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Abstract

Bromodeoxyuridme (BrdU) 1s a thymidine analogue capable of inducing
epitheloid morphology and altering the expression of neuroendocrine markers 1n
SCLC cell ines The ability of BrdU to alter differentiation 1n neuronal, muscle
and haematopoietic lineages has been well documented i1n the literature
Evidence suggests that this incorporation into the DNA alters the DNA’s
conformation, which 1n turn may affect mteractions with specific transcription
factors, leading to either inhibition or induction of differentiation  Following on
from work previously performed 1n our laboratory, several pyrimidine analogues
were studied to investigate 1f they possessed similar differentiating properties to
BrdU

The DLKP cell line was established at the NICB from a tumour histologtcally
diagnosed as a poorly differentiated lung carcinoma DLKP cells have properties
which suggest they could be classified as either SLCL-V or non-small-cell-lung
carcinoma with neuroendocnine differentiation (NSCLC-NE) In this study 1t
demonstrate that the DLKP cell line, and the more differentiated adenocarcinoma
line, A549, upon treatment with the BrdU and a panel of other pyrimidine
analogues, showed increased expression of cytokeratins 8, 18 and 19 proteins
Increased protein expression levels of mtegrin subunits a; and By, as well as the
cellular adhesion molecule Ep-CAM, was demonstrated in both cell lines
following exposure to drug

DNA microarray experiments were also performed on DLKP cells exposed to
BrdU, IdU and 5,2 -FdU  Following gene expression analysis on these
microarray experiments, lists of differentially expressed genes were generated
From earher work performed in this thesis, we demonstrate that all three
pynimidine analogues induce a similar pattern of differentiation in DLKP cells
Therefore, the three microarray experiments were compared to each other in
order to 1dent1fy a common differentiation pathway We reveal that a total of 93
up-regulated genes were common to all three microarray experiments EASE
analysis was performed on these 93 genes and identified 20 genes from thes list
of 93, which are thought to be involved 1n cellular development From this list of
20 development genes, we 1dentify 1n particular, two families of transcription
factors that potentially are involved n the regulation of differentiation in our
system These transcription factor families are the Id and KLF proteins We
propose that the Id family of proteins in play an important part in the regulation
of differentiation m pyrimidine-treated DLKP cells We also suggest a role for
KLF4 1n the regulation of cytokeratin expression, mediated through IFNy and
STAT-1 proteins

The transcription factor YY1 1s a 65kDa protein that 1s ubiquitously expressed
and 1s highly conserved among human, mouse and Xenopus YY1 possesses the
unusual property of regulating transcription in three ways, depending on the
cellular context YY1 has been shown to activate, repress or initiate transcription



of a number of cellular genes and has previously been shown to associate with c-
myc, resulting 1n 1ts activation and up-regulation

We have also shown that BrdU-treated cells show increased levels of ¢c-Myc and
elF-4E protemn In order to investigate the role c-Myc and elF-4E play n the
differentiation of the DLKP lung cell line, a clonal variant of DLKP, DLKP-SQ,
was transiently and stably transfected with a human YY1 cDNA expression
vector It was observed that in stable clones over-expression of YY! up-
regulated c-Myc protein levels The over-expression of YY1 appears to have
further effects on other cellular genes such as increased levels of elF-4E, elF-2a
and Ormithine Decarboxylase proteins We also demonstrate that the transient
over-expression of YY1 1s capable of inducing genes identified as differentially
expressed, namely 1d2, Id3, HMOX]1 and FHL1, in the DLKP, IdU and 5,2 -FdU
microarray experiments



Section 1.0 Introduction



1.1 Cellular differentiation

Cellular differentiation can be defined as the process leading to the expression of
phenotype charactenstic of the functionally mature cell 2 vivo  As the differentiation
process progresses there 1s an associated reduction 1n cell division and cell
proliferation activities are eventually lost (Davila, ef a/, 1990) The principal cells
that differentiate are referred to as stem cells, which are capable of rapid cell growth
and division These cells are multipotent and have the potential to differentiate into
several different cell types In general, stems cells possess unhimited proliferative
potential but they can remain quiescent under certain microenvironment conditions
(Davila, et al, 1990) Differentiated cells are thought to be produced, not directly
from stem cells, but rather via a committed progenitor or transit amplifying

population (Watt, 1991)

The density of a cell during embryogenesis and development 1s regulated by gene
expression which restricts the number of lineages that stem cells have the potential to
form Previous studies (Ham and Veomott, 1980) have proposed that ‘determination’
1s a process whereby a cell becomes commutted to differentiate into a specific lineage

A determined or commutted cell imtially may not appear phenotypically different, this
only occurs after the genetic blueprint has been implemented (Maclean and Hall,
1987) A cell can differentiate in a manner which results 1n either the trreversible loss
of 1ts proliferative properties, terminally differentiated, or 1n the retention of some of
its proliferative capacity while the cell itself 1s fully differentiated, non-termmally
differentiated A number of differentiation states are also well documented

dedifferentiation 1s the process by which a cell loses 1ts differentiated phenotype and
transdifferentiation occurs when a cell dedifferentiates and redifferentiates into a new
and distinct phenotype (Davila, ef al, 1990) It 1s apparent from this that as a cell

undergoes differentiation, 1ts gene expression profile will ikewise change

The process of cellular differentiation 1s often meditated by the tissue type the cell 1s
present in A progenitor stem cell represents the progeny of stem cells which possess
more limited proliferation and differentiation potential Ths cell 1s usually involved
in a single lineage  Although stem cells 1n adult organs are pluripotent, the

differentiated daughter cells are not usually expressed beyond the relevant organ in



which the stem cell originates from, 1e, the cells are tissue determined stem cells
(TDS) and are thus considered separate from embryonic stem cells (ES cells) (Sell,
1994)

Tissue determined stem cells are believed to undergo a slow cell cycle 1n order to
reduce the nisk of errors during DNA replication As TDS cells are present
throughout the life of an organism, such errors could become amplified in the
organism (Lajtha,, 1982) and had been proposed that many tumours contain TDS cell
populations (Khan, ef al , 1991) and that the overlapping expression of differentiation
markers (Gazdar, et al , 1988) within cancer cells 1s indicative of a stem cell origin for
most lung epithehal carcinomas Durning the differentiation process of TDS cells 1t 1s
necessary that they maintain a constant cell number One popular model for this 1s
asymmetrical cell division According to this model, when the stem cell divides one
daughter cell remains as a stem cell while the other becomes a transit cell and enters

the differentiation process

Although proliferation and differentiation appear to be interlinked processes during
stem cell maturation, they are quite often separate events that occur concomitantly
This suggests the whole differentiation process may be understood 1n terms of spiral
model (Potten and Loffler, 1990) Some TDS cells appear to be highly pluripotent
giving nise to several different cell lineages, e g the haematopoietic system Given its
pluripontency, 1t can be envisaged that depending on the signal, a stem cell will adopt

one direction of maturation over another

1.2 Lung Development

The development of the lung requires cell proliferation, branching morphogenesis,
alveolar saccule formation and cell differentiation These processes require well co-
ordinated events, which are achieved by epithelial-mesenchymal interactions,

activation and repression of transcriptional factors and signalling

The exaistence of principle of stem cells and the in vitro cultivation and manipulation
has now been well established and demonstrated for tissues such as mammary glands

(Rudland and Barraclough, 1998), Liver (Sell, 1994), haematopoietic tissue (Fraser, et



al , 1995) and skin (Jones, et al , 1995) However, the existence of a similar stem cell
model has no yet been 1dentified in lung tissue, though 1s strongly suspected given the
ability of the lung to regenerate when exposed to local damage by atmospheric
components Identification of such lung stem cells 1s hampered by the complexity of
the respiratory system and the vanety of cell types present (Plopper and Hyde, 1992,
Paine and Simon, 1996)

The most predominant hypothesis for stem cells in vivo 1s that different set of
progenitor cells exist each destined to give nse to a discrete differentiated cell type
(Plopper et al 1992) In the case of type II lung cells, these cell proliferate and then
differentiate 1nto type I cells (Adamson and Bowden, 1979) and Clara cells can
differentiate nto ciliated cells (Jutten, 1991) However, other thinking on the
existence of lung stem cells suggests the existence of a monotypic stem cell, which
gives rise to a transit cell described as a small mucous granule cell (SMGC) Thus cell
1s defined as being of a secretory yet premature type containing a few small granules
which are periodic acid Schiff reaction positive, and also possess a well developed
endoplasmic reticulum, prominent Golgi complex and tonofilmament bundles It 1s
believed that SMGCs are able to give nse through dedifferentiation to any
differentiated secretory cell type

To date, very little scientific evidence exists relating to stem cells of the lung, the
pathways they follow, their distnibution and mechanmism of action No markers yet
exist for lung stem cells and the 1dea of dedifferentiation 1s 1n contrast to the stem cell
models developed 1n other tissues suck as the skin, liver and intestine, where stem
cells pre-exist in the epithellum (Emura, 1997) The lung 1s susceptible to local
damage from a number of different sources including ozone, carbon black particles,
lipophilic chemicals absorbed mto the blood stream from the gut, or damage induced
from bactenal or viral infection Therefore, the lung must posses some form of self
regeneration, even 1if limited to overcome such damage In attempting to identify 1f a
cell 1s a stem cell, 1ts native state 1s often altered during the investigation This may
result 1n loss of the stem cell or only a limited spectrum of responses being observed
Thus, due to the vanety of cell types present and the complexity of the respiratory

system, indemnification of a lung stem cell may prove to be a difficult task



13 Identification of a stem-like lung cell line, DLKP

All of this has interesting implications with the 1solation of a poorly-differentiated
lung cell line, DLKP, at the NICB (Law, et al , 1992) Clones derived from this cell
line exhibit the amazing capacity to regenerate the mixed parental population over
ttime The DLKP novel cell line has been categorised as extremely poorly
differentiated and consists of at least three subpopulations, termed SQ (Squamous), I
(Intermed:ate) and M (Mesenchymal) (McBride, et al, 1998) These populations
have demonstrated the ability to mterconvert and eventually, when cultured alone,
replemsh the parental phenotype This, combined with the lack of expression of a
number of differentiation-specific markers, has lead to the speculation that DLKP
may represent a stem cell-like population This has afforded a umque opportunity to
study the process of lung cancer differentiation in vitro, particularly the early stages
of this process Such studies will provide insights in the mechanisms of early lung

development

14  Synthetic agents capable of inducing epithehal lung cell differentiation

141 Halogenated thymidime analogues - BrdU, IdU and CdU

Bromodeoxyuridine (BrdU) 1s a halogenated thymidine analogue that 1s known to
influence the differentiation of cells It 1s best referred to as a differentiation
modulating agent since it has been shown to be a potent inducer of differentiation 1in
some cell lines (Yen et al, 1987, Sugimoto et al, 1988, Valy1-Nagy et al, 1993),
while 1t can inhibit the differentiation of others (Seecoff and Dewhurst, 1976,
Tapscott et al, 1989, Lee et al, 1992) BrdU competes with naturally occurring
Thymidine for incorporation into DNA during rephication and as such 1t, and other
similar compounds, should be 1deal candidates for anti-tumour agents, since they
require cell division and DNA synthesis to exert their effects (Bick and Devine, 1977)
While few clinical trials are based on the differentiation-modulating properties of this
drug (Freeman, 1969, Ameye et al, 1989), BrdU has been used widely as a
radiosensitiser 1n an attempt to improve radiological treatments (Lawrence et al,
1992, McGinn and Kinsella, 1993) Radiosensitisation tnals to date include the

treatment of malignant glioma (Vander ef a/, 1990), ulcerative herpetic keratitis (van
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of myoblast differentiation, such alterations occurs with the down-regulation or
complete nhibition of the key regulatory gene, MyoD1 (Topscott, et al, 1989,
Nanthakumar and Henning, 1993)

Model 4.
This model envisages that BrdU incorporation causes an alteration in the reading
frame of the DNA template resulting 1n the formation of abnormal mRNA, which 1s

incapable of synthesising the correct differentiation products (Hill, et al , 1974)

BrdU 1s considered by some scientists to be an inducer of pre-commitment to
differentiation rather than an actual differentiation inducing agent This was
highlighted by the findings that BrdU treatment of HL60s for 24 hours, followed by
treatment with Retmoic Acid resulted 1n a faster response to Retinoic Acid (RA) than
the single addition of RA alone (Yen et al, 1990) It would appear that BrdU can
initiate some of the early changes induced by RA i HL60 differentiation, including
early c-myc down-regulation However, the same author reported previously (Yen et
al, 1987) that pre-commitment to differentiation involves an early increase in c-myc
levels in the same Leukaemic line, as induced by RA This suggests that pre-
commitment to differentiation n these cells involves increased expression of c-myc
It therefore appears that the true mechamisms of induction and commitment to

differentiation remain unclear, even in individual cell types

142 Mode of Action of Thymidine Analogues

The exact mechanism(s), by which BrdU and the various thymidine analogues
mvestigated 1n these this study, exert their differentiation-modulating effects remains
poorly understood In the case of BrdU, it 1s thought that incorporation into DNA 1s
critical 1n the process (O’Neill and Stockdale, 1974) Low levels of BrdU have been
shown to alter the differentiation status of many different cell types in both inhibitory
e g myoblast cells (O’Neill and Stockdale, 1974) and stimulatory e g neuroblastoma
cells (Ross AH, et al, 1995) Incorporation into DNA involves the conversion of
BrdU to Bromodeoxyuridine monophosphate, which competes with thymidine for
incorporation into DNA (O’Neill and Stockdale, 1974) A study by Keoffler et al
(1983) showed that a thymidine kinase-deficient human myeloid cell line, HL-60, was
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15 Keratins as markers of epithelial differentiation

A large proportion of the cytoplasm of vertebrate cells, normal and transformed, 1s
occupted by components of the cytoskeleton, including actin, tubulin and the
mtermediate filaments (Moll ef al, 1982) They are formed in different cell types
from different proteins of a multigene family or from different subunit polypeptides
of a class of related proteins By far the most striking differentiation specificity of
composition has been observed in the intermediate-sized filaments This class of
filaments includes the desmin filaments typical of myogenic cells, the neurofilaments
typical of neuronal cells, vimentins occur in mesenchymally derived cells and
vascular smooth muscle cells, and the keratins occur 1n epithelial cells (Moll et al,
1982, Hatzfeld and Franke, 1985, Daly et al, 1998) Keratin Intermediate Filament
(IF) proteins have three domains a central alpha-helical rod domain of constant size
that dertves from common ancestors, and two end-domains of variable structure
thought to be involved 1n tissue-specific functions (Blumenberg, 1988) The
specificity of keratin expression patterns 1n epithelhial cells has been used in
prognostic and diagnostic situations as markers of both epithelial origin and state of
differentiation 1n patients with small cell lung cancer (Bepler et al, 1987, Broers et
al, 1988), and other tumour pathologies (Virtanen et al, 1984, Trask et al, 1990) to
distingwish normal and tumour-derived epithelial cells Keratins are thought to serve a
structural function to protect the cell against environmental stresses and strains as for
other filaments (Daly er al, 1998), but theirr expression in human ovarian
adenocarcinoma lines has been associated with altered sensitivity to various
chemotherapeutic drugs (Parekh and Simpkins, 1995) Interestingly, n studies using a
number of chemical differentiating agents the levels of mdr-1/Pgp (p-glycoprotein)
increased and expression appears to correlate with the degree of differentiation
(Mickley et al, 1989) However, induction of these pumps 1s not always accompanied
by expression of the multidrug-resistance phenotype, which may possibly be
explained by changes n keratin expression during the differentiation of these cells
The human K8 mRNA encodes a nucleic acid-binding domain, suggesting that keratm
filaments may bind to nucleic acid sequences and play a role in regulating DNA
replication and gene transcription (Yamamoto ef al, 1990) It 1s also possible that
they play a role 1n the regulation of translation of particular mRNAs through their

localisation to regions within the cell, in a similar manner to the way m which polar
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poorly differentiated NSCLC-NE/SCLC-variant cell line 1solated at the NCTCC, has

led to speculation that this cell line may represent a stem cell-like population

151 Regulation of Keratin Expression

The regulation of keratin filament formation 1s complex and 1s controlled at multiple
levels Regulation of keratin expression has been reported at the transcriptional level
(Roop et al, 1988), involving AP-1 activation of transcription (Neznanov and Oshima,
1993) which 1s mediated by the ras signalling pathway (Pankov et al, 1994)

Relatively short sequences in the 5’ upstream region of keratin genes can confer
tissue-specific transcription (Blessing et al, 1989, Neznanov and Oshima, 1993) In
addition, histone and chromosomal insulation of keratin genes (Casanova et al, 1995),
labile inhibitors of transcription (Cremisi and Duprey, 1987), and post-transcriptional
proteolysis (Kulesh et al/, 1989) have all been implicated 1n the cell-specific and
developmental regulation of keratin filament formation An important aspect to the
proteolytic regulation of keratin filament formation, in which both partners of the pair
are required for proteolytic stability and filament expression, 1s that 1t would appear
that the expression of a type II keratin 1s sufficient to induce the expression of a type I
partner (Giudice and Fuchs, 1987, Knapp and Franke, 1989, Lersch et al, 1989,
Rothnagel et al, 1993) Type I keratin expression has been suggested to be dependent
on accumulation of unpolymerised Type II keratin (Giudice and Fuchs, 1987) for
proteolytic stability for overall filament formation Type 1 proteolysis may form a
universal regulatory element while specificity in Type II expression will therefore
result 1n Type I induction and tissue-specific Intermediate Filament formation
(Rothnagel er al, 1993) Synthesis of both keratin types can be uncoupled and control
of cytokeratin Intermediate Filament formation can occur at different levels (Knapp
and Franke, 1989), strengthening this suggestion There 1s substantial evidence for
additional post-transcriptional regulatory mechanisms (Blouin ef a/, 1991, Crowe et
al, 1993), including mRNA degradation (Paine ef a/, 1992) and the suggestion that
there 1s a possible block on the translation of certain keratin mRNAs, such as K8
(Tyner and Fuchs, 1984) This speculatively tnvolves transtational repression (Su er
al, 1994) and even masking of keratin mRNAs in epithelial squamous cell

carcinomas { Winter and Schweizer, 1983)
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16 Integrins

The mtegrin receptors consist of two heterodimer chains, o and B, both of which form
a non-covalently associated complex (Hynes, 1987) The o subumt family of
mtegrins possesses 15 variants, while the f subumit family contain 8 vanants In
theory these two families could associate to give rise to over 100 integrins However,
the actual diversity 1s much more restricted and 1n reality the subunits combine 1nto
22 different integrins (Buck and Horwitz, 1987) The integrm family 1s subdivided on
the basis of its B subumt (Newham and Humphires, 1996) For example, the
integrins are involved principally in the adhesion between the ECM and the cellular
cytoskeleton (Buck et al, 1987), while the B, integrins participate mn cell-cell
interactions (Ruoslahti, 1991) The specificity of binding 1s not determined solely by
integnn pairing, but also by the cell type it 1s expressed m

Integrins have been implicated in such diverse processes as inflammation, cellular
growth and differentiation (Albelda and Buck, 1990) For exampie, the interaction in
developing lung between the ECM and the epithelium 1s mediated by mtegrin
receptors, and allows normal lung branching to occur (Gumbiner, 1996) As well as
functioning as cell adhesion molecules, the integrins have signalling functions that
regulate various aspects of cell behaviour and differentiation This signalling 1s
accomplished through focal adhesion proteins In this study we have chosen the
increased expression of both a; and B, integrins as markers of differentiated epithehal

lung cell differentiation
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17 Transcriptional Control of Gene Expression

Transcriptional control of gene expression during both proliferation and
differentiation has been widely studied Transcription factors such as MyoD and
Myogemn have been shown to play critical roles 1n the regulation of muscle-specific
differentiation (Weintraub, 1993, Buckingham, 1994) On the other hand, factors such
as c-fos, c-jun, and c-myc have long been established as playing roles in the regulation
of cellular proliferation, differentiation and transformation of a wide variety of cell
types Selective transcription of genes such as alcohol dehydrogenase (Adh) during
development 1s known to occur through specific sequences in the promoter regions of
genes that bind regulatory factors known as transcriptional enhancers (Novina and
Roy, 1996) Despite this, the process of transcription and the mechanisms by which

transcription factors regulate difterentiation are still not fully understood

171 The ¢c-myc proto-oncogene

First 1dentified as the transforming gene of the avian myelocytomatosis virus (v-myc)
(reviewed, Evan, 1990), the myc family of oncogenes must rank among the most
widely studied of all proto-oncogenes Despite this, there 1s a relative paucity of direct
c-myc targets that have been 1dentified to explain the capacity of this gene to induce
transformation and mahgnancy (Ryan and Birme, 1996) While no direct role for c-
myc was found 1in some malignant conversions (DeBenedett1 et al, 1994), c-myc
expression has been shown to be critical to transformation by both v-abl and BCR-
ABL, as evidenced using dominant negative c-myc expression (Sawyers ef al, 1992)
Genetic nstability and abnormality 1s associated with lung cancers (Fong ef al, 1995)
and c-myc abnormalities are frequently associated with carcinogenesis c¢-myc
activation has been shown to occur via gene amplification, chromosomal

translocation, proviral insertion and retroviral transduction (Ryan and Birmie, 1997)
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1 7.1 1 c-Myc structure and Function

The c-myc gene 1s highly conserved, apart from its first exon, throughout vertebrate
evolution It first came to notice because of 1ts homology to the viral oncogene, v-myc
While deregulated expression of c-myc has been associated with a variety of
neoplasms, early studies indicated that introduction of the c-myc gene into normal
fibroblasts was not sufficient to transform cells (reviewed Evan ef al, 1990) The 5’
region of the c-myc gene contains four promoters, termed P0-P3 However, the two
major promoters, P1 and P2 contribute 75%-90% and 10-25% of the cytoplasmic c-
myc mRNAs, respectively (Ryan and Birnie, 1996, Nanbru et a/, 1997) The
functional significance of these promoters remains a mystery They may play roles in
processes such as proliferation and differentiation, or may smmply represent
evolutionary redundance of the PO and P3 promoters The c-Myc protein 1s a
phosphoprotein, phosphorylated by casein kinase II (Hagiwara et al, 1992) and
DNA-PK (DNA-activated protein kinase) (Ijjima et al, 1992, Chibazakura ef al,
1997), and 1ts expression 1s induced in response to serum and growth factor
stimulation c-Myc possesses a short cluster of basic ammo acids that serve as nuclear
localisation sequences (NLS) (Saphire et al, 1998), in addition to DNA-binding
leucine zipper motifs The N-terminal region contains the transcriptional
transactivation domain (Ryan and Birme, 1996) There are two 1soforms of the protein,
c-Mycl and c-Myc2, which differ by 20 ammo acids in their N-terminal region

(DeBenedett:, personal correspondence)

c-Myc exerts 1ts effects through oligomernisation with other proteins (Figure 1 6),
characteristic of other DNA-binding transcription factors (eg Jun and Fos)
Onginally thought to homodimerize, 1t 1s now known that this 1s untrue Oncogenic
activation of c-Myc requires heterodimerization with activating Max proteins (Amati
et al, 1993), which then bind DNA through basic-hehx-loop-helix-leucine zipper
motifs Negative regulation of c-Myc activity occurs through interaction with another
factor, termed Mad (Ryan and Birnie, 1996), which has no transactivating function
but competes with Max for binding to the same region of the ¢-Myc protein It 1s,
therefore, a competitive inhibitor of ¢c-Myc activation by Max No imtial sequence
specificity of c-Myc binding was apparent, but 1t 1s now understood that c-Myc binds

through a basic amino acid o-helix region (Fisher er al, 1993) to what are termed
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172 The Yin-Yang Transcription factor, YY1 (NF-E1, NF-5, UCRBP,
CF-1)

YY1 (Yin-Yang 1) 1s a developmentally important transcription factor, so-named
because of 1ts ability to act as both a transcriptional activator and repressor It belongs
to the GLI-Kruppel family of negative transcription factors (Licht ef al, 1990, Shi ef
al, 1991), of which relatively few are known in eukaryotes The YY1 gene was
localised to chromosome 14 1n humans (Yao ef al, 1998), aithough pseudogenes or
additional YY1 genes have been suggested to exist (Zhu ef al, 1994) The promoter
region of YY1 lacks consensus TATA or CCAAT boxes, but contains multiple SP-1
binding sites (Yao et al, 1998), including a critical promoter region (Safrany and
Perry, 1993) Four laboratories working independently cloned the YY1 gene in 1991,
perhaps highlighting the universally important role of YY1 in transcriptional
regulation
1 Park and Atchison (1991) 1solated a factor they termed NF-E1, which was capable
of binding to both the immunoglobulin x 3’ enhancer and the immunoglobulin
heavy-chain pE1 site, transcriptionally repressing and activating these promoters,
respectively The authors also reported that NF-E1 (Common Factor 1, CF1) was
capable of binding the c-myc promoter The binding of CF1 was shown to be
capable of activating transcription through a c-myc CF1 site (Riggs ef al, 1991)
Overexpression of YY1 was shown to be a strong activator of murine c-myc
expression, with mRNAs increasing from both the P1 and P2 promoters of the
endogenous c-myc gene (Riggs ef al, 1993) These promoters account for the vast

majonty of c-myc transcript present in the cytoplasm

2 NF-6 was found to bind to and activate critical downstream promoter elements 1n

the mouse ribosomal protein rpL30 and rpL.32 genes (Hanharan ef al, 1991)

3 Flanagan et al (1991) 1solated a negative transcription factor, UCRBP (UCR-
Binding Protein) that bound to the upstream conserved region (UCR) of MMLV
(Moloney Munne Leukaemia Virus), down-regulating promoter activity A
negative regulatory region 1n the HPV-18 (Human Papilloma Virus) was shown to

bind YY1 with high affimity (Bauknert et al, 1992) and mutation of the YY1
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binding site leads to enhanced activity of the HPV-18 promoter Many viruses that
cause cancer have been found to have lost YY1 binding sites, which may be a

means of escaping this negative regulation (Shrivastava and Calame, 1994)

4 Finally, YY1 was 1solated and given its more widely used name by Shi et al (1991)
when 1t was found to associate with the Adenovirus P5 promoter, activated by the
viral E1A protein In the absence of E1A this promoter 1s silenced by YY1, and
only becomes activated 1n the presence of E1IA Both E1A and YY1 were found to
share overlapping binding sites m the PS5 promoter, but YY1 binding 1s not
elimmated upon E1A binding, suggesting that competition for binding 1s not the
means by which regulation occurs ElA-mediated activation 1s speculated to
involve unmasking regions of the YY1 N-termmal involved in activation but

normally masked 1n the full-length protein (Lee er al, 1994) (Figure 1 8)

Consensus activation and repression sequences for YY1 are shown below, although
these are known to vary giving rise to changes in binding capacity of these sites for

YY1 (Hyde-DeRuyscher ef al, 1995)

Activation CGGCCATCTTGNCTG
Repression CCATNTTNNNA

1.721 The Structure and Function of YY1

There 1s evidence that YY1 1s a phosphoprotein Eight consensus phosphorylation
sites are found 1n the deduced ammo acid sequence and YY1 activity can be abolished
through the use of phosphatases (Becker et al, 1994) The ammo acid sequence of the
YY1 protein displays a number of unique properties to date, including acid nich
domains similar to transcriptional activators, as well as Ala+Gly-rich and His rich
sequences common to transcriptional repressors (Park and Atchison, 1991) The very
unusual N-terminal region consists of 11 consecutive negatively charged amino acids
and 12 consecutive histidines, thought to form two oppositely charged symmetrical
helices separated by a highly flexible glycine-rich loop (Helix-Loop-Helix, HLH)
(Hariharan et al, 1991) These regions are speculated to be capable of forming an

acidic activation domain that could be neutralised or modulated under certain
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conditions to allow interaction with polymerase II before and after transcription has
commenced The ammo terminal transactivation domain requires ammo acids 16-29

and 80-100 for maximal activity (Bushmeyer ef al, 1995)

The C-terminal contains four zinc fingers, charactenistic of DNA-binding
transcription factors, while the central region 1s largely unstructured, consisting of
large loop and helix regions The YY1 repression domain lies near the carboxy
terminus and 1s embedded within the YY1 zinc finger region necessary for DNA-
binding (Bushmeyer et al, 1995) Particular importance has been placed upon zinc

fingers 3 and 4 for repression activity

The functional diversity of YY1 was conceivably attributed to its structural plasticity
(Hariharan et al, 1991) It 1s generally thought that repression of gene transcription 1s
the usual function of YY1, with the activating N-terminal region being masked

Interaction with activating proteins, such as viral E1A, then releases the N-terminal
region and converts YY1 to an activator of transcription through the same promoter
(Figure 1 8) Howeuver, 1t has also been suggested that repression 1s not the intrinsic
activity of YY1 Rather, YY1 acts to bend DNA (Natesan and Gilman, 1993) in a way
that modulates the interaction of proteins bound to the two flanking regions When the
onientation of the YY1 binding site 1s reversed or the phasing of the sites 1s changed,
YY1 becomes an activator of the same promoter (Natesan and Gilman, 1995) Rather
than bending two proteins away from one another, YY1 now bends them towards one
another to bring them into closer contact and increase association Therefore, YY1
will have distinct local effects on protein-DNA and protein-protein interactions
depending upon the position and onentation of its binding site within the promoter,
supporting a general role for YY1 in the building of highly orgamised promoter
complexes Thus 1s particularly important in the formation of promoter structures at
TATA-less promoters, since YY1 has been shown to bend DNA 1n a manner suitable
to provide a stte for transcription mmtiation (Kim and Shapiro, 1996) Both promoter
orientation-dependent and co-factor-dependent activity of YY1 was also suggested in
the human Interferon-y promoter (Ye ef a/, 1994) In this case, DNA-binding 1s a
required function of YY1, while 1n other cases DNA-binding 1s not required for YY1

to exert 1ts effects upon promoter formation and activity
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promoters depending on either promoter architecture or intracellular milieu” These
unique properties suggest an unusual and complex role for YY1 in the regulation of

gene expression

1723 YY1 and TATA-less Transcription

YY1 1s thought to play a central role in the formatton of transcription initiation
complexes at TATA-less promoters Promotion of TATA-less transcription by YY1
was 1mtially suggested by the in-vitro transcription expeniments of Seto et a/ (1991)
and Hahn ef al (1992) YY1 has been shown to bend DNA and 1s thought to play a
role 1in the formation of promoter structures for RNA pol II binding (Natesan and
Guman, 1995, Kim and Shapiwro, 1996) In an in-vifro transcription reaction,
supercolled DNA templates could be transcribed in the presence of only YY1, TFIIB
and RNA Pol II (Usheva and Shenk, 1994) Overall, YY1 1s thought to be a key
regulator of TATA-less promoter initiation, probably in all TATA-less promoters
(Azizkhan et al, 1993) Its ubiquitous expression 1s in agreement with the findings
that many universally expressed housekeeping genes appear to lack any discernible
TATA recognition sequence, including the YY1 gene itself (Yao et a/, 1998) In hight
of this, a report challenging the concept that TBP-mediated association of TFIID with
the TATA-box 1s limiting 1n the rate of transcription 1nitiation 1s of interest (Antoniou
et al, 1995) Altered transcription was only observed when TBP binding was
drastically decreased in the promoter of the B-globin gene However, this promoter
also contains an active YY1 binding site, the importance of which may have been

overlooked by the authors

The ability of YY1 to interact with TFIIB/D s also thought to be a means by which
YY1 regulates TATA-less promoter formation, by-passing the requirement for TBP
in these systems Recently TAF;55 (TATA-Binding Protein-Associated Factor), a
subunit of TFIID, has been shown to interact directly with the largest subunit,
TAF,230 through 1ts central region and with multiple activators — including SP1,
YY1 and Adenoviral E1A — through a distinct amino-terminal domain (Chiang ef al,
1995) This subumt may form the “bridge” between transcriptional enhancers and the

actual transcriptional components surrounding RNA polymerase II It 1s possible that
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YY1 1s part of, or 1s actually the “bridging umit”, particularly in TATA-less promoters
(since TAFS55 1s a basal unit, while YY1 appears to be “in-limbo” between enhancer
and basal transcription factor, depending upon the promoter) The effects of SP1 on
YY1-mediated transcription imtiation, particularly from TATA-less promoters, may
reside 1n 1ts interaction with TAF;55/230 to guide the initiation complex towards the

Inr-associated YY1 to begin initiation

Further evidence that YY1 plays a role transcription through TATA-less promoters
has been provided by Gatson and Fried (1994), Cole and Gaston (1997), Johansson et
al (1998) and Karantzoulis et a/ (1999) In addition, YY1 1s thought to play a role 1n
the downstream regulation of transcription (Last ef al/, 1999) The majority of known
transcriptional enhancers are upstream, since they would interfere with the actual
transit of the RNA polymerase II if situated downstream, while YY1 appears to
interact with many of the basal factors and may form part of the basal RNA

holoenzyme in some circumstances

1724 YY1 in Differentiation and Development

The unusual nature of the YY1 protein has led to speculation that 1t may play a key
role 1n the regulation of differentiation and development Both Chromatin structure
and methylation are thought to be key mechanisms by which cells control specific
gene transcription during differentiation The Nuclear Matrix Protein-1 (NMP-1), a
transcription factor which has been shown to associate with the nuclear matrix to
mediate gene-matrix interactions within the nucleus, has been shown to be none other
than YY1 (Guo et al, 1995) Sequences necessary for nuclear localisation and
association with the nuclear matrix have been 1dentified in the C-terminal region of
the YYI peptide (Bushmeyer and Atchison, 1998, McNeil ef al, 1998) Nuclear-
matrix-assoclated transcription factors may affect gene regulation by mediating
transient associations between DNA and the nuclear matnx, locally unravelling
chromatin structure to allow the transcriptional machinery to access promoters and
begin transcription, implying roles for YY1 in activating repressed genes during

development
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Binding of YY! to DNA during globin promoter formation 1s known to be
methylation-sensitive (Satyamoorthy ef al, 1993, Yost et al, 1993), which may imply
a role for YY1 1n tissue- and developmental-specific transcription of genes A YY1
binding site 1s thought to function in the stage-specific expression of the fetal (gamma)
globin gene (Zhu et al, 1999) The human g-globin gene 1is transcribed 1n erythroid
cells only during the embryonic stages of development A binding site for YY1,
around nucleotide —269, was 1dentified as critical 1n the formation of the e-globin
repressor complex (Raich et al, 1995), forming part of the local regulatory elements
suggested to be mvolved 1n the regulation of embryonic stage-specific expression of
this gene Processes such as these, resulting 1n the stage-specific switches in gene
expression, are thought to be associated with methylation of CpG islands, which
silence transcription of developmentally important genes and to which YY1 binding

1S sensitive

In addition, levels of YY1 have been shown to decrease during differentiation of
mouse myoblasts (Lee ef al, 1992) YY1 contains several peptide regions prone to
proteolytic cleavage, raising the possibility that protease-mediated degradation events
may contribute to dimmmshed YY1 protein levels during myogenesis (Lee et al,
1994) Two proteolytic pathways through which YY1 can be differentially targeted
under different cell growth conditions have been 1dentified (Walowitz et al, 1998),
identifying a role, at least partially, for protease calpain II (m-calpain) However, 1n
serum starvation studies YY1 protein expression was lost only after 24 hours, despite
the fact that YY1 transcript expression was lost within hours (Flanagan, 1995),
suggesting that the YY1 protein 1s relatively stable This does not exclude the
possibility that proteolytic regulation of YY1 levels may play a role in different

processes

Treatment of myoblasts with the differentiation modulating agent, BrdU results 1n
inhibition of myogenesis, resulting in/from an increase in expression of YY1 and
decreased a-actin levels (Lee ef al, 1992) Transfection of SRF (Serum Response
Factor), which competes with YY1 for the regulation of a-actin gene transcription,
could directly transactivate the actin promoter in BrdU-treated myoblasts Both SRF
and YY1 are ubiquitously expressed, suggesting that they may have antagonistic
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functions 1n regulating genes such as c-fos, a-actin and cardiac creatine kinase-M
(Vincent et al, 1993, Liu et al, 1995) during development High levels of YY1 n
non-differentiated muscle cells down-regulate the dystrophin promoter, at least in part,
by interfering with the spatial organisation of the promoter (Galvagm er al, 1998)

YY1 and a positive regulator of dystrophin, DPBF (dystrophin promoter bending
factor), induce opposite bends in the CArG element of this promoter, suggesting that

their binding induces alternative promoter structures to regulate muscle development

1.8 eukaryotic Translation Imitiation Factor, eIF-4E

elF4E, otherwise known as elF4a or the small cap binding protein, binds directly to
the 5' 7-Methyl-Gppp cap 1in an ATP-dependent manner, and 1s thought to be the first
factor to interact with the mRNA to imitiate translation eIF-4E 1s a 25 kDa phospho-
protein responsible for Cap-binding specificity in elF-4F complexes during
eukaryotic translation imtiation events elF-4E consists of a single aff domain which
contains § anti-parallel B strands forming a curved B sheet (Sonenberg and Gingras,
1998) This sheet 1s backed by three long a-helices The mRNA cap-structure binds
loosely to an hydrophobic pocket in the concave mner surface of elF-4E, across
which salt-bridges form after phosphorylation to “lock” the cap mn place
(Marcotrigiano et al, 1998, CSHL abstracts), while the convex dorsal surface
interacts in a mutually exclustve manner with either elF-4G or the 4E-BPs
Phosphorylation of e]F-4E occurs as part of the eIF-4F complex (Tauzon er al, 1990)
greatly enhancing and stabilising 1ts association with the cap (Minich et al, 1994,
Joshi et al, 1995)

elF-4E 1s widely accepted as the limiting factor n translation 1mtiation, particularly
for mRNAs with complex 5° UTRs It 1s present in molar levels significantly lower
than that of other imtiation factors (DeBenedett: and Rhoads, 1990, Sonenberg, 1996)
It 1s the most specifically targeted mRNA-binding elF and is an essential component

of the cytoplasmic cap-binding complex The cap-binding activity of the elF-4E
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peptide 1s thought to reside n a highly evolutionanily conserved placement of
tryptophan residues in both yeast and mammals (Altmann et al/, 1988) This factor
therefore plays a critical role in the regulation of translation, particularly of specific
mRNA species, and the levels and activity of elF-4E are critical to the control of
cellular proliferation and differentiation (Jaramillo et a/, 1991) A rather novel and
as-yet to be proven additional function for elF-4E has been suggested, namely that 1t
may play some part in the transport of mRNAs from the nucleus The 5° Cap-
structure 1s known to be involved in the process of nucleocytoplasmic transport
(Sonenberg and Gingras, 1998), already thought to be the function of the novel elF-
4E homologue protein, eIF-4EHP (Rome ef al, 1998) In hght of the Cap-binding
specificity of elF-4E and recent findings of localisation of a fraction of elF-4E to the

nucleus (Pollard et @/, 1999), this additional role for eIF-4E 1s not implausible

Frequently mammahan cells express at least two forms of this factor (Jaramuillo et al,
1991, Haghighat et al, 1995) The gene(s) for eIF-4E 1s thought to lie on
chromosome 4 1n humans (Gao et al, 1998) Gao ef al (1998) 1solated two genes for
elF-4E from placental genomic libraries, in which case elF-4E1 contained six introns
but the other (eIF-4E2) was intronless Subtle differences between the two genes were
1dentified and both genes were reported to be differentially expressed in four human
cell lines A notable difference between the two genes was that the e[F-4E1 promoter
contained c-myc-binding elements while that of eIF-4E2 did not, suggesting
constitutive expression of the latter and inducible expression of the former In fact,
elF-4E has been 1dentified as one of the few targets for c-Myc induction (Rosenwald
et al, 1993, Jones et al, 1996) The complexity of elF-4E expression patterns n
eukaryotic cells was highlighted by the findings that 1n Drosophila a single elF-4E
gene could code for three alternatively spliced mRNA transcripts, two of which
resulted 1n expression of the same form of elF-4E, while the other encoded an 1soform
differing at the amino-terminal sequence of the protein (Lavoie et al, 1996) The
three elF-4E transcripts varied greatly in the lengths of their respective 5> UTRs,
suggesting that each was subject to varying degrees of translational regulation
themselves This may reflect a means of auto-regulating levels of elF-4E expression

during phases of hyper- and hypo-proliferation of cells
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Following on from BrdU work that has previously been performed in the laboratory
(McBride S, et al , 1999, P Meleady, PhD Thesis, 1997, F O’Sullivan, PhD Thests,
1999, D Walsh, PhD Thesis 1999, P Doolan, PhD Thesis, 2001) 1t was decided to
investigate the ability of other halogenated thymidine analogues to induce
differentiation in DLKP and A549 cells In this study 1t was decided to utilise the
expression of oy-, Bi-integrin, EpCAM, cytokeratms 8, 18 and 19 as markers of
differentiation in the two cell lines The thymidine analogues initially chosen for this
work were 5-lodo-2 -deoxyUndine, 5-Chloro-2 -deoxyUndine, 5-FluroUracil, 5-
Fluro-2 -deoxyUrnidine,  5-Fluro-5 -deoxyUndine, 5-BromoUndine and 5-

BromoUracil

Exposure of the both cell lines to BrdU and the other halogenated thymidine
analogues mvestigated also resulted i a morphological change in the treated cells
These changes included a flattening and stretching of the cells, with the cells doubling
or quadrupling 1n size, following treatment Cells treated with 5,2 -FdU exhibited the

greatest alteration 1n morphology and the greatest increase in cell size
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Previous research performed in this laboratory has demonstrated that the
halogenated thymidine analogue, Bromodeoxyuridine, induces the i vitro
differentiation of the lung cell lines DLKP and A549 This differentiation 1s
indicated by the induction of cytokeratins 8, 18 and 19 (McBride, et al , 1999,
Meleady and Clynes 2001a, Meleady and Clynes, 2001b, O’Sullivan, PhD
Thests, 1999) Also shown to be induced by BrdU are the integrins a; and §,
(Meleady, PhD Thests, 1997) and Ep-CAM (O’Sullivan, PhD Thesis, 1999)

The thymidine analogues BrdU has been shown 1n this laboratory to induce
the expression of cytokeratin and integrin proteins The ability of other
halogenated pyrimidine analogues, IdU, CdU, 5,5 -FdU, 5,2 -FdU, 5-FU,
BromoUracil and Bromouridine, to alter expression of these proteins was also
to be investigated It was hoped that such investigation would help us gain a
better understanding of the mechanisms by which differentiation 1s regulated

n our n vitro model system

In order to investigate the mechanisms involved 1n lung cell differentiation 1n
our model system imitial work examined the effect of the pyrimidine
analogues had on the cytokeratin and integrin proteins in DLKP and A549 cell

lines This was principally performed by immunocytochemistry

To investigate the global transcriptional changes induced in the DLKP cell
hine following exposure to the pyrnimidine analogues, DNA mcroarray
experiments were employed to help to elucidate genes which may be common
to the pathway(s) regulating differentiation 1n our cell system The use of
such techmiques may yield helpful leads to help us understand the overall

processes of differentiation involved

Work performed by Walsh (PhD Thesis, 1999) in our laboratory suggested

that the transcription factors c-myc and Yin Yang 1 may be key proteins

31



mvolved 1n the control of differentiation which 1s induced by BrdU in DLKP
cells cDNAs coding for these two proteins were transfected into DLKP and a
clonal subpopulation DLKP-SQ, to asses their ability to induce simple
differentiation 1n this poorly differentiated cell line It was hoped that
compiling results from BrdU-treated cells and transfections would allow us to
develop a model for the regulation of K8 and K18 synthesis 1n our lung cell
line models, with possible implications for understanding the early stages of
lung development as well as aspects of de-differentiation 1n lung cancer Such

models are severely lacking 1n lung biology

32



Section 2.0 Materials & Methods
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