PC12 cells overexpressing GTK had a marked increase in the content 

of FAK, phosphorylation of the adaptor protein Shb (Src homolgy 2-domain protein 

of beta cells), and that inhibitors of the Rap1 pathway reduced the neurite outgrowth. 

Together these studies suggest that GTK participates in a signalling pathway, perhaps 

involving Shb, FAK, p130CAS, CrkII, C3G (the specific guanine exchange factor for 

Rap1) and Rap1, that results in neurite outgrowth of PC12 cells.  This may result in 

the activation of an as yet unidentified pathway (as observed in GTK overexpressing 

cells) that may function in parallel with the ERK cascade, the activation of which has 

been demonstrated in PC12 cells and may also operate in OLF442 undergoing 

differentiation. 

The inhibitory effects of FRNK, which can be reversed by co-expression of 

FAK, would undoubtedly result in displacing FAK binding proteins.  The disruption 

of protein binding may inhibit signalling to ERK, and could dramatically affect the 

response of PC12 cells or OLF442 to differentiation. The timing of FRNK expression 

may be crucial for determining the deactivation of the sustained ERK signal that 

appears important for neuronal differentiation, particularly as c-Jun activation is 

important in regulating apoptosis in serum-deprived and differentiated cells. 
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4.6 Conclusion 

Western analysis of phosphorylated members of the MAPK cascades has 

revealed that a novel MAPK module may be active during OLF442 differentiation. It 

is likely that the elevated activation of ERK1/2 is necessary for neuronal 

differentiation as observed in OLF442, and may occur by preferential activation of 

MEK2 (or a MEK2 splice variant) that requires B-Raf activation.  The case for the 

phosphorylation of a specific MEK2 isoform is strengthened by the inability of the 

MEK1/2 specific inhibitor (PD98059) to limit ERK1/2 activation during OLF442 

differentiation. Furthermore, sustained activation of B-Raf - a necessity for PC12 

neuronal differentiation – is mediated by another small G protein, Rap1.  A cascade 

that links integrin signalling to ERK via FAK activates Rap1. In addition, 

components of the integrin-ERK signalling pathway are all required for neurite 

outgrowth of PC12 cells.  Therefore a pathway of signal transduction has been 

mapped in differentiating OLF442 that is probably controlled by the endogenous 

expression of FRNK whose expression is not a result of cleavage by caspase-3.  The 

expression of FRNK leading to disruption of FAK association with its binding 

partners may regulate signalling to ERK.  Regulation of ERK phosphorylation is 

critical as sustained activation is required for differentiation, however its downstream 

effector c-Jun can also induce apoptosis in differentiated cells rather than aiding 

differentiation in naive cells. 
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5 EXOGENOUS MST KINASE EXPRESSION 
IN OLF442 
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5.1 Expression Of Cloned Genes In Mammalian Cells: A Basic Tool For 
Understanding Protein Function 

An essential tool for understanding protein function is the expression of cloned 

genes in mammalian cells.  Typically target genes are mutated to knockout/in a 

particular function, assumed from the presence of known motifs, and expressed in 

mammalian cells to observe phenotypic changes.  However, “the level of protein 

expression from heterologous genes introduced into mammalian cells depends upon 

multiple factors including DNA copy number, efficiency of transportation, mRNA 

processing, mRNA transport, mRNA stability, and translational efficiency, and 

protein processing, transport, and stability” (Kaufman, 2000).  Further, expression of 

exogenous proteins can be effected in a transient or permanent (stable) manner, and 

the expression level can be directly controlled in a time and concentration dependent 

way due to the vast array of vectors available for mammalian transfection and 

expression.  The choice of experimental design is largely dependent on the protein 

under investigation and key factors (mentioned above) that affect the level of protein 

expression. Given the limited functional data available for MST kinase, the 

expression of native and mutant MST constructs in OLF442 should undoubtedly 

provide some insight into the role that this interesting protein has in neuronal 

differentiation.  Known MST functions and cellular roles are outlined below, and are 

part of the necessary information required to design a meaningful experimental 

approach to mammalian transfection studies. 

5.2  MST, A Physiological Caspase Substrate 

Stimuli identified to date that induce MST1/2 activity, with the exception of 
60v-src 

transformation by pp , have common phenotypical consequences; all reduce cell 

attachment and result in eventual cell death (Taylor et al., 1996).  Stimuli that induce 

apoptosis include treatment with Fas/CD95, staurosporine (a serine/threonine kinase 

inhibitor), UV-irradiation and other genotoxic agents including etoposide, cytotrienin 

A, hydrogen peroxide (H2O2) and okadaic acid, resulting in the cleavage and 

activation of MST1/2 (Graves et al., 1998; Kakeya et al., 1998; Lee et al., 1998a; 

Kakeya et al., 1999).  MST1/2 cleavage has also been observed in response to serum 
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withdrawal in NIH 3T3 cells and normal human smooth muscle cells, and NGF-

withdrawal in PC-12 cells (Graves et al., 1998).  Furthermore, overexpression of wild-

type MST1, or a truncated mutant MST1∆330, induces caspase activity and 

morphological changes characteristic of apoptosis including nuclear condensation 

(Graves et al., 1998).  Although not required for Fas/CD95 induced apoptosis, the 

MST proteolytic activation observed is blocked by the caspase inhibitor Z-VAD-FK 

(a broad specificity inhibitor of caspases), indicating that proteolytic activation of 

MST1/2 plays a role in generating apoptosis-inducing signals downstream of caspases 

(Lee et al., 1998a; Lee et al., 2001).  The active proteolytic (36 kDa) fragment 

generated during apoptosis is detected within 1 hr of anti-Fas treatment, when 80% of 

the cells are still viable, corroborating the idea that MST1 proteolysis not only results 

in an increase in its catalytic activity, but may also function in a positive feedback 

pathway that amplifies the apoptotic response via a JNK/SAPK and p38 MAPK 

pathway (Graves et al., 1998). Co-expression experiments of MST1 and MST1∆330 

with JNK/SAPK and p38 MAPK lead to a 7- and 5- fold increase in these MAPKs 

respectively, but not that of ERK (Graves et al., 1998).  Additionally, MST1 activates 

MKK6 and MKK7 but has little effect on MKK4 and MKK3, and no effect on 

MKK1, consistent with its effects on JNK/SAPK and p38 MAPK (Graves et al., 

1998).  Recently however, Graves et al. (2001) suggest that MST1 acts as an 

apoptotic effector by activating the following MAPK module, MST1→ MEKK1→ 

MAPKK7 → JNK/SAPK, and exploiting the inherent amplification capacity of this 

protein kinase cascade to transduce the apoptotic signal.  Although it is accepted that 

MST cleavage and kinase activation also results in the induction of p38 MAPK and 

consequently apoptosis, the mechanism by which this may occur remains unclear. 

Kakeya et al. (1998) failed to observe a block in MST cleavage and kinase activation 

resulting in apoptosis when human leukemia HL-60 cells were treated with 

cytotrienin A and the p38 MAPK specific inhibitor (SB203580). In contrast, 

transfection of wild-type MST1 into a highly transformed human renal epithelial cell 

line (293T) expressing two viral oncogenes (adenovirus E1a and SV40 large T 

antigen) and treated with SB203580 was able to inhibit apoptosis (Graves et al., 

1998)).  This is particularly interesting given that expression of MST1 from a strong 

promoter results in the production of a truncated MST1 species (Creasy and Chernoff, 

1995b).  As described below this 41 kDa product may result from proteolysis of 

MST1 at a second caspase cleavage site and may utilise the p38MAPK pathway. 
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MST1 has been shown to promote two independent events; first, caspase 

activation induced by MST1 promotes DNA fragmentation, and second, MST1 directs 

chromatin condensation and membrane blebbing exclusive of caspases (Ura et al., 

2001a). Whether activation of the p38 MAPK pathway or JNK/SAPK pathway is a 

‘consequence rather than a cause of MST1-induced apoptosis’ is an important 

question that needs to be addressed (Graves et al., 1998) in order to assess the role 

that MST cleavage plays.  These results highlight the complexity of MST cleavage 

and its ability to induce apoptosis in different cell lines; whether or not this process is 

necessary to induce cell death has yet to be determined.  Conflicting results also 

emphasise the importance of the cell setting with different cell contexts and 

phosphorylation potentials affecting the outcome and pathway of signal routing in 

overexpression experiments. 

5.2.1  Multiple Size Caspase Cleavage Products And Phosphorylation 

Creasy and Chernoff (1995b) observed a smaller hyper-active 40 kDa 

carboxyl-terminal truncated form of MST1 whose expression was only present when 

MST1 was expressed from a strong promoter during transient transfection of COS 

cells (Creasy and Chernoff, 1995b).  A 40 kDa kinase activity was also observed 

following staurosporine stimulation of murine T-cell hybridomas (Taylor et al., 1996). 

Identification of caspase specific cleavage sites within MST producing a 36 kDa 

proteolytic fragment was determined from the amino acid sequence 323DEMDS327 

(MST1) and 319DELDS323 (MST2), and mutant analysis [MST1(D326N) and MST2 

(D322N)] in which aspartic acid, a conserved recognition amino acid of caspases, was 

replaced with asparagine at the putative caspase cleavage site, resulting in resistance 

to proteolytic cleavage (Graves et al., 1998; Lee et al., 1998a).  The location of the 

caspase cleavage site at the junction of the catalytic and the regulatory domains of 

MST suggests that caspase-mediated cleavage releases the kinase domain from the 

regulatory domain resulting in MST kinase activation. 

The synthetic compound, MT-21, induces apoptosis in HL-60 cells resulting 

in caspase-3 cleavage of a 36 kDa MST kinase active proteolytic product (Watabe et 
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al., 1999; Watabe et al., 2000a).  Apoptosis induced by cytotrienin A also generates a 

36 kDa proteolytic MST fragment that is resistant to a specific caspase-1 like protease 

inhibitor (YVAD-CHO) and a caspase-3 like protease inhibitor (DEVD-CHO). 

However, a broad spectrum caspase inhibitor (Z-Asp-CH2-DCB) can successfully 

block both MST cleavage and apoptotic cell death in response to cytotrienin A, H2O2 

and okadaic acid exposure (Kakeya et al., 1998, 1999; Watabe et al., 2000b). 

Recently, a second caspase cleavage site was identified in MST1, providing an 

explanation for the observed different sized cleavage products and caspase sensitivity. 

Graves et al. (2001) identified two MST1 cleavage products upon withdrawal of 

interleukin-2 (IL-2) from factor-dependent CTLL-2 cells.  Firstly, a 41 kDa product 

was detected 3 hr after IL-2 withdrawal, followed by the appearance of the previously 

characterised 36 kDa product 6 hr after withdrawal, both of these products were 

catalytically active (Graves et al., 2001).  Importantly the 41 kDa product was also 

observed following staurosporine treatment and may be the same activity observed by 

Creasy and Chernoff (1995b) and Taylor et al. (1996).  A second caspase cleavage 

site was identified at 346TMTDG350 in MST1, although not conserved in MST2 

(implying differential targeting during apoptosis), the presence of which raised the 

possibility that each site is cleaved by different caspases (Graves et al., 2001). These 

authors found that caspases 3, 6, 7 and 9 cleaved MST1 at 323DEMDS327 to yield the 

36 kDa proteolytic fragment while only caspases 6 and 7 could cleave the second 

cleavage site 346TMTDG350 to generate the 41 kDa fragment.  Considering that kinase 

dead MST1(K59R) was not cleaved upon overexpression, and that apoptosis was not 

induced when transiently transfected into BJAB human B lymphoma cells, it is likely 

that MST1 must be catalytically active in order to mediate apoptotic events (Graves et 

al., 1998).  Indeed, MST1 must be activated by a mechanism distinct from proteolysis 

in order to be fully stimulated by caspase cleavage.  Such a mechanism requires that 

MST1 be phosphorylated prior to proteolysis and also implies that cleavage is 

required for the full activation of MST1 during apoptosis (Graves et al., 2001).  A 

candidate autophosphorylation site is Ser 327, a serine residue that is adjacent to the 
323DEMDS327cleavage site (Graves et al., 2001).  Ser 327 has been shown to be a 

major in vitro MST1 autophosphorylation site whose activation state influences the 

sensitivity of MST1 to cleavage at 323DEMDS327 by caspase-3 (Graves et al., 2001). 

However autophosphorylation at Ser 327 was caspase insensitive only when 

expressed in caspase-3-deficient cells (Glantschnig et al., 2002).  Other residues have 
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also been identified within the activation loop of MST1 (Thr 183 and Thr 187) whose 

autophosphorylation within the MST1 dimer is essential for kinase activation 

(Glantschnig et al., 2002).  These authors suggest that MST1 activation is induced by 

existing, active MST kinase, which phosphorylates Thr 183 and possibly Thr 187. 

Dimerisation promotes greater phosphorylation leading to induction of the JNK 

signalling pathway, caspase activation and apoptosis (Glantschnig et al., 2002). 

Interestingly PAK2, another member of the serine/threonine kinase Ste20/PAK family 

whose activity is regulated by Rac and Cdc42 has been reported to be involved in 

apoptosis, requiring activation by phosphorylation and caspase-dependent cleavage 

(Rudel and Bokoch, 1997; Graves et al., 2001; Lian et al., 2001).  Therefore family 

members may have similar functional properties but may respond to varied stimuli. 

5.2.2  MST1/2 Nuclear Localisation 

MST1 has been implicated in chromatin condensation, a process that occurs 

exclusively in the nucleus (Ura et al., 2001a).  Moreover, full-length MST1 is 

excluded from the nucleus and localised to the cytoplasm. Two functional nuclear 

export signals (NESs) in the carboxyl-terminal domain of MST1 have been identified; 

NES1 -361LPSQLGTMVI370 and NES2 –441VEDLQKRLLAL451 (Ura et al., 2001b). 

These authors demonstrated that truncation of the carboxyl-terminal domain, point 

mutation of the two putative NESs, and treatment with leptomycin B, an inhibitor of 

the NES receptor, results in nuclear localisation of MST1 (Ura et al., 2001b). 

Transfection studies using MST1(1-487) and a carboxyl-terminal MST1(331-487) 

fragment containing the putative NES sequences localised exclusively in the 

cytoplasm, whilst mutation of both NESs resulted in nuclear retention.  Yet, an 

amino-terminal MST1(1-330) fragment lacking the NESs was found localised in the 

nucleus and cytoplasm (Ura et al., 2001b), indicating that a nuclear localisation 

sequence or nuclear anchor in the carboxyl-terminus is also present (Ura et al., 

2001b).  In fact MST1 contains a bipartite nuclear localisation signal-like motif in the 

carboxyl-terminus 469KRQPILDAIEAKKRRQQ485 (Ura et al., 2001b).  The location 

of the NESs is significant, particularly since cleavage activates MST1 kinase several 

fold. The full effects of MST1 kinase hyperactivity in the nucleus have yet to be 
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determined but are likely to result in activation of processes beyond chromatin 

condensation under different circumstances. 

5.2.3  Non-Apoptotic Functions Of MST1/2 

In addition to the activation of MST1, it is likely that the removal of the 

regulatory domain of MST1 contributes to other functions of the kinase, particularly 

as it mediates homo- and heterodimerisation and inhibits kinase activity.  The 

presence of a putative nuclear exclusion sequence, as well as a bipartite nuclear 

localisation motif in the carboxyl-terminus further supports this notion (Graves et al., 

2001; Ura et al., 2001b).  Consequently, “substrate specificity, subcellular localisation 

and protein-protein interactions, are also likely to be influenced by the cleavage of 

MST1 by caspases” (Graves et al., 2001).  Of particular interest and relevance to this 

study is the recent detection of a novel 33 kDa quiescence-activated kinase (p33QIK) 

(Wang and Fecteau, 2000).  Active during the quiescent phase of growth-arrested 

cells, p33QIK is readily deactivated upon cell cycle re-entry during the G0/G1 transition 

requiring new synthesis of regulatory proteins for deactivation (Wang and Fecteau, 

2000).  Moreover, p33QIK is recognised by anti-MST antibodies, and thus appears to 

represent a novel proteolytic product of MST1/2 distinct from the 36 kDa caspase 

cleaved derivative (Wang and Fecteau, 2000). Alternatively, p33QIK may represent an 

alternatively spliced product of the MST1/2 genes (as hypothesised in chapter three), 

or even a separate gene product altogether (Wang and Fecteau, 2000; Graves et al., 

2001). 

Also it is important to emphasize that, in addition to proteolytic activation 

during apoptosis, MST is likely to be regulated in a caspase-independent manner by 

stimuli that do not induce apoptosis (Graves et al., 1998).  This has been demonstrated 

by the identification of a 56 kDa serine/threonine kinase rat homolog of human MST2 

that is able to phosphorylate thyroid transcription factor-1 (TTF-1) exclusively on 

serine residues in thyroid cells (Aurisicchio et al., 1998).  MST2 in this case may 

drive lineage specific determination as TTF-1 is a homeodomain-containing 

transcription factor, required for thyroid specific expression of the thyroglubulin and 

thyroperoxidase genes, as well as for lung-specific expression of other genes 

(Aurisicchio et al., 1998).  Similarly, Sun and Ravid (1999) reported that MST1 is 
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involved in differentiation of megakaryocytes, the precursors to platelet cells in the 

blood.  Megakaryocytes undergo endomitotic cell cycles, which are slightly different 

from the usual mitotic cell cycle in terms of the length of the different phases; these 

endomitotic cell cycles are involved in the maturation of megakaryocytes. The 

signalling pathway for differentiation involves the Mpl receptor, which is activated by 

thrombopoietin.  Sun and Ravid (1999) noted that MST1 is activated following 

thrombopoietin binding to the Mpl receptor, resulting in the induction of 

megakaryocytic differentiation markers and proteins that cause polyploidy. The 

MST1 mediated polyploidy required activation of the p38 MAPK pathway, unlike the 

expression of differentiation markers that was p38 MAPK independent.  Western 

analysis of MST1 expression in megakaryocytes under both inducing and 

noninducing conditions showed the absence of a caspase cleavage product (Sun & 

Ravid, 1999).  Thus one important difference between the reported functions of MST 

is that whereas cleavage results in increased activation of MST1 within the apoptotic 

pathway, caspase cleavage is not required for megakaryocyte differentiation nor for 

TTF-1 induced gene expression, both of which lead to cellular lineage restriction. 
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5.3 Aim 

Given that the MST2 kinase clone obtained from the library screen (Chapter 

three) lacked the first 150 bp of sequence including part of the open reading frame, 

that MST2 and MST1 kinase are highly conserved at the amino acid level (refer 

Appendix IV), and that published data for MST1 also largely applies to MST2, we 

used our full-length MST1 clone for protein expression studies.  MST1 was used to 

generate a kinase dead MST1 mutant (MST1K59R), a caspase-3 insensitive mutant 

(MST1D326N), and an MST1 double mutant (MST1K59RD326N) that is kinase dead 

and insensitive to caspase cleavage.  Mutant constructs were to be tagged with a 

FLAG epitope to allow differential recognition of endogenous MST1 and exogenous 

MST1.  Recombinant proteins were to be used for stable transfection of OLF442 

during differentiation in concert with an inducible mammalian expression vector, to 

determine the effect/s of the various mutants during normal OLF442 growth and 

during differentiation. These in-vitro experiments were designed to test the 

hypothesis that the MST subfamily is involved in important cellular functions besides 

mediating apoptosis. 
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5.4 Methods  

5.4.1  Mutant Primer Design 

PCR based mutagenesis requires the presence of suitable restriction enzyme sites that 

are in close proximity to the site of mutation for cloning of PCR products.  Primer 

design was done using the Primer3 output at http://www.genome.wi.mit.edu/cgi-

bin/primer/primer3.  Candidate primers containing a suitable restriction enzyme site 

and satisfying primer melting temperature (Tm) and size restrictions were analysed 

against the non-redundant database using the nucleotide-nucleotide blast (blastn) 

program to confirm MST1 specificity and uniqueness.  The mutagenic sites were then 

incorporated into the suitable primers as outlined.  MST1 kinase contains a critical 

lysine residue (K59) required for ATP binding that is necessary for full kinase activity 

(Creasy et al., 1996). The kinase mutant (MST1K59R) contains an arginine 

substitution at this residue rendering the kinase inactive.  A mutagenic primer 

designated MST1K59RF (31 mer) was designed to convert the AAG lysine codon to 

the highest occurring arginine codon (AGG) in murine coding sequences.  The primer 

also incorporated Msc I, a unique restriction enzyme site that cleaves MST1 once and 

does not cleave pBluescript II KS(+) [pBSKS(+)] vector.  A downstream primer 

1mMST2R designed previously for sequencing MST was utilised in the mutatgenic 

PCR amplification.  Likewise, the aspartic acid residue (D326) within the caspase-3 

cleavage site of MST1 at 323DEMD326S was substituted with asparagine, resulting in 

resistence to proteolytic cleavage (Graves et al., 1998).  A mutagenic primer 

designated MST1D326NR (27 mer) was designed to convert the aspartic acid codon 

(GAT) to the asparagine codon (AAT).  The primer was designed to incorporate the 

Taq I restriction enzyme site that cleaves MST1 three times, as no other suitable 

restriction enzyme was found that did not cut pBSKS(+) vector.  An upstream primer 

1mMST2F designed previously for sequencing MST was utilised in the mutatgenic 

PCR amplification as described below. 
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5.4.2  Construction Of A Kinase Dead MST1 Mutant 

MST1.pGEM-T Easy (refer Section 3.4.4) was PCR amplified using MST1K59RF, 

1mMST2R, 200 µM dNTPs, 1.5 mM MgCl2, 1X PCR buffer and 2 units AmpliTaq® 

polymerase (Perkin Elmer) in a final reaction volume of 50 µL, in thin walled PCR 

tubes.  An equal volume of autoclaved mineral oil (Sigma) was layered on top of the 

reaction mixture and the samples were placed in an OmniGene thermal cycler to 

proceed through the following PCR program: thirty cycles of denaturation at 95ºC x 1 

min, annealing at 70ºC x 1 min and extension at 72ºC x 1 min, preceded by a 5 min 

incubation at 95ºC and followed by a 5 min extension at 72ºC.  The PCR products 

were digested with Msc I and Nde I (Section 2.3.4.6).  Further, MST1.pGEM-T Easy 

was digested with Not I (Section 2.3.4.6) to excise the entire MST1 clone and 

pBSKS(+) was also digested with Not I and treated with 1 unit of calf intestinal 

alkaline phosphatase (CIAP, Gibco BRL®) at 37ºC for 5 min.  All digested samples 

were resolved on a 1.5% agarose gel (Section 2.3.2.9), following which the Msc I/Nde 

I mutagenic MST1 amplified band, Not I digested MST1 fragment and CIAP treated 

Not I digested pBSKS(+) plasmid were gel extracted (Section 2.3.3.1.2), and 

quantitated by spectrophotometry; an optical density of 1 at an absorbance 

wavelength of 260 nm corresponds to 50 µg/mL of double stranded DNA (Sambrook 

et al., 1989).  The Not I MST1 fragment was subcloned into Not I digested pBSKS(+) 

at a 1:6 (vector:insert) ratio as follows: a 10 µL ligation reaction was set up with Not I 

digested pBSKS(+) (250 ng), 1 µL 10X T4 DNA ligase buffer and 1 µL of T4 DNA 

ligase (3 Weiss units/1 µL, Boehringer Mannheim) and 750 ng of Not I digested 

MST1 insert.  Ligations were incubated at room temperature for 1 hr.  Two µL of the 

ligation was used to transform supercompetent XL10-Gold cells as described (Section 

3.3.3.2).  MST1.pBSKS(+) was then digested with Msc I/Nde I to produce two 

fragments, one of 4 kb in size and an MST1 internal fragment of 500 bp 

corresponding to the Msc I/Nde I mutagenic MST1 amplified band. The wildtype 

Msc I/Nde I fragment was replaced with the mutagenic Msc I/Nde I fragment by 

cloning as described above.  The resulting MST1K59R construct in pBSKS(+) was 

sequenced (Section 2.3.4.7) to confirm the presence of the mutation and used to 

subclone into the mammalian expression plasmid (Section 5.4.5). A schematic 

outline of the MST1K59R mutant cloning strategy is illustrated below (Figure 5-1). 
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Figure 5-1  Schematic illustration of the MST1 kinase dead (MST1K59R) cloning strategy. 

Cloning of the MST1K59R mutant in the pMEP4 mammalian expression vector containing a FLAG 
TAG, involved several sub-cloning steps to accommodate single site cleavage with the required 
restriction enzymes. 
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5.4.3  Production Of A Caspase-3 Insensitive MST1 Mutant 

MST1.pGEM-T Easy (refer Section 3.4.4) was PCR amplified using 1mMST2F, 

MST1D326NR, 200 µM dNTPs, 1.5 mM MgCl2, 1X PCR buffer and 2 units 

AmpliTaq® polymerase (Perkin Elmer) in a final reaction volume of 50 µL, in thin 

walled PCR tubes.  An equal volume of autoclaved mineral oil (Sigma) was layered 

on top of the reaction mixture and the samples were placed in an OmniGene thermal 

cycler to proceed through the following PCR program: thirty cycles of denaturation at 

95ºC x 1 min, annealing at 70ºC x 1 min and extension at 72ºC x 1 min, preceded by a 

5 min incubation at 95ºC and followed by a 5 min extension at 72ºC.  The PCR 

product was sequentially digested with Nde I, followed by Taq I (Section 2.3.4.6) and 

was resolved on a 1.5% agarose gel (Section 2.3.2.9) and gel extracted (Section 

2.3.3.1.2).  This MST1D326N Nde I/Taq I fragment was used to replace the 

homologous wildtype fragment lacking the D326N mutation.  Taq I was the only 

restriction enzyme in close enough proximity to the caspase cleavage site to be 

mutated that cleaved MST1 less than three times and that did not cut the pBSKS(+) 

vector. It was therefore used for PCR fragment cloning of MST1D326N, however, 

Taq I cleaved MST1 in two locations.  Thus a Taq I/Bcl I MST1 fragment was 

prepared.  MST1.pBSKS(+) was digested with Not I and Taq I and separated on a 

1.5% agarose gel generating three fragments of 1.1 kb, 359 bp and 100 bp in size in 

addition to the plasmid fragment.  The Not I/Taq I MST1 359 bp fragment was further 

digested with Bcl I and run on a 12.5% DNA non-denaturing page (Section 2.3.3.1.3) 

resulting in a 113 bp and 246 bp fragments.  The 113 bp Taq I/Bcl I MST1 fragment 

was gel excised (Section 2.3.2.13) and used in a three-way ligation as described 

below.  Nde I and Bcl I digested MST1.pBSKS(+), along with the 324 bp 

MST1D326N Nde I/Taq I fragment, and the 113 bp Taq I/Bcl I MST1 fragment were 

ligated at a vector insert ratio of 1:6:9 respectively, with 3 units of T4 ligase.  The 

ligation was incubated at 4ºC and phenol: chloroform extracted (Sambrook et al., 

1989).  The purified ligation reaction was resuspended in 2 µL of MQH2O, the entire 

volume of which was used to transform supercompetent XL10-Gold cells as described 

(Section 3.3.3.2).  The resulting MST1D326N construct in pBSKS(+) was sequenced 

(Section 2.3.4.7) to confirm the presence of the mutation and used to subclone into the 

mammalian expression plasmid (Section 5.4.5).  A schematic outline of the 
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MST1D326N mutant cloning strategy is illustrated in Figure 5-2. 

5.4.4  	Production Of An MST1 Kinase Dead – Caspase-3 Insensitive Double 
Mutant 

The MST1K59RD326N double mutant was made in much the same way as the 

caspase insensitive mutant described above.  However the three way ligation was 

done with Nde I/Bcl I digested MST1K59R.pBSKS(+) instead of with the Nde I/Bcl I 

digested MST1.pBSKS(+), along with the 324 bp MST1D326N Nde I/Taq

fragment, and the 113 bp Taq I/Bcl I MST1 fragment which were ligated at a vector: 

insert ratio of 1:6:9 respectively, with 3 units of T4 ligase. The purified ligation 

reaction was resuspended in 2 µL of MQH2O, and the entire volume was used to 

transform supercompetent XL10-Gold cells as described (Section 3.3.3.2). The 

resulting MST1K59RD326N construct in pBSKS(+) was sequenced (Section 2.3.4.7) 

and used to subclone into the mammalian expression plasmid pMEP4 FLAG (Section 

5.4.5).  A schematic outline of the MST1K59RD326N mutant cloning strategy is 

illustrated below (Figure 5-2). 

5.4.5  Construction Of Mammalian Expression Plasmids 

MST1.pBSKS(+), MST1K59R.pBSKS(+), MST1K59RD326N.pBSKS(+), and 

MST1D326N.pBSKS(+) were all digested with Not I (Section 2.3.4.6), resulting in 

the excision of MST1 which was ligated into pMEP4FLAG (generously donated by 

Wayne Schroder) previously digested with Not I and CIAP, using T4 DNA ligase and 

a vector: insert ratio of 1:3.  Ligations were incubated overnight at 4ºC following 

which 2 µL of the reaction was used to transform supercompetent XL10-Gold cells as 

described (Section 3.3.3.2).  The resulting constructs cloned in pMEP4FLAG were 

sequenced (Section 2.3.4.7) to confirm that they were in frame and juxtaposed to an 

amino terminal FLAG epitope (MDYKDDDDK). The MST1.pMEP4FLAG 

constructs (Figure 5-1 and Figure 5-2) were used in mammalian expression studies as 

outlined below. 

 I 
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Figure 5-2  Schematic illustration of the MST1 caspase insensitive (MST1D326N) and double 
mutant (MST1K59RD326N) cloning strategy. 

Cloning of the MST1D326N and MST1K59RD326N mutants into the pMEP4FLAG mammalian 
expression vector involved a three-way ligation and several sub cloning steps. 
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5.4.6  OLF442 Stable Cell Line Generation 

OLF442 cells were cultured in 25cm2 flasks to 80% confluency with 10% 

FCS/DMEM/GLUT complete medium (Section 2.3.1.1), and fed 2 hr prior to 

transfection with half the volume of fresh medium.  Two µg of each plasmid 

(MST1.pMEP4FLAG, MST1K59R.pMEP4FLAG, MST1D326N.pMEP4FLAG, and 

MST1K59RD326N.pMEP4FLAG) was diluted in 100 µL of 1%BSA/DMEM/ 

GLUT, as was 12.5 µL of Lipofectamine (Gibco BRL®). Both the plasmid and 

Lipofectamine solutions were combined and mixed for each construct and incubated 

at room temperature for 45 min. Cells were rinsed with HBSS twice, followed by a 

final rinse with 1%BSA/DMEM/GLUT, at which time 800 µL of serum free media 

(1%BSA/ DMEM/GLUT) was added to the DNA/Lipofectamine complex and then 

added to separate cell culture flasks.  Cells were incubated at 37º C with the 

DNA/Lipofectamine complex and were gently rocked every hour over a period of 

4 hr.  Each cell culture flask was supplemented with 10% FCS/DMEM/GLUT 

complete medium and incubated for 24 hr.  Cultures were passaged into three 25cm2 

flasks for selection of transfected cells with hygromycin B (Gibco BRL®). A kill 

curve was established with varying concentrations (0-900 µg/mL) of hygromycin B in 

complete medium.  Cultures were examined daily until complete cell death was 

observed; OLF442 cultures were not resistant to hygromycin B concentrations above 

600 µg/mL.  Thus transfected cultures were treated with 600 µg/mL hygromycin B 

for a period of 14 days, resulting in the generation of 1-3 resistant colonies within a 

flask.  Hygromycin concentration was decreased to 150 µg/mL to allow expansion of 

the colony.  Cultures were maintained and passaged as described (Section 2.3.1.1) 

with the inclusion of hygromycin B in the media. 

5.4.7  Induction Of Exogenous Protein Expression 

Stable cell lines were maintained for up to 3 months during which time exogenous 

protein expression was induced with cadmium chloride (CdCl2, Sigma) diluted in the 

appropriate media.  A recommended concentration of 5µM CdCl2 was used for 

induction of expression over a number of time scales (1, 4, 8, and 24 hr) prior to 

fixation of cells for DAPI staining or immunocytochemistry (see below). 
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5.4.8  OLF442 DAPI Staining 

The fluorescent dye 4’,6-Diamidine-2’-phenylindole dihydrochloride (DAPI, Roche 

Diagnostics Australia PTY LTD, Castle Hill, NSW, Australia) selectively binds DNA 

and forms fluorescent complexes, allowing the detection of apoptosis and 

mycoplasma contamination.  Stable OLF442 cultures were plated onto 60 mm2 tissue 

culture dishes (Nunc) at the appropriate density: 30 cells/mm2 for 10% FCS treated 

cells and 90 cells/mm2 for 1% BSA treated cells for 48 hr cultures; 60 cells/mm2 for 

10% FCS treated cells and 90 cells/mm2 for 1% BSA treated cells for 24 hr cultures; 

and 90 cells/mm2 for 1% BSA treated cells and 10% FCS treated cells for 1, 4 and 8 

hr cultures.  Prior to serum depletion cells were induced with 5µM CdCl2 (diluted in 

10%FCS/DMEM/GLUT or 1%BSA/DMEM/GLUT) for 8 hr, at which time the 

appropriate media lacking CdCl2 was added and incubated for 48 hr. Cells were fixed 

with 1% (v/v) paraformaldehyde (Sigma) in PBS for 20 min at room temperature and 

permeabilised with 0.1% (v/v) Triton X-100 (Sigma) in PBS for 5 min.  Endogenous 

fluorescence was quenched with 1.5 mg/ml glycine (Sigma) in PBS for 10 min and 

cells were washed twice with PBS, then stained with 0.1 µg/µL DAPI in methanol for 

10 min at room temperature in the dark.  Cells were washed twice with methanol for 

10 min and mounted with Vectashield (Australian Lab Services, Homebush, NSW, 

Australia) to prevent loss of fluorescence. 

5.4.9  OLF442 Immunocytochemistry 

Cells plated and induced as outlined above were processed for immunofluorescence 

microscopy 48 hr post-serum depletion.  Briefly, cells were washed three times with 

ice-cold PBS, fixed in 4% (v/v) paraformaldehyde in PBS at room temperature for 30 

min, permeabilised with 0.2% (v/v) Triton X-100 in PBS for 10 min, and incubated in 

blocking solution (1% [w/v] BSA, 0.3% [v/v] Triton X-100 in PBS) for 1 hr at room 

temperature.  FLAG-MST1 and mutant recombinant proteins were visualised with 

anti-FLAG M2 mouse monoclonal antibody (1:250 - Sigma).  Primary antibodies 

were diluted in blocking solution and incubated overnight at 4°C with permeabilised 

cells.  Cells were then washed three times for 10 min at room temperature with 

blocking solution, followed by incubation with the appropriate secondary antibody, 
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Alexa 488 goat anti-mouse (1: 500 - Molecular Probes, Eugene, Oregon, USA). 

Finally, cells were rinsed three times with PBS for 10 min each and mounted with 

coverslips and Vectashield fluorescent mounting media.  Fluorescent images were 

recorded using a BioRad Radiance 2000 confocal microscope using LaserSharp 2000 

imaging software. 
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5.5 Results 

5.5.1  Expression Of Recombinant MST1 Constructs 

The MST1 structure is schematically shown in Figure 5-3, along with the 

kinase dead mutant (MST1K59RFLAG), the caspase-3 insensitive mutant 

(MST1D326NFLAG), and the double mutant (MST1K59RD326NFLAG).  All 

mammalian expression plasmids encoding the various mutant constructs contained the 

correct mutant conversions and were all in frame with the upstream FLAG tag. 

Figure 5-3  Schematic representation of MST1 constructs used for mammalian expression 
studies. 

5.5.2  Exogenous MST1 Expression Does Not Induce Apoptosis 

Stable cell lines of OLF442 were generated with an inducible mammalian 

expression plasmid encoding various mutant MST1 constructs.  The very low 

transfection efficiency of OLF442 was the reason for generating stable cell lines as 

opposed to performing transient transfections.  Behrens et al. (2000) noted a 

transfection efficiency of less than 5% with either calcium phosphate coprecipitation 

or lipofectamine mediated transient transfection of OLF442.  The low transfection 

efficiency experienced with this cell line prompted the scale up in the transfection 

procedure. For that reason transfection of OLF442 was routinely done in 80% 

confluent 25cm2 flasks, from which only 1-3 colonies were observed to survive 
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antibiotic selection with hygromycin B.  The amplification of antibiotic resistant 

colonies generally occurred over a two-week period in reduced hygromycin B 

concentrations.  Stable cell lines were then treated with CdCl2 to induce recombinant 

protein expression and subsequently serum deprived to induce differentiation. 

Induction was done prior to serum deprivation, as concomitant treatment often 

resulted in cell death.  Untreated control OLF442 cultures containing vector alone 

(pMEP4FLAG) exhibited signs of toxicity when exposed to CdCl2 concentrations 

above 5 µM and for treatment periods greater than 8 hr.  Stable OLF442 cultures were 

stained with the fluorescent dye DAPI, to view the nuclei of induced versus 

uninduced cells differentiated by serum deprivation.  Fluorescent well-formed nuclei 

were readily observed and indicated that cells attached to the culture vessel surface 

did not show signs of apoptosis (Figure 5-4). 

Figure 5-4  DAPI stained nuclei of stable OLF442 cell lines expressing exogenous recombinant 
MST1 constructs. 

Well-formed fluorescent nuclei were readily observed in cells that remained attached to the surface of 
the culture vessel indicating the absence of apoptosis in these cells.  Scale bar = 20 µm 
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5.5.3  Localisation Of Exogenous MST1 During OLF442 Differentiation 

Overexpression of recombinant FLAG tagged MST1 constructs in stable 

OLF442 cell lines induced with CdCl2 and detected with anti-FLAG M2 mouse 

monoclonal antibody revealed several interesting features.  Preliminary immuno

cytochemical results show that expression of the FLAG tag alone does not affect the 

morphology of either undifferentiated (FCS) or differentiated (BSA) OLF442 

cultures.  Flag tag is diffusely localised throughout the cells and no significant 

morphological changes are observed in these cultures (Figure 5-5, FCS FLAG and 

BSA FLAG) as compared to untransfected uninduced OLF442 cells (Figure 1-7). 

However, recombinant MST1FLAG clearly associates with cytoplasmic structures, as 

the localisation of MST1FLAG appears organised and could reflect association with 

the cytoskeleton in serum complete (FCS) cultures, which also appear to contain 

much longer processes (Figure 5-5, FCS MST1FLAG) than wildtype OLF442 cells. 

In contrast, MST1FLAG assumes a peripheral localisation in differentiated OLF442 

cells grown in serum deplete (BSA) medium.  These cultures exhibit a morphology 

that is characteristic of wildtype differentiated OLF442, containing mostly bipolar 

cells with very long processes (Figure 5-5, BSA MST1FLAG). 

Undifferentiated (FCS) OLF442 cells expressing the kinase dead mutant 

(MST1K59RFLAG) did not acquire long processes, instead these cells had a 

morphology reminiscent of untransfected uninduced cultures, even though the 

localisation of MST1 with some cytoplasmic structures was maintained (Figure 5-5, 

FCS MST1K59RFLAG), indicating that the kinase activity of MST1 is important for 

process formation. On the other hand, kinase dead MST1K59RFLAG mutant 

overexpression did not affect differentiated (BSA) OLF442 cultures.  These cultures 

contained bipolar cells with long processes and the exogenous protein remained 

localised to the cell periphery (Figure 5-5, BSA MST1K59RFLAG).  Overexpression 

of the caspase-3 insensitive mutant (MST1D326NFLAG) in undifferentiated (FCS) 

cultures resulted in a morphology that paralleled that seen with the induction of 

MST1FLAG, that is, the generation of long processes. However, localisation of the 

recombinant protein to the ordered cytoplsmic structures was less obvious, instead 

protein was mostly present at the cell periphery (Figure 5-5, FCS 



Chapter 5 155 

MST1D326NFLAG).  In the differentiated (BSA) cultures the MST1D326NFLAG 

caspase-3 insensitive mutant did not result in any significant differences in cell 

morphology (Figure 5-5, BSA MST1D326NFLAG) as compared with the induction 

of MST1FLAG.  Although the staining appeared more cytoplasmic and localisation to 

the cell periphery was less obvious.  Furthermore, the cytoplasmic structures that 

MST1FLAG appears to associate with in OLF442 where not characterised in this 

study, however double staining with members of the cytoskeleton could confirm 

whether or not these structures are actin stress fibres. 
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Figure 5-5  Stable OLF442 cell lines induced with cadmium chloride express exogenous 
recombinant FLAG tagged MST1 constructs. 

FLAG tagged MST1 and mutant constructs were highly expressed in OLF442 cultures induced with 
cadmium chloride, as observed by immunocytochemistry with anti-FLAG M2 mouse monoclonal 
antibody, n=2.  Scale bar = 20 µm 
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5.6 Discussion 

A role for MST kinase in neuronal differentiation has not previously been 

demonstrated, however non-apoptotic MST activities have been described elsewhere. 

These include the phosphorylation of the transcription factor Nkx 2.1 by MST2 

(Aurisicchio et al., 1998), and the induction of lineage-specific cellular programming 

of megakaryocytes to produce platelets by MST1 (Sun and Ravid, 1999).  Further, 

apoptosis does not appear to be an active process following MST1 overexpression of 

differentiating OLF442 neuronal cultures as demonstrated by DAPI staining.  Thus it 

is likely that this kinase participates in the morphological signalling process that 

accompanies neuronal differentiation. 

Preliminary experiments show that overexpression of recombinant 

MST1FLAG in OLF442 cultures maintained in serum complete medium (FCS) 

induced the formation of long processes, not characteristic of wildtype OLF442. The 

recombinant protein was observed with the monoclonal anti-FLAG antibody to 

localise with ordered cytoplasmic structures.  In contrast, the kinase dead mutant 

(MST1K59RFLAG) did not acquire long processes and the morphology of these cells 

was similar to that of untransfected uninduced cultures. The persistence of 

MST1K59RFLAG localisation with cytoplasmic structures may indicate that the 

kinase activity of MST1 is centrally involved in process formation. However, the 

overexpression of the caspase-3 insensitive mutant (MST1D326NFLAG) resulted in a 

morphology that paralleled that seen with the induction of MST1FLAG, including the 

generation of long processes in undifferentiated (FCS) cultures.  The localisation of 

the recombinant protein to ordered structures within the cytoplasm was less obvious 

in these cultures; the protein was mostly present at the cell periphery with some 

puncta visible in the cytoplasm.  Possibly the caspase-3 cleavage site is important in 

regulating the localisation of MST1.  Cleavage by caspase-3 would yield the tagged 

amino-terminal kinase domain [MST1(1-326)FLAG] that may preferentially associate 

with cytoskeletal structures, whilst full-length MST1FLAG may associate with 

structures at the cell periphery.  The absence of the two nuclear export signals from 

the tagged amino-terminal kinase domain may result in localisation to the nucleus as 

shown by an amino-terminal MST1(1-330) truncation mutant (Ura et al., 2001b). 

Yet, most of the fluorescence in this study was cytoplasmic with no evidence for 
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nuclear localisation of MST1.  Regulation of MST localisation has been reported 

elsewhere (Lee et al., 1998a), and appears to rely on the removal of the carboxyl-

terminal domain as noted here. In addition, comparison of MST1FLAG 

overexpression in OLF442 cultures maintained in serum complete medium (FCS) and 

serum deplete medium (BSA) suggests that MST1 may put in motion the necessary 

cascade of events that drives differentiation, particularly as the morphology of these 

cells begins to resemble that of differentiated OLF442. 

The differentiated serum deprived OLF442 cultures proved to be less 

informative with regards to identifying key cellular processes affected by exogenous 

MST1 and mutant MST1 overexpression.  This may in part be due to the masking 

effects of serum deprivation, particularly since this treatment likely activates parallel 

processes required for OLF442 differentiation.  Nevertheless, overexpression of the 

various MST1 constructs in OLF442 cultures subsequently induced to differentiate by 

serum deprivation did not produce any significant changes in either cell morphology 

or protein localisation.  Expressed MST1 recombinant proteins were localised to the 

outer cell membrane of differentiated OLF442 cells, which contained very long 

bipolar processes.  Furthermore, the survival of these cells further strengthens the 

non-apoptotic role of MST1 in neuronal cells. 

The regulation of MST kinase is likely to be intricate given that both MST1 

and MST2 can be cleaved by caspase-3 at the DELDS cleavage site producing a 36 

kDa protein that has greater kinase activity than the full-length transcript (Graves et 

al., 2001).  In addition, the suggestion that MST1 is active in quiescent cells but 

inactivated in proliferating cells is consistent with the fact that EGF treatment of 

NIH3T3 cells inhibits MST activity (Creasy and Chernoff, 1995b). A cytostatic role 

has also been suggested for the Ste20 homologous proteins PAK-2, and HPK1, which 

are also caspase targets (Walter et al., 1998; Liou et al., 2000).  MST may possibly 

transduce a different signal depending on its mechanism of activation.  “According to 

this model MST1 activated phosphorylation/dephosphorylation in response to non

apoptotic stimuli would regulate a specific cellular process.  However, in response to 

apoptotic stimuli involving both cleavage and phosphorylation, MST1 would 

contribute to the induction or progression of apoptosis” (Graves et al., 2001). 
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Limitations of the experimental protocol employed in this study primarily 

arise from the use of CdCl2 to induce MST expression in OLF442 cultures.  Cadmium 

is a toxic metal that can damage numerous cellular processes and result in both 

necrotic and apoptotic cell death (Lopez et al., 2003).  A study of rat cortical neurons 

showed uptake of CdCl2 in a dose and serum dependent manner, with concentrations 

from 1 µM or 10 µM (depending on the absence or the presence of serum) up to 100 

µM resulting in a decrease of cellular metabolic activity (Lopez et al., 2003). 

Furthermore, cadmium-induced apoptosis is accompanied by caspase-3 activation in 

serum-free medium.  Whilst apoptosis was not observed in this study variations in cell 

growth were observed between culture conditions making results difficult to interpret. 

Ideally an inducible expression vector utilising a non-toxic molecule to mediate 

protein expression would alleviate some of the irregularities observed between 

cultures and experiments in this study.  Additionally, a study by Graves et al. (1998) 

revealed that the protein expression levels of myc-tagged wildtype MST1 and the 

truncated MST1(1-330) mutant declined rapidly with time from 6 hr after transfection 

and was barely detectable by 48hr post transfection.  In contrast expression levels of 

the kinase dead MST1 mutant were relatively stable and no evidence of cleavage was 

observed (Graves et al., 1998).  In this study immunocytochemistry was done 48 hr 

post induction of expression and although immunofluorescence was detected it may 

have been wise to observe cells at earlier time points.  For this reason only 

preliminary data is shown and caution is used when interpreting observations from 

this work. 
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5.7 Conclusion 

Stable transfection of OLF442 cultures with MST1 constructs were induced 

successfully to express exogenous recombinant proteins with CdCl2. Although some 

differences between cultures were observed, this may have been due to the effects of 

CdCl2 particularly since untransfected cultures exposed to CdCl2 also showed similar 

variations (eg. reduced cell growth).  However, undifferentiated serum complete 

(FCS) cultures did provide some insight into the effects of MST1 recombinant protein 

overexpression. Key findings include; 1) localisation to cytoplasmic structures is 

dependent upon an active caspase-3 cleavage site and, 2) kinase activity at lysine 

residue 59 is required for long process formation of OLF442 cells grown in serum 

complete medium.  Although these findings are preliminary, MST1 appears to play a 

role in the morphological processes involved in differentiation and does not seem to 

induce apoptosis in OLF442 cultures. 
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6 GENERAL DISCUSSION
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6.1 Neuronal Differentiation: A Study Into Differential Gene Expression Of 
Olfactory Receptor Neurons 

The seminal work of Ramόn y Cajal at the turn of the century provided a 

platform upon which modern neuroscientists could further the understanding of 

neurons and establish a cellular framework of neuronal differentiation.  Although the 

neuronal doctrine which states that, each nerve fiber is the outgrowth of a single nerve 

cell and not the product of the fusion of many cells remains largely unchanged, one 

important objection came from Altman and Das (1965).  Together they challenged the 

belief that neurons were irreplaceable and coined the term neurogenesis, following 

their observations of rodents treated with [3H] thymidine to label dividing cells 

(Altman and Das, 1965). Since then numerous molecular processes have been 

detailed and are described by the term neuronal differentiation, which is controlled by 

endogenous and exogenous factors encompassing a complex array of signals 

emanating from the extracellular matrix and intracellular relay centres that regulate 

maturation, survival and apoptosis. 

This thesis proposed to identify genes involved in neuronal differentiation by 

utilising a clonal olfactory receptor neuronal cell line (OLF442). Gene expression 

levels were identified using differential display and oligonucleotide array technology 

before and after serum deprivation.  In the discourse to follow, particular emphasis is 

placed on intracellular signal transduction cascades, which communicate information 

from the external environment to the cell interior and which are ultimately responsible 

for transducing the external initiating signals to direct the morphological 

differentiation observed in neuronal cells. 

Differential display revealed two kinases whose expression levels were elevated 

during the differentiation of OLF442, identified as FAK related non-kinase (FRNK) 

and mammalian ste20 like (MST)2 kinase.  Analysis of the oligonucleotide array data 

confirmed the elevated expression of two of the fragments identified by differential 

display, ribosomal protein L3 and Fas binding protein Daxx. In Chapter 2 the 

microarray data is discussed in detail.  Briefly, genes involved in altering presentation 

of extracellular matrix molecules, in mediating cytoskeletal re-arrangements, in 
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ceasing the cell cycle and in promoting an adequate nuclear response were all 

identified.  Taken together this information corroborated the selection of OLF442 as a 

model for studying differentiation and provided the motivation to understand the 

cellular context of OLF442 and to determine the phosphorylation status of the 

mitogen-activated protein kinase (MAPK) signalling cascades. 

6.2 MAPK Signalling 

The MAPK superfamily utilises a conserved three-kinase cascade to amplify 

and deliver signals that originate at the cellular membrane by the use of multiple 

messengers whose activity is regulated by reversible phosphorylation and in some 

instances by irreversible proteolysis. The most intensely studied transduction 

cascades are composed of five evolutionarily conserved subfamilies (Weber, 1999), 

the ERK1/2 cascade, which preferentially regulates cell growth and differentiation 

(Pearson et al., 2001), the c-Jun N-terminal kinase (JNK/SAPK – stress activated 

protein kinase), and p38 MAPK cascades, that primarily function in response to 

environmental stress and inflammatory cytokines (Kyriakis and Avruch, 2001).  Of 

these subfamilies only two appeared to be involved during the differentiation of 

OLF442, the mitogenic ERK1/2 and stress responsive SAPK/JNK signal transduction 

cascades (Figure 4-1). 

Neuronal differentiation studies have previously reported the necessity of 

ERK phosphorylation for neuronal differentiation (Cowley et al., 1994; Seger and 

Krebs, 1995; Leppa et al., 1998; Tibbles and Woodgett, 1999).  In agreement with 

these studies, differentiation of OLF442 induced high level phosphorylation of 

ERK1/2 compared to undifferentiated OLF442 (Figure 4-1), without changing the 

total content of phosphorylated and unphosphorylated ERK.  Furthermore, the high 

level phosphorylation of ERK1/2 was resistant to inhibition of MEK1/2 with the 

specific inhibitor PD98059 indicating that MEK1/2 is not involved in phosphorylation 

of ERK1/2. Interestingly, there was a switch between preferential phosphorylation of 

MEK1 in undifferentiated OLF442 to preferential phosphorylation of MEK2 

following differentiation.  This switch between activated MEK1 and activated MEK2 

reflects previous observations that MEK isoforms can be differentially regulated in 
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different cell lines by common ERK regulators (Xu et al., 1997), and indicates that a 

unique signal is involved in OLF442 differentiation.  The present study also detected 

some high molecular weight proteins of unknown identity with the phosphorylated 

MEK1/2 and ERK1/2 antibodies. Furthermore, the identity of the MEK2 

immunoreactive band identified in this study may be questioned, particularly as 

inhibition of MEK1/2 was unable to inhibit ERK1/2 activation during OLF442 

differentiation.  Hence, it is possible that the immunoreactive band identified is very 

closely related to MEK2 and could represent a splice variant.  Isoforms of all 

components of the MAPK signalling module have been described and likely provide 

cells an increased repertoire of signalling molecules with which to respond to specific 

cues in different cell types (Yung et al., 2000; Yung et al., 2001). Detection of 

putative MAPK component isoforms was a recurring event in OLF442 as further 

detailed below. 

The expression of c-Raf, an upstream regulator of MEK was also analysed and 

not found to be significantly phosphorylated by differentiation.  However, as occured 

with the phospho-MEK and ERK antibodies, an unknown protein of a higher 

molecular weight, perhaps a c-Raf isoform, was induced by differentiation (Figure 

4-1).  Approximately 110 kDa in size, the Raf isoform identified in this study is 

consistent with the restricted expression of one of the larger B-Raf isoforms (99 kDa) 

whose expression occurs solely in the brain and spinal cord (Barnier et al., 1995). 

Whether the 110 kDa isoform is specific to olfactory neurons or OLF442 remains to 

be tested.  Importantly, B-Raf represents the main MEK activator in bovine brain 

(Yamamori et al., 1995) and differentiated PC12 cells (Traverse and Cohen, 1994), 

and could be responsible for the preferential phosphorylation of MEK2 in OLF442. 

Hagemann and Rapp (1999) found that initially Raf activation required the small G 

protein Ras, but that sustained activation of B-Raf, necessary for PC12 neuronal 

differentiation, was dependent on another small G protein, Rap1.  The following 

mechanism of activation is required for PC12 differentiation: cAMP phosphorylation 

of Rap1 displaces Ras binding to c-Raf, blocking its activation, and resulting in the 

sustained activation of B-Raf (Hagemann and Rapp, 1999).  Thus, a switch from c-

Raf to B-Raf signalling may also be responsible for the switch in MEK and ERK 

phosphorylation resulting in c-Jun activation as observed in OLF442 differentiation, 

complementing the transition from proliferation to differentiation which remains to be 
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tested (Figure 6-1). 

The transcription factor c-Jun, which is downstream of MAPK and a common 

substrate of both the ERK and SAPK/JNK signalling modules has been implicated in 

neuronal differentiation and survival.  For example, when PC12 cells are exposed to 

NGF, the ERK cascade is activated and c-Jun is phosphorylated (Leppa et al., 1998). 

In contrast, constitutively active c-Jun can induce differentiation independent of 

upstream signals, whereas c-Jun activation via the SAPK/JNK pathway results in 

apoptosis in differentiated neurons (Leppa et al., 1998).  The ability of c-Jun to induce 

survival in undifferentiated PC12 cells has yet to be described but my observations in 

OLF442 are instructive.  A novel MAPK module may be phosphorylated leading to 

activation of ERK1/2 by MEK2 (or a MEK2 splice variant), utilising B-Raf activation 

as observed in OLF442. 

Neuronal differentiation results from a synchronisation of multiple 

transduction cascades and cellular responses as evidenced by the microarray data. A 

protein that can synchronise signalling to several pathways and which participates in 

the morphogenetic processes that occur during development is the non-receptor 

protein tyrosine kinase, FAK.  Therefore the finding of the endogenous FAK inhibitor 

FRNK by differential display was intriguing particularly as there was no difference in 

the protein or mRNA expression level of FAK induced by differentiation.  In contrast 

to FAK, both the protein and mRNA expression level of FRNK was induced by 

differentiation.  This induced FRNK expression was derived autonomously because it 

was not responsive to the caspase-3 inhibitor, DEVD-CHO. This is particularly 

pertinent since the primary role of FRNK is to act as an inhibitor of FAK by 

competing with its substrates and reducing the phosphorylation of both FAK and 

other proteins bound in the focal adhesion complex.  Activation and association of the 

adaptor protein Shc with Grb2 mediates integrin and growth factor signalling to ERK 

in response to matrix adhesion or growth factor stimulation (Wary et al., 1998).  This 

process requires FAK participation in cells expressing B-Raf (Barberis et al., 2000), 

as Shc mediates early integrin-dependent ERK activation, whilst FAK, p130CAS (Crk

associated substrate), Crk, and Rap1 signalling mediates the late phase of ERK 

activation (Schlaepfer et al., 1998; Barberis et al., 2000).  In PC12 cells FAK 

participates in the transmission of signals emanating from GTK overexpression 
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resulting in increased process formation (Anneren et al., 2000), which is inhibited by 

inhibitors of the Rap1 pathway (Anneren et al., 2000).  Moreover, treatment of 

differentiated OLF442 cultures with PD98059 resulted in a marked decrease in the 

protein expression level of both FAK and FRNK.  Consequently MEK1/2 activation 

is important for high-level expression of FAK and FRNK during differentiation. 

Whether the inhibition of MEK1/2 limited neurite extension in OLF442 is unknown, 

as this was not quantitated, however it is apparent that, in contrast to PC12 cells, FAK 

and FRNK expression is dependent on MEK1/2 signalling.  This may occur by a 

cascade that functions independently of ERK1/2 activation but which requires an 

input signal from MEK1/2, as PD98059 treatment of OLF442 differentiation cultures 

still resulted in high-level phosphorylation of ERK1/2.  The elevated expression of 

FRNK may displace FAK and its binding partners disrupting signalling to 

downstream effectors, regulating or terminating the MAPK signals that initiated 

neuronal differentiation and neurite extension (Figure 6-1).  Investigation of the 

timing of FRNK expression during differentiation would help determine the necessity 

of deactivation of the sustained ERK signal that appears important for neuronal 

differentiation, particularly as c-Jun activation is important in regulating apoptosis in 

serum deprived and differentiated cells. 

6.3  MST Kinase 

The differential display also revealed the upregulation of another kinase 

following neuronal differentiation that had 90% homology with rat MST2 kinase 

within the 3′ UTR. Because there was no mouse MST2 sequence in the database I 

decided to obtain the full-length sequence of MST2 kinase mRNA (submitted to 

Genbank, accession number AY058922) and that of the closely related family 

member, MST1 kinase which was also cloned and sequenced.  Moreover, evidence to 

support an autonomously expressed carboxyl-terminal domain of MST2 kinase is 

presented in Chapter 3 and provides a unique way in which MST2 may regulate its 

own activity.  The cloning and sequence analysis of MST1/2 allowed further analysis 

of the role of MST in neuronal differentiation. To date MST has predominantly been 

implicated in apoptosis, with limited reports citing a role in the activation of TTF-1 

(Aurisicchio et al., 1998), megakaryocyte differentiation (Sun and Ravid, 1999) and 
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induction of quiescence (Wang and Fecteau, 2000). 

MST1/2 are serine/threonine protein kinases, which are not activated by 

commonly used mitogenic stimuli, but are activated by a subset of stress conditions 

and apoptotic agents.  They can be regulated by phosphorylation and proteolysis, but 

the MAPK pathways in which MST1/2 functions remains to be elucidated. The 

Ste20/PAK family of protein kinases to which MST belongs are necessary for 

morphological signalling (Daniels and Bokoch, 1999). The principle function of 

Ste20 is to regulate cell polarity during growth and in response to numerous 

extracellular signals by re-arranging the actin cytoskeleton which is crucial for 

various cellular processes including cell cycle transition.  To further understand the 

role of MST in neuronal differentiation, a series of stable OLF442 transfections (with 

mutant and wild-type MST contructs) were carried out.  MST appeared to localise 

with an ordered cytoplasmic structure reminiscent of actin stress fibres, indicating a 

potential cytoskeletal role during neuronal differentiation.  The inability of the 

caspase cleavage site mutant to localise to these structures indicates that cleavage at 

this site is important for this localisation.  Furthermore, lysine residue 59 is important 

for MST kinase activity and for the formation of long processes in cultures grown in 

serum complete medium.  These findings are preliminary, but indicate that MST1 

may play a role in the morphological processes involved in neuronal differentiation, 

and although there was no evidence for inducing apoptosis in OLF442 cultures, MST 

may be at the crossroads of integrating differentiation and apoptosis.  Particularly, 

since stress pathways have been shown to mediate effects in diverse biological 

processes including apoptosis, development and adaptation to environmental changes. 

Thus MST may be involved in signalling through the SAPK module whose 

concomitant activation alongside that of ERK results in neuronal differentiation, but 

whose activation in the differentiated mature neuron results in apoptosis (Leppa et al., 

1998). 

In conclusion, the cellular context of differentiating OLF442 cultures has been 

mapped and a novel MAPK module has been proposed.  This consists of FAK 

signalling through Rap1 to ERK providing sustained activation, which is buffered or 

terminated by the expression of the endogenous FAK inhibitor FRNK.  Furthermore, 

MST kinase may play a role in regulating the cytoskeletal re-arrangements that are 
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necessary for neuronal differentiation and neurite extension to occur. MST kinase 

may signal transiently via the SAPK pathway to provide concomitant activation of c-

Jun which is required for neuronal differentiation, in contrast to signalling via SAPK 

in post-differentiated neurons which results in apoptosis (Figure 6-1). 

Figure 6-1  A model of the MAPK components that may be required for neuronal differentiation. 

A summary of the MAPK signal transduction pathways that may be active during neuronal 
differentiation.  Featured cascades include ERK and SAPK. 
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Appendix I:  Reagents And Buffer Recipes 

Section 2.3.2.1  Total RNA Extraction 

Solution D (in MQ H2O) 
 4 M Guanidinium Thiocyanate (Sigma) 

 25 mM  Sodium Citrate, pH 7.0 (Sigma) 
  0.5%  Sarcosyl (Sigma) 

Add 0.1 M 2-mercaptoethanol (BioRad) prior to use 

TE Buffer 
10 mM Tris-HCl, pH 8.0 (ICN Biochemicals) 

1 mM EDTA (Sigma)


Section 2.3.2.3 RNA Integrity: RNA Formaldehyde Gel Electrophoresis 

RNA Sample Loading Buffer 
50% deionised Formamide, pH<8.0 (Sigma) 
1X MOPS buffer

 0.66 M (6%)  deionised 37% Formaldehyde, pH >4 (Sigma) 
5% Glycerol (ICN Biochemicals) 


  0.5%  Bromophenol blue (Sigma) 


Formamide, Deionized 
Add 50 mLs of Formamide to 5 gms mixed-bed resin (eg. anion/cation exchanger -Amberlite). 
Stir gently for ~30 mins until pH is below 8.0.  Filter solution through Whatman 3MM filter 
paper. For best results prepare fresh daily. Deionized formamide may also be aliquoted and 
stored @-20˚C. 

Formaldehyde, Deionized 
Is prepared as per that done for formamide but the pH should be greater than 4.0. 

10 X MOPS Buffer 
0.4 M Morpholinopropanesulfonic acid (ICN Biochemicals)

 0.1 M Sodium acetate-3H O (BDH Biochemicals)
2 

 10 mM  EDTA-Na -2H O 
2 2 

Adjust pH to 7.2 with NaOH 

Section 2.3.2.4  Isolation of mRNA 

Oligotex Suspension (Qiagen) 
10% (w/v) suspension (= 1 mg/10 µL) Oligotex particles in: 

10 mM Tris.Cl, pH 7.5 

500 mM NaCl 

1 mM EDTA 
0.1% SDS 
0.1% NaN 

3
 (sodium azide) 

Buffer OBB (Qiagen) 
20 mM Tris.Cl, pH 7.5 

1 M NaCl 
2 mM EDTA 
0.2% SDS 
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Wash Buffer OW2 (Qiagen) 
10 mM Tris.Cl, pH 7.5 


 150 mM NaCl 

1 mM EDTA 


Elution Buffer (Qiagen) 
5 mM Tris.Cl, pH 7.5 

Section 2.3.2.8  cDNA Integrity 

GAPDH forward primer 5'-ACAGTCCATGCCATCACTGCC-3' (Sigma GenoSys) 
GAPDH reverse primer 5'-GCCTGCTTCACCACCTTCTTG-3' (Sigma GenoSys) 

Section 2.3.2.9  PCR Product Analysis 

6X DNA Gel Loading Buffer 
0.25% Bromophenol Blue (Sigma) 


30% Glycerol (AJAX Chemicals) 

10mg/mL RNase A (Boehringer Mannheim) 


5X TBE 
225mM Tris Borate 


5mM EDTA 


Section 2.3.2.10  Differential Display (DD) PCR 

Degenerate Anchored Oligo DD-C [T11-CC/T11-AC/ T11-GC]

Arbitrary Oligo (W2) 5'-TGGATTGGTC-3'


Section 2.3.2.12  Sequencing Gel 

Formamide Loading Buffer 
95%  deinoized Formamide 

20 mM EDTA 

0.09%   Bromophenol blue (Sigma)

0.09%   Xylene cyanol FF (Sigma) 


 store @ 4˚C 

6% Denaturing Polyacrylamide Sequencing Gel Mix
 6% Acrylamide (BioRad) 

0.3% Bis-acylamide (BioRad) 
7 M Urea (Pharmacia) 
1X TBE 

  0.1% Ammonium Persulphate (APS, BioRad) 
0.035% N,N,N’,N’-tetra-methethylenediamine (TEMED, BioRad) 

30% Acrylamide (Store in dark bottle @ R/T)
 Acrylamide 29g (BioRad) 

 N,`N`-methylenebisacrylamide 1g (BioRad) 


H2O to 100mL 

 Heat solution to 37˚C to dissolve and filter sterilise. 


10% Ammonium persulphate (Store @ 4˚C)
 APS 1g 

H2O to 10 mL. 
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Section 2.3.4  PCR Product Cloning 

SOC Medium (100 mL) 
2.0 gm	 Bacto-tryptone (Gibco) 
0.5 gm Bacto-yeast extract (Gibco) 

 1 mL 1 M NaCl 


 0.25 mL	 1 M KCl

 1 mL 2 M Mg2+ stock, filter sterilised 

 1 mL 2 M glucose, filter sterilised (Sigma)


Add Bacto-tryptone, Bacto-yeast extract, NaCl and KCl to 97 mL of MQ H2O, stir to dissolve, 
autoclave and cool to room temperature.  Add 2 M Mg2+ and 2 M glucose to a final 
concentration of 20 mM, bring volume up to 100 mL and filter sterilise through a 0.2 µm 
filter. Final pH should be 7.0. 

LB plates with Ampicillin (AMP) 
Add 40gm LB agar (Gibco) to 1 litre of water. Autoclave. Allow the medium to cool to approximately 
60˚C before adding  AMP (100 µg/mL; Sigma) to a final concentration of 100 µg/mL.  Pour 25-30 mL 
of medium into 90 mm petri dishes.  Let stand until the agar sets, store at 4˚C. 

IPTG (0.1 M) 
1.2 g IPTG (Sigma) in 50 mL MQ H

2
O, filter sterilise and store at 4˚C. 

X-Gal (2 mL) 
100 mg X-gal (Sigma) in 2 mL N,N’-dimethyl-formamide. Cover with aluminium 
foil and store at -20˚C. 

LB AMP/IPTG/X-gal plates 
of 100 mM IPTG and 20 µLPrepare LB AMP plates as above and spread 100 µL of 

50 mg/mL X-gal over the surface of the plate and allow to absorb for 15-30 min at 
room temperature before use. 

Section 2.3.4.5.1  Plasmid Isolation - STET Preparation 

STET Solution 
8% Sucrose 

0.5% Triton X-100 (Sigma) 

20 mM EDTA pH 8.0 

50 mM Tris.HCl pH 8.0 


Section 2.3.5  Expression Analysis Of Differential Display Fragments 

20X SSPE 
  3 M NaCl

 0.2 M NaH2PO4-H2O 
 0.02 M EDTA-Na2
 Add dsH2O to 800 mLs adjust pH to 7.4 with NaOH
 Add dsH2O to make 1 L 

100X Denhardts Solution 
1 gm Polyvinylpyrrolidone (MW 40,000) (Sigma) 
1 gm Bovine Serum Albumin (Sigma) 
1 gm Ficoll 400 (Sigma) 

Add dsH2O to make 50 mLs and filter sterilise. Store @ 4°C 
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20X SSC
 3M NaCl 

0.3M Sodium Citrate Dihydrate (BDH Biochemicals) 
 Dissolve in dsH2O to 1 L 

Section 3.3.1 Mouse Olfactory Epithelium cDNA Library Screening 

XL1-Blue 
(endA1, gyrA96, hsdR17, lac-, recA1, relA1, supE44, thi-1, [F’ laclqZ M15, proAB, Tn10] 

E.Coli BM25.8 
R(supE44, thi (lac-proAB) [F’ traD36, proAB+, laclqZ M15] imm434 (kanR)P1 (cam ) hsdR 

(rk12 – mk12-) 

XL10-Gold 
(TetR (mcrA)183, (mcrCB-hsdSMR-mrr)173, endA1, supE44, thi-1, recA1, gyrA96, relA1, 
lac Hte [F’ proAB, laclqZ M15, Tn10 (TetR) Amy CamR] 

Section 3.3.2  Full-length MST Kinase Isolation From cDNA 

M13 (-40 universal) Primer 5'-GTTTTCCCAGTCACGAC-3' (Sigma GenoSys) 

SMART III Oligonucleotide 
5'-AAGCAGTGGTATCAACGCAGAGTGGCCATTATGGCCGGG-3' 

CDS III/3' PCR Primer 5'-ATTCTAGAGGCCGAGGCGGCCGACATG-d(T)30N-1N-3' 

5'-PCR Primer 5'-AAGCAGTGGTATCAACGCAGAGT-3' 

Section 3.3.3  Full-length Amplification Using Rat MST2 Kinase Primers 

rMST2F Primer 5'-GCTCTAGAATTCCATTCGGTCCCTCTTTC-3' 
(Sigma GenoSys) 

rMST2R primer 5'-CCTTGTGTCCTTAACTTCCTTCCTAGGGCCCCCT-3' 
(Sigma GenoSys) 

Section 3.3.4 Mouse MST2 Kinase Putative Sequence And Primer Design 

mMST2F Primer 5'-ATGGAGACCGTGCAGCTGAGGAAC-3' (Sigma GenoSys) 

mMST2R Primer 5'-GGCTGGGCTGGTGTTGTCAGAAGT-3' (Sigma GenoSys) 

Section 4.3.2  Protein Analysis 

Protein Extraction Buffer 
(Equal parts of Gel Loading Buffer and Suspension Buffer) 
Gel Loading Buffer 

0.1 M NaCl 
 10 mM Tris.HCl, pH 7.6 

1 mM EDTA, pH 8.0 
574 µM PMSF (Sigma) 

1X Complete Stock (Boehringer Mannheim) 
10 nM 	 Okadaic Acid (Sigma) 
1 mM Sodium Orthovanadate (Sigma) 
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Suspension Buffer 
0.1 M Tris.HCl, pH 6.8 

  50 mM DTT (Sigma) 

20%(v/v) Glycerol


10X SDS-PAGE Stacking Buffer
 310 mM Tris.HCl, pH6.8 


 0.25%(v/v) SDS


5X SDS-PAGE Separating Buffer 
  1.86 M Tris.HCl, pH8.8 


 0.5%(v/v) SDS


4% SDS-PAGE Stacking Gel
 4%(v/v) Acrylamide Stock Solution 

1X SDS-PAGE Stacking Buffer 
 0.03%(v/v) APS
 0.1%(v/v) TEMED 

10% SDS-PAGE Separating Gel 
10%(v/v) Acrylamide Stock Solution 

1X SDS-PAGE Stacking Buffer 
 0.03%(v/v) APS
 0.1%(v/v) TEMED 

5X SDS-PAGE Running Buffer 
 0.124 M Tris base (15g) 

0.96 M Glycine (72g) 

0.5% (v/v) SDS


Transfer Buffer 
 39 mM Glycine 

 48 mM Tris.HCl, pH 8.3 


0.04%(v/v) SDS

20% (v/v) Methanol 


Coomassie Destaining Solution 
30% (v/v) Methanol (AJAX Chemicals) 
10% (v/v) Acetic acid (AJAX Chemicals) 

Coomassie Staining Solution
 0.125% Coomassie Brilliant Blue (Sigma) 

30% (v/v) Methanol 
10% (v/v) Acetic acid 

10X TBS
 0.2 M Tris base
 1.5 M NaCl 

Section 5.4.1  Mutant Primer Design 

MST1K59R Primer 5'-GAGACTGGCCAGATTGTTGCAATCAGGCAAG-3' 
(Sigma GenoSys) 

MST1D326N Primer 5'-CTCGAACCATCGTGCCGGAATTCATTT-3' 
(Sigma GenoSys) 
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Appendix III:  MST1/2 mRNA Alignment 

Primer sequences are highlighted in green 
Other sites of interest are in bold and underlined 

1 60 

   humanMST1     (1) ------------------------------------------------------------ 
   mouseMST1     (1) ------------------------------------------------------------ 

Putative mouseMST     (1) ------------------------------------------------------------ 
   humanMST2     (1) ---------CCGCGGAGTTACGGGAAAGTTGGTCCGAGTTCCCAGAGTTTCCCTCTGTGG 
   mouseMST2     (1) GGAGATCCGCCGCGGAGTTACGTGAAAGTTGGTTCGAGTT---------TCCCGGTGTGA 

 ratMST2     (1) ------------------------------------------------------------ 
   Consensus     (1)   

61    120 
   humanMST1     (1) ------------------------------------------------------------ 
   mouseMST1   


Putative mouseMST   

   humanMST2   

   mouseMST2   


 ratMST2   


CC A GCA T 
GCTTTNT 

TAGGC CGGTGC--CCC CCTTT C
TTGCG GGCTGCTCCCG CCC ACG
TGGGC GGCTGCTCCCA TCC ACG

  (1) -------------------------------- GGGAGGATGG GCATTGAG GTC
  (1) ------------------------------------------------TTGAG
 (52) TGCCC TTCGGCC GGCTCCTTTCCT CGGCCTTCGC GTCC
 (52) T-CCC TTCGGCC GGCTCCTTTCCT TACGGCCTTC GTCC
  (1) ----G TTCGGCC GGCTCCTTTCCT TACGGCCTTC GTCC

   Consensus    (61)   T G  TTCGGCC G TGC  CC GGCTCCTTTCCT C TACGGCCTTCGC GTCC 

         First Kozak Signal
      rMST2F  mMST2F

  121     180 
CGGCTGCTGGC GGCCATGGAGACGGTAC TGAGG CGCCG GGCAG
CGGCTGCCGGC G-CCATGGAGACCGTGC TGAGG CACCGCGCAGGCAG 
CGGTTGCCGGC G-CCATGGAGACCGTGC TGAGG CACCGCGCAGGCAT 

A GGTCCCTCTCTCTGTC-CCGGCCGCCATGG AGCCG CGCCTAAGAGTAAA 
ATTCGG T CTGCCACCGGCCGCCATGG AGCCG CGTCCAAGAGTAAG
ATTCGGTCCCT CTGCCACCGGCCGCCATGG AGCCG CGCCCAAGAGTAAG

   humanMST1     (1) --C ATC AGC AACC CGCC
   mouseMST1    (29) GGG AGC AGC AACC

Putative mouseMST    (13) GGG AGC AGC AACC
   humanMST2   (110) CCA AGC CCGG
   mouseMST2   (111) CCCT CTTT AGC CCGG

 ratMST2    (57) CTTT AGC CCGG
   Consensus   (121) A  CGG   CT C C G CC  GG CC TG AGC G  G    CGCCG   AG AG 


CTG TTGGA T AACCAAACAACCAGAAGAAGTA CTTA
CTG TTGGA T AACCAAGCAGCCCGAGGAAGTG CTTA 
CTG TTGGA T AACCAAGCAGCCCGAGGAAGTG CTTA
CTA CTGAG C GACTAAGCAGCCTGAAGAAGTT ATTA
CTA CTGAG C GACTAAGCAGCCTGAAGAAGTT ACTG 
CTA CTGAG C GACTAAGCAGCCTGAAGAGGTC TTTG 

  181     240 
   humanMST1    (59) AAAAAG TGAAGA AGTTT TTTGATGT
   mouseMST1    (88) AAAAAG TGAAGA AGTTT TTTGATGT

Putative mouseMST    (72) AAAAAG TGAAGA AGTTT TTTGATGT
   humanMST2   (169) AAAAAG TGAAGA AGTTT TTTGATGT
   mouseMST2   (171) AAAAAG TGAAGA AGTTT TTTGATGT

 ratMST2   (117) AAAAAG TGAAGA AGTTT TTTGATGT
   Consensus   (181) CT AAAAAG TG  TGAAGA AGTTT AC AAGCAGCCTGAAGAAGT TTTGATGTCTTA 


A A C CAGCGTATACAAAGCTATTCATAAAGAGACCGGC 
G G T CAGCGTGTACAAGGCTATTCATAAAGAGACTGGC 
G G T CAGCGTGTACAAGGCTATTCATAAAGAGACTGGC 
G A T AAGTGTATTTAAAGCAATACACAAGGAATCCGGT 
G A T AAGTGTTTTTAAAGCAATACATAAGGAATCTGGT 
G A T AAGTGTTTTTAAAGCAATACATAAGGAATCTGGT 

  241     300 
   humanMST1   (119) GAGAA CTTGGAGA GGGTC TATGG
   mouseMST1   (148) GAGAA CTTGGAGA GGGTC TATGG

Putative mouseMST   (132) GAGAA CTTGGAGA GGGTC TATGG
   humanMST2   (229) GAGAA CTTGGAGA GGGTC TATGG
   mouseMST2   (231) GAGAA CTTGGAGA GGGTC TATGG

 ratMST2   (177) GAGAA CTTGGAGA GGGTC TATGG
   Consensus   (241) GAGAAGCTTGGAGAAGGGTCTTATGG AG GT T  AAAGC AT CATAA GA  CTGG  


CAGATTGTTGCTATTAAG TCCTGTGGAATCAGACCTC G A
CAGATTGTTGCAATCAAG GCCCGTGGAATCGGACCTG G G
CAGATTGTTGCAATCAAG GCCCGTGGAATCGGACCTG G G
CAAGTTGTCGCAATTAAA ACCTGTTGAATCAGATCTT A A
CAAGTGGTTGCAATTAAG ACCTGTTGAGTCAGATCTT A A
CAAGTTGTTGCAATTAAG ACCTGTTGAGTCAGATGTT A A

  301     360 
   humanMST1   (179) CAAGT CAGGA ATAATCAA GAA
   mouseMST1   (208) CAAGT CAGGA ATAATCAA GAA 

Putative mouseMST   (192) CAAGT CAGGA ATAATCAA GAA
   humanMST2   (289) CAAGT CAGGA ATAATCAA GAA
   mouseMST2   (291) CAAGT CAGGA ATAATCAA GAA

 ratMST2   (237) CAAGT CAGGA ATAATCAA GAA
   Consensus   (301) CA  TTGTTGCAATTAAGCAAGTACCTGT GAATCAGA CTTCAGGA ATAATCAAAGAA 


ATCTCTATA GCAA CCCTCATGTAGTCAAATAT TTAT
ATCTCCATC GCAG CCCTCACGTAGTCAAGTAT CTAC
ATCTCCATC GCAG CCCTCACGTAGTCAAGTAT CTAC
ATTTCCATA GCAA CCCATATGTTGTAAAGTAC TTAT
ATTTCCATA ACAA TCCATATGTTGTGAAGTAC TTAC
ATTTCCATA ACAA CCCTTACGTGGTGAAGTAC TTAC

  361     420 
   humanMST1   (239) ATGCA TGTGACAG TATGGCAG TTT
   mouseMST1   (268) ATGCA TGTGACAG TATGGCAG TTT 

Putative mouseMST   (252) ATGCA TGTGACAG TATGGCAG TTT
   humanMST2   (349) ATGCA TGTGACAG TATGGCAG TTT
   mouseMST2   (351) ATGCA TGTGACAG TATGGCAG TTT

 ratMST2   (297) ATGCA TGTGACAG TATGGCAG TTT
   Consensus   (361) AT TCCATAATGCAGCAATGTGACAGCCCT A GTAGTCAAGTA TATGGCAGTTACTTT 


C TTA C GGCTGGTTCTGTATCTGATATC 
C CTG T GGCTGGTTCTGTATCTGATATC 
C CTG T GGCTGGTTCTGTATCTGATATC 
T CTC T CGCTGGCTCTGTCTCAGACATA 

  421     480 
   humanMST1   (299) AAGAA ACAGAC TGGAT GTTATGGAGTACTGTGG
   mouseMST1   (328) AAGAA ACAGAC TGGAT GTTATGGAGTACTGTGG

Putative mouseMST   (312) AAGAA ACAGAC TGGAT GTTATGGAGTACTGTGG
   humanMST2   (409) AAGAA ACAGAC TGGAT GTTATGGAGTACTGTGG
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C CTC T AGCGGGGTCCGTTTCAGACATA 
C CTC T GGCCGGGTCCGTTTCAGACATA 

   mouseMST2   (411) AAGAA ACAGAC TGGAT GTTATGGAGTACTGTGG
 ratMST2   (357) AAGAA ACAGAC TGGAT GTTATGGAGTACTGTGG

   Consensus   (421) AAGAACACAGACCTCTGGATTGTTATGGAGTACTGTGGGGCTGGTTCTGTATC GA AT


CGATTACGAAATAAAACG CA AGCTACAATATTAC AACT
CGGCTACGGAACAAGACG CA AGCTACNATATTAC AACT 
CGGCTACGGAACAAGACG CA AGCTACAATATTAC AACT
AGATTACGAAACAAGACA TA TGCAACCATTCTTA TACA 
AGATTGCGAAACAAGACA CA TGCAACTATTCTAA CACA 
AGATTACGAAACAAGACA CG TGCAACTATTCTAA CACG 

  481     540 
   humanMST1   (359) ATT TTAA GAAGATGAAAT AATC
   mouseMST1   (388) ATT TTAA GAAGATGAAAT AATC

Putative mouseMST   (372) ATT TTAA GAAGATGAAAT AATC
   humanMST2   (469) ATT TTAA GAAGATGAAAT AATC
   mouseMST2   (471) ATT TTAA GAAGATGAAAT AATC

 ratMST2   (417) ATT TTAA GAAGATGAAAT AATC
   Consensus   (481) ATT GATTACGAAACAAGAC TTAACAGAAGATGAAAT GC AC AT  TA AATCAACT 


TTAAGGGACTT CCTTCAT A C CAAGGCAGGA
TTAAGGGACTA CCTTCAT A C CAAGGCGGGA 
TTAAGGGACTA CCTTCAT A C CAAGGCGGGA
TGAAAGGACTA TTTGCAC A A AAAAGCTGGA
TGAAAGGATTA TTTGCAT G A AAAAGCCGGG 
TGAAAGGATTA TTTGCAT G A AAAAGCTGGG 

  541     600 
   humanMST1   (419) C GAATA TTTATGAG AAAATACAC GAGATAT
   mouseMST1   (448) C GAATA TTTATGAG AAAATACAC GAGATAT

Putative mouseMST   (432) C GAATA TTTATGAG AAAATACAC GAGATAT
   humanMST2   (529) T GAATA TTTATGAG AAAATACAC GAGATAT
   mouseMST2   (531) T GAATA TTTATGAG AAAATACAC GAGATAT

 ratMST2   (477) T GAATA TTTATGAG AAAATACAC GAGATAT
   Consensus   (541)  T AA GGACTAGAATA  T CATTTTATGAGAAAAATACAC GAGATAT AA GC GGA 


TTGCTAAAT A ACTT T GGTAGCAGGTCAA 
TTGCTAAAC C GCTT C AGTCGCAGGTCAA 
TTGCTAAAC C GCTT C AGTCGCAGGTCAA 
CTCCTCAAT A ATTG T AGTGGCTGGTCAG 
CTCCTCAAT A GCTT T AGTGGCTGGCCAG 
CTCCTCAAT A GCTT T AGTGGCTGGCCAG 

  601     660 
   humanMST1   (479) AATATT ACAGAAGG CATGCAAA GCAGA TTTGG
   mouseMST1   (508) AATATT ACAGAAGG CATGCAAA GCAGA TTTGG

Putative mouseMST   (492) AATATT ACAGAAGG CATGCAAA GCAGA TTTGG
   humanMST2   (589) AATATT ACAGAAGG CATGCAAA GCAGA TTTGG
   mouseMST2   (591) AATATT ACAGAAGG CATGCAAA GCAGA TTTGG

 ratMST2   (537) AATATT ACAGAAGG CATGCAAA GCAGA TTTGG
   Consensus   (601) AATATT T CT AATACAGAAGGACATGCAAAGCTTGCAGATTTTGGAGTGGC GGTCA  


             1mMST2F 

TT TACC CAAGCGGAATACAGTG AACACCA A 
TT TACC AAAGAGGAATACAGTA GACCCCG T 
TT TACC AAAGAGGAATACAGTA GACCCCG T
TA TACA AAAACGCAATACTGTA AACTCCA T
TA TACA AAAACGCAACACTGTA AACCCCA T
TA CACG AAAACGCAATACTGTA AACCCCG C 

  661     720 
   humanMST1   (539) C ACAGA ATGGC ATAGG TTTTGGATGGCTCC
   mouseMST1   (568) C ACAGA ATGGC ATAGG TTTTGGATGGCTCC

Putative mouseMST   (552) C ACAGA ATGGC ATAGG TTTTGGATGGCTCC
   humanMST2   (649) T ACAGA ATGGC ATAGG TTTTGGATGGCTCC
   mouseMST2   (651) T ACAGA ATGGC ATAGG TTTTGGATGGCTCC

 ratMST2   (597) T ACAGA ATGGC ATAGG TTTTGGATGGCTCC
   Consensus   (661)  T ACAGATACCATGGCAAA CG AATAC GTAATAGGAACCCC TTTTGGATGGCTCCT 


GAAGTG G TGGATAC AGCA CCTGGGAATAACT
GAAGTT G TGGGTAC GGCA TCTGGGAATAACT 
GAAGTT G TGGGTAC GGCA TCTGGGAATAACT
GAGGTG A AGGCTAT GGCC CCTTGGCATTACT
GAGGTA A AGGTTAC GGCT CCTTGGCATTACT
GAGGTA A AGGTTAC GGCT CCTTGGCATTACG 

  721     780 
   humanMST1   (599) ATTCA GAAAT AACTGTGT GACATCTGGTC
   mouseMST1   (628) ATTCA GAAAT AACTGTGT GACATCTGGTC

Putative mouseMST   (612) ATTCA GAAAT AACTGTGT GACATCTGGTC
   humanMST2   (709) ATTCA GAAAT AACTGTGT GACATCTGGTC
   mouseMST2   (711) ATTCA GAAAT AACTGTGT GACATCTGGTC

 ratMST2   (657) ATTCA GAAAT AACTGTGT GACATCTGGTC
   Consensus   (721) GA GT ATTCA GAAAT GG TACAACTGTGTGGCAGACATCTGGTCCCT GG AT ACT 


CC T GCGCCCT C A AATC 
CC T GCCCCCA C A AATA 
CC T GCCCCCA C A AATA 
CT T ACCTCCT A A TATT
CT A ACCTCCT A G TATT
CT A ACCTCCT A A TATT

  781     840 
   humanMST1   (659) G ATAGAAATGGC GAAGGAAA TATGCTGATAT CATCC ATGAGGGC
   mouseMST1   (688) G ATAGAAATGGC GAAGGAAA TATGCTGATAT CATCC ATGAGGGC

Putative mouseMST   (672) G ATAGAAATGGC GAAGGAAA TATGCTGATAT CATCC ATGAGGGC
   humanMST2   (769) T ATAGAAATGGC GAAGGAAA TATGCTGATAT CATCC ATGAGGGC
   mouseMST2   (771) T ATAGAAATGGC GAAGGAAA TATGCTGATAT CATCC ATGAGGGC

 ratMST2   (717) T ATAGAAATGGC GAAGGAAA TATGCTGATAT CATCC ATGAGGGC
   Consensus   (781)  C ATAGAAATGGCTGAAGGAAA CC CCTTATGCTGATAT CATCCAATGAGGGC ATT 


TTC TCCT TCCTCCTCCC CGAAAACCAGAGCTA AGATAAC
TTC TCCT CCCTCCTCCC CGTAAGCCAGAGCTG AGACAAC 
TTC TCCT CCCTCCTCCC CGTAAGCCAGAGCTG AGACAAC
TTT TCCC TCCACCACCA AGAAAGCCAGAACTT CGATGAT 
TTT CCCT CCCACCACCA AGGAAACCTGAACTT TGATGAC
TTT TCCT CCCACCACCA AGGAAACCTGAGCTC TGACGAC

  841     900 
   humanMST1   (719) ATGAT ACAAA ACATTC TGGTC
   mouseMST1   (748) ATGAT ACAAA ACATTC TGGTC

Putative mouseMST   (732) ATGAT ACAAA ACATTC TGGTC
   humanMST2   (829) ATGAT ACAAA ACATTC TGGTC
   mouseMST2   (831) ATGAT ACAAA ACATTC TGGTC

 ratMST2   (777) ATGAT ACAAA ACATTC TGGTC
   Consensus   (841) TT ATGATTCCTACAAACCC CC CC ACATTC G AA CCAGAGCT TGGTCAGA  AC 


TTTACA GAAAC TCTTGTAAAGAGCCCT GGCCACAGCCACT
TTCATG GAAGC TCTGGTAAAAAGCCCG AGCCACAGCCACT 
TTCATG GAAGC TCTGGTAAAAAGCCCG AGCCACAGCCACT
TTCACC TAAAA TTTGGTGAAGAATCCT AGCTACTGCAACA 
TTCACC GAAGA CTTGGTGAAGAGTCCT AGCCACTGCGACA 
TTCACG GAAGA CTTGGTGAAGAGTCCT GGCCACTGCCACC 

  901     960 
   humanMST1   (779) GATTTTGT AGTG GAGCAGAG
   mouseMST1   (808) GATTTTGT AGTG GAGCAGAG

Putative mouseMST   (792) GATTTTGT AGTG GAGCAGAG
   humanMST2   (889) GATTTTGT AGTG GAGCAGAG
   mouseMST2   (891) GATTTTGT AGTG GAGCAGAG

 ratMST2   (837) GATTTTGT AGTG GAGCAGAG
   Consensus   (901) TTCACGGATTTTGTGAAG AGTGT TGGT AAGAG CCTGAGCAGAGAGCCAC GCCACT 

  961    1020 
   humanMST1   
   mouseMST1   

CAGCTCCTG CCCATTTGTCAGGAG CAAAGGAGTGTCA CTGC CTTA 
CAGCTCCTA CCCGTTTGTTAAGAG CAAAGGAGTGTCA TTGC CTTA 

(839) CAGCA TGC ATA GAGA
(868) CAGCA TGC ATA GAGA
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CAGCTCCTA CCCGTTTGTTAAGAG CAAAGGAGTGTCA TTGC CTTA 
CAACTTTTA TCCTTTTATCAAGAA CAAACCTGTATCA TTAA CCTG 
CAGCTGTTA CCCTTTTATCAAGAA AAAACCCGTGTCG TTAA CCTG 
CAGCTGTTA TCCTTTCATCAAGAA GAAGCCCGTGTCG TTGA GCTG 

Putative mouseMST   (852) CAGCA TGC ATA GAGA
   humanMST2   (949) CAGCA TGC ATA GAGA
   mouseMST2   (951) CAGCA TGC ATA GAGA

 ratMST2   (897) CAGCA TGC ATA GAGA
   Consensus   (961) CAGCTC TACAGCACCCTTTT TCAAGA TGCCAAA  AGTGTCAATATTG GAGAC T  

   Second Kozak Signal           1mMST2R 
  1021   1080 
ATTAAT CC TGTGAAACTGAAACGCCAGGAATCC GCGGGAAATGGAC
ATTAAC CC TGTGAAACTGAAGCGCCAGGAAGCC GCGGGAAGTGGAC 
ATTAAC CC TGTGAAACTGAAGCGCCAGGAAGCC GCGGGAAGTGGAC
ATCACAGAAGCT AGATCAAAGCTAAAAGACATGACGAA ACGAGAATTGGA-
AT GAAGCC AAATCAAAGCCAAACGGCATGAAGAG GCGGGAGCTAGA-
ATCACG GC AATCAA AAGCGGCATGAGGAG GCGAGAGCTGGA-

   humanMST1   (899) GAAG ATGGA CAGCA
   mouseMST1   (928) GAAG ATGGA CAGCA

Putative mouseMST   (912) GAAG ATGGA CAGCA
   humanMST2  (1009) ATGG CAGCA
   mouseMST2  (1011) CGCA ATGG CAGCA

 ratMST2   (957) GAAG ATGGA GGCC CAGCA
   Consensus  (1021) AT A  GAAGCCATGGAT T AAA  GAA CGCCA GAAG CCAGCAGCGGGAA TGGAC 

         Caspase Cleavage Site
  1081   1140 

GACGATGAAGAAAACTCAGAAGAG AA G GAGC
GACGACGAGGAGAACTCAGAGGAG AA CGG G GAGC 
GACGACGAGGAGAACTCAGAGGAG AA CGG G GAGC
GAGGAAGAAGAAAATTCGGATGAA GC CCCA C GAAGACT 
GGAGGAGGAAGAAAACTCGGATGAA GC C T GAAGACG 
GGACGAGGAGGAAAACTCGGATGAA GC T GAAGACT 

   humanMST1   (959) CAG GATGA TGGATTCTGGCAC ATGGTTC-
   mouseMST1   (988) CAG GATGA TGGATTC CAC ATGGTTC-

Putative mouseMST   (972) CAG GATGA TGGATTC CAC ATGGTTC-
   humanMST2  (1068) --A GATGA TGGATT CAC ATGGT
   mouseMST2  (1070) -- GATGA TGGATT ACACAC ATGGT

 ratMST2  (1016) -- GATGA TGGATTCGCACAC ATGGT
   Consensus  (1081) CAGGACGA GA GAAAACTC GATGA GATGA  TGGATTCC  CACGATGGT  AGA C 


AGTGGGTGATGAGA G TGTCCGAG CC C CTGATGGA AATAC
GCCGGTGATGAGA G TGTCCGAG CC G GCGGAGGA AATAC 
GCCGGTGATGAGA G TGTCCGAG CC G GCGGAGGA AATAC
AGTGTGGGA - CATGCGGG CA G GTGAAGGG CAGAC
AGT GA G AATGCGGG CC G GTGAAGGA CAGAC
AGT GAAG G AATGCGGG CC G GTGAAGGG CAGAC

  1141   1200 
   humanMST1  (1018) TGG CAC TAG AGCAC ATGA GCC
   mouseMST1  (1047) T TGG CAC TAG AGCAC ATGA GCC

Putative mouseMST  (1031) T TGG CAC TAG AGCAC ATGA GCC
   humanMST2  (1126) GAGTGTGG CAC CCA AGCAC ATGA GCC
   mouseMST2  (1128) -TCA AAGCGTGG CAC CCA AGCAC ATGA GCC

 ratMST2  (1074) -TCA GTGTGG CAC CCA AGCAC ATGA GCC
   Consensus  (1141) AGT  GTGATG G TGGGCACT T CG G   CCAGCACGATGAGTGAAGGAGCC A AC 


T GCACGATGA ---GTTGCCATCACAAC C GATCAA
T GCACGGTGA ---GTTGCCGTCCCAGC C GATCAACAC 
T GCACGGTGA ---GTTGCCGTCCCAGC C GATCAACAC 

ACATAATAG GATGTTGGAATCCGACT G GATAAACAG 
ACATAA CATGTT GTCGGACC G TATAAACAG 
ACACAA CATGCT GTCGGACC G GATAAACAG 

  1201   1260 
   humanMST1  (1078) ATGATTGA CAC TGGG ACCATGGT TGC 
   mouseMST1  (1107) ATGATTGA CAC TGGG ACCATGGT

Putative mouseMST  (1091) ATGATTGA CAC TGGG ACCATGGT
   humanMST2  (1185) CATGATTGA CAC TGGG ACCATGGT
   mouseMST2  (1187) GATGATTGA CAGCAC AGA TGGG ACCATGGT

 ratMST2  (1133) CATGATTGA CAGCAC AGA TGGG ACCATGGT
   Consensus  (1201) TATGATTGA CAC AT  CAC ATGTTG  GTCC ACCTGGG ACCATGGTGAT AACA  


GA GGATGAGGA AGAGGAAG T GGGA 
GA GGACGAGGA AGAGGAAG C GAGA 
GA GGACGAGGA AGAGGAAG C GAGA 
TGA GGATGAGGA AGAAGAAGATG T ATGC 
TGA GGAGGAAGA GAGGAGGACG T ATGC 
TGA GGATGAAGA GAGGAAGACG C ATGC 

  1261   1320 
   humanMST1  (1135) A ------ ------------ ---GAAC ATGAAAAGAA
   mouseMST1  (1164) G ------ ------------ ---GAAC ATGAAAAGAA

Putative mouseMST  (1148) G ------ ------------ ---GAAC ATGAAAAGAA
   humanMST2  (1245) ------ ------------ GAAC ATGAAAAGAA
   mouseMST2  (1247) AGAAGA GGAAGAGGAGGAG GAAC ATGAAAAGAA

 ratMST2  (1193) ------ ------------G GAAC ATGAAAAGAA
   Consensus  (1261) TGA  GGATGAGGA    AGAGGAAGA GGAAC ATGAAAAGAA TG


   humanMST1  

   mouseMST1  


Putative mouseMST  

   humanMST2  

   mouseMST2  


 ratMST2  


GACCATGCA AAACCATCCTTTCTTGAATAT ACAAAAAGA A
GACCATGCA AAAACCGTCTTTCCTTGAATAC ACAAAAAGA A 
GACCATGCA AAAACCGTCTTTCCTTGAATAC ACAAAAAGA A

C CA AAGACCATCTTTCATGGACTAC TAAGCAAGA A
GTC CA AAGACCTTCTTTCATGGACTAC TAAGCAGGA A
GTC CA AAGACCTTCTTTCATGGACTAC TAAGCAGGA A

  1321   1380 
(1174) TGA GCCTGCG TTTGA AAAGG
(1203) TGA GCCTGC TTTGA AAAGG
(1187) TGA GCCTGC TTTGA AAAGG
(1287) AACCT ACCA AGTACA TTTGA CTTCA
(1307) AAC ACCT AGTACA TTTGA CTTCA
(1235) AAC ACCC AGTACA TTTGA CTTCA

   Consensus  (1321)    G C   GCA  AA ACC TCTTTC T GA TACTTTGA  A AAGA  A 


AACCAGA-TCAACA TTG GCAAGAGTGTACC TCCACTG AAAAA
AATCAGA-TCAACA TTG GCAAGAATGTATC TCTCTG AAGAA 
AATCAGA-TCAACA TTG GCAAGAATGTATC TCTCTG AAGAA
AATAAGAGTCACGA TGTA ACATGCATGAACC CCCTATGTCCAAAAA
AACAAGAGTCATGA TTGTG CATGCGTGAGCCAGGCCCTATGTCCAACAG 
AACAAGAGTCATGA TTGTG CATGCGTGAGCCAT CTATGTCAAACAA

  1381   1440 
   humanMST1  (1234) A GCT -------- TGG ---
   mouseMST1  (1263) A GCT -------- TGGC ---

Putative mouseMST  (1247) A GCT -------- TGGC ---
   humanMST2  (1347) G AAAC ATCAGA CTT
   mouseMST2  (1367) G AAA ATCAGAG

 ratMST2  (1295) G AAA ATCAGAG GCC
   Consensus  (1381)  AA AGAGTCAA A   TTGT ATCAGAGCA G  TG ACCTGGCCCT TGTC AA AA 


TTCTTCA-G--A-T AAATACCACAG ACGAGTTTCTTAAGAGTTG 
TTCTTCC-G--A-T AAATCCCTCAG ATGAGTTTCTCAAGA
TTCTTCC-G--A-T AAATCCCTCAG ATGAGTTTCTCAAGA

GTTTTTCCTGATAAC AAGTTCCTCAA TTGACTTTTTGAAAAATCT 
GTTTTTCCTGACAAC GAGTTCCTCAA TTGATTTCTTAAAAAATCT 
GTTTTTCCTGACAAC GAGTTCCTCAA TTGATTTTTTAAAAAATCT 

  1441   1500 
   humanMST1  (1282) -- TGGA GATGGAGACT
   mouseMST1  (1311) -- TGGA GATGGAGACT GCTG 

Putative mouseMST  (1295) -- TGGA GATGGAGACT GCTG 
   humanMST2  (1407) C TGGA GATGGAGACT
   mouseMST2  (1427) T TGGA GATGGAGACT

 ratMST2  (1355) T TGGA GATGGAGACT
   Consensus  (1441)  GTT TTCCTGA AA TGGAAA TTCCTCA GATGGAGACT TGAGTTT T AA A T
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ACAGTGGAGGACCTT AGAGGCT GCCCTG GCAGGAGAT
ACTGTGGAGGACCTT AGAGGCT GCCCTC ACAGGAAAT 
ACTGTGGAGGACCTT AGAGGCT GCCCTC ACAGGAAAT
AGTTTAGAAGAACTA TGCGGTT GCACTG ACGGGAGAT
AGTTTAGAAGAACTA TGCGGCT GCACTA ACGAGAAAT
AGTTTAGAAGAACTA TGCGGCT GCACTG ACGAGAAAT

  1501   1560 
   humanMST1  (1336) G CAGA CTTG GACCCCATGATGGA
   mouseMST1  (1365) G CAGA CTTG GACCCCATGATGGA

Putative mouseMST  (1349) G CAGA CTTG GACCCCATGATGGA
   humanMST2  (1467) A CAGA AAAA GACCCCATGATGGA
   mouseMST2  (1487) A CAGA AAAA GACCCCATGATGGA

 ratMST2  (1415) A CAGA AAAA GACCCCATGATGGA
   Consensus  (1501)  A T T GA GA CT CAGA G GGCT    GC CTGGACCCCATGATGGAAC GGAAAT 


3UTRMST2F

GATCCGGCAGAAG CCAAGCGGCAGCCCATC CATAGAGGC
GATCCGGCAGAAG CGGTCCAAGCGGCAGCCAATC CATTGAAGC 
GATCCGGCAGAAG CGGTCCAAGCGGCACGCAATC CATTGAAGC

A ACTTCGTCAGAGA CGAAAAGACAGCCCATT GATGGATGC
A ACTGCATCAAAGA AGTGCAAAAAGACAACCTATC CATGGATGC
A ACTGCATCAAAGA AGTGCGAAAAGACAGCCCATC CATGGATGC

  1561   1620 
   humanMST1  (1396) TGAAGA TACCAGT CTGGATGC
   mouseMST1  (1425) GGAAGA TAC CTGGATGC

Putative mouseMST  (1409) GGAAGA TAC CTGGATGC
   humanMST2  (1527) GAAGA TACACTG CTGGATGC
   mouseMST2  (1547) GAAGA TAC CTGGATGC

 ratMST2  (1475) GAAGA TAC CTGGATGC
   Consensus  (1561) AGAAGA  TCCG CAGA  TAC G  CCAA  G CAGCCCATCCTGGATGCCATGGATGC 


           mMST2R

   humanMST1  
   mouseMST1  (1485) CAAGAAGAGGAGGCAACAGAACTTCTGA----CAACACCAG------------------- 

AAGAAGAGAC ACAAAACTTCTGA AAGGCCAGG G AGCTC 
  1621   1680 

(1456) T GGCA G---C CTGTGAGG CCCC

Putative mouseMST  (1469) CAAGAAGAGGAGGCAACAGAACTTCTGA----CAACACCAG------------------- 
   humanMST2  
   mouseMST2  

 ratMST2  


AAGAAAAGAA GCAAAACTTTTGAGTCTAATTTCCTC TT TATTCTG
AAGAAGAGGA GCAGAATTTCTGA--C ATTCC-C CTCAGGATGACCAG
CAAAAAGAGGA GCAGAATTTCTGA--C ATCCC-T CTCTGTGTGACCAG

(1587) A GGCA TCTGT TTAAC
(1607) G GGCA CAG TCTGT
(1535) GGCA CAG TCTGT

   Consensus  (1621) CAAGAAGAGGAGGCA CAGAACTTCTGA  C  AAT CCAGTCTGT T  G T A C G 


            rMST2R

ACCCAG GTGAATTCTGGATGGCTTG- TTTGTTAGCC A T
CCCAGC GTGGCTTCTG TAGA TCTGTTAGC
CCCAGC GTGGCTTCTG TAGA TCTGTTAGCC A T

AGACCAAG A AT-TGAAGGAATATTTGGATATTTTTAATC GAT-T
AAACCAAGC A GAAT-TGAAGGAATTCT TTT C GT
AGACCAAG A AT-TGAAGG GTAATACTTTT C GT

  1681   1740 
   humanMST1  (1513) --C GCTTTGG CTCATG AGC CCT
   mouseMST1  (1522) ---- CTT--G GGTTGC CTCATG --------- 

Putative mouseMST  (1506) ---- CTT--G GGTTGC CTCATG AGC C-T
   humanMST2  (1647) G AAACC CTAGGA CTAA
   mouseMST2  (1664) - AACC C-AA A---CT TAATC CTAAAAT

 ratMST2  (1592) - GAAC- C-AGGA AACT TAATC CTAAAAT
   Consensus  (1681)  A ACC AGC    A G GGA TCTG A G  T GTCTCATGTTT T AGCCTAAAAT T 


  1741   1800 
   humanMST1  (1570) CTGCTCTGTCGTCTCTCCACAGCACCTTTG-TGA-----------ACTCAGGAATGTGCG 
   mouseMST1  (1567) ------------------------------------------------------------ 

ATCTCTCCACAGCAC ACT AATGTGCG 
C AGGCAG-AGG G TG

TAT TTTAA-AA - C TAGA TC
TA TTTTAGAAG - C TAGA TC

Putative mouseMST  (1559) CTGCTCTGTC CTTTG-TGA----------- CAGG
   humanMST2  (1705) TTGC CTACAATT TCAAAAA TGACAATGGTACA CCCAGGTAAATTCC
   mouseMST2  (1718) A TCTACAATTT CTCAAAAA TGA---TGGTACA ACC TAAATT

 ratMST2  (1648) A CTCTACAATTT TCAAAAA TGA---TGGTACA ACC TAAATT
   Consensus  (1741)  TGCTCTACAATTT TC A AGCTCAAAAA TGA   TGGTACA ACCCAGGTAAATTCC 


  1801   1860 
   humanMST1  (1618) CCAGTGGGAAGGGCTCTCTTGACAGTCAGCGTGCCATCTTGATGTGTGTATGTACATTGG 
   mouseMST1  (1567) ------------------------------------------------------------ 

GTGGGAA T TGGCAGT A AT-TTGGTGTGTGCAT AC
CA GAATTGA TGCT ATTCACTCTAAGATGAG A 

A C A C TCTG TCGTTT AA C 
A C G GTCCTCGATGACGTCGGTTTAAAC T 

Putative mouseMST  (1607) CCA GGGC G-CT CAC GTGCC TTAC TGG 
   humanMST2  (1764) AAAGGCA CAGTTGTATC GTGC GAGAACAA
   mouseMST2  (1773) CCAAA GCAAA TTT CAGTTGT TCCAC ATG TGA GGATGAGAACAA

 ratMST2  (1704) CCAAA GCAAA TTT CAGTTGT GGATGAGAACAA
   Consensus  (1801) CCAAAGGCAAA TTT CAGTTGTATCCAC GTGCC TC TT TGAG GGATGAGAACAA  


  1861   1920 
   humanMST1  (1678) TCAGGTATATTA-------TCTCAAAGGATTT-------ATATTGGGCGACTTTTAACTC 
   mouseMST1  (1567) ------------------------------------------------------------ 

AG CT AG TT ATTG TTTTAACTC 
AGAA TC-TCT TCAGC AGT A TATG G 
AAAC CTTCT CCTGCTATTCC TGCAAG TAATCTA G 
ACACATG CCTCT CCAGCCGTT-- TGCAAC CAACCTGCGACT 

Putative mouseMST  (1665) CA GTGTAT---------- TGA GGT -------GT GTG--C
   humanMST2  (1824) GTGTAT TGTTCTG TGCAT-ACC AATA AACTGT AAAT
   mouseMST2  (1833) GTGCGCA CTCTCTG ACC AGAAC AAAT

 ratMST2  (1764) CGCA CTCTCTG ACC AGAAC
   Consensus  (1861) A A GTGTAT C TCT   TCTG CAGC  TT  ACC G AATAGAAC A T T AAAT  


  1921   1980 
   humanMST1  (1724) AGAGTTTTAAACCCCAGGAACA-GAGACTCCT--------AGTTGAGTG------ATAG-
   mouseMST1  (1567) ------------------------------------------------------------ 

AGAATTCTAGATCGG GGTACTCC CT TAGA AAAGT 
ATTTTCAAG CTAAA GAAAATCCAAAGGCTA CAT

CT GTA GAAATCCAAAG-CTGTTGCTT
GC GGAGTCCAGCG-CCATTGCTTTG

Putative mouseMST  (1706) CACGAAG- TTCAA CCAA CAC------
   humanMST2  (1882) G GTCT CCTT TTGTTG T----GTACAGC
   mouseMST2  (1893) AAAG ---- TGTGGAGACTA AGTCAATCATACAGC

 ratMST2  (1822) GAAGCC---- CTGTGGAGGC-- GG---CTCACAGC
   Consensus  (1921) AAAGTT  A GTCTGTGGA    GG A TCCA  G CT TTGTTGAGT   ACAGC 


  1981   2040 
   humanMST1  (1768) -CTGG-----GAAAGTTTTACATTGTCTGT---TTTTCTTCTCCCAAT--AGCTTTCAAT
   mouseMST1  (1567) ------------------------------------------------------------ 

TGG T TCAAATGGACC TTTTATACT GA ATPutative mouseMST  (1759) CA C---TG AATGT AGACA GAA C--TTAATACC
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AAA TA ATATT TA CTAGTATACTAGG
- T CCAA TA GG GC

CA- - GCCCTGAT CC GTGG GC

   humanMST2  (1938) ACTG GGGCTT TGTTACA CTT TTCCTAT CTATTTAT
   mouseMST2  (1948) ACTGGA GGGCTT GTGTT TGTCCTT TTCCTAT AGAA----- CTATTTAT

 ratMST2  (1872) ACTG GGGCTT GTGTT CTT TTCCT AGAA----- CTATTTAT
   Consensus  (1981) ACTGGA GGGCTT GTGTTACA TGTCCTT  TTCCTAT  AGAA A G CTATTTAT 


  2041   2100 

   humanMST1  

   mouseMST1  


TG CTTTCTGGA TTAA AAATATAAATATGC 

T TTGAAGTGTTAATTCCTGAT A TA TAA 
TG A GC TATTTT
TG CC GTTTCACTTT
TG C GCTTTTTTTTTTT 

(1817) T-----------T AGACTT----- -----AA
(1567) ------------------------------------------------------------ 

Putative mouseMST  (1814) TC-----------TACCTT TTTGAT TTGG AAAA
   humanMST2  (1998) T-----------CCCCTTAGGTA ACTTATTTATTTAT---- ----- --- 
   mouseMST2  (2002) ATCCCCCTCCCACCCC AGGTAGACTTATTTATTTAT----GCA CTT 

 ratMST2  (1925) A-----------CCCC TAGGTAGACTTATTTATTTAT----GCA
   Consensus  (2041) TG  CCCCTTAGGTAGACTTATTTATTTAT   GCA  T TA TTTT


  2101   2160 

   humanMST1  

   mouseMST1  


TATATAT TTA TAGA C CTG

TATATATACAT TC GAGTA TGTA GA T
GGCTTTGTTTCATTT AAGGACA C GGTAGGGTCATAT
GGGTTTTTTTGGTTT GACC T TGTCCAAACACAT
GG TTC A T TGTCCA CAT

(1856) ATA ATAAA TAAA TTC CCACGCAGGTTGGTGGCATCT T----- 
(1567) ------------------------------------------------------------ 

Putative mouseMST  (1863) AAC AGG AAAAA CAG AAACCAAAGAAATCAAT ACTC
   humanMST2  (2035) TTT AGATCAGGATAG TTTGGTGAA
   mouseMST2  (2058) TTTTAA AGATCAGGATAG TTTGGTGAA

 ratMST2  (1970) A----GGGGGGGG TAAAAA AGATCAGGATAG TTTGGTGAA GACA
   Consensus  (2101) GG T T T T   T TTTTAAAAA AGATCAGGATAG TTTGGTGAA GT C GACA AT 


  2161   2220 

   humanMST1  (1911) ------------------------------------------------------------ 

   mouseMST1  (1567) ------------------------------------------------------------ 


T GA AA TTAAAGAC ACT GGA
T TGATAA TTTA TTTCT GG ATTC
T GATTATTAA ATTG AA G CTGAG ACTC

GATTGT-AA ATTG AA GG ATTC

Putative mouseMST  (1923) GCAC AAAAGTGTGGGA TATTT ATGAA GAG AAAAAATGTAAT 
   humanMST2  (2095) AATATGA TGTGCAACCAA TAC GCAGGGAGCTATG GTAC
   mouseMST2  (2118) GGCG CACACAACCAA TACACT GCAGGG GCT GGG-

 ratMST2  (2026) CA-CA CACTCAACCAA TACACT GCAGGGAGCTATG TGT-
   Consensus  (2161) T GA T   AA  CAACCAA TT TACACT  GCAGGGAGCTATG G    A TC 


  2221   2280 

   humanMST1  (1911) ------------------------------------------------------------ 

   mouseMST1  (1567) ------------------------------------------------------------ 


TTA T ATAA GGAAT C 
GATT GGA AATAGG CAAT AGTTCTCAA
CAAC ATA AACACC TCAT TTCAA
TATC GTA AA-AAT CCAT TCCAC

Putative mouseMST  (1983) TG ATGTTTC TTTATTGGTCTGCA CTCATCAGGTTTATCCTATG ATG
   humanMST2  (2155) CTT TCCA TAGTTTTTCA AAAG AATGGCAGT ATGG
   mouseMST2  (2177) CTT TCCA ---------- AAAG G---GCTGTAATG ATGG

 ratMST2  (2083) CTT TCCA ---------- AAAG ---------AATG ATGG
   Consensus  (2221) CTT A  TCCA TA AA A  AAAG AT AATG  CA ATGG 


  2281   2340 

   humanMST1  (1911) ------------------------------------------------------------ 

   mouseMST1  (1567) ------------------------------------------------------------ 


CTGTCA TTTTGTTG A T TT AAGCATCATGT 
CTAGGCCTTT TATTGAAG A T TTGAAATTTTGTTTTT 

ACATTT TACTGAAG A T TTTGAAGTGTTA C 
ACAATT TTATAAGTGTTA C 

Putative mouseMST  (2043) TT CAGGACT ATTTC TTTATT CCTGGGAA GGT
   humanMST2  (2215) G TTTA CAATA TTCCAT TTTACCCT
   mouseMST2  (2224) ACCAG T--A GTTCA AAAGGG CCAAACAT ATT

 ratMST2  (2123) ACCAG --------------------------------- ATT
   Consensus  (2281)  CCAG CA TT  T TG  G A T TT  AA T TT ATT  


  2341   2400 

   humanMST1  (1911) ------------------------------------------------------------ 

   mouseMST1  (1567) ------------------------------------------------------------ 


Putative mouseMST  

   humanMST2  

   mouseMST2  


 ratMST2  


T AAAAC-AGTAAAAAC ACAAAAA TA CTGT
TGATGTTT C G TT A TAGA
- - A CA C
- - C CA C

(2103) A CTGACAAT AAAA NTTT TACTAAAAA NTCCT 
(2275) TTGATTTT GGTA AAATA AACTATATATA TAGGT AAA TCTATCG 
(2282) CTGATTTT GATATT GGTA AAATAAAACTATATATA TAGGT AAAAAGAGT---AC 
(2150) TTGATTTT GATATT GGTA AAATAAAACTATATATA TAGGT AAAAAGAGTTATAC 

   Consensus  (2341)  TGATTTT GATATT GGTA AAATAAAACTATATATA  TAGGT AAAAAGAGT   


  2401   2460 

   humanMST1  (1911) ------------------------------------------------------------ 

   mouseMST1  (1567) ------------------------------------------------------------ 


G AAA A AAATTAAA TAGAAAAAGA TTTCTGCA TTA 
GTT GAA A - AT

-AA G - G
-AA C A G

Putative mouseMST  (2162) TAG GCCT AAA AAA GTAT CTCA GAGCA
   humanMST2  (2335) T TAAAACCAAAGAAATCAATG CCCTTGCAC AAAAA GTGTG AAATATTTTT
   mouseMST2  (2337) AGTGTAAAACCAAAGAAATCAATG CTCTTGCAC AAAAA GTGTG GAAATATTTTT

 ratMST2  (2208) AGTGTAAAACCAAAGAAATCAATG TTTTTGCAC AAAAA GTGTG GAAATATTTTT
   Consensus  (2401)  GTGTAAAACCAAAGAAATCAATG AA   TTGCAC AAAAA GTGTG GAAATATTTTT 


3UTRMST2R
  2461   2520 


   humanMST1  (1911) ------------------------------------------------------------ 

   mouseMST1  


Putative mouseMST  

   humanMST2  

   mouseMST2  


 ratMST2  


A AC G T T T TTTTTG
TAAA TAATACAAATGTAA T TT TC TATGTGTAGATC
GACA TGAAACTGAGGGAA T TT A- CTTTTATTGGTC
GACA TGAAACCCAAG-AA T TC A- CCTTTATTGGTC

(1567) ------------------------------------------------------------ 
(2222) GC TTTGTGTAATTG CTGG ACCAGTCA TTCC GCACTACACA GTCC ACT 
(2394) AAA AACT TTTGT AATA GTT ATGTTT
(2395) AAA ---- AAAAA GTAA GTT ATGTTT
(2267) AAA ---- GACAG GCAG GTT ATGTTT

   Consensus  (2461) AAA A A    T A AC  A G AA  T T GTT  ATGTTT  TTT TTG TC 


  2521   2580 

   humanMST1  (1911) ------------------------------------------------------------ 

   mouseMST1  (1567) ------------------------------------------------------------ 


Putative mouseMST  
 TAATTA T A AAATT(2282) GTGTGTGTGTGTTCTTTTATGTGT CTATG GTGCCTCACAAAG CAAAT
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   humanMST2  

   mouseMST2  


 ratMST2  


GCTCATCAAT TT AAAATGTG
GC -CTCATCAGGTTTATC- GGAAT

G -CT--TCAAG T- GGAC-

(2454) TAATAGCTGAACTGATTCAAACTGTAATAA TTCAT CTATG
(2450) C---------------------- AATAA CTATG ATG
(2321) T----------------------GTA TAA TTCAT CTATG ATG

   Consensus  (2521)      GTAATAA CT TCA  TTCAT  CTATG  AA ATG 


  2581   2640 

   humanMST1  (1911) ------------------------------------------------------------ 

   mouseMST1  (1567) ------------------------------------------------------------ 


C TGCCAC
CT CT TTTTATTCATT A
CT T- TTTCATTTATT G
CT -- CTTCATTCTAC G

Putative mouseMST  (2342) CATTG CC---------------------------------------------- 
   humanMST2  (2514) CTGTTGTCACAGGATGTTT GTTGA TCCTGGGAATTGGTAA CATC
   mouseMST2  (2486) TC--TGTCACAGGACTTTT GTTGA TCCTGGGAATTGGTAA CATC

 ratMST2  (2354) TC--TGTCACAGGGCTTTT GTTGA TCCTGGGAATTGGTAA CATC
   Consensus  (2581) CT  TGTCACAGG   TTT  GTTGA TT ATT TCCTGGGAATTGGTAA CATC 


  2641   2700 

   humanMST1  (1911) ------------------------------------------------------------ 

   mouseMST1  (1567) ------------------------------------------------------------ 


Putative mouseMST  (2356) ------------------------------------------------------------ 

   humanMST2  

   mouseMST2  


 ratMST2  


TCCTGATG CC GCA G GA
ATCTGCCA AC AAA A AA
ATCTGACA AG ATA A AA

(2574) ATGT ATAA CAGTA AAAACA---------TTT TACT GTGGTACAA 
(2543) ATGT ATAA CAGTA ACAAAAACAAAAACTTTT TACT AAAC-TGTA 
(2410) ATGT ATAA CAGTA TG-------------TTT TACT AACTGTGTG 

   Consensus  (2641) ATGT CTG   ATAA  CAGTA A   TTT TACT A   


  2701   2760 

   humanMST1  (1911) ------------------------------------------------------------ 

   mouseMST1  (1567) ------------------------------------------------------------ 


Putative mouseMST  (2356) ------------------------------------------------------------ 

GGGGACTG AAAAA ATTAAAAAGA
AGGGTTAA AAAAA AAAAAAAAAA
AGGGCCTA TGAAA ATTAGAAAAA

   humanMST2  (2625) GCCTT AAAAA AAGATTAAAACC AACTCATTTTTACGC 
   mouseMST2  (2602) TCCTT AAAAA AA---------- A-------------- 

 ratMST2  (2457) TCCTT AAAAA GC---------- GGCTCCTTTCTGAGA 
   Consensus  (2701)  CCTT GGG AAAAA  AAA A A AAA A  


  2761   2820 

   humanMST1  (1911) ------------------------------------------------------------ 
   mouseMST1  (1567) ------------------------------------------------------------ 

Putative mouseMST  (2356) ------------------------------------------------------------ 
   humanMST2  (2685) TG-AATGAACATTTATATGATTGCATTGGGACCAGTCATTTCCTAAGCTACATATGGCCA 
   mouseMST2  (2638) ------------------------------------------------------------ 

 ratMST2  (2507) AGCAATTAGCATTTGTGTAATTGACCTGGGACCAGTCATTTCCTGCACTACACAGGGCCA 
   Consensus  (2761)   


  2821   2880 

   humanMST1  (1911) ------------------------------------------------------------ 
   mouseMST1  (1567) ------------------------------------------------------------ 

Putative mouseMST  (2356) ------------------------------------------------------------ 
   humanMST2  (2744) TCTTGACAGTGTTTTTTCTTTTGTGTGTTTAATTATTATGTGTAAATCATAAAGACAAAT 
   mouseMST2  (2638) ------------------------------------------------------------ 

 ratMST2  (2567) TTTTGATATCGTGTTCTTTTATGTGT---TAATTACTATGTGTGCAG------------- 
   Consensus  (2821)   


  2881 2897

   humanMST1  (1911) ----------------

   mouseMST1  


Putative mouseMST  

   humanMST2  

   mouseMST2  


 ratMST2  

   Consensus  (2881)   


(1567) -----------------
(2356) -----------------
(2804) AAATTTCACTGTGCCAC
(2638) -----------------
(2611) -----------------
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Appendix IV:  MST1/2 Amino Acid Alignment 

mouse MST1   

mouse MST2   


PP D Y TGQI
PP S F SGQV

 (1) METVQLRN RRQ--LKKL EDSLTKQPEEVFDVLEKLGEGSYGSV KAIHKE VAI 
 (1) -----MEQ ASKSKLKKL EDSLTKQPEEVFDVLEKLGEGSYGSV KAIHKE VAI 

60 


Consensus    (1)      L NPP   LKKL EDSLTKQPEEVFDVLEKLGEGSYGSVFKAIHKESGQIVAI 


    K59R Point Mutation 
* 120 

mouse MST1   (59) KQVPVESDLQEIIKEISIMQQCDSPHVVKYYGSYFKNTDLWIVMEYCGAGSVSDIIRLRN 
mouse MST2   (56) KQVPVESDLQEIIKEISIMQQCDSPYVVKYYGSYFKNTDLWIVMEYCGAGSVSDIIRLRN 

Consensus   (61) KQVPVESDLQEIIKEISIMQQCDSPHVVKYYGSYFKNTDLWIVMEYCGAGSVSDIIRLRN 


  180 
mouse MST1  (119) KTLTEDEIATILQSTLKGLEYLHFMRKIHRDIKAGNILLNTEGHAKLADFGVAGQLTDTM 
mouse MST2  (116) KTLTEDEIATILKSTLKGLEYLHFMRKIHRDIKAGNILLNTEGHAKLADFGVAGQLTDTM 

Consensus  (121) KTLTEDEIATIL STLKGLEYLHFMRKIHRDIKAGNILLNTEGHAKLADFGVAGQLTDTM 


  240 
mouse MST1  (179) AKRNTVIGTPFWMAPEVIQEIGYNCVADIWSLGITAIEMAEGKPPYADIHPMRAIFMIPT 
mouse MST2  (176) AKRNTVIGTPFWMAPEVIQEIGYNCVADIWSLGITSIEMAEGKPPYADIHPMRAIFMIPT 

Consensus  (181) AKRNTVIGTPFWMAPEVIQEIGYNCVADIWSLGITAIEMAEGKPPYADIHPMRAIFMIPT 


  300 
mouse MST1  (239) NPPPTFRKPELWSDNFMDFVKQCLVKSPEQRATATQLLQHPFVKSAKGVSILRDLINEAM 
mouse MST2  (236) NPPPTFRKPELWSDDFTDFVKKCLVKSPEQRATATQLLQHPFIKNAKPVSILRDLIAEAM 

Consensus  (241) NPPPTFRKPELWSD F DFVK CLVKSPEQRATATQLLQHPFIK AK VSILRDLI EAM 


   D326N Point Mutation 
*    360 

KLKRQEA EENSE MDSG GTVRVA GGAN G 
KAKRHEE E-NSD LDSH GTMRAT EGAQ N 

mouse MST1  (299) DV QQREVDQDD EDE TMVRAAGDEM STMS TMIEH
mouse MST2  (296) EI QQRELEEEE EDE TMVKTSSESV STMS TMIEH

Consensus  (301)  DIK KR E QQRELD DDE NSDEDELDS TMVK A D MGTMR  STMS GANTMIEH  

Caspase Cleavage Site 

  420 

mouse MST1  

mouse MST2  


LPSQ TEDEEEE Q LEYF N
LESD SEEEEEE Q MDYF N

(359) -DT LGTMVIN -------GTMKRRDETM PAKPSF EQKEKE ---Q 
(355) STM LGTMVIN EEEEEEDGTMKRNATSP VQRPSF DKQDFK KSHE 

Consensus  (361)   LPSQLGTMVINSEDEEEE GTMKR   S Q  KPSFLDYFD D N 

 Nuclear Expost Signal (NES)1 

  480 

mouse MST1  

mouse MST2  


GSLKN WKI YE EDLQKRLL QEMEEIRQ
GPMSN WRV FD EELQMRLK REIEELHQ 

(408) INSFGKNVS ---SSD PQDGD FLKSWTV ALDPMME
(415) NCDQSMREP SVFPDN PQDGD FLKNLSL ALDPMME

Consensus  (421)      G L N      WKIPQDGDFDFLK  SVEDLQKRLLALDPMME EIEEI Q 

    Nuclear Export Signal (NES)2

   503 

mouse MST1  

mouse MST2  


YRS IE
YSA MD

(465) K KRQPILDA AKKRRQQNF 
(475) R KRQPILDA AKKRRQQNF 

Consensus  (481) KY AKRQPILDAIEAKKRRQQNF 

Bipartite Nuclear Localisation Motif 


