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Abstract

Abstract
Mammalian cells undergo a limited number of divisions before reaching the end
of their mitotic lifespan and withdrawing permanently from the cell cycle. Cyclin A is
an important regulator of the cell cycle whose expression is down-regulated upon
growth arrest in many cell types. I have therefore undertaken to investigate the
mechanisms that regulate cyclin A expression during senescence. Since rat embryo
fibroblasts undergo asynchronous senescence, I have used a model system in which
large numbers of cells can be made to undergo rapid and synchronous growth arrest.
Rat embryo fibroblast cell lines were used which have been conditionally immortalised
with a temperature sensitive mutant of SV40 large T-antigen.

These cell lines

proliferate continuously at the permissive temperature but rapidly growth arrest upon
inactivation of T-antigen.
I have shown that expression of cyclin A is down-regulated at the protein and
mRNA levels upon growth arrest in both this model system and in normal rat embryo
fibroblasts undergoing senescence. The reduction in mRNA levels is due to a decrease
in the level of transcription.
I have used the human cyclin A cDNA to screen a rat cDNA library and have
cloned two species of rat cyclin A cDNA, corresponding to the 1.6kb and 2.7kb cyclin
A mRNA's seen by northern blot analysis and have demonstrated that the difference
between these species lies in the 3' untranslated region.
I have then used the rat cDNA to clone 1.8kb of 5' flanking sequence and have
prepared a series of CAT reporter constructs containing 5' flanking region. I have
demonstrated transcriptional activity of this series by transient transfection into tsaS
cells and 2°REFs.

Experiments are presented which show that the promoter is

downregulated when tsaS cells have undergone growth arrest at the nonpermissive
temperature. Experiments are also presented which demonstrate that SV40 large Tantigen is capable of transactivating this promoter.
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Chapter 1:
General Introduction
1.1:

Overview
For the correct development of a multiceliular organism, the proliferation of

individual cells must be tightly regulated and division must cease at the appropriate
point in development.
Differentiation is the process by which cell-type specific genes are selectively
expressed, producing a cell with a particular phenotype. The end point of a particular
differentiation pathway is known as terminal differentiation and is generally
irreversible.

Following terminal differentiation, many cell types e.g., neurons,

oligodendrocytes, astrocytes and muscle cells remain in a post-mitotic state in which
they can not be induced to divide. An intimate link therefore exists between cell cycle
arrest and the onset of differentiation specific gene expression. Failure to undergo both
normal differentiation and cell cycle withdrawal are both features of neoplastic cells.
Understanding the molecular mechanisms by which cells withdraw from the cell cycle
upon differentiation is therefore critical to understanding both normal development and
proliferative disorders such as cancer.
In recent years, much insight has been gained into the mechanisms that control
passage through the cell cycle. The first part of this introduction gives a summary of
the current understanding of the control of the mammalian cell-cycle, with particular
reference to the roles of cyclin A, the protein we have chosen to study. The second part
of the introduction indicates how changes in the expression and/or activity of various
cell cycle regulatory proteins may be involved in growth arrest; either during temporary
(reversible) arrest in response to anti-proliferative signals or during permanent
withdrawal from the cell cycle during differentiation or senescence.
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The third section describes in more detail two different models by which
irreversible cell cycle withdrawal may be studied in vitro : muscle differentiation and
senescence in mammalian fibroblasts. Muscle differentiation is the best characterised
system to date in which the regulatory mechanisms co-ordinating differentiation to cellcycle withdrawal have been investigated. This model is used as an example to show
that changes in the cell-cycle machinery described previously are involved in cell cycle
arrest and is also used as an example to demonstrate that transcription factors expressed
during differentiation are critical in regulating not only cell-type specific gene
expression, but also growth arrest, in terminally differentiated cells.
The approach we have taken to address the question of how cells permanently
exit the cell cycle, is to study the transcriptional mechanism by which the expression of
a positive regulator of the cell cycle is repressed during senescence. The gene we have
chosen to study is cyclin A. Cyclin A had been identified as a gene that is required for
entry into S-phase and was thus a good candidate for a gene that would be downregulated when cells cease dividing.
As a model in which to study senescence, we have used a system in which rat
embryo fibroblasts are conditionally immortalised with a thermolabile mutant of Simian
virus 40 (SV40) large T-antigen. The final section of this introduction introduces this
model system and gives a brief overview of how interactions of small DNA tumour
virus oncoproteins with components of the cell cycle machinery, may contribute to their
immortalising potential.

1.2:

Cell cycle control in eukaryotes
The mammalian somatic cell cycle consists of four phases; G l, S, 02 and M.

DNA synthesis occurs during S-phase and segregation of duplicate sets of
chromosomes and cell division occur during M phase (mitosis). Gl is the interval
("Gap 1") between M phase of one cell cycle and S-phase of the subsequent cycle and
G2 is the interval between S-phase and M-phase.
Newly divided cells must either re-enter the cell cycle, committing themselves

Chapter 1: General Introduction

14

to DNA replication, or leave the cell cycle by either becoming quiescent or by
differentiation. The pathway taken depends upon the combined effect of a number of
stimuli such as growth factors, anti-mitogens, differentiation inducers and spatial cues.
Mammalian cells are sensitive to such stimuli until they reach a restriction point in late
G l, after which they can complete their division cycle even upon removal of mitogens
(Pardee, 1989). Hence, both positive and negative cell cycle regulators interact with the
cell cycle machinery that controls passage through Gl and most have no effect on DNA
replication once the restriction point has been passed.

1.2.1: Passage through the cell cycle is controlled by cyclin dependent kinases
(CDK’s)
Passage through different phases of the cell cycle is controlled by the sequential
formation, activation and subsequent deactivation of a series of cyclin-dependent kinase
(CDK) complexes. These kinases require association with a cyclin subunit and are
further regulated in both a positive and negative manner by phosphorylation and
association with inhibitory subunits.
Cyclins were originally defined as proteins whose expression is periodic
through the cell cycle but are now defined as members of a structurally related class of
proteins which bind and activate CDK catalytic subunits. All cyclins contain a region
of homology within a domain of around 100 amino acids, known as the cyclin box,
which is responsible for binding and activation of the CDK subunit (Nugent et al.,
1991).
The first CDK to be identified in humans was the homologue of the fission yeast
gene, cdc2. The cdc2 gene was identified in fission yeast due to the observation that
mutations in this gene caused cell cycle arrest at two points in the cell cycle, either at
START (the yeast equivalent to the mammalian restriction point), or just before mitosis
(reviewed by: Nasymth, 1993; Reed, 1992). In higher eukaryotes, multiple CDK
subunits (CDK's 1-7) and multiple cyclins (A-H) have been identified and transitions
through various phases of the cell cycle are controlled by different cyclin-CDK
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complexes. Figure 1.1 shows the mammalian cyclin-CDK complexes that have been
identified so far and shows the temporal expression of these complexes during
progression through the cell cycle. This figure also indicates some of the mechanisms
that modulate the activity of these complexes as described in following sections.
Cyclin D- and E-dependent kinases are most closely implicated in controlling
the Gl-S phase transition. The major catalytic partners of D-type cyclins are CDK4
and CDK6 (Bates et ai, 1994; Matsushime et al, 1994; Meyerson and Harlow, 1994)
whereas cyclin E primarily associates later in 01 with CDK2 (Dulic, Lees, and Reed,
1992; Koff et a l, 1992). There are three subtypes of D-type cyclin which are in part
cell type specific with most cells expressing D3 and either D1 or D2 (Sherr, 1994). It is
not yet clear whether they carry out redundant functions in response to different signals
or have distinct roles in the cell-cycle. The D-type cyclins have a very short half life
(-30 min) (Matsushime et a l, 1991; Sewing et a l, 1993) and expression of their
mRNAs and protein is generally highly growth factor inducible (Ajchenbaum et a l,
1993; Matsushime et al, 1991; Winston and Pledger, 1993; Won et a l, 1992). The Dtype cyclins are induced in quiescent cells as part of the delayed early response to
mitogens and are synthesised for as long as the growth factor stimulation exists,
showing only a moderate peak near the Gl-S phase boundary. Upon withdrawal of
mitogens, these cyclins rapidly disappear, for example, withdrawal of colony
stimulating factor from macrophages has been shown to result in the immediate
cessation of cyclin D1 synthesis (Matsushime et al, 1991). Cyclin D1 is found in the
nucleus during Gl but moves out of the nucleus at the beginning of S-phase (Baldin et
a l, 1993; Sewing et a l, 1993). Disappearance of cyclin D from the nucleus may be
necessary for entry into S-phase as acute overexpression of cyclin D prevents S-phase
entry (Pagano et a l, 1994). Cyclin D-CDK complexes appear to stimulate progression
through Gl rather than to promote the Gl-S phase transition as microinjection of anticyclin D antibodies can only prevent entry into S phase if injected in early, not late, Gl
(Baldin et a l, 1993; Quelle et al, 1993). Furthermore, removal of growth factors from
macrophages that have entered S-phase results in the rapid disappearance of cyclin D l-
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Figure 1.1: Expression of cyclin-CDK complexes during the cell cycle
The temporal expression of different cyclin-CDK complexes during
the cell cycle is shown, indicating the action of inhibitor proteins upon cyclinCDK activity and indicates phosphorylation of pocket proteins by the various
cyclin-CDK complexes
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CDK4 complexes, yet the cells can still complete S-phase and divide (Matsushime et
a l, 1991).
Unlike the D-type cyclins, Cyclin E is expressed periodically, assembling with
CDK2 and inducing maximal cyclin E-dependent kinase activity at the Gl-S transition
(Dulic, Lees, andReed, 1992; Koff et a l, 1992).

Roles for cyclins D and E in

controlling Gl progression is indicated by the fact that overexpression of D- and Etype cyclins can reduce the duration of Gl, decrease the dependency of cell division on
mitogens and decrease cell size (Ohtsubo and Roberts, 1993; Quelle et a l, 1993;
Resnitzky et a l, 1994). Conversely, microinjection of anti-cyclin D antibodies,
antisense plasmids or anti-cyclin E antibodies during Gl can prevent entry into S phase
(Baldin et a l, 1993; Quelle et a l, 1993). Cyclin E may also play a role in the Gl-S
transition as inhibition of the function of CDK2, the catalytic partner of cyclin E, has
been shown to prevent entry into S-phase (Pagano et a l, 1994; Tsai et a l, 1993; van
den Heuvel and Harlow, 1993) although CDK2 also interacts with cyclin A which may
account for this effect. In Drosophila, cyclin E is required for entry into S-phase once
development has gone past 16 divisions as embryos homozygous for a cyclin E
mutation undergo cell cycle arrest in Gl of cycle 17. This is the first cycle to contain a
Gl phase and occurs just after the disappearance of the maternal cyclin E transcript.
The periodic down regulation of cyclin E then results in the addition of a G l phase to
the postblastoderm cell cycle (Knoblich et al, 1994).
Little is known about the role of cyclins C, G and F. Cyclins C and G are
expressed in the Gl phase of the cell cycle. Cyclin C mRNA peaks in mid G l (Lew,
Dulic, and Reed, 1991) and Cyclin G mRNA is induced within a few hours of growth
factor stimulation of quiescent cells (Tamura et a l, 1993). Cyclin F is most closely
related to cyclins A and B and its mRNA shows a similar pattern of expression as
cyclin A (Bai, Richman, and Elledge, 1994). However, the CDK partner of each of
these cyclins has yet to be identified.
Cyclin B was the first cyclin to be identified, which, together with its CDK
partner, CDC2 (the homologue of the yeast cdc2 gene), regulates entry into mitosis. In
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early amphibian and marine embryos, the activation and inactivation of Cyclin B-CDC2
activity produce a rapid oscillation between mitosis and interphase. Since the levels of
CDC2 protein are relatively constant throughout the cell cycle, it is the accumulation of
cyclin B above a threshold, followed by post-translational modification, that determines
the oscillation in kinase activity (Murray, Solomon, and Kirschner, 1989; Solomon et
a l, 1990).

1.2.1.1: Cyclin A is required at several points in the cell-cycle
Cyclin A appears to perform several roles, at different points in cell cycle
progression. Cyclin A is expressed in the nucleus from the beginning of its synthesis in
late G l, through 02 and M phases (Pines and Hunter, 1991). The ability to localise to
the nucleus correlates with the ability to form CDK complexes, suggesting that nuclear
transport of cyclin A requires the formation of multiprotein complexes containing CDK
subunits (Maridor gr a/., 1993).
Cyclin A can form complexes with both CDC2 and CDK2. The first role
ascribed to cyclin A, like cyclin B, was to regulate entry into mitosis in a complex with
CDC2. Both cyclins A and B complexed with CDC2 induce oocyte maturation or
mitosis in a cell-free system (Minshull, Blow, and Hunt, 1989; Murray and Kirschner,
1989; Pines and Hunt, 1987) and degradation of both cyclins is required for exit from
mitosis (Roy et a l, 1991). Furthermore, microinjection of anti-cyclin A antibodies into
0 2 phase cells inhibits entry into mitosis (Pagano et a l, 1992) and in Drosophila,
cyclin A mutants are blocked in G2-M rather than G l. Both cyclins A and B are
specifically degraded during mitosis by the ubiquitination pathway (Glotzer, Murray,
and Kirschner, 1991; Hershko et al, 1991). This degradation requires a sequence in the
N-terminus, known as the destruction domain (Glotzer, Murray, and Kirschner, 1991;
Lorca et a l, 1992) and is also dependent upon binding of CDC2 (Stewart et al, 1994;
van der Velden and Lohka, 1994).
In addition to a role for cyclin A-CDC2 complexes in controlling the G2-M
phase transition, cyclin A is also necessary for entry into S phase, activating CDK2
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shortly after cyclin E, concomitant with the onset of measurable DNA synthesis
(Carbonaro Hall et aL, 1993; Koff et ai, 1992; Marraccino, Firpo, and Roberts, 1992;
Pagano et a i, 1992). Microinjection of cyclin A antibodies or transfection of cyclin A
antisense expression plasmids into mammalian fibroblasts blocks entry into S-phase
(Girard et a i, 1991; Pagano et ai, 1992; Zindy et al, 1992). Stable over-expression of
cyclin A under the control of its own promoter has recently been reported to accelerate
entry into S-phase in HeLa cells (Rosenberg et al, 1995).
Ectopic expression of cyclin A in NRK (normal rat kidney) cells has been
shown to result in anchorage-independent growth. NRK cells grown in suspension
normally arrest in late Gl and express cyclin E but not cyclin A. However, enforced
ectopic expression of cyclin A overcomes the Gl block and allows repeated cell cycles
in suspension (Guadagno et ai, 1993). This may indicate that cyclin A transcription is
stimulated by a signal from the cell surface as a late Gl event. Deregulation of cyclin
A expression may therefore be involved in the anchorage independent growth
properties of transformed cells.
Cyclin A has also been suggested to have a direct role in the assembly or
regulation of DNA replication complexes. Cell-free replication of SV40 DNA has been
used as an in vitro model to study DNA replication. S-phase but not G l extracts are
able to support SV40 DNA replication (D'Urso et a i, 1990). However, addition of
CDC2 kinases to Gl extracts strongly stimulates SV40 DNA replication (Dutta and
Stillman, 1992; McVey et al, 1989). It has been proposed that phosphorylation of Tantigen and the single-stranded DNA binding protein, RP-A (replication protein A) is
necessary for SV40 DNA replication (Dutta and Stillman, 1992). RP-A becomes
highly phosphorylated at the start of S-phase (Din et ai, 1990) which is consistent with
the timing of cyclin A-CDK2 activity.

T-antigen, adenovirus E lA and human

papilloma virus type 16 E7 protein, which are all capable of driving DNA synthesis in
quiescent cells, all bind cyclin A-CDK2 (Adamczewski, Gannon, and Hunt, 1993;
Dyson et a i, 1992; Herrmann, Su, and Harlow, 1991; Tommasino et a l, 1993; Tsai,
Harlow, and Meyerson, 1991), suggesting that phosphorylation by this kinase is
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required for initiation of DNA replication. Furthermore, cyclin A has also been shown
to co-localise with sites of DNA replication in S phase nuclei (Cardoso, Leonhardt, and
Nadal Ginard, 1993; Sobczak Thepot et al., 1993). However, it has recently been
reported that phosphorylation of RP-A by cyclin A-CDK complex had no significant
effect upon the ability of RP-A to support either DNA replication or nucleotide
excision-repair reactions in an in vitro system reconstituted with purified proteins. The
consequence of RP-A phosphorylation in vivo is therefore uncertain (Pan et a l, 1995).
A role for cyclin A has also been proposed in a checkpoint' whereby cells are
normally prevented from entering mitosis until DNA replication is complete. Ablation
of cyclin A in Xenopus extracts has been shown to cause premature entry into M-phase
in the presence of unreplicated DNA (Walker and Mailer, 1991).

1.2.2: The activity of cyclin-dependent kinase complexes is regulated by
phosphorylation
In addition to binding of a cyclin subunit, cyclin dependent kinase activity is
regulated in both a positive and negative way by phosphorylation. Most work on the
post-translational control of CDK activity has focused on the cyclin B-CDC2 complex.
Binding of the cyclin subunit induces phosphorylation of three highly conserved
residues. Phosphorylation of Thrl61 is required for activation whereas phosphorylation
of Thrl4 or Tyrl5 results in dominant inhibition of kinase activity (Draetta et al.,
1988).
The activating phosphorylation on Thrl61 is catalysed by CDK activating
kinase (CAK) which is itself composed of a cyclin-CDK complex.

The highly

conserved kinase subunit, M015 is now regarded as CDK7 (Fesquet et al., 1993; Poon
et ai, 1993; Solomon, Harper, and Shuttleworth, 1993) and the 37kD binding partner as
cyclin H (Fisher and Morgan, 1994; Makela et al., 1994). The activity of CAK may
itself be regulated by phosphorylation on the CDK7 subunit (Fisher and Morgan, 1994;
Poon etal., 1993).
Mammalian CAK is capable of phosphorylating all the major CDK-cyclin
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complexes involved in vertebrate cell cycle control, including cyclin A-CDC2 and
cyclin A-CDK2 (Fesquet et al., 1993; Poon et al, 1993); Solomon et at., 1993 EMBO J
12 3133-3142; (Fisher and Morgan, 1994; Matsuoka et al., 1994). Most cyclin-CDK
complexes including cyclin A-CDK2, cyclin E-CDK2 and cyclin B-CDC2, will form in
the absence of phosphorylation or the presence of other components, whereas cyclin ACDC2 will only form with high affinity following phosphorylation of CDC2 by CAK
(Desai et al., 1995).

Phosphorylation of Thrl60/161 (on CDC2 and CDK2

respectively) tends to rise and fall in parallel with cyclin binding (Gu, Rosenblatt, and
Morgan, 1992; Krek and Nigg, 1991). However, changes in phosphorylation are
probably not due to changes in CAK activity as this is constitutive throughout the cell
cycle (Poon et al., 1994; Tassan et al., 1994; Matsuoka et al, 1994; Brown, Jones, and
Shuttleworth, 1994) but appears to reflect the ability of cyclin binding to stimulate
CDK phosphorylation. Therefore, CAK activity does not appear to be rate limiting
during normal cell proliferation.
The inhibitory phosphorylations of CDC2 on Thrl4 and Tyrl5 also parallels the
rise in cyclin B levels as the cells progress towards mitosis (Krek and Nigg, 1991;
Solomon et al, 1990). The kinase activity of cyclin B-CDC2 is then suddenly activated
at the end of 02 by an abrupt dephosphorylation of these sites by a co-ordinated change
in the activities of the kinases and phosphatases acting at these sites (McGowan and
Russell, 1993; Parker and Piwnica Worms, 1992). The phosphatase responsible for
removing both the Thrl4 and Tyrl5 is a dual specificity phosphatase, CDC25 which is
itself regulated by phosphorylation (reviewed by: Coleman and Dunphy, 1994; Dunphy,
1994).
CDC25 is also able to activate the kinase activity of cyclin A- and cyclin ECDK complexes and both cyclin A-CDC2 and cyclin B-CDC2 are able to
phosphorylate CDC25 in vitro . This phosphorylation increases the ability of CDC25 to
activate cyclin B-CDC2, thereby forming a positive feed-back loop (Hoffmann et a l,
1993; Izumi and Mailer, 1993).
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1.2.3: The activity of cyclin-CDK complexes is regulated by interaction with
cyclin-dependent kinase inhibitors (CKI’s)
In addition to regulation by association with cyclin subunits and
phosphorylation, the activity of CDKs is also regulated by a family of proteins known
as CKIs that bind and inactivate CDK-cyclin complexes. There are several mammalian
CKIs identified to date: p21(CIP1/WAF1/CAP20/SDI1 ) ^nd p27^^^1 are related proteins
which preferentially inhibit CDK2- and CDK4- cyclin complexes whereas pl6lNK4A
and pl5^NK4B are closely related proteins specific for CDK4- and CDK6-cyclin
complexes. p21^^^^ was discovered separately as an inhibitor of CDK's (Gu, Turck,
and Morgan, 1993; Harper et al, 1993; Xiong et a l, 1993), as a gene regulated by the
tumour suppressor protein p53 (El-Deiry et a l, 1993) and as a protein that is
upregulated in senescent cells (Noda et al, 1994). In normal fibroblasts, p2 1 ^^D can
be found in complexes with cyclin A-CDK2, cyclin E-CDK2, the D-type cyclins
complexed with CDK4 (El-Deiry e ta l, 1993; Gu, Turck, andMorgan, 1993; Harper et
a l, 1993; Xiong et a l, 1993; Xiong, Zhang, and Beach, 1992; Xiong, Zhang, and
Beach, 1993) and weakly associated with cyclin B-CDC2 (Xiong, Zhang, and Beach,
1993). Cyclin-CDK complexes containing a single p 2 lSBll molecule are still active
whereas those containing multiple p2 lSDIl subunits are not (Zhang, Hannon, and
Beach, 1994). Although saturation of cyclin-CDK complexes with p2 lSBIl can block
their activation by CAK, p 2 lSDll is also able to inhibit complexes that have already
undergone phosphorylation.
p2 7 KlPl inhibits the same spectrum of CDKs in vitro as p2 1 ^I^D (Polyak et a l,
1994; Toyoshima and Hunter, 1994) and like p2 lSBIl^ the stoichiometry of p27^^l in
the cyclin-CDK complex may determine whether or not it acts as an inhibitor.
Association of p27*^IPl with newly formed cyclin E-CDK2 also inhibits
phosphorylation by CAK on Thr 160 thereby providing a second mode of action
(Polyak et al, 1994a).
Unlike p 2 1 ^DIl and p27^^l, pl6^NK4A appears to be specific for kinases that
are activated by D-type cyclins (CDK4 and 6) suggesting that it may play a more
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specialised role in cell cycle control (Serrano, Hannon, and Beach, 1993). Whereas
p 2 iS D Il

preferentially binds to a cyclin-CDK complex,

pl6^N K 4A

appears to inhibit

CDK4 by binding in competition with cyclin D (Serrano, Hannon, andBeach, 1993).
p l6 lN K 4 A is

not normally found in complexes with CDK's but associates with CDK4 at

the expense of cyclin D in RB-negative cells (Bates et a l, 1994; Xiong, Zhang,
andBeach, 1993). pl6^NK4A has not yet been placed in a regulatory pathway although
the finding that this gene is frequently deleted or mutated in tumour cells indicates an
important role in negative growth control (Kamb et al., 1994; Nobori et al., 1994;
Wainwright, 1994). In humans, the p i g e n e is adjacent to a gene encoding a
very similar protein, pl5lNK4B/M TS2

pj5lN K 4B jg

induced in kératinocytes in response

to TGF-p and also inhibits CDKs 4 and 6, resulting in a loss in kinase activity (Hannon
and Beach, 1994).
Other CKIs have also been recently identified such as p i8 and pl9 and p57^P^p is and pl9 are related to pl5^NK4B and pl6lNK4A and predominantly inhibit the
activity of CDK4 and CDK6 (Chan et al., 1995; Guan et al., 1994). p57*^I^^ which is
more closely related to p 2 1 ^DIl and p27^l^l but in contrast to the widespread
expression of p21^^^^ and p27*^I^^,p57^^^^ is expressed in a tissue-specific manner
and may therefore play a more specialised role in cell-cycle control (Lee, Reynisdottir,
and Massagué, 1995; Matsuoka etal., 1995).

1.2.4:

CDK’s regulate the growth-inhibitory function of pRB
Cyclin dependent kinases therefore play a crucial role in controlling passage

through the cell cycle and de-regulated activity or expression of cyclins, CDK subunits
and molecules that modulate their activity such as CKI's have been seen in a wide
variety of tumours and transformed cell lines (reviewed by: Hunter and Pines, 1994;
Kamb, 1995; Marx, 1994). One of the key substrates for the CDK's in controlling cell
cycle progression is the protein product of the retinoblastoma susceptibility gene (pRB).
Deletion or mutation of pRB is seen in a large variety of human tumours and is
associated with loss of proliferation control. pRB regulates proliferation by modulating
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the Gl/S transition and the growth-suppressive functions of pRB are regulated by
phosphorylation (Buchkovich, Duffy, and Harlow, 1989; Chen et al, 1989; DeCaprio et
al, 1992; DeCaprio gf a/., 1989; Weinberg, 1991).
Analysis of phosphopeptide maps of pRB produced at various times after the
release of cells from growth arrest in GO, suggests that pRB is phosphorylated in a step
wise fashion during cell cycle progression (Mittnacht et al., 1994). In the GO and early
Gl phases of the cell cycle, pRB is hypophosphorylated and it is this form which is
active in blocking progress into late G l.

The majority of the protein is then

phosphorylated during mid-late G l, the time of which correlates approximately to the
restriction point. Further phosphorylation occurs during S phase and again at the G2-M
boundary. The protein is then dephosphorylated as the cells emerge from mitosis and
re-enter GO or G 1 (Hamel et al, 1990; Lin et a l, 1991; Ludlow et a l, 1990; Mittnacht
et a l, 1994). The fact that pRB is differentially phosphorylated at multiple sites in
several different stages of the cell cycle, suggests that these phosphorylations may
suppress or activate multiple functions of pRB.
There is evidence to suggest that many, if not all, of the phosphorylations of
pRB are carried out by the cyclin-dependent kinases. Many different CDK-cyclin
complexes have been shown to phosphorylate pRB in vitro on identical sites as those
found phosphorylated in vivo (Lees et al, 1991 ; Lin et al, 1991; Akiyama et a l, 1992;
Matsushime et a l, 1992). Depending on the cell system used, induced or ectopic
expression of cyclins A, D or E can lead to apparent inactivation of pRB function
(Ewen et a l, 1993; Hinds et a l, 1992; Kato et al, 1993a). Evidence for the sequential
phosphorylation of pRB by different kinases has been obtained by introduction of
mammalian pRB into yeast (Hatakeyama et a l, 1994).
Comparison of the timing of kinase activity in synchronised cell extracts with
the timing of pRB phosphorylation in transfected cells, suggests that the most likely
candidates for carrying out the phosphorylations during Gl in vivo are cyclin D-CDK4
and cyclin E-CDK2. However, the relationship between cyclin Dl expression and pRB
activity is complicated by the observation that pRB can actually stimulate the
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expression of cyclin D1 (Dowdy et al., 1993; Ewen et a i, 1993). Only very low levels
of cyclin D1 are found in pRB-null cells and cyclin D1 is elevated upon introduction of
pRB into these cells (Bates et al., 1994; Lukas et al., 1994; Muller et al., 1994). It is
possible that this is part of an autoregulatory loop whereby pRB causes production of
one of its inactivating kinases. Furthermore, unlike the other cyclins, the D-type
cyclins are able to form physical complexes directly with pRB. This is mediated by a
domain in cyclin D1 that resembles the CR2 domain in DNA tumour viruses that is
required for binding pRB (Dowdy et al, 1993; Kato et al, 1993b). Mutations in cyclin
D1 which prevent interaction with pRB enhance the ability of cyclin D1 to antagonise
the growth suppressive effects of pRB, suggesting that pRB may normally act to limit
the availability of cyclin Dl-CDK complexes (Dowdy et al, 1993).
Two other pRB-related proteins which have a high degree of homology within
the pocket' region, have now been identified. These proteins, p i07 and p i 30 have
similar biological properties as pRB and also appear to be involved in growth control
(Cobrinik et ai, 1993; Ewen et al., 1991; Li et al., 1993; Mayol et al., 1993; Shirodkar
et al., 1992). Overexpression of pl07 in the pRB-negative cervical carcinoma cell line,
C33A, causes cell cycle arrest at the Gl-S phase transition (Zhu et al, 1993).
Both cyclin A-CDK2 and cyclin E-CDK2 are able to form complexes with p i07
and pl30 (Hannon, Demetrick, and Beach, 1993; Lees et al., 1992; Li, Naeve, and Lee,
1993) and cyclin A-CDK2 has been shown to phosphorylate p i07 in vitro 10 times
more efficiently than it does pRB, probably due to the direct interaction with pl07 (Pan,
Amin, and Hurwitz, 1993).
Therefore, phosphorylation by cyclin-CDK complexes appears to regulate the
growth suppressive role of each one of a group of structurally related proteins which
may play overlapping or redundant roles in controlling passage through the cell cycle.
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1.2.5: Phosphorylation of pocket proteins modulates their transcriptional
regulatory activity
The effect of cyclin-CDK mediated phosphorylation of pRB and related proteins
is to regulate the ability of these proteins to modulate the activity of transcription
factors. In particular, attention has focused on the ability of pRB, p i07 and p i30 to
interact directly with the E2F family of transcription factors which are involved in
regulating expression of genes involved in the Gl-S phase transition. Re-introduction
of pRB into certain RB-negative cell lines such as the human SAOS-2 osteosarcoma
cell line represses both E2F-1 activity and blocks entry of the cells into S-phase,
whereas mutant alleles of RB isolated from tumour cells are unable to do so (Hiebert et
a l, 1992; Zamanian and La Thangue, 1992). Conversely, co-introduction of E2F-1 into
these cells can override the pRB-mediated G1 arrest (Zhu et a l, 1993). Consistent with
these findings, microinjection of E2F-1 protein or enforced expression of E2F-1 cDNA
into RB-positive rat embryo fibroblasts can cause entry into S-phase in quiescent,
serum starved cells whereas transactivation deficient mutants of E2F-1 are unable to do
so (Johnson et al, 1993), again suggesting that E2F is an important regulator of the G lS transition. However, as described later, pRB interacts with other transcription factors
which may also contribute to cell cycle control by different mechanisms. At least some
of these other interactions are known to be regulated by pRB phosphorylation by
cyclin-CDK's.

1.2.6: The Ë2F family of transcription factors are important in cell cycle control
The E2F family of transcription factors are involved in controlling passage
through G1 and the activity of these factors is controlled at several levels, both
indirectly and directly, by the action of cyclin-CDK complexes, especially cyclin ACDK2.
The E2F transcription factor was independently identified as a DNA binding
activity elevated in adenovirus infected cells which was required for the ElA-dependent
transcription of the adenovirus E2 gene (Kovesdi, Reichel, and Nevins, 1986) and also
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as a transcription factor whose DNA binding activity was decreased during
differentiation of embryonal carcinoma (EC) cells (and was thus referred to as
differentiation-regulated transcription factor [DRTFl] ) (La Thangue and Rigby, 1987).
The adenovirus E2 gene promoter contains duplicated E2F binding sites which are
required for ElA-induced transcription and a single E2F site has been shown to confer
El A regulation to a test promoter.
Potential binding sites for E2F are found in the promoters of several genes
which encode proteins required for cell cycle progression, particularly for DNA
synthesis eg. dihydrofolate reductase, thymidine kinase, p3 4 EDC2 ^ c-myc, B-myb and
DNA polymerase a. However, each of these genes has a distinct pattern of expression.
Dihydrofolate reductase is expressed during late G1 and S phase and this pattern of
expression has been shown to require an intact E2F site (Blake and Azizkhan, 1989;
Means et al., 1992; Slansky et al., 1993). In contrast, the E2F site in the c-myc
promoter is required for expression as cells leave GO and plays only a small role during
the rest of the cell cycle (Mudryj, Hiebert, and Nevins, 1990; Oswald et al., 1994). In
other cases for example the B-myb and E2F-1 genes, the E2F site appears to act as a
dominant cw-acting repressing sequence as mutation in this site renders these promoters
constitutively active throughout early cell cycle progression (Hsiao, McMahon, and
Farnham, 1994; Johnson, Ohtani, and Nevins, 1994; Lam et al., 1994; Lam and
Watson, 1993). The E2F site in the RBI promoter has been suggested to have little
effect (Zacksenhaus et al, 1993), although others have suggested that this E2F site may
act as a repressor sequence in certain cell-lineages (Ohtani Fujita et a l, 1994). It is
possible that these varying effects of the E2F binding site upon the temporal expression
of different genes, is due to binding of different subpopulations/temary complexes of
the E2F family of transcription factors (as described later).
The DNA binding activity assayed in cell extracts, originally designated as E2F,
is infact composed of a family of related DNA binding heterodimers in which an E2F
family member interacts with a DP family member. To date, five distinct members of
the E2F family have been identified which show close homology in the major protein
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domains (Beijersbergen et aL, 1994b; Ivey Hoyle et al., 1993; Lees et aL, 1993). Three
members of the DP family have so far been identified which are well conserved across
their DNA binding domains, the carboxy terminal of which contains a domain known
as the DBF domain which is necessary for efficient dimérisation with E2F and contains
the region of greatest similarity with E2F proteins (Girling et aL, 1994; Girling et al,
1993). The most detailed analyses have been performed on E2F-1 and DP-1. E2F-1
alone is able to activate transcription through binding to an E2F site. However,
heterodimerisation with DP-1 results in greater DNA binding and transcriptional
activity (Bandara et aL, 1993; Helin et aL, 1993; Krek, Livingston, and Shirodkar,
1993).

DP-1 is the most common DP family member to be found in E2F-DP

complexes in a wide variety of mammalian cells. For example, all the forms of E2F
found during the cell cycle of 3T3 cells contain DP-1 (Bandara et aL, 1993; Bandara et
aL, 1994; Girling et aL, 1993). Although DP-2 is capable of forming DNA-binding
heterodimers with many E2F family members, analysis of DP-2 expression in Xenopus
laevis has lead to the suggestion that DP-1 is the most widespread member of the DP
family and that the expression of other DP family members may be tissue restricted and
may function in regulating the cell cycle in more specialised circumstances (Girling et
aL, 1994).

1.2.7: E2F activity is regulated by interaction with pocket proteins and by
phosphorylation by cyclin-CDK complexes
E2F has been shown to interact with the tumour suppressor protein pRB and
related proteins pl07 and p i30 via interaction with a domain in these proteins known as
the 'pocket' (Cobrinik et aL, 1993; Schwarz et aL, 1993b; Zamanian and La Thangue,
1993). It is this pocket domain that is almost invariably mutated in mutant alleles of
pRB from tumour cells, indicating that deregulation of E2F may contribute to the
uncontrolled proliferation of these cells (Cobrinik et aL, 1992). pRB will interact with
E2F-1 but the efficiency of binding is greater in E2F-1/DP-1 heterodimers (Bandara et
aL, 1994). Whereas E2F-DP heterodimers activate transcription from E2F sites, these
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ternary complexes seem to act as transcriptional repressors. For example, the B-myZ?
promoter is repressed in GO and G1 by binding of an E2F-pl07 complex to an E2F site.
This repression is relieved in late G1 when these complexes are disrupted and
increasing the level of free E2F further by the expression of papilloma virus E7 protein
results in transcriptional activation (Lam etal., 1994; Lam and Watson, 1993). Each of
these pocket proteins has its own characteristic temporal profile of interaction with E2F,
summarised in Figure 1.2. Complexes containing p i30 appear predominantly during
GO and early G1 followed by complexes with p i07 and pRB during mid-Gl and
continuing into S phase, but specific differences amongst cell-types have been reported
(Cobrinik et aL, 1993). Different pocket proteins bind to specific members of the E2F
family. pRB binds E2F-1, -2 and -3 whereas p i30 binds E2F-4 and E2F-5 and p i07
only interacts with E2F-4 (Beijersbergen et a l, 1994b; Ginsberg et a l, 1994).
Temporal association of the different pocket proteins with E2F during the cell-cycle
may therefore result from the temporal expression of different members of the E2F
family. In support of this suggestion, it has recently been demonstrated that E2F-4 and
E2F-5 are expressed earlier than E2F-1, peaking in mid-Gl, before E2F-1 expression is
detectable (Vairo, Livingston, and Ginsberg, 1995).
Different forms of E2F may then regulate the transcription of different subsets
of E2F-regulated genes in a temporal manner. Consistent with this possibility is the
observation that E2F-1 is able to transactivate promoters containing some but not all
E2F sites (Li et ah, 1994b).

1.2.7.1: Cyclin-CDK complexes regulate E2F activity by several mechanisms
Several events contribute to the release of transcriptionally active E2F during
late Gl. Phosphorylation of pRB by cyclin-dependent kinases prevents its interaction
with E2F-1. Phosphorylation of both pRB and p i07 by cyclin-CDK's in vitro, has
recently been shown to not only disrupt existing pocket protein-E2F complexes but also
prevent interaction of the pocket proteins with newly synthesised E2F (Schwarz et aL,
1993a; Suzuki-Takahashi et aL, 1995). The increased levels of free E2F may also be
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Figure 1.2: Formation of Ë2F complexes during the cell cycle
A rrows indicate increasing or decreasing concentrations.

E 2F refers to E2F-

D P l heterodim ers.
U n filled arrows represent transcriptionally active free E 2F
heterodim ers, black arrows represent inhibitory ternary co m p lex es o f E 2F -D P with
pock et proteins and striped arrows represent higher order com p lexes.
(A dapted from; M uller, 1995)
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due to de-novo synthesis of E2F-1 protein. E2F-1 transcription is activated in late Gl
and is dependent upon an E2F site in its own promoter (Hsiao, McMahon, and
Farnham, 1994; Johnson, Ohtani, and Nevins, 1994).
In addition to releasing E2F from interaction with pocket proteins via
phosphorylation of the pocket protein, cyclin-CDK complexes also regulate the activity
of E2F by direct phosphorylation of both the E2F- and DP- components of the
transcription factor. In late 01, E2F complexes appear that contain p i07 and CDK2cyclin E which persist until S phase when the cyclin E component is exchanged with
cyclin A (Lees et aL, 1992). Cyclins E and A can bind to the pocket domain of p i07
which may mean that p i07 acts to target the cyclin-CDK complexes to the E2F
complex and mediate their phosphorylation. However, cyclin A-CDK2 is also able to
form a stable complex directly with E2F-1 via a cyclin A binding domain in the aminoterminus of E2F-1 and this interaction does not require either DP-1 or pRB (Xu et aL,
1994).
E2F-1 protein has been found in both insect and human cells to be
phosphorylated during S-phase on serine 375, near the pRB binding site (Kitagawa et
aL, 1995a). Cyclin A-CDK2 was found to phosphorylate this site more efficiently than
other cyclin-CDK complexes (Dynlacht et aL, 1994; Kitagawa et aL, 1995b; Peeper et
aL, 1995a). Phosphorylation of this site greatly enhanced the binding of pRB to E2F-1
in vitro (Peeper et aL, 1995b) and phosphorylation by cyclin A-CDK2 was shown to
reduce the binding of E2F-1 to the E2 promoter (Kitagawa et aL, 1995b; Xu et aL,
1994). The interaction of cyclin A-CDK2 with E2F-1/DP-1 heterodimers has also been
shown to result in phosphorylation of DP-1 which also correlates with decreased DNA
binding activity of the E2F-1/DP-1 heterodimer (Dynlacht et aL, 1994; Krek et aL,
1994). Phosphorylation of serine residues 332 and 337 on E2F-1 during late Gl has
also been reported and conversely, this phosphorylation was found to prevent
interaction of E2F-1 with pRB (Fagan, Flint, and Jones, 1994).
It therefore possible that in Gl, phosphorylation of certain residues on E2F-1
along with phosphorylation of pRB act to release active E2F complex, whereas later in
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the cell cycle phosphorylation of DP-1 and other residues on E2F-1 decreases the
transcriptional activity.

This model could therefore account for the temporal

transcription of certain E2F-responsive genes during cell cycle progression.
Although E2F-1, -2 and -3 all have a cyclin A binding domain, this domain
appears to be absent in E2F-4 (Beijersbergen et aL, 1994b). It is possible that cyclin ACDK2 regulates this family member by interacting via binding to p i07 or else a
different cyclin-CDK complex may regulate E2F-4 complexes.

1.2.8: Pocket proteins modulate the activity of transcription factors other than
E2F
As described above, much of the study of the role of pRB in modulating
transcription and progression through the cell cycle has focused on the E2F
transcription factor. However, both pRB and pl07 have recently been shown to
suppress transcription independently of their interactions with the E2F family (Bremner
et aL, 1995; Dagnino et aL, 1995; Smith and Nevins, 1995). In the case of pRB, this
E2F-independent repression of transcription is also regulated by phosphorylation
induced by either cyclin A or cyclin E and maps to the pocket region.
Interactions of pRB with several other transcription factors have been reported
which may also contibute to the growth-regulatory properties of pRB.

The

hypophosphorylated form of pRB interacts with a member of the Id family of
transcriptional regulators. These proteins contain a helix-loop-helix domain but are
lacking a basic domain and are therefore capable of sequestering basic-helix-loop-helix
(bHLH) transcription factors into heterodimers that do not bind DNA (Benezra et aL,
1990; Sun et aL, 1991). Id is believed to have a role in the regulation of proliferation
and differentiation as Id expression decreases upon differentiation in a variety of cell
lines (Benezra et aL, 1990; Biggs, Murphy, and Israel, 1992; Kawaguchi, DeLuca, and
Noda, 1992; Murray et aL, 1992) and overexpression of Id can inhibit differentiation
(Jen, Weintraub, and Benezra, 1992; Kreider et aL, 1992; Murray et aL, 1992). Three
members of the Id family have been identified in humans and mouse (Benezra et aL,
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1990; Biggs, Murphy, andlsrael, 1992; Deed et aL, 1993; Ellmeier et aL, 1992; Sun et
aL, 1991). In addition to blocking differentiation specific gene expression, Id-2 has
been shown to counteract pRB-mediated growth suppression (lavarone et aL, 1994).
Id-2 inactivates pRB by occupying the pocket region which is required for interaction
of pRB with cell cycle regulators such as E2F. Thus, expression of Id-2 in proliferating
cells and its down-regulation during differentiation would play a role in co-ordinating
differentiation specific gene expression with cell cycle withdrawal.
Several genes have been identified, including c-myc, c-jun, TGF-pi, c-fos and
insulin-like growth factor II genes in which pRB modulates transcription through a
motif termed the retinoblastoma control element (RCE) (Kim et aL, 1992; Pietenpol et
aL, 1991; Robbins, Horowitz, and Mulligan, 1990). The effect of pRB upon the
transcription of a given gene varies between cell types. For example, pRB negatively
regulates c-fos and TGF-p expression through the RCE in epithelial cells but activates
transcription through the same element in fibroblasts (Robbins, Horowitz, and
Mulligan, 1990). The transcription factor Spl has been found to stimulate transcription
through RCE's and pRB can positively regulate Spl-mediated transcription by binding
and sequestration of an inhibitor of Spl known as Spl-I. In the absence of pRB, Sp-I
binds Spl and prevents Spl binding to DNA (Chen et aL, 1994). It is therefore
possible that pRB may result in the periodic regulation of a subset of Spl-responsive
genes during the cell cycle, an example of which may be c-jun, which is transcribed at
increased levels during Gl (Carter et aL, 1991).

However, the role of pRB

hyperphosphorylation on this regulation is as yet unresolved and other transcription
factors related to Spl may have an antagonistic effect compared to Spl (Hagen et aL,
1994) and may also be regulated by pRB (Chen et aL, 1994). pRB has also been shown
to positively regulate the expression of TGF-|32 (transforming growth factor |32) by
direct interaction of pRB with the transcription factor ATF-2 (Kim et aL, 1992).
Both pRB and E2F have recently been shown to interact with the MDM2 proto
oncogene. In one study, MDM2 was shown to interact in vitro with both E2F-1 and
DP-1, resulting in the stimulation of E2F-1/DP-1 dependent activation of a promoter
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bearing an E2F site (Martin et aL, 1995). In a separate study, MDM2 has also been
shown to interact with pRB and inhibit the growth suppressive function of pRB. This
has also been proposed to increase the transactivational activity of E2F by releasing
active E2F from pRB mediated suppression (Xiao et aL, 1995). MDM2 was originally
shown to interact with the p53 tumour suppressor protein and inhibit its
transactivational activity (Momand et aL, 1992; Oliner et aL, 1993). The p53 protein
appears to operate as a transcriptional modulator in the presence of DNA damage or
under conditions unfavourable for DNA synthesis. In the presence of a cognate p53
binding site, p53 acts as a strong transcriptional activator while genes lacking a binding
site are repressed via an inhibitory interaction with the TATA-binding protein (TBP)
(Prives and Manfredi, 1993). Since genes such as p2 lSDIl contain p53 binding sites in
their promoters and are upregulated by p53, the inhibition of p53 transactivation by the
binding of MDM2 would antagonise p53-mediated growth arrest in these
circumstances. Thus MDM2 appears to stimulate cell cycle progression by at least
three mechanisms; direct binding and activation of E2F, binding of pRB and
suppression of its growth inhibitory action and inhibition of transactivation of growth
suppressive genes by binding of p53.
Hypophosphorylated pRB has also been shown to interact with, and repress the
transactivation function of the lymphoid-specific member of the Ets family, Elf-1
(Wang et aL, 1993). The Elf-1 protein interacts with unphosphorylated pRB in resting
cells. During T cell activation, pRB becomes hyperphosphorylated and pRB/Elf-1
complexes are disrupted (Wang et aL, 1993), releasing transcriptionally active Elf-1
which can then activate the transcription of target genes (Thompson et aL, 1992).
During the differentiation of myoblasts into myotubes, pRB has been shown to
interact with a number of transcription factors. As described later, these interactions
appear to play a critical role in co-ordinating transcriptional events involved in both cell
cycle withdrawal and differentiation specific gene expression.
pRB has also been shown to interact with a number of other transcriptional
regulators which indicates that pRB may modulate transcription by several different
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mechanisms. pRB has been shown to bind the BRGl gene product which appears to
co-operate in inhibiting the progression of the cell cycle. BRGl is a mammalian
relative of the Drosophila protein, Brahma which is a transcriptional activator which
seems to function by inducing changes in chromatin structure rather than by binding
specific DNA sequences (Dunaief et aL, 1994).
pRB also interacts with the c-Abl tyrosine kinase and this interaction represses
the tyrosine kinase activity of c-Abl (Welch and Wang, 1993). The pRB/c-Abl
complex is found in quiescent and early Gl cells and is disrupted at the G 1/S boundary
when pRB becomes phosphorylated, resulting in activation of the kinase activity as
cells enter S phase.
It has recently been reported that pRB may also suppress transcription mediated
by RNA polymerase I (Pol I) in addition to the many examples of modulating
transcription by RNA polymerase II. Since a growing cell requires a steady synthesis
of ribosomal RNA by pol I, shutting down the synthesis of these genes could inhibit
cell proliferation. Maximal transcription by Pol I requires the promoter selectivity
factor SLl and the upstream binding factor (UBF) in addition to the Pol I itself. pRB
has been shown to block activation of Pol I transcription by UBF and this inhibition
requires an interaction between pRB and UBF (Cavanaugh et aL, 1995).
It is possible that p i07 and p i30 may also inhibit transcription factors other than
E2F. p i07 has been found complexed with c-Myc in vivo and this interaction represses
the transactivation function of c-Myc (Beijersbergen et aL, 1994a; Gu et aL, 1994).
Overexpression of c-myc releases p i07 mediated growth arrest in SAOS-2 cells
suggesting that the c-Myc protein is a target for pI07-mediated growth arrest at the
Gl/S phase boundary. Although the genes which are upregulated by c-Myc are poorly
defined at present, overexpression of c-myc in several cell lines results in elevated
levels of cyclins A and E (Jansen Durr et aL, 1993).
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1.2.9: Cyclin-CDK complexes may also regulate other transcription factors
involved in cell cycle progression
In addition to the effects upon transcription via the phosphorylation of pocket
proteins and the direct phosphorylation the E2F/DP family members, cyclin-CDKs
have also been shown to phosphorylate other transcription factors in vitro, which may
also contribute to their ability to promote cell cycle progression.

The tumour

suppressor protein p53 has been proposed to act at the Gl checkpoint, whereby
progression into S-phase is halted if conditions are unfavourable (Kuerbitz et aL, 1992).
p53 can both activate (Zambetti et aL, 1992) and repress (Seto et aL, 1992)
transcription and it has been suggested that the growth suppressive function of p53
correlates with the transcriptional activation function (Crook et aL, 1994). The p53
protein is a substrate for either cyclin A-CDC2 or cyclin B-CDC2 and phosphorylation
by these kinases has been proposed to regulate the antiproliferative effects of p53
(Bischoff et aL, 1990; Stiirzbecher et aL, 1990).

However, the effects of

phosphorylation are unclear as mutation of the phosphorylation sites did not inhibit
transactivation by p53 (Marston, Crook, and Vousden, 1994), although an inhibition of
nuclear localisation has been suggested (Addison, Jenkins, and Sturzbecher, 1990).
The expression of human histone genes is cell cycle regulated and expression
during S-phase is regulated by a family of transcription factor complexes (HiNFs).
One of these trans-acting factors, HiNF-D, has been shown to contain cyclin A, CDC2
and a pRB-related protein. These cell cycle components may therefore be involved in
the co-ordinate expression of histone genes H4, H3 and HI during S-phase (van Wijnen
et aL, 1994).

1.3:

Growth arrest and the cell cycle
As mentioned previously, cellular proliferation is controlled via a complex

network of extracellular and intracellular signalling pathways which process both
positive and negative growth signals. There is a window of time during the first two
thirds of the Gl phase in which mammalian cells are sensitive to such stimuli.
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Therefore, during the normal cell cycle both positive and negative growth signals
impinge on the cell cycle machinery that controls progression through Gl phase.

1.3.1: Changes in cell cycle control proteins during reversible growth arrest
Temporary cell cycle arrest can be stimulated by anti-proliferative signals which
result in the down-regulation of cyclin-CDK kinase activity. The three best studied
examples of negative growth signals are transforming growth factor p (TGF-P), cyclic
AMP (cAMP) and contact inhibition. In each case, the inhibition of cyclin-CDK
activity is achieved at least in part by the mobilisation of a CDK inhibitor protein. The
block in cyclin-CDK activity therefore results in hypophosphorylated pRB and related
proteins, which are active in blocking cell-cycle progression. Evidence that the block in
cell cycle progression is due to unphosphorylated pRB is provided by the finding that
expression of SV40 large T antigen can overcome TGF-P mediated arrest without
affecting the block in pRB phosphorylation, presumably by binding and sequestering
the hypophosphorylated pRB (Laiho et aL, 1990). It has recently been suggested that
p i 30 is also an effector of TGF-p 1 induced cell-cycle arrest in kératinocytes.
Treatment of either early passage human kératinocytes or a human keratinocyte cellline (HaCaT) with TGF-p 1 resulted in the formation of a DNA binding complex
between p i 30 and E2F. The formation of this complex was due to the inhibition of
CDK2-mediated phosphorylation of pl30 (Herzinger et aL, 1995).
TGF-p decreases cyclin-CDK activity by several mechanisms. In mink lung
fibroblasts, despite the fact that the levels of cyclin E and CDK2 are not affected by
TGF-P, there is no cyclin E associated kinase activity (Koff et aL, 1993). This is due to
interaction with the CKI p27^^^^ which has been shown to associate with CDKs in
TGF-p treated cells (Polyak et aL, 1994b; Slingerland et aL, 1994; Toyoshima and
Hunter, 1994). The levels of p27^^Pl are not affected by TGF-P and hence this
association may result from posttranslational regulation of its activity. In contrast to the
inhibition of cyclin E-CDK complexes by p27^^^, TGF-p results in a down-regulation
of cyclin A mRNA and protein expression, indicating a transcriptional mechanism.
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by

a factor of around 30 (Hannon and Beach, 1994). This CKI competes with cyclin D for
binding to CDKs 4 and 6. It has been reported that both pl5^^^4® and the related CKI,
pl6lNK4A can only inhibit proliferation in cells containing functional pRB which would
indicate that the end point of the growth inhibition pathway by these CKI's is to prevent
pRB phosphorylation by cyclin D-CDK4/CDK6 (Guan et aL, 1994; Serrano et aL,
1995). TGF-p also dramatically reduces the levels of CDK4 in certain responsive cells
which would also serve to inhibit pRB phosphorylation by CDK4-cyclin D complexes
(Ewen et aL, 1993). This reduction in CDK4 levels may also contribute to the
inhibition of pRB phosphorylation by other CDK-cyclin complexes by liberating
substantial amounts of free p27^^Pl normally sequestered in CDK4 complexes which
can then bind and inhibit further CDKs in the cell. Contact inhibition and cAMP also
result in the liberation of p27^lP^ thereby inhibiting the phosphorylation of pRB (Kato
etaL, 1994; Polyak et aL, 1994b).
Quiescence in human diploid fibroblasts induced by either serum starvation or
contact inhibition, has been shown to result in the upregulation of p 2 lSBIl mRNA
(Noda et aL, 1994). The importance of p21^^^^ in mediating growth arrest in quiescent
cells has recently been indicated by the finding that expression of antisense mRNA in
either serum-starved or confluent human fibroblasts can result in DNA synthesis and
entry into mitosis (Nakanishi et aL, 1995).
B2F-1 mRNA and E2F DNA binding activity are downregulated during
quiescence in several cell types (Bandara et aL, 1993; Girling et aL, 1993; Helin et aL,
1992; Helin et aL, 1993; Huber et aL, 1993; Ivey Hoyle et aL, 1993; Johnson et aL,
1993; Kaelin et aL, 1992; Krek, Livingston, and Shirodkar, 1993; Lees et aL, 1993;
Shan et aL, 1992; Slansky et aL, 1993), including human diploid fibroblasts (Dimri,
Hara, and Campisi, 1994) whereas the DP-1 component is not down regulated (Dimri,
Hara, and Campisi, 1994). However, a low level of E2F binding activity is still
detectable in quiescent cells, indicating that other members of the E2F family may not
be down-regulated during quiescence. Consistent with this suggestion, E2F-4 stably
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complexed with p i30, has been found in GO primary human T cells. Expression of
E2F-1 mRNA has been shown to stimulate DNA synthesis in some quiescent cells
including Rati cells and A31 cells (Dimri, Hara, and Campisi, 1994) but not in other
cells, including quiescent and senescent human diploid fibroblasts and NIH3T3 cells
(Dimri, Hara, and Campisi, 1994) despite being able to transactivate E2F-regulated
promoters, indicating that other factors in addition to E2F-1 are required for progression
into S phase in these cells.
Temporary growth arrest is also stimulated by DNA damage. The tumour
suppressor protein p53 appears to mediate this response (Hall et aL, 1993; Kastan et aL,
1991). p53 is normally a highly unstable protein with a half life of around fifteen
minutes but upon DNA damage, the steady state levels rapidly increase. p53 then
activates the transcription of the CKI, p21^^ll which then blocks the activity of CDK s
2, 4 and 6 and hence, pRB phosphorylation (El-Deiry et aL, 1993).

Another

mechanism by which the increase in p2 1 ^DIl may inhibit DNA synthesis is by direct
interaction with proliferating cell nuclear antigen (PCNA). In normal human diploid
fibroblasts, many cyclin-CDK complexes contain PCNA in addition to p21^DIT PCNA
is required for the processive DNA replication by DNA polymerase ô. In two different
in vitro systems, p2 1 ^DIl has been shown to block DNA replication by interaction with
PCNA (Flores Rozas et aL, 1994; Waga et aL, 1994) but this interaction does not block
DNA repair (Li et aL, 1994a). It is thought that the growth arrest following DNA
damage is to enable the DNA repair apparatus to restore genomic integrity prior to
DNA replication. In cells blocked in Gl due to gamma radiation, whereas the decrease
in cyclin E-associated kinase activity is due to interaction of cyclin E-CDK complexes
with p2 1 ^k)ll the decrease in cyclin A-associated kinase activity is correlated with a
large decrease in cyclin A expression, thereby suggesting a transcriptional mechanism.
In this regard, wild-type p53 has been reported to suppress cyclin A expression
(Yamamoto etaL, 1994).
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1.3.2: Growth arrest during differentiation
As opposed to the reversible cell-cycle withdrawal associated with serum
deprivation, DNA damage or anti-mitogens such as TGF-P; terminal differentiation and
cellular senescence represent an irreversible growth arrest. Changes in the expression
and/or activity of many of the cell cycle regulators described above have been observed
in terminally arrested cells. In many instances, this arrest has also been shown to
correlate with an inability of the cells to phosphorylate pRB. For example, changes in
phosphorylation of pRB have been observed during the in vitro differentiation of the
promyelocytic leukemia cell line HL60 into monocytes or macrophages (Akiyama and
Toyoshima, 1990; Chen et aL, 1989; Mihara et aL, 1989; Whyte and Eisenman, 1992)
and during the nerve growth factor (NGF) induced differentiation of the
pheochromocytoma line PC 12 into cells with a neuronal phenotype (Kalman et aL,
1993). In proliferating PC 12 cells, a significant amount of CDC2 and cyclin E
associated histone HI kinase activity is detected whereas this activity is reduced to
background levels in cells treated with NGF for 4-5 days, suggesting that the lack of
pRB phosphorylation may be due to a down regulation of cyclin-CDK activity (Koff et
aL, 1992). The adenovirus El A protein can block NGF-mediated differentiation in
PC 12 cells and by the use of a series of El A mutants, this activity was mapped to the
region of El A that is required for the binding of the pocket proteins pRB, pi 07 and
p i30 and also the adenovirus associated protein p300 suggesting a role of one or more
of these protein in the growth arrest (Kalman et aL, 1993).
However, despite much evidence to suggest that the inability to phosphorylate
pRB correlates with growth arrest during differentiation, there are instances in which
pRB does not seem to be either critical or sufficient for cell cycle withdrawal. Analysis
of the pRB knockout mouse has provided evidence that the inability to phosphorylate
pRB may account for growth arrest during differentiation of some cell types but that
different mechanisms may operate in other tissues. Homozygous mutant embryos die
between day 14-15 of gestation, apparently due to defects in hepatic erythropoiesis and
widespread neuronal cell death (Clarke et aL, 1992; Jacks et aL, 1992; Lee et aL, 1992).
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Detailed analysis of other tissues showed evidence of abnormal proliferation in adrenal
medulla, cerebellar cortex, liver, lens and retina, indicating a role of pRB in controlling
proliferation in these tissues. The lens fibre cells not only show a disorganised and
unchecked pattern of proliferation but also fail to express the correct pattern of late
differentiation products, MIP26 and the a - and y-crystallins (Morgenbesser et aL,
1994). However, the development of other tissues at the time of death appears to have
proceeded normally, indicating that the vast majority of cell divisions in the embryo
had occurred normally in the absence of pRB. It is possible that pRB is routinely
inactivated in the majority of division cycles and may only be invoked to halt cell
growth on specialised occasions such as entry into the differentiation pathway or other
post-mitotic states. These events may occur at different times in different lineages and
therefore may not necessarily have become apparent at the time of embryo death. It is
also possible that in the tissues where development is apparently normal, that other
members of the family of pocket proteins such as p i07 or p i 30 are performing a
redundant role.

Some support for this model is provided by the discovery, as

mentioned, that different members of the E2F family of transcription factors
preferentially interact with different pocket proteins and that in some cell lines such as
the pRB-negative breast carcinoma cell line, C33A, introduction of pRB is unable to
cause Gl arrest even though it remains capable of repressing E2F-1 mediated
transcription whereas introduction of p i07 into these cells can arrest Gl progression
and this arrest is not rescued by E2F-1 (Zhu et aL, 1993).
Analysis of chimeric mice produced using pRB-/- embryonic stem cells
indicates that pRB-/- cells can contribute substantially to the formation of most tissues,
including the blood, brain and spinal cord, the tissues which have the most serious
defects in the pRB-null embryos (Maandag et aL, 1994; O'Williams et aL, 1994). This
may indicate that the effects of a lack of pRB on the development of specific lineages
are not exerted through a cell-autonomous mechanism and that factors produced by
pRB+/-f- cells may act in a paracrine fashion to sustain cell viability; for example, pRBpositive cells might express a growth/survival factor whose expression could depend
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upon pRB mediated transcriptional control.
p 2 iS D Il

has been shown to be upregulated during the differentiation of several

different cell types including human melanoma cells (Jiang et aL, 1994) and also during
differentiation of several haematopoietic cell lines exposed to differentiation inducers
(Steinman et aL, 1994). In contrast to p2 lSDIl induction following ionising radiation,
induction during differentiation does not require p53 as this response is also seen in
p53-negative cells (Jiang etaL, 1994; Steinman etaL, 1994).
However, although the inability to phosphorylate pRB and the upregulation of
p 2 iS D Il

seem to be involved in the growth arrest associated with the differentiation of

many cell types, there is evidence that these events alone are not sufficient to cause
growth arrest in some circumstances. The myeloblastic cell line Ml can be induced to
differentiate to monocytes by a variety of agents including interleukin 6 (IL-6) (Shabo,
Lotem, and Sachs, 1989; Shabo and Sachs, 1988). In cycling Ml cells, most of the
pRB is found in the hyperphosphorylated state. Treatment of these cells with IL-6
results in down regulation of c-myc, dephosphorylation of pRB and upregulation of
p2 iS D Il

Ectopic expression of c-Myc in these cells is capable of blocking both the

differentiation and growth arrest of these cells in response to IL-6 (Resnitzky and
Kimchi, 1991).

However, pRB is still dephosphorylated and p21^^^^ is still

upregulated in the presence of ectopic c-Myc expression implying that these events are
not sufficient for either cell cycle arrest or differentiation in the presence of ectopic cMyc expression.

1.3.3: Differentiation-specific transcription factors can suppress proliferation
The link between proliferation and differentiation specific gene expression and
cell cycle withdrawal has been best characterised in skeletal muscle differentiation. In
addition to changes in cell-cycle regulatory genes described so far, this system has
demonstrated that there is a large array of interactions between transcription factors that
direct muscle specific gene expression with those that control cell proliferation.
The study of primary muscle cell and myogenic cell line differentiation in vitro
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has identified the MyoD family of muscle specific basic Helix-Loop-Helix (bHLH)
transcription factors. Four members of this family have been identified in vertebrates,
MyoD, myogenin, Myf-5 and MRF4 (Lassar and Munsterberg, 1994; Sassoon, 1993;
Weintraub, 1993).

These transcription factors bind DNA as heterodimers with

ubiquitously expressed bHLH proteins known as an E proteins (Lassar and
Munsterberg, 1994; Lassar et aL, 1991). Binding sites for the myogenic bHLH-E
protein dimer, known as an E box, are required for the expression of several skeletal
muscle specific genes such as muscle creatine kinase, myosin light chains 1 and 3 and
the acetylcholine receptor. Ectopic expression of the myogenic bHLH proteins in a
number of different cell types has been shown both in vitro and in transgenic mice to
convert non-muscle cell types to muscle, showing that this family of transcription
factors plays a pivotal role in directing muscle cell differentiation during development
(Miner, Miller, and Wold, 1992; San terre et aL, 1993; Weintraub et aL, 1991). A
heirarchical relationship exists between the transcription factors that control muscle cell
development.

MyoD and Myf-5 are expressed in proliferating undifferentiated

myogenic cells in response to cues from adjacent tissues. When these determined
myoblasts are stimulated by appropriate environmental stimuli, MyoD and Myf-5
initiate a cascade that results in the activation of the MEF-2 family of transcription
factors which are necessary for the transcription of myogenin and other muscle specific
genes. Because myogenin can also activate MEF-2, a mutually reinforcing positive
regulatory loop maintains high levels of expression of both myogenin and MEF-2 in
differentiated skeletal muscle (reviewed by: Sassoon, 1993; Weintraub et aL, 1991).
During skeletal muscle cell differentiation, the induction of muscle specific
gene expression is coupled to cell cycle withdrawal and fusion of the myoblasts to form
multinucleate myotubes. Some mechanism must therefore exist, by which the function
of myogenic bHLH proteins is integrated with the block to cell cycle progression.
Because MyoD and Myf-5 are expressed in proliferating myoblasts before
differentiation, their activity must be modulated in the cycling cells.

Multiple

regulatory mechanisms have been proposed including inhibition of DNA binding by
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phosphorylation of a conserved threonine residue (Thrll5) found in the basic domain
of the myogenic bHLH proteins (Li et aL, 1992b) and interaction with the Id family of
dominant-negative HLH proteins (section 1.2.8). Because the level of Id expression is
high in proliferating myoblasts but decreases upon differentiation, high levels of Id are
proposed to inhibit MyoD function in proliferating cells (Benezra et aL, 1990).
However, interaction with Id proteins does not appear to be sufficient to account for all
the inhibition of MyoD activity in proliferating cells (Neuhold and Wold, 1993; Simon
and Burden, 1993).
Some studies have shown a mutual inhibition between the transcription factor
API with MyoDl and myogenin.

API is composed of c-Jun and Jun-Fos dimers

whose activity is increased by mitogens. c-Jun has been shown to directly interact with
MyoDl, downregulating its activity and thus inhibiting the expression of MyoD
dependent muscle-specific promoters (Bengal et aL, 1992; Li et aL, 1992a).
Conversely, MyoD represses API dependent genes. In addition, MyoD represses
transcription of c-Fos, by competing for DNA binding sites on the promoter which are
required for growth factor induced transcription of c-Fos (Trouche et aL, 1993).
There is also evidence that pRB may be involved in controlling the post-mitotic
state.

Muscle differentiation correlates with a high level of expression of

hypophosphorylated pRB (Endo and Goto, 1992; Gu et aL, 1993) which shows an
increased affinity for the nucleus (Thorbum, Walton, and Feramisco, 1993). pRB has
been shown to interact with myogenic bHLH proteins in vitro and this has been
suggested to mediate muscle cell commitment and differentiation (Gu et aL, 1993).
However, using fibroblasts from pRB-null mouse embryos, ectopic expression of
MyoD was found to still induce muscle differentiation but in contrast to wild-type
differentiated myotubes, these pRB(-) myotubes could initiate new rounds of DNA
synthesis when stimulated with mitogens. Thus it appears that pRB is necessary to
maintain the absence of DNA synthesis in the differentiated state. Although the
observation that pRB deficient cells can still differentiate into myotubes suggests that
pRB is not necessary to support skeletal muscle gene expression, it is possible that
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functional redundancy within the pRB family of proteins may mask a requirement for
one of these proteins. This suggestion is supported by the finding that transactivation
of muscle specific genes by MyoD in SAOS-2 cells required co-expression of
exogenous wild-type pRB or high levels of p i07 (Gu et aL, 1993; Schneider et aL,
1994).
The accumulation of hypophosphorylated pRB suggests that muscle
differentiation is associated with a down-regulation of cyclin-CDK kinase activity.
During the differentiation of the mouse skeletal myogenic cell line C2C12 , the
mRNA's for CDC2, cyclins A, B and C were down regulated whereas CDK2 and cyclin
D3 mRNA were unchanged and cyclin D1 was initially upregulated followed by downregulation. Serum stimulation of the differentiated myotubes reinduced CDC2 and
cyclin D1 mRNA but not cyclin A mRNA (Jahn, Sadoshima, and Izumo, 1994). Thus
different cyclins and CDKs are differentially regulated during muscle development and
may involve both transcriptional and posttranscriptional control.
The CKI p21^^^l, is induced in muscle cells as they differentiate, in both
cultured cells and in the developing embryo. In cultured cells, MyoD has been shown
to induce expression of p 2 lSDll and this response did not require functional p53
protein. However, p21^^ll can still be induced in embryos where the MyoD protein
has been inactivated showing that MyoD is not required for p21^^Il expression. It is
possible that one of the other myogenic bHLH proteins such as Myf-5 is also able to
induce p21^^^L In addition, ectopic expression of either p21^^^l or p i i n
proliferating, immature muscle cells stimulated the expression of muscle specific
proteins.

It has also been shown that ectopic expression of cyclin D1 inhibits

transcriptional activation of co-transfected myogenic bHLH proteins in growth arrested
cells (Rao, Chu, and Kohtz, 1994), suggesting that this effect of p21^^^l^ and pl6^R4A
may be due to the inhibition of cyclin Dl-CDK activity (Halevy et aL, 1995; Parker et
aL, 1995; Skapek gf aZ., 1995).
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1.3.4: Differentiation-specific transcription factors in other cell types can also
suppress proliferation
The investigation of muscle cell differentiation has therefore demonstrated that
the co-ordination of cell cycle withdrawal with differentiation involves a large network
of interactions between cell cycle regulators and differentiation specific transcription
factors. Other tissue specific transcription factors have also been shown to affect
proliferation in differentiated cells. The LAP transcriptional activator is transcribed in
many tissues but is particularly abundant in terminally differentiated parenchymal cells
in the liver where it transactivates liver specific genes. A repressor form, LIP, is
transcribed from the same gene by the differential use of an alternative translational
start site within the coding region, resulting in a protein with a truncated N-terminus.
Both LIP and LAP have basic domains and a leucine zipper but LIP lacks the Nterminal activation domain. LIP is thought to act by heterodimerising with LAP,
thereby compromising its transactivational ability. In addition, LAP has been shown to
arrest the cell cycle at the Gl-S boundary in hepatoma cells and this effect is
antagonised by LIP (Buck, Turler, and Chojkier, 1994). During postnatal development
in the liver, the LAP:LIP ratio increases from 3 at birth to 15 in the adult, suggesting
that the ratio of these factors plays a role in co-ordinating cell cycle arrest and liver
specific gene expression during differentiation.
Members of other families of transcriptional regulators also form homo- and
heterodimers, amongst the bZIP family of transcription factors, an example of
inhibition of transcriptional activity by dimérisation to a repressor subunit lacking a
functional 'basic' domain is seen in the downregulation of the CAAT/enhancer binding
protein (C/EBP) in terminally differentiated adipocytes (Ron and Habener, 1992). The
C/EBP-homologous protein (CHOP) is highly related to C/EBP (a transcriptional
activator) over the dimérisation domain but contains two proline substitutions in the
basic domain which mediates DNA binding. The resulting heterodimer is therefore
unable to bind DNA. CHOP expression is upregulated during differentiation of
adipocytes and thus inhibits the activity of C/EBP (Ron and Habener, 1992). The

/a n
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transcriptional activator c-Jun is similarly inhibited by dimérisation with Jun-B,
apparently by reduced DNA binding activity of the heterodimers (Deng and Karin,
1993).

1.4:

Senescence as a model of permanent growth arrest
In order to study the mechanism by which cells permanently withdraw from the

cell cycle, we have chosen to study the phenomenon of senescence.
When mammalian cells are cultured in vitro, they undergo a finite number of
divisions after which they undergo crisis and become senescent (Sherwood et aL, 1988;
Hay flick and Moorhead, 1961). These cells do not die but may remain viable and
metabolically active in culture for long periods (Matsumura, Zerrudo, and Hayflick,
1979). However, senescent cells cannot be induced to undergo further rounds of cell
division even if they are replated and supplemented with fresh growth medium
(Cristofalo et aL, 1989). This inability to re-enter the cell cycle distinguishes them
from quiescent cells. Quiescence is a reversible growth arrest which can be induced in
both dividing cultures of primary cells or established cell lines by depriving the cells of
growth factors or by growing them to confluence. Quiescent cells can be maintained in
this state for long periods but unlike senescent cells, will rapidly re-enter the cell cycle
upon addition of fresh growth medium or re-plating (reviewed by: Pardee et aL, 1978).
Senescent and quiescent cells arrest at different points in the cell cycle.
Quiescent cells arrest in the GO phase of the cell cycle whereas senescent cells appear to
arrest predominantly in late Gl and possibly G2 phases (Cristofalo, Phillips, and
Brooks, 1985; Gelfant, 1977; Grove and Cristofalo, 1977; Kittling et aL, 1986;
Sherwood et aL, 1988). The existence of a block in G2 in addition to Gl is supported
by the observation that fusion of senescent human diploid fibroblasts with SV40 or
Adenovirus 5 transformed cells induces entry into S phase but not mitosis. Since DNA
synthesis can also be induced in senescent human fibroblasts by infection with SV40, it
appears that these viruses are able to overcome the block at the Gl-S boundary but not
that at G2-M (Stein, 1989).
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There is evidence that cells are able to measure their age and that the entry into
senescence is a genetically determined event. Cells in culture appear able to measure
the number of divisions they have undergone and, for a given cell type and species,
senesce after a relatively constant and reproducible number of population doublings.
For example, human embryonic fibroblasts undergo about 50 doublings whereas rat
embryo fibroblasts go through 30 doublings in culture before a gradual decrease in
growth rate and senescence. Furthermore, the number of in vitro doublings is inversely
proportional to the age of the tissue donor (Goldstein et al., 1978; Martin, Sprague, and
Epstein, 1970; Schneider and Mitsui, 1976).
The molecular basis for programmed entry into senescence is not known.
Somatic cell fusion experiments between normal diploid human fibroblasts and several
immortal cell lines have indicated that senescence is dominant over proliferation as the
resulting hybrids senesce after a limited number of cell divisions (Bunn and Tarrant,
1980; Pereira-Smith and Smith, 1983; Whitaker, Kidston, and Reddel, 1992).
Treatment of the normal cells with inhibitors of protein synthesis prior to fusion
prevents senescence in the hybrids indicating that senescence is mediated by one or
more specific proteins (Drescher Lincoln and Smith, 1984). Moreover, microinjection
of mRNA from senescent cells into young proliferating human diploid fibroblasts
inhibits DNA synthesis whereas mRNA from young quiescent cells can only produce a
slight inhibitory effect (Lumpkin et al, 1986). Human chromosome 1 may encode
some of the relevant growth inhibitory genes as introduction of a single copy of this
chromosome induces senescence in an immortal hamster cell line (Sugawara et a l,
1990).

1.4.1: Changes in gene expression during senescence
Although senescence is characterised by an inability to proliferate in response to
mitogens, the early signalling pathways do not appear to be affected in senescent cells.
Both early and late passage WI-38 human diploid fibroblasts made quiescent by serum
starvation can respond to serum by the expression of most early and mid-Gl genes
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(Goldstein, 1990; Paulsson et al, 1986; Kittling et al, 1986; Seshadri and Campisi,
1990). One of these studies showed that quiescent senescent cells were unable to
express c-Fos in response to serum (Seshadri and Campisi, 1990). However, ectopic
expression of c-Fos in senescent fibroblasts was not sufficient to stimulate DNA
synthesis, suggesting that the block was downstream of c-Fos induction (McCormick
and Campisi, 1991).
A number of genes have been identified which may be involved in regulating
senescence, but none of them have been shown to induce senescence (Giordano and
Foster, 1989; Maier et al, 1990; Murano et a l, 1991; Nuell et al, 1991). Changes in
the expression and function of cell cycle regulatory genes play a role in senescence. In
common with many in vivo and in vitro differentiation systems, cell cycle withdrawal
during senescence is associated with the accumulation of hypophosphorylated pRB
(Stein, Beeson, and Gordon, 1990) and the down-regulation of the expression and/or
activity of cyclin-CDK complexes. Senescent cells have been shown to lack mRNA for
late G1 genes such as cyclin A, CDC2 and proliferating cell nuclear antigen (PCNA)
(Dulic et al, 1993) and also the HLH proteins Id-1 and Id-2 (Kara et a l, 1994).
However, the levels of cyclins D1 and E have been found in some studies to be upregulated in senescence although the cyclin E associated kinase activity was very low
despite the abundance of cyclin E-CDK2 complexes (Dulic et al, 1993; Lucibello et
al, 1993). In another study, the levels of these cyclins were found to be still expressed
in senescent cells but at reduced levels compared to early passage cells (Afshari et al,
1993).
In common with several models of differentiation, upregulation of p21^l^Il and
downregulation of E2F-1 mRNA's also occurs during senescence. Senescent human
fibroblasts have approximately 10-20 fold higher levels of p 2 1 ^DIl mRNA than early
passage cells and these levels can be increased by approximately another 4 fold by
serum starvation (Noda eta l, 1994).
In human diploid fibroblasts, the level of DP-1 and E2F-3 mRNA do not appear
to be down-regulated by either quiescence or senescence but E2F-1 mRNA was
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undetectable in either case. However, whereas a low level of E2F site DNA binding
activity can be detected in quiescent cells, senescent cells were nearly completely
devoid of E2F complexes associated with the DHFR promoter. It is possible that this
deficiency in E2F complexes in senescent cells is limited to promoters of genes that are
not expressed by senescent cells as quiescent and senescent cells have similar levels of
E2F complexes associated with the adenovirus E2 promoter. These observations could
indicate a difference between quiescence and senescence in the regulation of members
of the E2F family of transcription factors other than E2F-1 (Dimri and Campisi, 1994;
Dimri, Hara, and Campisi, 1994). It is also possible (though speculative) that this
inhibition of E2F binding could occur via a specific inhibitor of E2F binding in
senescent cells.

1.4.2: The oncogenes of small DNA tumour viruses can hlock differentiation and
senescence
Although the molecular basis of senescence is not known, a subgroup of viral
and cellular oncogenes are able to overcome senescence in primary rodent fibroblasts.
Cells in culture that have overcome senescence are said to be immortal as they have
acquired an infinite lifespan. Immortal cells are distinct from fully transformed cells in
that they are still dependent upon mitogens, are subject to contact inhibition and can not
form tumours in nude mice. The viral oncogenes that are capable of immortalising
primary rodent embryo fibroblasts are SV40 and polyoma large T antigens, the
Adenovirus El A and the E7 gene of human papilloma virus types 16 and 18. These
oncogenes have been found to interact with a large array of cell cycle regulatory
proteins, indicating that their ability to overcome senescence is at least in part due to the
de-regulation of the basic cell cycle machinery.
There are two regions of homology known as conserved regions 1 and 2 (CRl
and CR2) which are conserved between all of these viruses (reviewed by: Moran and
Mathews, 1987). Data from a number of laboratories have shown that the CRl and
CR2 domains of El A are necessary for the growth stimulatory effects of El A
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(Kuppuswamy, Subramanian, and Chinnadurai, 1988; Lillie et al, 1987; Moran and
Zerler, 1988; Moran et al, 1986; Schneider et al, 1987; Whyte, Ruley, and Harlow,
1988).
SV40 large T antigen, El A, Py large T antigen and HPV E7 are all able to bind
pRB via their CR2 domains (DeCaprio et al, 1988; Dyson et al, 1989b; Ewen et al,
1989; Munger et al, 1989). SV40 large T antigen, ElA and HPV E7 also bind pl07
(Davies et al, 1993; Dyson et al, 1989a) and SV40 large T antigen, ElA also bind
p i 30 (Hannon, Demetrick, and Beach, 1993).

SV40 large T antigen and E lA

preferentially bind the hypophosphorylated form of pRB during G1 (Imai et a l, 1991;
Ludlow eta l, 1989; Ludlow eta l, 1990).
The effect of binding pRB and related family members is to inactivate the
growth suppressive effects of the pocket protein, ElA, SV40 large T antigen, polyoma
large T antigen, and HPV E7 have all been shown to release E2F from transcriptionally
inactive complexes. This effect also required the CRl and CR2 domains (Bagchi,
Raychaudhuri, and Nevins, 1990; Bandara and La Thangue, 1991; Chellappan et al,
1992; Morris et a l, 1993) and is therefore likely to be due to the binding and
sequestering of pocket proteins.
Sequences within the CRl domain of ElA are required for interaction with a
cellular protein known as p300. Mutations within this domain which disrupt the ability
to bind p300 also abrogate the ability of El A to immortalise baby rat kidney epithelial
cells (Kuppuswamy, Subramanian, and Chinnadurai, 1988; Quinlan and Douglas, 1992;
Schneider et a l, 1987). p300 has recently been shown to have properties of a
transcriptional adapter and to have functional homology to the transcriptional co
activator CBP (Arany et al, 1995; Lundblad et a l, 1995). However, interaction of
p300 with SV40 large T antigen, Py large T antigen and HPV E7 have not been
reported.
SV40 large T antigen, ElA and HPV E7 have all been shown to interact with
cyclin A and CDK2 (Adamczewski, Gannon, and Hunt, 1993; Dyson et a l, 1992;
Tommasino et al, 1993) though it is not yet known whether this interaction is direct or
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occurs indirectly via a pocket protein (Pines and Hunter, 1990). SV40 large T antigen
also binds p53, which, like pRB is a tumour suppressor protein which negatively
regulates cellular proliferation (DeLeo et al, 1979; Linzer and Levine, 1979; Samow et
a l, 1982).
However, functions of T-antigen in addition to the ability to bind pRB, p53 and
p300 are required for the induction of DNA synthesis in quiescent cells as mutations
within the region encoding amino acids 11-259 also abrogate this ability (Dobbelstein
e ta l, 1992; Tjian, Fey, and Graessmann, 1978).
In addition to immortalising primary rodent fibroblasts, SV40 large T-antigen,
adenovirus ElA and polyoma virus are all able to block differentiation and promote
proliferation in a number of models of differentiation, including myogenic
differentiation (Gu e ta l, 1993).

1.4.3: Cell lines immortalised with a temperature sensitive mutant of SY40 large
T-antigen growth arrest at the non-permissive temperature
The thermolabile mutant of SV40 large T antigen, tsA5S, is able to immortalise
primary rodent embryo fibroblasts when grown at the permissive temperature of 33°C.
Upon shift to the non-permissive temperature of 39.5°C, large T antigen is rapidly
inactivated and the cells growth arrest in the G1 and G2 phases of the cell cycle. If the
cells are returned to the permissive temperature within 24 hours at the non-permissive
temperature, the growth arrest is reversible. However, incubation for 72 hours or more
at the non-permissive temperature results in irreversible arrest (Jat and Sharp, 1989). It
is believed that the growth arrest in these cells corresponds to senescence (Gonos et a l,
in preparation).
Analysis of fibroblasts derived from the H-2k^tsA58 transgenic mouse has
provided evidence that the molecular mechanism by which rodent embryo fibroblasts
count the number of divisions they have undergone continues to operate in the presence
of T-antigen and that T-antigen is only required for continued proliferation once their
normal proliferative lifespan has expired (Ikram, Norton, and Jat, 1994). This mouse
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contains the thermolabile tsA58 mutant of SV40 large T antigen under the control of
the H-2 kb promoter, which is active in a broad range of tissues and can be further
elevated by y-interferon. Embryonic fibroblasts from this mouse are immortal when
cultured at the permissive temperature of 33°C in the presence of y-interferon but upon
shift up to the non-permissive temperature of 39.5°C in the absence of y-interferon, the
levels of T-antigen are reduced to below the threshold required for immortalisation by a
combination of degradation and a decreased level transcription (Jat et al, 1991).
Thus, conditionally immortal cell lines provide a convenient method in which
large numbers of cells can be made to synchronously growth arrest by shifting to the
non-permissive temperature. These cell lines have been used in this thesis as an in vitro
model to study cellular senescence.

1.5:

Summary
A common feature of differentiated and senescent cells is the inability to re

enter the cell cycle even in the presence of mitogens. Many different overlapping and
complementary mechanisms co-operate in achieving this cell cycle arrest. Changes in
the expression and/or activity of many of the recently identified cell cycle regulators
occurs during the cell cycle withdrawal. Such changes include the downregulation of
the activity of various cyclin-CDK complexes achieved partly by changes in expression
of the cyclin and CDK components and partly by an increase in expression of the CKI's.
Downregulation of transcription factors such as E2F may also contribute to a failure to
enter S phase. Members of the pocket protein family appear in many instances to be
involved in the inability to enter S-phase, probably due to their ability to modulate
transcription. In differentiated cells, differentiation-specific transcription factors are
capable of suppressing proliferation by several mechanisms including the induction of
CKI expression and a mutual antagonism between the expression and activity of these
factors and those such as Apl which play a positive role in cell cycle progression.
However, despite many common themes, the precise details of how cell cycle
arrest is achieved may vary between cell types and between organisms. This is
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demonstrated by the finding that cyclins D and E can be upregulated during cell cycle
arrest in some cell types but downregulated in others. It is also possible that pRB may
be necessary for arrest in some cell types but not others or that p i07 or p i 30 (or
possibly other as yet undiscovered related proteins) may have roles in different cell
types. Differences between organisms may be indicated by the observation that loss of
pRB function leads to susceptibility to different tumour types in humans and mouse.

1.6:

Aims
One of the common features between differentiation and senescence is a down

regulation in the expression of cyclin A mRNA and protein.

This has been

demonstrated in a variety of in vitro differentiation systems and also in vivo during
brain development, correlating with the terminal differentiation of neurons (Hayes,
Valtz, and McKay, 1991). As described in this introduction, changes in the activity and
expression of many transcription factors co-operate to effect cell cycle arrest. By
studying the transcriptional mechanism by which expression of one of the basic cell
cycle regulatory proteins is suppressed, it was hoped to identify a molecular mechanism
that is common to many cell types undergoing permanent exit from the cell cycle.
The aim of this thesis was to examine the expression of cyclin A in a rodent
model system of cellular senescence. The aim was to clone the promoter region of the
rat cyclin A gene and to elucidate the mechanism(s) by which transcription of this gene
is controlled when cells withdraw from the cell cycle.
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Chapter 2:
Materials & Methods
2.1:

Cell culture.
All media and components were obtained from Gibco-BRL unless stated

otherwise. Cell lines were cultured in 5% CO2 , in Dulbecco's modified Eagle medium
(DMEM) containing 100 units/ml penicillin, lOOpg/ml streptomycin and 2mM Lglutamine, supplemented with 10% foetal calf serum (ECS). Non-conditional cell lines
and primary rat embryo fibroblasts (REFs) were cultured at 37°C, temperature sensitive
cell lines were cultured at either the permissive temperature of 33°C or the nonpermissive temperature of 39.5°C as described in the text.

2.1.1: Preparation of rat embryo fibroblasts
Fibroblast cultures were prepared from 13 day old Sprague-Dawley rat embryos.
13 day pregnant rats were sacrificed by cervical dislocation, the uterus removed and the
embryos placed into Leibovitz's L-15 medium under sterile conditions. The heads and
tails were removed, the remainder of the embryos transferred to a clean petri dish and
washed twice in 10ml trypsin (Gibco-BRL). The embryos were then finely minced and
incubated in lOmls trypsin at 37°C for 5-lOmin. The cells were then disaggregated by
vigorous pipetting. The cells were pelleted at lOOOrpm, 5min then resuspended in
DMEM containing penicillin/streptomycin, glutamine and 10% FCS and plated on
15cm^ plates (approximately 1 dish per embryo). Cells were grown at 37°C for 3 days
before passaging.
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2.1.2: Electroporation of Rodent fihrohlasts.
Cells were passaged 1:2 the day before transfection to ensure logarithmic
growth.

Cells were trypsinised and counted, 10^ cells were then used per

electroporation. The cells were washed once with 0.5ml HEPES buffered saline
(137mM NaCl/ 5mM KCl/ 0.7mM Na2HP04/ 6 mM D-Glucose/ 21mM HEPES pH
7.1) per 10^ cells then resuspended in HEPES buffered saline at a concentration of
4X10^ cells/ml. 0.25 ml was aliquoted into 0.4cm electroporation cuvettes (BioRad),
50|Lig of DNA in 0.25ml HEPES buffered saline was added and the cells were incubated
at room temperature for lOmin. Cells were electroporated 260V/960|iiF using a BioRad Laboratories' Gene Puiser according to manufacturer's instructions (Anderson,
Spandidos, and Coggins, 1991).

After electroporation, cells were left at room

temperature for lOmin then resuspended in 10ml medium and plated as appropriate.
All plasmid DNA preparations to be used for transfection were purified twice by
caesium chlorideiethidium bromide density gradient ultracentrifugation. DNA was
precipitated prior to electroporation with 8 ml >98% (v/v) ethanol and 0.2M NaCl (in a
total volume of 14ml) and incubated overnight at -20°C. The precipitated DNA was
pelleted by centrifugation at 4000rpm for 30 minutes and resuspended in HEPES
buffered saline.
To generate stably transfected cell lines, a 20:1 molar ratio of non-selectable
DNA to selectable DNA (pBShygro , Riley et a i, 1990) in a total of 50|ig DNA was
transfected. 48 hours after electroporation the cells were trypsinised, replated (to ensure
the transfected cells were relatively sparse) and selected in 100|ig/ml of hygromycin-B
(Calbiochem-Novabiochem Ltd) (Blochlinger and Duggerlmann, 1984).

2.2:

Isolation of recomhinant DNA clones

2.2.1: Media
LB, NZYand 2XYT media powders were all purchased from Gibco-BRL, re
constituted as directed and autoclaved before use. Agar plates were made by addition
of 15g/l of agar (6.5g for top agar) to the media prior to autoclaving.
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2.2.2: Genotypes of bacterial strains
Strain
Genotype
el4- ( mcrA ), recAl, endAl, gyrA96, thi-1,
JM109
hsdR17( rJc-,mk+) ,supE44, relAl, A ( lac-proAB )
[F'traD36, proAB, lacI^ZAM15 ]
JS4

araD139, D(ara-leu)7696, galElS, galK16,
D(lac)X74, rpsL{Stï^), hsdR2 (rk'mk"^), mcrA,
mcrBl, recA"

JS5

araD139, D(ara-leu)7696, galElS, galK16,
D(lac)X74, rpsL(Sir^), hsdRl (rk'mk+), mcrA,
mcrBl, recA"

LE392

el4- (mcrA“j, hsdR514 (rk'nik"*”), supE44,
supF58, lacYl or Af lacIZY )6, galk2,galT22,
metBl, trpR55

SURE

el4- (mcrA), A(mcrCB-hsdSMR-mrr)n\, endAl,
supE44, thi-I, gyrA96, relAl, lac, recB, recH,
shcC, umuC:Yn5 (kan^, uvrC, [F' proAB,
lacNZAM15, InlO (tet*) ]

XL-1 blue

recAl, endAl, gyrA96, thi-1, hsdRl 7, supE44,
relAl, lac [F'proAB, lacNZAMlS, TnlO (tetO ]

SRB

e 14"(McrA") A(mcrCB-hsdSMR-mrr)l 71
sbcC recJ uvrC umuC:: Tn5 (Kan**) supE44
lac gyrA96 relA l thi-1 endAl [F' proAB
lacmAMlS]^

2.2.3: Phage library screening.
Fresh plating cells were prepared by inoculating a single bacterial colony into
50ml LB, supplemented with 0.2% maltose and lOmM MgS04 and incubating
overnight at 30°C with vigorous shaking. Lambda

U n i-Z A P '^ M

(Stratagene) libraries

were plated using either XL 1-Blue or SURE strains, Lambda DASH II library was
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plated using either XL 1-Blue or SRB strains.
The culture was centrifuged at 2,000 rpm, lOmin and the cells resuspended in
lOmM MgS04 to 00600= 0.5. Aliquots of library suspension containing 5 X 1 0 ^
plaque forming units (pfu) were mixed with 0 .6 ml of plating cells and incubated for
15min at 37°C. 6.5ml of melted top agar (48°C) was added to each aliquot of infected
bacteria and spread on 150mm NZY-agar plates. The plates were then incubated at
37°C (39°C for SURE and SRB strains) overnight. The plates were then chilled to 4°C
for several hours.
Phage were transferred to nylon membrane (Hybond-N, Amersham) for 2min
(first lift) and 4min (second lift). The phage DNA was then denatured by submerging
the filters in 1.5M NaCl, 0.5M NaOH, for 2min, followed by neutralisation in 1.5M
NaCl, 0.5M Tris pH 8.0, for 5min and then rinsed for 30sec in 0.2M Tris pH7.5,
2XSSC.

The DNA was then cross-linked to the membrane by either using the

autocrosslink setting on a Stratalinker (Stratagene) or baking 2hr at 80°C in a vacuum
oven. Plates were then stored at 4°C and the membranes prehybridised and hybridised
as described in section 2.3.13.
Following autoradiography of the filters, the films were aligned with the plates,
putative positives were excised using a pasteur pipette and placed in 1ml SM buffer
with 50|il chloroform. These secondary phage stocks were then titred and plated onto
100mm plates such that one plate would have 50 plaques and another would have 450
plaques. Lifts and hybridisation were performed as before. Once it was certain that
only a single plaque had been picked (via tertiary screening if necessary), the single
phage stocks were used for either in vivo excision of Bluescript SK(-) plasmid from
Lambda Uni-ZAP™ or for phage DNA miniprep from Lambda DASH II.

2.2.4: Bluescript rescue from Lambda-Zap phage.
200|xl of XL 1-Blue plating cells,

200)li1

of single-phage stock and Ijxl of R408

helper phage (>1X10^ pfu/ml, Stratagene) were mixed in a 50ml conical tube and
incubated at 37°C for 15min. 5ml of 2XYT medium was then added and the tube

Chapter 2; Materials & methods

59

incubated 3hr at 37°C with shaking. The tube was then heated to 70°C for 20min then
centrifuged at 2,500rpm for 5min. The supernatant (containing pBluescript phagemid
packaged as filamentous phage particles) was decanted into a sterile tube and stored at
4°C.
To plate the rescued phagemid, lOpl of the phagemid stock was mixed with
200|il of XL 1-Blue plating cells at 00^00= 10 , incubated at 37°C for 15min then 30)li1
plated on LB-Amp plates. The plates were then incubated overnight at 37°C. Colonies
were inoculated into 5ml LB-Amp then incubated overnight at 37°C. Bluescript DNA
was then prepared by standard plasmid preparation procedures.

2.2.5: Preparation of transformation competant bacterial cells
500ml of LB was inoculated with 1/500 volume of a stationary phase culture of
bacterial cells and grown at 37°C until A600 reached 1 (approx. 2.5-3hr). The culture
was chilled on ice for lOmin then the cells kept below 4°C for all following steps. The
cells were harvested by centrifugation at 3,000rpm (Beckmann J4), 20min at 4°C. The
cells were resuspended in 50ml ( 1 / 1 0 th the starting volume) ice-cold O.IM CaCl2 and
incubated on ice for 20min. The cells were harvested by centrifugation at 3,000rpm,
lOmin at 4°C. The cells were then resuspended in 5ml (1/lOOth starting volume) icecold 0.1 MCaCl 2 :Glycerol (85:15). 50pl aliquots were quick frozen in eppendorfs in
liquid nitrogen then stored at -70°C until use.

2.2.6: Transformation of bacteria
A 50|il aliquot of frozen, transformation competant cells, prepared as above,
was thawed on ice and the volume adjusted to 1ml with ice-cold O.IM CaCl2 . DNA (550|xl of a ligation reaction) was added to lOOpl of cells and incubated on ice for 30min.
The cells were heat-shocked at 42°C for 90sec then left on ice for 5min. 1ml LB
was added and the cells incubated at 37°C for 30min. Cells were then pelleted by
centrifugation at 3,000 rpm for 5min (Beckmann JS4), resuspended in lOOpl LB and
50|il plated on selective LB-agar. For blue/white selection with E.coli JS5 the plates
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were spread with 40|li1 of 2% (w/v in dimethylformamide) X-gal (5-bromo-4-chloro-3indolyl-p-D-galactoside; Sigma) and lOOpl lOOmM IPTG (isopropylthio-P-Dgalactoside; Sigma) 30 minutes prior to plating the bacteria.

2.3:

DNA manipulation

2.3.1: Genomic DNA preparation.
Genomic DNA was prepared from confluent monolayers of cells on tissue
culture plates. The dishes were washed twice in ice-cold PBS and the cells lysed by
addition of 5mls lysis solution (lOmM Tris pHS.O, 0.15M NaCl, lOmM EDTA pHS.O,
0.2% w/v SDS). Following incubation at room temp for 15min, the lysate was scraped
into a 15ml tube and proteinase K was added to a final concentration of

2 0 0 |L ig /m l

(Boehringer Mannheim). The lysate was then incubated overnight at 50-55°C. Protein
was removed by extraction twice with Tris-buffered phenol, once with
chloroform:isoamyl alcohol (24:1). The DNA was precipitated with 2 volumes EtOH at
room temperature and pelleted at l-2,000rpm for 5min at room temp. The DNA pellet
was washed in 75% EtOH, air dried and resupended in 10:1 TE (lOmM Tris-HCl pHS.O
and ImM EDTA pHS.O).

2.3.2: Phage DNA minipreparation
Approximately 1X10^ pfu were mixed with 0.6ml fresh plating cells and plated
as for library screening on 150mm NZY-agarose plates. Plates were incubated at 37°C
or 39°C as appropriate, until confluent lysis of the bacteria had occurred (approx. 20hr).
10ml of SM buffer was then added and the plates incubated with gentle shaking
overnight at 4°C. The SM buffer containing eluted bacteriophage was transferred to a
50ml falcon tube, 0.5ml chloroform added then the bacterial debris removed by
centrifugation at 2,500 rpm for 15min. The supernatant was then centrifuged at
36,000rpm for 2hr at room temp in an ultracentrifuge (Beckmann with SW41 rotor).
The supernatant was discarded and the pellet resuspended in 300pl SM buffer
and transferred to an eppendorf tube. EDTA was added to a final concentration of
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lOmM then the mix was extracted twice with an equal volume of phenol equilibrated
with TNE, then twice with phenol:chloroform:isoamyl alcohol (25:24:1). The DNA
was then precipitated with 0.3M NaOAc and 2 volumes EtOH, washed with 70% EtOH
then resuspended in lOOpl TE containing 25(ig/ml RNaseA.

2.3.3: Plasmid preparation.
2.3.3.1: Caesium chloride banded maxi-prep
Large scale plasmid preparation was perfomed by a standard alkaline-lysis
method (Sambrook, Fritsch, and Maniatis, 1989), followed by ethidium bromide
caesium choride ultra-centrifugation. A 750ml bacterial culture in super-broth (32g/l
tryptone

(Oxoid),

20g/l

yeast

extract

(Oxoid)

and

lOg/1

Na3-[N-

Morpholino]propanesulphonate) containing lOOpg/ml ampicillin, was harvested by
centrifugation at 2,500rpm for 20min (Beckmann J4 rotor).

The bacteria were

resuspended in 40ml solution I (50mM glucose, 25mM Tris pHS.O, lOmM EDTA).
Lyzozyme (from hen egg white, Boehringer Mannheim) was added to 5mg/ml final and
the suspension incubated for lOmin at room temperature. 80ml of freshly prepared
solution II (0.2N NaOH, l%w/v SDS) was added, the solution mixed gently and
incubated on ice for 5min. 40ml of solution III (3M potassium, 5M acetate) was then
added, the solution mixed by inversion and incubated on ice for 15min. Bacterial debris
was removed by centrifugation at 2,500rpm for 20min at 4°C, the supernatent filtered
through muslin and the DNA precipitated by addition of 0.6 volumes of isopropanol.
The DNA was recovered by centrifugation at 10,000rpm (Sorvall GSA rotor),
room temperature for 20min. The pellet was allowed to air dry then re-suspended in
7.5ml 50:1 TE pH 8 (50mM Tris-HCl pH8.0 and ImM EDTA pH8.0). 0. 9g ceasium
chloride was weighed into sterile 50ml falcon tubes, 8.63g DNA/TE and 375ml of
lOmg/ml ethidium bromide were then added. After the CsCl had dissolved, the
insoluable material was removed by a brief centrifugation. The supernatent was
transferred into Beckmann quick seal centrifuge tubes (the volume being topped up
with 50%w/w CsCl) and centrifuged at 55,000 rpm (Beckmann 70.1ti rotor) for at least
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2 0 hr.

The banded plasmid DNA was removed using a syringe and needle, extracted 36

times with water-saturated-butanol until all traces of ethidium bromide were removed,

diluted with 3 volumes 10:1 TE pH 8 and precipitated by addition of 0.6 volumes
isopropanol at -20°C overnight.
The DNA was recovered by centrifugation at 3,000rpm (Beckmann J4) at 4°C
for 30min and resuspended in 10:1 TE pH8.0. The DNA was then re-precipitated by
addition of 2.5 volumes ethanol and 0.1 volumes cold 20% w/v sodium acetate followed
by incubation at -20°C for 2hr. The DNA was recovered by centrifugation as before,
washed with 70% ethanol and resuspended in 10:1 TE.

2.3.3.2:Plasmid DNA minipreparation
Bacteria from a 1.5ml overnight culture were harvested by centrifugation at
13,000rpm for 5min at room temperature. The cell pellet was resuspended in lOOpl of
medium. 200pl solution II (see above) was added and incubated on ice for 5min. 200|il
solution III was then added and incubated on ice for 15min. The lysate was cleared by
centrifugation at 13,000rpm, 5min at room temperature. The supernatent was extracted
twice with phenol:chloroform:isoamyl alcohol (25:24:1) then DNA precitated with
1/lOth volume 3M NaOAc and 0.6 volumes propanol. The DNA was pelleted at
13,000rpm for 15min, the pellet washed with 70% EtOH then resuspended in 20|il TE
containing 25pg/ml RNaseA (Boehringer Mannheim).

2.3.3.3:Small-scale preparation for automated sequencing
A 10ml overnight culture was centrifuged at 3,000rpm, lOmin. The pellet was
resuspended in 200pl solution I and transferred to an eppendorf tube. 400|il freshly
made solution II was added and the tube incubated 5min on ice.

2 0 0 |li1

of ice cold

solution III was added and incubated on ice 5min, then centrifuged 13,000rpm, 5min.
700|il of the supernatent was transferred to a fresh tube, an equal volume
phenol:chloroform added, vortexed and spun 13,000rpm, 5min. 600|xl of the upper
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phase was transferred to a fresh tube and the DNA precipitated with 0.6 volumes
(360p,l) propanol.

The tube was spun immediately, 13,000rpm, lOmin at room

temperature. The pellet was rinsed in 70% EtOH, resuspended in 50pl TE containing
lOjLig/ml RNase A and incubated at 37°C for 30min.

30pl of 20% w/v PEG

(polyethylene glycol, Fisons) in 2.5M NaCl was added and the tubes placed on ice for
Ihr. The DNA was recovered by centrifugation at 13,000 rpm for 5min, washed in 70%
EtOH, vacuum dried and resuspended in lOOpl 10:1 TE.

2.3.4: Plasmid ’cracking’
2 0 0 pl

of overnight culture (grown under selection) was centrifuged at 13,000

rpm, 5min, in an eppendorf tube. The pellet was resuspended in 50pl cracking buffer
(lOOmM Tris pH 7.5, lOOmM EDTA, lOOmM NaCl, 5%v/v glycerol, 0.04%
bromophenol blue, 0.1% SDS). An equal volume of phenolichloroform:isoamyl
alcohol (25:24:1) was added, the tube vortexed well, centrifuged 13,000rpm 5min, then
20pl of the upper phase loaded directly on an agarose/TAE gel.

2.3.5: Quantitation of DNA
DNA concentrations were calculated from the absorbance of the DNA solutions
at 260nm (Sambrook, Fritsch, and Maniatis, 1989).

2.3.6: Gel Electrophoresis
DNA was loaded in 2.5% Ficoll [type 400 Pharmacia], 0.2% (w/v) bromophenol
blue and 0.2% (w/v) SDS and fractionated by electrophoresis on agarose (Gibco-BRL)
gels (0.7-1.8 % w/v), prepared in IX TAB (40mM Tris-acetate and 2mM EDTA) with
Ipg/ml ethidium bromide (Sambrook, Fritsch, and Maniatis, 1989). Electrophoresis in
IX TAE was carried out in IBI electrophoresis tanks at 75 volts for 2-3 hours. Samples
were loaded alongside double stranded DNA molecular weight markers, either A.-phage
digested with Hindlll or Ikb-ladder (Gibco-BRL). Ethidium bromide stained DNA
fragments were visualised on either a short or a long wave trans-illuminator and
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photographed on Polaroid type 57 high speed film.

2.3.7: Alkaline gel electrophoresis.
A 1.4% agarose gel was prepared in alkaline gel buffer (50mM NaCl, lOmM
EDTA). The gel was allowed to equilibrate in alkaline electrophoresis buffer (30mM
NaOH, lOmM EDTA) for at least 30min before running. DNA was loaded in alkaline
gel loading buffer (50mM NaOH, ImM EDTA, 2.5% Ficoll [type 400], 0.025%
bromocresol green). After the dye had migrated from the wells, a glass plate was
placed over the gel for the remainder of the electrophoresis. After electrophoresis, the
gel was soaked 3X lOmin in 7% w/v trichloroacetic acid then dried under vacuum onto
3MM paper filter paper (Whatmann).

2.3.8: Restriction digests
Enzymes were purchased from either Boehringer Mannheim or New England
BioLabs, USA. All restriction digests were carried out according to manufacturers
instructions using buffers provided.
2.3.9: DNA fragment purification.
Plasmid DNA was digested with appropriate restriction enzymes and the
restriction products were separated by agarose gel electrophoresis as described by
Sambrook et al. (1989). The required fragment was excised from the gel and purified
using Quiaex DNA purificaion resin (Quiagen) according to manufacturers instructions.
The concentration of the purified DNA fragment was estimated by fractionation on
mini-agarose gels and comparison to a known amount of standard DNA (Hindlll
digested lambda DNA, Pharmacia).

2.3.10: DNA ligation
DNA fragments were ligated into linearised vector in IX ligation buffer (50mM
Tris-HCl pH7.6, lOmM MgCl2 and lOmM dithiothreitol) with 0.5 Weiss unit of T4
DNA ligase (Pharmacia Biotech) in the presence of ImM ATP (Sambrook, Fritsch,
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andManiatis, 1989). Prior to ligation, the vector DNA was dephosphorylated using calf
intestine phosphatase (Boehringer Mannheim) and re-purified to prevent self-ligation.
A 3:1 molar ratio of insert to vector DNA was used for the ligations. Ligations were
incubated overnight at 16°C.

2.3.11; DNA prohe lahelling
Purified DNA fragments (50ng) were denatured at 95°C for 5min then cooled on
ice. The DNA was labelled with [a^^p]-dCTP (74MBq/ml, Amersham International)
using a random primed labelling kit according to manufacturers instructions
(Pharmacia).
Labelled DNA was purified from unincorporated [a^^p]-dCTP using a
'NucTrap' chromatography column (Stratagene). The column was equilibrated with
TNE (150mM NaCl, lOmM Tris-HCl pHS.O and ImM EDTA pHS.O), the probe
mixture added to the column in a total volume of 75|iil and the column washed with a
further 75|xl TNE. The activity a Ipl fraction of the purified DNA was determined by
Cerenkov counting in a scintillation counter (Beckman Instruments). Specific activity
of the probes was routinely >10^ dpm/pg DNA.

2.3.12: Southern transfer of DNA (general)
Southern analysis of all DNA except genomic DNA was carried out using alkali
transfer to GeneScreen Plus (DuPont) membrane. DNA was electrophoresed on an
agarose/TAE (0.04M Tris-acetate, 0.002M EDTA) gel containing Ipg/ml ethidium
bromide. The gel was photographed under long wave uv light and transferred to the
membrane by a modification of Southern, (1975). The gel was treated with 0.25M HCl
for 5min, rinsed with distilled water, treated with 0.4M NaOH for 15min and transferred
to membrane in 0.4M NaOH overnight. Following transfer, the membrane was
neutralised in 2X SSC for lOmin (a 20X SSC stock solution was prepared by dissolving
175.3g NaCl and 88.2g tri-sodium citrate in water, the pH adjusted to 7.2 by addition of
IM HCl and the volume adjusted to 1 litre). The DNA was cross-linked to the filter by
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exposure to ultraviolet light (Stratagene Stratalinker).

2.3.13: DNA hybridisation (general)
Filters with bound DNA were pre-hybridised at 42°C with continuous shaking
for a minimum of 4hr, in hybridisation buffer (50% v/v formamide [Fluka], IX SSCPE
[a 20X stock of SSCPE was made by dissolving 140g NaCl,

88g

sodium citrate, 35.5g

KH2 PO4 and 7.5g EDTA in water, the pH adjusted to 7.2 with NaOH and the volume
made up to 1 litre], IX Denhardt's solution [a 50X stock contains 1% w/v ficoll, 1% w/v
polyvinylpyrrolidone and 1 % w/v bovine serum albumin dissolved in distilled water
and filter sterilised], 1% w/v SDS and 10% w/v Dextran sulphate [Sigma]), containing
0.5mg/ml calf thymus DNA. Calf thymus DNA was prepared as a 20X stock at
lOmg/ml in distilled water which was then autoclaved.
Appropriate volumes of labelled DNA and calf thymus DNA to give final
concentrations of 10^ dpm/ml and 0.5 mg/ml respectively were mixed, denatured at
95°C for 5min, cooled on ice, then added to the hybridisation solution.
Filters were hybridised at 42°C for times ranging from 4hr to overnight. Filters
were generally washed twice in 2X SSC/0.1% SDS (w/v) at room temperature for
30min then twice in O.IX SSC/0.1% SDS at 60°C for 30min (though the stringency
may be varied as described in the text) and exposed to X-ray film (Kodak XAR-5 or
Fugi-RX) at -70°C for times ranging between 15min to 7 days.

2.3.14: Genomic Southerns
15|ig of genomic DNA was digested with appropriate restriction enzyme(s) for
several hours, re-spiked with further enzyme and digested overnight.
6X

0 .2

volumes of

loading buffer (0.25% bromophenol blue, 0.25% xylene cyanol FF, 15% Ficoll

[Type 400] in water) was added, the samples denatured at 65°C for 5min and loaded on
a 0.7% agarose/TAE gel. Gels were run at 40V overnight then stained in 1|ig/ml
ethidium bromide and photographed under longwave UV light. Prior to transfer, the
DNA was depurinated by incubation in 0.25M HCl for 15min followed by dénaturation
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in 0.4M NaOH, 0.6M NaCl for 30min and neutralisation in 1.5m NaCl, 0.5M TrisCl,
pH 7.5 for 30min.
DNA was transferred to pre-wetted GeneScreen Plus membrane by blotting
overnight in lOX SSC. The filter was washed for lOmin in 2X SSC and baked 2hr at
80°C in a vacuum oven. Filters were hybridised as described below.

2.3.15: DNA hybridisation (Genomic Southerns)
Filters were pre-hybridised for a minimum of 4hr in buffer containing 50% Y /V
formamide (Fluka), 1% SDS, IM NaCl, 10% dextran sulphate (Sigma), at 42°C with
constant shaking. Sufficient calf thymus DNA (lOmg/ml) to give a final concentration
of 0.2 mg/ml and labelled DNA to give a final concentration of 4X10^ dpm/ml were
denatured at 100°C for lOmin, quenched on ice then added to the pre-hybridisation
buffer.
Filters were hybridised overnight at 42°C with shaking, washed 2X 5min, room
temperature in 2X SSC, IX 30min, 65°C in 1% SDS, and IX 30min, room temperature
in O.IX SSC, blotted on 3MM filter paper, wrapped in saran film and exposed to X-ray
film overnight.

2.3.16: Nested deletions
30pg of plasmid DNA was digested with the enzyme chosen to generate the
protected end of the linearised plasmid. If there was no convenient site for an enzyme
generating a 3' overhang (resistant to exonuclease III digestion), the plasmid was cut
with an appropriate enzyme generating a 5' overhang which was then protected from
digestion by filling in with alpha-phosphorothioate nucleotides as follows:

The

digested DNA was phenol:chloroform extracted, precipitated with 0.1 volumes of 2M
NaCl and 2 volumes ethanol, for 15 min on dry ice, washed with 70% EtOH then
resuspended in 90jil IX klenow buffer (20mM Tris pH 8 , lOOmM MgCl2 ). All four
alpha-phosphorothioates were added to a final concentration of 40)iM each, followed by
DTT to ImM final and 50U/ml Klenow. Samples were incubated at 37°C for lOmin
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then at 70°C for lOmin to inactivate the Klenow. Samples were phenolxhloroform
extracted and precipited as above then resuspended in lOOpl IX restriction buffer for
the next restriction enzyme.
The DNA was digested at a site nearer the sequence to be deleted with an
enzyme generating a 5' overhang (susceptible to exonuclease III digestion). Samples
were then phenol:chloroform extracted, EtOH precipitated and resuspended in 60|il of
IX exonuclease III buffer (0.66M Tris pH8 , 6 6 mM MgCl2 ). 12 eppendorf tubes were
prepared on ice containing 45|Li1 of SI reaction mixture (600pl: IX SI buffer containing
120U nuclease SI [Boeringer 400U/|il]). A lOX SI nuclease buffer stock contains 5ml
5M NaCl, 1.1ml 3M potassium acetate pH 4.5, 5ml glycerol, 20pl IM ZnS04).
The DNA in exoIII buffer was incubated at 37°C for 5min, then a 5pl aliquot
transferred to the first tube containing SI nuclease mix. To the remaining DNA was
added 150U exonuclease III per picomole of 5' DNA ends (Pharmacia, 190U/|il), mixed
thoroughly and returned to the 37°C waterbath. At 30sec intervals, a 5pi aliquot was
removed into successive tubes containing SI nuclease mix. The SI mix containing
DNA was incubated at 30°C for 30min then a Ipl aliquot taken for analysis by gel
electrophoresis.

50pl TE (10:1) was added to each tube, followed by

phenol :chloroform extraction and precipitation with 1/10th volume 3M NaOAc and 2
volumes EtOH on dry ice, 15min. The DNA was resuspended in lOpl TE, to which was
added Ipl lOX high salt buffer (Boeringer Mannheim), Ipl 0.5mM dNTP and Ipl
Klenow, the mix was then incubated at 37°C, 5min.
3pl of the sample DNA mix was then self-ligated by addition of 5pl ddH20, Ipl
lOX ligation buffer (Promega) and Ipl T4 ligase (Promega, 3U/pl). 5pl of the ligation
mix was transformed into JS4 cells and plated on LB-Amp plates.

2.3.17: Polymerase chain reaction
PCR amplification of DNA was carried out on lO-lOOng plasmid DNA or Ipl
bacterial culture/phage stock as required. Amplification was performed using 0.5pg of
each oligonucleotide primer, 2.5 units Thermus aquaticus (Taq) DNA polymerase
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(Promega Corporation) in lOmM Tris-HCl pH8.4, 50mM KCl, 0.1% (w/v) gelatin,
0.05% (v/v) Nonidet P-40, 0.05% (v/v) Tween20 (lOX PCR buffer supplied by
Promega), 0.2mM dNTPs (Pharmacia Biotech) with l-4mM MgCl2 (supplied by
Promega; the optimum MgCl2 concentration was titrated for each primer set). 30
cycles of amplification were performed comprising dénaturation at 95°C for 30
seconds, annealing at 52-60°C (optimised for each pair of primers) for 1 minute and
polymerisation at 72°C for 2 minutes.

2.3.18: DNA sequencing (Dideoxy- sequencing)
Plasmid DNA prepared by either PEG precipitation or ceasium chloride density
gradient centrifugation was sequenced using a dideoxy sequencing kit (Pharmacia)
according to manufacturers instructions using [a-^^S]dATP (lOOOci/ml, Amersham)
and DNA primers at 4.44|ig/ml. Sequencing reactions were heated to 80°C for 5
minutes and fractionated on 6 -8 % polyacrylamide-8 .3M urea gel in IX TEE (90mM
Tris-borate and ImM EDTA) on an IBI STS45 vertical slab gel sequencing apparatus at
60W for 3-6 hours. The gel was fixed in 5% (v/v) methanol and 5% (v/v) glacial acetic
acid in ddH20, dried onto 3MM paper using a gel drier at 80°C for 1 hour and exposed
to X-ray film (Kodak X-OMAT™-AR) overnight.

2.3.19: ABI automated DNA sequencing
Plasmid DNA prepared by either PEG precipitation or ceasium chloride density
gradient centrifugation was sequenced using a PRISM Ready Reaction DyeDeoxy
Terminator Cycle Sequencing kit from Applied Biosystems (ABI). Briefly, l|ig of
plasmid DNA and 3.2pmol of primer was adjusted to a volume of 11.5 |il with PCR
grade H2 O, 9.5|il reaction mix added then overlayed with a layer of mineral oil (Sigma).
Samples then underwent 26 thermal cycles of 96°C for 30sec, 55°C for 30sec then 60°C
for 2min. Following thermal cycling the mineral oil was removed and 80p.l water was
added.

Excess terminators were removed by extracting

twice

with

phenol:H20:chloroform (68:18:14) (ABI). The extension products were precipitated
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with 15fil 2M NaOAc, pH4.5 (ABI) and 0.5ml EtOH on dry ice for 15min. The
samples were then spun 13,000rpm for 15min at room temperature. The pellets were
rinsed with 70% EtOH, dried under vacuum and resuspended in 4|Li1 loading buffer (5pl
deionised formamide,

IjL il

50mM EDTA, pH8.0). Samples were electrophoresed and

analysed on an Applied Biosystems 373A DNA Sequencer, according to manufacturers
instructions.

Gels were made using Sequagel ultra pure gel reagents (National

diagnostics).

2.4:

RNA manipulation
All solutions (except those containing Tris.HCl) were treated with diethyl

pyrocarbonate (DEPC; 1mg/ml) for 12hrs and then autoclaved. Solutions containing
Tris.HCl were prepared using ddH20 previously treated with DEPC.

2.4.1: RNA isolation.
RNA was prepared from cells grown in tissue culture monolayers. Dishes of
cells were washed twice in ice-cold phosphate buffered saline (PBS) and lysed directly
by the addition of "solution D" (1.8 ml/6.5cm dish, 4ml/15cm dish). Solution D was
prepared by addition of 293ml H2 O, 17.6 ml 0.75 M sodium citrate pH7 and 26.4ml
10% w/v sarcosyl (at 65°C) to a 250g bottle of guanidinium isothiocyanate (Fluka).
Aliquots of 50ml were stored at -20°C and p-mercaptoethanol to 0.72% v/v added just
before use.
Lysates were transferred to a 15ml polypropylene tube and a volume of 2M
sodium acetate pH4 corresponding to 10% of the volume of solution D (v/D) added and
vortexed briefly. An equal volume (v/D) of water saturated phenol (IBI) was added,
mixed briefly then 20% by volume (v/D) of chloroform:iso-amylalcohol (24:1) was
added. The contents were mixed thoroughly by vortexing for 10 sec then cooled on ice
for

1

min.
The phases were separated by centrifugation at 10,000 rpm (16,500g) in an HB4

rotor in a Sorvall RC5C centrifuge. The aqueous phase was transferred to a fresh tube
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and an equal volume (v/D) of isopropanol added, mixed well and placed at -20°C for at
least Ihr. The RNA was pelleted by centrifugation at 16,400g for 20min at 4°C, the
supernatent aspirated and the pellet redissolved in solution D (1/6 th the original volume
of solution D), and precipitated with 2 volumes (v/v) overnight at -20°C. RNA was
stored at this point until use.
Prior to use, RNA was pelleted at 13,000g (8,000rpm) for lOmin at 4°C, washed
with 70% v/v ethanol and re-suspended in DEPC-treated water. The concentration of
RNA was determined by its absorbance at 260nm.

2.4.2: mRNA isolation
PolyA selection of total RNA was performed using Poly(A) Quik mRNA
Isolation kit (Stratagene) according to manufacturers instructions. 100-500|xg of total
RNA in a maximum volume of 1ml was used for mRNA isolation which typically gave
yields of 1-4%.

2.4.3: Northern transfer
15|ig of total RNA was precipitated on dry ice for 15min with 0.1 volumes of
2M sodium acetate pH4 and 2 volumes of ethanol. The pellet was washed with 70%
v/v ethanol, resuspended in

15|li1

loading buffer (50% v/v de-ionised formamide, 6 % v/v

formaldehyde[37-41%] in IX MOPS buffer), and heated to 65°C for 5min. The RNA
was then loaded on a 1% denaturing agarose gel (1% agarose, IX MOPS buffer [see
below], 8 % v/v of 37-41% formaldehyde) and run at 90V in IX MOPS buffer with
constant re-circulation. MOPS buffer was prepared as a 1OX stock containing 200mM
MOPS (Morpholinopropanesulphonic acid [sodium salt. Sigma]), 50mM Sodium
acetate, ImM EDTA (from 0.5M stock), pH adjusted to 7.0 with glacial acetic acid.
Following electrophoresis, the gel was incubated successively with gentle
shaking in 50mM NaOH, then O.IM Tris.HCl, pH 7.5, each for 30min, then IXSSC for
20min. The RNA was then transferred to pre-wetted GeneScreen Plus membrane in
lOX SSC overnight. The membrane was then rinsed in 2X SSC, allowed to dry at room
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temperature then baked at 80°C in a vacuum oven for 2hrs.

2.4.4: Hybridisation of RNA
Membranes were pre-hybridised in northern hybridisation buffer (50%
formamide, 1% SDS, IM NaCl and 10% w/v dextran sulphate), for a minimum of 4hrs
at 42°C. Membranes were hybridised overnight at 42°C in hybridisation solution
containing denatured random primed DNA probe (2.3.11) and salmon sperm DNA to
give final concentrations of 1-4x10^ dpm/ml and lOOpg/ml respectively.

2.4.5: Primer extension analysis
5|ig of poly A selected RNA from tsaS cells grown at 33°C and Ipg of
oligonucleotide primer were mixed and precipitated by addition of 0.1 volumes of 3M
NaOAc pH5.2 and 2.5 volumes EtOH on dry ice for 15min, washed in 70% EtOH and
resuspended in

30|li1

hybridisation buffer (40mM PIPES pH6.4, ImM EDTA pH8.0,

0.4M NaCl, 80% formamide). The mix was then incubated at 90°C for 5min then
incubated at 30°C overnight. The volume was then adjusted to 200|xl with DEPCtreated water then precipitated by addition of 400)li1 EtOH. The pellet was resuspended
in 20|il reverse transcriptase buffer (50mM Tris.Cl pH 7.6, 60mM KCl, lOmM MgC12,
ImM each dNTP, ImM DTT, lU/pl RNasin, 50pg/ml actinomycinD) containing 50U
murine reverse transcriptase. Following incubation at 37°C for 2hrs, Ipl 0.5M EDTA
and IjLtl RNase (5pg/ml) were added and the mix was incubated at 37°C for 30min.
150|li1

of TNE was then added, the mix phenol:chloroform extracted and the DNA

precipitated by addition of

500)li1

EtOH. The pellet was washed with 70% EtOH,

resuspended in 15|Lil IX alkaline gel loading buffer and analysed by alkaline gel
electrophoresis (section 2.3.7).
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Protein analysis

2.5.1: Whole-cell protein extract
Cells in culture were washed three times in ice cold PBS (lOX stock from Gibco
BRL) the cells scraped from a 100mm dish in 1ml ice-cold PBS and pelleted by
centrifugation at 13,000g for 2min at 4°C. The cells were resuspended in a small
volume (typically 180|xl) of PBS and a 1/10th final volume (20|il) of lOX lysis buffer
was added, giving a final concentration of 0.3% w/v SDS, 1% v/v p-mercaptoethanol.
Samples were boiled immediately for 5min, frozen on dry-ice then stored at -20°C until
use.
The protein concentration of samples was determined by a modification of
(Bradford, 1976) using a Bio-Rad protein assay system according to manufacturers
instructions. Briefly, 2|il of the protein sample in IX lysis solution was adjusted to
800pl with PBS and 200|il assay reagent was added. After 5min, the absorbance was
measured at 595nm in a spectrophotometer. Bovine serum albumin was used as a
standard. Equal amounts of protein were loaded on SDS polyacrylamide gels.

2.5.2: Sodium dodecyi sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
SDS-PAGE was performed according to (Laemmli, 1970). Gels containing a
final acrylamide concentration of 10% w/v were prepared from a stock solution of 30%
w/v acrylamide: 0.8% w/v N,N'-methylenebisacrylamide (BDH) in a buffer containing
0.1% w/v SDS and 375 mM Tris pH 8 .8 . Gels were polymerised by addition of
ammonium persulphate and TEMED (N,N,N',N' tetraethylenemethyldiamine, BioRad).
Samples were soluabilised by addition of an equal volume of 2X loading buffer
(0.0125M Tris pH 6 .8 , 20v/v glycerol, 2%w/v SDS, 20% p-mercaptoethanol, 0.01%
bromophenol blue) and boiling for 5min then separated by electrophoresis at a constant
current of 25mA in electrode buffer containing 3mg/ml Tris, 14.4mg/ml glycine and
0.1% w/v SDS. Protein sizes were determined by comparison to pre-stained molecular
weight markers (BioRad).
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2.5.3: Western transfer and immunoblotting
Following electrophoresis, proteins were transferred to nitrocellulose membrane
(Hybond-C Extra, Amersham) by electroelution (Towbin, Staehelin, and Gordon, 1979)
using a Biorad Transblot apparatus. Transfer was performed in 20% v/v methanol, 190
mM glycine, 30mM Tris pH8.3 at a constant current of 0.8 mA/cm^ gel. The
nitrocellulose filter was then incubated overnight at 4°C in 'blotto' (5% w/v skimmed
milk powder [Cadbury's Marvel], in IX PBS containing 0.05% Tween-20 and 0.02%
sodium azide), to reduce non-specific protein binding. Filters were incubated with
antibody in blotto for 2hr at 4°C, washed 3X lOmin in blotto then incubated with either
[125i]_protein A or [l^^IJlabelled anti-mouse Ig from sheep (>l.lGBq/mg, Amersham)
at a concentration of 3.7kBq/ml, for 2hr. The filter was then washed 3X lOmin in blotto
and 2X lOmin in PBS, wrapped in saran and exposed to X-ray film (Kodak XAR-5) for
times ranging from

1 -1 0

days.

2.5.4: In vitro transcription/translation
In vitro transcription/translation was perfomed using a TNT coupled reticulate
Lysate System (Promega), according to manufacturers instructions. Briefly, 0.2-2.0|ig
plasmid DNA was added directly to a tube containing 25|il reticulate lysate,

2|li1

reaction buffer, RNA polymerase, ImM amino acid mixture minus methionine, ^^Smethionine (lOOOCi/mmol, Amersham) at lOmCi/ml, Ipl RNasin (Promega, 40u/|il)
and the volume adjusted to 50|il with nuclease-free H2 O. The reaction was incubated at
30°C for Ihr and the translation products analysed by SDS-PAGE.

2.6:

Transcriptional analysis

2.6.1: Nuclear run-on analysis
2.6.1.1:Preparation of slot-blots
1.5pg of DNA (per slot blot) was adjusted to a total volume of lOOpl in ddH20.
The DNA was denatured by addition of 7.5|il of 4M NaOH followed by incubation at
65°C for 45min. The mix was neutralised by addition of 25|ll 5M NH4 OAC. The

Chapter 2: Materials & methods

75

denatured DNA was then transferred to Genescreen plus membrane, pre-wetted in IM
NaOAc, using a minifold II slot blot apparatus (Schleicher & Schuell). Membranes
were then baked for 2hrs at 80°C.

2.6.1.2:Preparation of nuclei
Cells were plated on 24.5cm^ trays at a density to give approximately 2X10^
cells at the time of harvesting. Cells were washed in ice-cold PBS, scraped in 5Omis
PBS, pelleted at l,000rpm (Beckmann J4) 5min and resuspended in 20ml RSB (lOmM
Tris pH7.5, lOmM KCl, 0.5mM spermidine, 0.15mM spermine, 0.1% NP40. PMSF
was added to 50mg and DTT to ImM , immediately before use.)
The cells were left to swell 5min on ice then lysed by vigousous shaking for
30sec. Nuclei were pelleted by centrifugation at 2,000rpm (Beckmann J4) and the
supernatent was carefully removed. The white pellet was resuspended in 0.5ml
glutamate buffer (125mM potassium glutamate, lOmM HEPES pH adjusted to 8.0 with
KOH, 0.5mM spermidine, O.lSmM spermine, 2mMDTT, ImM EOT A, 0.5mM EGTA,
40% v/v glycerol [stored in 1.8ml aliquots at -20°C]), and spun briefly 3,000rpm in an
eppendorf benchtop centrifuge. All but 40pl of the supernatent was removed, the nuclei
vortexed briefly to resuspend then stored at -70°C until use.

2.6.1.3:Run-off transcription
Nuclei were thawed at room temperature, l|il of 50pg/ml RNase A was added
followed by incubation at room temperature for 5min. lOOU RNasin (Promega), lOjil
(200mCi) ^^P-UTP (Amersham, 40mCi/ml ), 0.5pl IM creatine phosphate in lOmM
HEPES pH 8 , 1.2|xl 2mg/ml creatine kinase in glutamate buffer, Ipl nucleotide
triphosphate solution (50mM ATP, 25mM CTP, 25mM GTP) and 0.4|il MgCl2 were
then added and the nuclei were incubated lOmin at 30°C.
0.5)li1

IM CaCl2 ,

5pi

50mg/ml yeast tRNA and

5pi

of lOU/ml RNase-free

DNase were then added and the nuclei were then incubated for a further 20-30min at
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37°C. 5\x\ of lOX SET (10% w/v SDS, lOOmM Tris pH7.5, 50mM EDTA), 135ml IX
SET and 10|il of lOmg/ml proteinase K were then added and the tube was then heated
briefly at 65°C until the solution cleared then incubated 45min at 37°C.
The mix was extracted with 200jil phenol/chloroform (1:1), the organic phase
re-extracted with lOOpl IX SET and added to the previous aqueous phase. The RNA
was precipitated by addition of lOOpl of lOM ammonium acetate and 400jil isopropanol
followed by incubation on ice for 15min. The RNA was pelleted 13,000rpm for 5min,
washed with cold 70% EtOH, resuspended in 150|xl 0.5% SDS, ImM EDTA then re
precipitated with 50|xl lOM NH4 AC, 200|xl isopropanol. The pellet was washed with
cold 70% EtOH dried briefly and resuspended in lOOpl 0.5% SDS, ImM EDTA.

2.6.1.4: Hybridisation
Trichloroacetic acid (TCA) precipitable counts were determined as follows:
l|il of RNA probe was diluted to lOOpl with DEPC treated ddH20. 5pl of diluted probe
was spotted on a glass-fibre filter disc (Whatmann) to determine total counts. A second
5|il of diluted probe was precipitated by the addition of 25pl carrier DNA (calf thymus,
1mg/ml) and 1ml of ice-cold 10%TCA solution and incubation for lOmin on ice. The
precipitated DNA was collected onto a glass-fibre disc by vacuum filtration, the filter
washed with 10ml ice-cold TCA solution, then ethanol and allowed to dry.
Probe corresponding to 10^ TCA precipitable counts was heated to 90°C for
2 min,

quenched on ice then added to the hybridisation solution.
Filters were hybridised for 48hr at 65°C in lOmM Tris pH7.5, 250mg/ml yeast

tRNA, 0.2% BSA, 0.2% Ficoll 400, 0.2% PVP 360, 0.5% non-fat dried milk (Cadbury's
Marvel), 0.3M NaCl, 1% SDS, lOmM EDTA.
Filters were washed sequentially in 2X SSC/0.1% SDS and O.IX SSC/0.1%
SDS for 15min at room temperature and once in O.IX SSC/0.1% SDS for 15min at
50°C.
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2.6.2: CAT and p-galactosidase assays
2.6.2.1: Preparation of cell extract for CAT and p-galactosidase assays
Cells in culture (100mm dish) were washed three times in ice cold PBS, then
scraped in 1ml ice cold PBS. The cells were pelleted by centrifugation at 8,500rpm for
20sec. The pellet was resuspended in lOOpl 0.25M Tris pH7.8 and the cells disrupted
by three freeze-thaw cycles in a dry ice/ethanol bath followed by thawing at 37°C. The
suspension of disrupted cells was centrifuged at 8,500rpm, 5min at 4°C. 90|il of
supernatent was transferred to a fresh tube.

2.6 2.2:CAT assay
Cell extract was adjusted to a volume of 60pl with 0.25M Tris pH7.8, incubated
lOmin at 65°C then cooled on ice. 20pl of 8 mM chloramphenicol,

18|li1

0.5mM acetyl-

coA and 2pl [^^C]-acetylcoA (54 mCi/mMol, Amersham) were added and the tubes
then incubated l-2hr at 37°C. Samples were then cooled on ice, lOOpl ethyl acetate
added, vortexed and spun 13,000rpm for 3min. 80pl of the upper phase was transfered
to a scintillation vial. The aqueous phase was re-extracted with a further lOOpl ethyl
acetate, spun as before and 80pl of the upper phase transferred to the scintillation vial.
Samples were counted on a Beckmann scintillation counter.

2.6.2.3:|3-galactosidase assay
Cell extract was adjusted to a volume of 30pl with 0.25M Tris pH7.8 on ice.
70pl of a pre-mix containing (per sample) 60|il PMN (O.OIM sodium phoshate buffer
pH7.2, O.IM NaCl, ImM MgCl2 ) and lOpl 4mg/ml CPRG (chlorophenol red-b-Dgalactopyranoside [Boehringer Mannheim]), was added and the tubes incubated at 37°C
until a deep yellow/orange colour had developed. The reaction was terminated by
incubation at 65°C for lOmin then cooled on ice. 85|Lil was then loaded onto a 48 well
microtitre plate and the absorbance measured at 470nm on a Dynatech plate-reader.
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Chapter 3: Results (part 1)
Cloning and expression of rat cyclin A
cDNA
3.1:

Introduction
As described in the introduction, cyclin A is required at two points in the cell

cycle; for both entry into both S-phase and mitosis (Pagano et a l, 1992). Cyclin A was
therefore chosen as a gene whose down-regulation was likely to be involved in the
inability of post-mitotic cells to synthesise DNA. Our aim was to clone the promoter of
this gene and use this promoter to characterise the transcriptional mechanism by which
the expression of an important positive regulator of the cell cycle is regulated in the
post-mitotic state.
As a model for cell cycle withdrawal, we have chosen to study an in vitro model
for cellular senescence in which rodent embryo fibroblasts are conditionally
immortalised with a thermolabile mutant of SV40 large T-antigen. After three days at
the non-permissive temperature, these cells undergo irreversible growth arrest. Detailed
analysis of differentially expressed genes has shown that many of the changes that
occur during growth arrest in these conditional cell lines also occur during senescence
of normal rodent fibroblasts (Gonos et a i, in preparation). The growth arrested cells at
the non-permissive temperature are therefore believed to have entered cellular
senescence.

To eliminate differences due to temperature when comparing the

conditionally immortal cell lines proliferating at 33°C or growth arrested at 39.5°C,
SV4 cells are used for comparison. These cells are immortalised with wild-type SV40
large T-antigen and proliferate at both 33°C and 39.5°C.
The aim of this chapter was to analyse the expression of cyclin A in both
conditionally immortal cell lines and normal early and late passage REFs to determine
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whether cyclin A was down regulated when cells cease dividing during both normal
senescence and in our model system. Cyclin A protein contains a destruction domain in
the N-terminus which results in a rapid degradation of the protein during anaphase by
the ubiquitination pathway (Glotzer, Murray, and Kirschner, 1991; Sudakin et aL,
1995). It has also been suggested that the stability of cyclin A mRNA varies in a cell
cycle dependent manner (Henglein et al., 1994; Pines and Hunter, 1990). It was
therefore necessary to determine whether any decrease in cyclin A protein was a result
of decreased transcription rather than protein/mRNA destruction.
This chapter also describes the cloning of the rat cyclin A cDNA. The rat cyclin
A cDNA was required for several reasons. Firstly, the rat cDNA was required as a
probe for screening genomic libraries as repeated attempts to obtain rat genomic clones
by screening lambda and cosmid libraries with human cDNA sequences failed to give
any true positives. The human cDNA was also found to hybridise poorly to northern
blots of rat RNA. It was therefore possible that the human and rat cyclin A sequences
differed substantially outside the conserved cyclin box. As the analysis of cyclin A
transcription was to be performed in rodent cells, the aim was to clone the rat cyclin A
promoter. Once rat genomic clones encompassing the rat cyclin A gene had been
isolated, sequence of the 5' end of the rat mRNA was required to allow the mapping of
transcriptional start sites .
Northern analysis shows that there are two cyclin A mRNAs of around 2.7 and
1.6kb, in both human and rodent cells. The difference between these species had not
yet been determined. There are examples of genes in which two mRNAs arise which
differ in the 5' untranslated region from the use of different promoters (Plaza et at.,
1995) and also genes in which alternative splicing occurs in the 5' untranslated region
(Peralta et at., 1987). In order to locate the promoter, it was therefore necessary to
determine whether the 1.1 kb in the larger mRNA was 5' or 3' relative to the 1.6kb
mRNA.
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Expression of cyclin A in conditionally immortal rat cell-lines
To determine whether cyclin A was down-regulated upon growth arrest in the

conditionally immortal cell lines, the expression of cyclin A protein was compared
between dividing cells at the permissive temperature and after they had ceased dividing
at the non-permissive temperature. Whole cell protein extracts were prepared from
tsaS, tsal4, SV4 and TMEF cells grown for 3 days at either 33°C (permissive) or
39.5°C (non-permissive) temperatures. 1.5 XIO^ cells were plated onto 100mm dishes
and incubated overnight at 33°C to allow the cells to adhere. One dish was then shifted
to the non-permissive temperature. 60 hours after shift up, dishes were fed with fresh
medium to ensure the cells were not in Gq, and at 72 hours, total cellular protein was
extracted.
7|ig protein was resolved on a 10% denaturing polyacrylamide gel, transferred
to membrane and immunoblotted with a polyclonal rabbit antibody against human
cyclin A (kindly donated by J. Pines) followed by [1251]-labelled protein A. Following
transfer, the remaining protein in the acrylamide gel was stained with 0.3% w/v
Coomassie Blue in 50% methanol; 10% acetic acid. Lanes 5-8 corresponding to
TMEFs and SV4 were found to be more heavily loaded than lanes 1-4. However,
within each cell line, the loading of protein from cells grown at the two temperatures
was equivalent.
The result of this analysis is shown in Figure 3.1. The three temperature
sensitive cell lines, tsal4, tsaS and TMEFs show a large decrease in cyclin A protein at
the non-permissive temperature, whereas the non-conditional cell-line, SV4 shows no
decrease, indicating that cyclin A is downregulated as cells cease dividing.

3.3:

Isolation of truncated Rat cyclin A cDNAs
To isolate cDNA's encoding rat cyclin A, rat cDNA libraries were screened

using the human cyclin A cDNA. The human probe was a 2.2kb EcoRl fragment
isolated from the cyclin A expression vector pJ3nCycAnS (a gift from J. Pines,
Cambridge). In the initial screen, a random-primed probe (5 X 10^ cpm/p,g, 10^
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Figure 3.1: Western blot analysis of cyclin A protein expression in
conditionally immortal cell lines
C yclin A protein levels were compared in tsa l4 , tsaS, TM EF and
SV 4 cells grown for three days in either the perm issive or non-perm issive
conditions. 7 |ig o f w hole cell protein extract was separated on a 10%
denaturing polyacrylam ide gel and im munoblotted with a polyclonal rabbit
antibody against human cyclin A follow ed by [^^^-I]-labelled protein A.

tsa l4

tsaS

tmefs

SV 4

I
•cyclin A

Lane

1

cpm/ml final) was used to screen 10^ recombinants of a lambda Uni-ZAP™ cDNA
library (Stratagene) made from RNA prepared from tsal4 cells grown at 33°C. No
positives were isolated using the initial hybridisation conditions of 50% formamide, IX
SSCPE, IX Denhardts solution, 1% SDS and 10% dextran sulphate at 42°C for 18
hours. The stringency of hybridisation was then lowered by reducing the formamide in
the hybridisation solution to 30% and the final washing temperature of the filters from
60°C to 42°C.
Two duplicate positives were isolated which were subjected to further rounds of
screening using the same conditions as described above, then rescued as pBluescript
SK(-) phagemid by superinfection with R408 helper phage (section 2.2.4). Both clones
contained a 1.4kb insert which by restriction mapping with the enzymes BamHl,
Hindlll, Pstl, and Kpnl were shown to be the same. The ends of this clone were
sequenced with T3 and T7 primers present in the pBluescript vector and aligned with
the human sequence in the GenEmbl databank. This alignment showed an overall
homology of around 85% indicating that this clone encoded rat cyclin A. On the basis
of this alignment this first clone (Al) lacked 5' sequences containing the translational
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initiation codon.

3.4:

Isolation of full-length Rat cyclin A cDNA
Since the nucleotide sequence indicated that clone Al was lacking a potential

initiating methionine codon, the 1.4 kb Xhol insert from clone Al was then used for
further screening of two different size-fractionated lambda Uni-ZAP'TM cDNA libraries
prepared from RNA isolated from either tsal4 or tsaS cells grown at 33°C. 13 further
independent clones were isolated.

Ipl of the primary phage stock in SM buffer

(approximately 10^ phage) was used in a PCR reaction with M l3 universal and reverse
primers, the reaction products separated on a 1 % agarose gel, transferred to membrane
and probed with the 1.4kb probe from clone A l. Isolates giving hybridising bands
larger than 0.5kb were subjected to secondary screening, purified to homogeneity and
rescued as pBluescript SK(-) phagemid.
The inserts of these clones were sequenced with T3 and T7 primers and aligned
to the human sequence. Homology to the human sequence suggested that the ATG at
nucleotide positions 11-13 in the longest clone, F2.1ai, corresponded to the translational
start site. The 5' end of three of the other clones corresponded to nucleotide 30 in clone
F2.1ai which co-incided with an internal Xhol restriction site, another three clones
started at nucleotide 57 with respect to the 5' end of F2.1ai and another clone contained
only the 3' most 350 bases.
Clone F2.1ai was restriction mapped using the enzymes Xhol, BamHl, Kpnl,
Pstl, Hindlll, SacII and BstXl, the results of which are shown in Figure 3.2. The
fragments shown below were subcloned into pBluescript KS(-) for sequencing. The
subclone labelled IV containing a 396 base-pair Kpnl fragment was later used as a 5'
cDNA probe to screen genomic libraries.
F2.1ai subclones were sequenced using a combination of automatic and manual
sequencing using MI3 universal and reverse and T3 and T7 primers present in the
pBluescript vector. Figure 3.3 shows the sequence of F2.1ai with the predicted amino
acid sequence shown below. This 1543 base sequence contains a 419 amino acid open
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Figure 3.2: Restriction map of cDNA clone F2.1ai
F2.1ai was mapped with the enzym es show n. Fragments
shown below were subcloned into pBluescript K S(-) for
sequencing and use as probes for genom ic mapping.
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reading frame from nucleotides 11-1268. Indicated in this figure are the cyclin box and
a potential destruction motif. The cyclin box is the region through which cyclins
interact with a CDK subunit (Kobayashi et al., 1992; Lees and Harlow, 1993) and is the
region of greatest conservation between different cyclins (Nugent et a i, 1991). The
destruction domain is required for the specific degradation of cyclins A and B at the end
of mitosis (Glotzer, Murray, and Kirschner, 1991). The destruction domain indicated in
this figure varies significantly from the consensus motif published by Glotzer et al,
based on marine invertebrate and human cyclin A sequences.

It remains to be

established whether this region in rat cyclin A is also responsible for degradation during
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Figure 3.3; Nucleotide and predicted amino acid sequence of Rat cyclin A
The com plété nucleotide sequence o f cD N A clone F2.1ai is shown w ith the
predicted am ino acid residues indicated below , in single-letter code. The positions o f the
cyclin box, destruction domain and oligonucleotide primers used for subsequent analysis,
are indicated.
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mitosis. This figure also shows the positions of oligonucleotides used for PCR and
primer extension as described later.
The human, mouse and hamster sequences have since become available in the
GenEmbl database. Figure 3.4 a) shows the computer generated optimal alignment of
F2.1ai sequence to these other cyclin A sequences. Figure 3.4 b) shows the homology
between the predicted amino acid sequences and Table 3.1 shows the percentage
identity between the different species.
These figures shows that there is a high degree of conservation between the
cyclin A sequences of different mammalian species.

3.5:

In vitro transcription/translation of clone F2.1ai

Prior to sequencing the entire of F2.1ai, the cDNA was transcribed and
translated in vitro to confirm that this clone contained an open reading frame and
encoded a protein of the correct size (as compared to the size of the band seen by
western blot of whole cell extracts with a polyclonal antibody against human cyclin A).
F2.1ai was transcribed and translated in duplicate, using a coupled in vitro
transcription/translation rabbit reticulate lysate system (Promega). Ipg F2.1ai plasmid
was used to synthesise RNA utilising the T3 promoter present in the pBluescript vector
and the resulting RNA was translated directly in the presence of 40pCi
[^^S]methionine.
The transcription/translation reaction was performed by incubation of the cDNA
with reticulate lysate for 90 minutes at 30°C. The translation products were denatured
by heating at 95°C in 4 volumes of sample buffer containing 2% SDS/0.05% pmercaptoethanol, fractionated on a 12.5% SDS-polyacrylamide gel and the labelled
translation products detected by autoradiography. The results are shown in Figure 3.5.
Lanes 1 and 2 show that F2.1ai encodes a protein of the correct size (approx. 56Kd), the
same size of protein seen in western blot analysis, confirming that the F2.1ai clone
encodes rat cyclin A and that no mutations resulting in a stop codon had been
introduced during the construction of the cDNA library.
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Figure 3.4a);
Comparison of cyclin A nucleotide sequences from different
mammalian species
The nucleotide sequences o f human, m ouse and hamster cyclin A were compared
to rat cyclin A cD N A clone F2.1ai using a computer generated optimal alignm ent.
N ucleotides conserved betw een three or all four o f the sequences are indicated by filled
boxes.
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Figure 3.4b): Comparison of amino acid sequences of cyclin A from different mammalian
species
The predicted amino acid sequences o f human, m ouse and hamster cyclin A were
compared to that o f rat cyclin A cD N A clone F2.1ai using a com puter generated optimal
alignment. A m ino acids conserved between three or all four o f the seq u en ces are indicated by
filled boxes.
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Table 3.1: Percentage identity between cyclin A nucleotide and
predicted amino acid sequences of different mammalian species
The percentage identity betw een human, rat, m ouse and hamster
cyclin A nucleotide sequences was calculated, based upon the optimal
alignment shown in Figure 3.4 a).
The percentage identity betw een the
predicted amino acid sequences based upon the alignment shown in Figure
3.4 b) are indicated in brackets.

Human
Human

X

Rat

88.4
(84.7)

M ouse

(86.1)

Hamster

Rat

88.4
(84.7)

X
89.6

80.8

(91.1)

81.8

87.2

(86.1)

(88.7)

M ouse Hamster

80.8
(86.1)
89.6

81.8

(86.1)
87.2

(91.1)

(88.7)

X

(89.4)

77.6

(89.4)

77.6

X

Figure 3.5: In vitro transcription and translation of rat cyclin A
cDNA clone F2.1ai
R NA synthesised from the T3 promoter in the pBluescript
vector was translated in the presence o f [^^S]-methionine by rabbit
reticulate lysate. Protein products were resolved by SD SP olyacrylam id e
g el
e lec tro p h o resis
and
v isu a lise d
by
autoradiography.
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Expression of cyclin A RNA in conditionally immortal cell lines
Human cyclins A and B contain a destruction box which mediates their

destruction by a ubiquitination pathway at the end of mitosis. The down regulation of
cyclin A protein in the conditionally immortal cell lines at the non-permissive
temperature could therefore be due to either a decrease in the level of mRNA or due to a
destabilisation of the protein.

To distinguish between these alternatives, RNA

expression was analysed in tsaS, tsal4, SV4 and TMEFs grown at the permissive and
non-permissive temperatures.
Cells were plated at a density of 3.3 XIO^ on 150mm dishes, incubated
overnight at 33°C then one dish shifted to the non-permissive temperature. 60 hours
after shift up, dishes were fed with fresh medium and at 72 hours, total RNA was
prepared. 15 pg was resolved on a 1 % agarose/formaldehyde gel and transferred to
nylon membrane. The blot was probed with the 1.4kb rat cDNA sequence from clone
Al.
The result is shown in Figure 3.6.

There are two cyclin A mRNAs of

approximately 1.6 and 2.7kb, the larger species being the most abundant. Both cyclin A
mRNAs are down regulated in all three temperature sensitive cell lines at the nonpermissive temperature whereas the non-conditional cell-line, SV4, shows little change.
Of the three temperature-sensitive lines used in this analysis, tsaS and TMEFs show a
greater reduction in proliferative potential at the non-permissive temperature than tsal4.
This analysis shows that the fold reduction in cyclin A mRNA levels between the
permissive and non-permissive temperatures is smaller in tsal4 (lanes 5&6) compared
to tsaS (lanes 1&2) and TMEFs (lanes 3&4).
Thus, the decrease in cyclin A mRNA reflects the reduction in growth potential
of the temperature sensitive lines at the non-permissive temperature and the decrease in
cyclin A protein levels seen by western blot analysis can be accounted for by a decrease
in mRNA levels. As the rat cell line tsaS shows a greater reduction in both proliferative
potential and cyclin A mRNA levels than tsal4, this cell-line was chosen for all further
analysis.
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Figure 3.6: Expression of cyclin A mRNA in conditionally immortal
cell lines
Total R N A was prepared from ls a l4 , tsaS, TM EF and S V 4 cells
grown for three days in either the perm issive or non-perm issive
conditions. 15|ig o f R N A was resolved on a 1% form aldehyde-agarose
gel, transferred to membrane and probed with the 1.4kb insert from rat
cyclin A cD N A clone A l.
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Nuclear run-on analysis
The decrease in cyclin A mRNA in the conditionally immortal cell lines at the

non-permissive temperature could be due to either a decreased rate of transcription or to
a decrease in mRNA stability. Nuclear run-on analysis was used to determine the rate
of initiation of cyclin A transcription in tsaS or SV4 cells grown at either the permissive
or non-permissive temperature.
In this analysis, nuclei are isolated which contain DNA with assembled
transcription complexes still engaged. The nuclei are then incubated with ^^P-UTP and
unlabelled CTP, GTP and ATP for a brief period of in vitro 'run-on' transcription,
resulting in the labelling of nascent transcripts. These transcripts are then purified and
hybridised to slot blots containing immobilised DNA of interest. The immobilised
DNA must be in excess of the labelled RNA so that the level of hybridisation reflects
the level of transcription of the gene.
To compare the levels of cyclin A transcription at 33°C and 39.5°C, the filters

Chapter 3: Cloning and expression of rat cyclin A cDNA

93

were probed with labelled RNA corresponding to an equal number of TCA precipitable
counts. This assumes that the overall level of transcription of total cellular genes is
relatively constant between the two temperatures. Other genes whose transcription
should not be affected by the loss of proliferative potential, were included on the slotblot as internal controls.
The result of this analysis is shown in Figure 3.7. In tsaS cells, there is a large
reduction in cyclin A transcription at 39.5°C compared to 33°C. In contrast, very little
change is seen in SV4 cells. This demonstrates that the reduction in cyclin A protein
and mRNA expression in the conditionally immortal cell line reflects the level of
transcription.
Nuclear run-on analysis was also performed on early and late passage REFs to
ensure that the transcriptional down-regulation seen in the conditionally immortal cell
lines also occurred in normal fibroblasts during senescence. Primary rat embryo
fibroblasts were prepared from 13 day old embryo's and plated at a density of

10^

cells

per 15cm dish. Early passage nuclei were prepared from proliferating cells at passage
2. To obtain senescent cells, the cultures were passaged every days 3 until no further
increase in cell number was observed. Figure 3.8 shows the result of the nuclear run-on
analysis. As before, an equal number of TCA-precipitable counts were used in the
hybridisation. An approximate 4 fold reduction is seen in cyclin A transcription
between early and late passages. No change is seen in the internal controls, GAPDH
and pBluescript.
Therefore, cyclin A transcription is decreased as cells cease dividing in both
normal cellular senescence and in the conditionally immortal model system.

3.8:

PCR from cDNA libraries using rat cyclin A specific oligonucleotides
Clone F2.1ai contains 13 bases upstream of the translational initiation codon.

However, northern blot analysis of rat cell-lines and primary rat embryo fibroblasts
shows two mRNAs of approximately 1.6 and 2.7kb. It was possible that the extra l.lkb
represented an additional untranslated exon in the 5' region. An example of this has
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Figure 3.7: Nuclear run on analysis comparing rates of initiation of
cyclin A transcription in conditionally immortal cell lines
2 |ig o f plasmid D N A was denatured with NaOH and
nitrocellulose membrane. N uclei were prepared from tsaS
grown at the perm issive or non-perm issive temperature for
nuclei were subjected to 10 minute in vitro transcription in

im m obilised on
and S V 4 cells
72 hours. The
the presence o f

32p-UTP. Labelled transcripts were purified and an equal number o f TCA precipitable counts were hybridised to the membrane for 48brs.
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Figure 3.8: Nuclear run-on analysis of early and late passage REFs
Rat embryo fibroblasts were prepared from 13 day em bryos.
Early passage nuclei were prepared from proliferating cells at passage
2. Late passage nuclei were prepared from senescent cells after no
further incease in cell number was measured in the cultures. Filters
contained 2|Lig o f plasm id D N A encoding the indicated genes and were
hybridised to an equal number o f TCA-precipitable counts.

Early
Passage

Late
Passage

GAPDH
Fibronectin
Cyclin A
Fibronectin

pBS

been reported in the muscarinic receptor genes. In the case of the m2 subtype, two
alternative upstream exons are used to generate two different m2 transcripts (Peralta et
a l, 1987) and in the case of the ml subtype, the 5' region is thought to be encoded on
three exons in a 2kb region of DNA which is separated from the coding region by lOkb
(Bonner, 1989). To locate the cyclin A promoter, it was therefore necessary to
determine whether some or all, of the extra l.lkb in the larger message, was upstream
of the sequences obtained so far.
To see if clones could be obtained from the cDNA libraries that contained the
extra l.lkb of sequence, primers were designed to the F2.1ai sequence as shown in
Figure 3.3. Primers 2448, 2447 and 2449 are in the reverse-complementary orientation
and were used to try and isolate clones with more sequence at the 5' end whereas
primers 4014, 4015, 4016 and 4017 are in the sense orientation and were used to try and
obtain clones with longer 3' untranslated regions (see section 3.11).
The cDNA library was constructed in a unidirectional way such that M13
reverse and T3 primers should lie at the 5' end of the cloned cDNA and M13 universal
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and T7 should lie at the 3' end. PCR conditions were optimised using the tertiary phage
stock for F2.1ai as a positive control. PCR from the F2.1ai phage stock gave bands of
the expected sizes of around 232, 310 and 215 respectively (data not shown). These
bands were purified, the polylinker sequence and 5' most 27 bases of the cDNA
removed with Xhol to give probes entirely internal to the cDNA and were then used as
probes on a Southern blot of the PCR products obtained from the library.
PCR was performed on l|il aliquots of the tsaS, 33°C library (containing
approximately 10^ recombinant phage) using reverse primer and 2447, 2448 or 2449
primers. The products of the PCR reactions using reverse primer and 2448 and 2449
were run in duplicate on a 1% agarose gel. The gel was photographed then one pair of
lanes were blotted onto a nylon membrane by alkaline transfer. The remaining two
lanes were cut into 0.5cm bands and stored in eppendorfs. If the Southern analysis
revealed any cyclin A specific bands larger than those obtained with F2.1ai, then the
DNA from the corresponding position could be isolated and used for further rounds of
PCR. By repeated rounds of diluting the PCR products followed by re-PCR with a
more 5' primer, it should have been possible to vastly enrich for the relevant bands.
Sequence analysis of the F2.1ai clone shows an Xhol site at nucleotide 26, 13 bases 3'
to the translation initiation codon. The enriched band could have been purified, cut
with Xhol and one of the enzymes between the reverse primer and the EcoRl site in the
pBluescript polylinker, cloned into pBluescript and sequenced.
The result of this experiment is shown in Figure 3.9a). Lanes 1 and 2 show
hybridising bands of an approximate size of 310 and 230 bases, using reverse primer
with 2448 and 2449 when the resulting blot was probed with the 152 base Xhol-2448
probe. These size bands correlate with the F2.1ai clone already obtained. A very faint
band of around 1.3kb and a broad smear at around 2.3kb were also seen in lane 1. DNA
from the corresponding gel slices was purified with qiaex resin (Quiagen). 1.5ng of the
purified DNA was then used in a second PCR reaction under the original conditions.
The purified DNA from the 310bp and 230bp bands, reamplified with primers
2448 and 2449 respectively, again gave appropriate sized bands when Southern blotted
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Figure 3.9: PCR from cDNA libraries using rat cyclin A specific
primers
a) PCR was performed using M 13 reverse primer in the
pBluescript vector with rat specific primers 2448 or 2449, on 10^ phage
from a cD N A library prepared from poly-A selected R N A isolated from
tsaS cells grown at 33°C . Products were resolved on a 1.4% agarose gel,
transferred to membrane and probed with a 152 bp 5' cD N A fragment.
Band sizes are shown in kb.
b) 5ng o f D N A corresponding to the bands show n in figure a)
was re-am plified with the primers shown. Only the 310 and 23 0 bp bands
gave appropriate bands upon re-am plification.
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and probed as before (Figure 3.9b)). Reamplification of the larger bands gave a faint
smear which did not contain bands corresponding to the original size of DNA. These
larger bands were therefore non-specific PCR products.
In case the lack of larger cyclin A-specific bands was due to under
representation of larger mRNAs in the library, this analysis was also performed on a
number of other rat cDNA libraries where the average insert size was known to be
larger. Again, there was no evidence for larger hybridising bands, indicating that the
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extra 1.1 kb of sequence in the larger (2.7kb) mRNA was unlikely to be 5' of cDNA
clone F2.1ai.

3.9:

Primer extension analysis to map 5' end of the cDNA
To accurately determine the size of any 5' sequence missing from the F2.1ai

cDNA clone and thereby determine the transcriptional start site in genomic clones,
primer extension analysis was performed. Many attempts were made using different
primers and protocols. Initial attempts used the primers 2447 and 2449, end labelled
with [y-32p] ATP, hybridised to either Ipg polyA selected or 15pg total RNA prepared
from tsaS cells grown at 33°C or 15|ig total RNA prepared from 2°REFs. The use of
these two primers would mean that specific extension products would be identified as
bands that were 17 bp shorter using 2449 than using 2447. As a negative control, the
same analysis was performed on yeast tRNA (Sigma) and a no RNA tube (to eliminate
artifacts due to primer oligermerisation). Reaction products were resolved on a 6 %
polyacrylamide gel. No specific signal was seen using these primers. The analysis was
repeated using a longer (32mer) oligo (2871) but again, no specific bands were seen.
The analysis was then performed using unlabelled oligonucleotide in the reverse
transcription reaction. For this analysis, primer 2448 was chosen and hybridised to 5|ig
polyA selected RNA from tsa8 cells grown at 33°C. The single stranded DNA products
of the reverse transcription were fractionated on a 1.4% alkaline agarose gel and
transferred to membrane in 0.4N NaOH. The blot was then hybridised to a 1lObp
BamHl-SacII fragment from the 5'end of F2.1ai cDNA sequence. This probe is 5' to
the primer used for extension.
The result is shown in Figure 3.10. Lanes 1 and 4 show

labelled Mspl and

Ikb ladder respectively (Pharmacia). Reverse transcription of poly A selected RNA
with primer 2448 give two bands of approximately 300 and 250 bases (lane 3). The
size of band expected from an RNA corresponding to cDNA clone F2.1ai is 180,
therefore this experiment would suggest that there are two major transcriptional start
sites and that F2.1ai is missing either 70 or 120 bases. The resolution of this gel would
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Figure 3.10: Primer extension analysis to determine
the 5' end of cyclin A cDNA
Unlabelled oligonucleotide primer 2448 was
hybridised to 5 |ig o f poly-A selected R N A from tsaS
cells grown at 33°C . The products o f the reverse
transcription reaction were resolved on a 1.4% alkaline
agarose gel, transferred to mambrane in 0.4N NaOH
and probed with a llO bp B am H l-S acII probe from
clone F2. lai. Arrows indicate molecular w eight in kb.
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not, however, distinguish between start sites varying by a few bases.

3.10: Construction and screening of a 5 -stretch library for rat cyclin A
To obtain the sequence of the extra 70 or 140 bases in the untranslated region, a
5'-stretch cDNA library was constructed using primer 2448.

Briefly, 3pg of

oligonucleotide 2448 was annealed to 5|ig poly A selected RNA from tsa8 cells grown
at 33°C. The first and second strand synthesis were performed as recommended in the
Stratagene UniZap cDNA protocol. EcoRl linkers were ligated and the inserts cloned
into the EcoRl site in lambda Zap. The resulting library gave a total titre of 3.5 XI0^.
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50,000 pfu were screened using the llObp BamHl-SacII fragment from F2.1ai
as a probe.

10

primary positives were isolated and used for secondary screening.

Secondary positives were obtained on 7 plates which were plaque purified. Two
positives from each tertiary screening were then rescued as pBluescript SK(-)
phagemid. Individual colonies were gridded onto LB-amp plates, lifted and hybridised
to an

8 8 bp

Xhol-SacII probe from F2.1ai. This probe does not contain any polylinker

sequence and was used to eliminate any possible cross reaction to the pBluescript
vector. One positive colony from each plate (14 total) was then expanded and plasmid
DNA prepared for sequencing.
lOng of each plasmid was used in a PCR reaction using T3 and T7 primers.
Clones SL2, 5, 6 , 8 , 9 and 10 gave PCR bands of approximately 0.5kb, < 0.2kb, 1.8kb,
2.2kb, 0.5kb and 0,37kb (SL7 gave no band). pBluescript vector alone (no insert) gives
a band of size 164. Therefore, clones SL2, 5, 6 , 8 , 9 and 10 contain approximately
0.34kb, < 0.036b, 1.64kb, 2.04kb, 0.34kb and 0.1 Ikb bases respectively.
Sequencing of these clones showed that clone SL5 was religated pBluescript
containing no insert. Clone SL8 did not correspond to cyclin A and was therefore a
cloning artefact; neither the primer 2448 which had been used to construct the library
nor any other cyclin A-specific sequence was recognisable in this clone. The alignment
of the other clones to each other is shown in Figure 3.11.
Sequencing of SL6 with T3 showed sequence identity with SL2 but then
contained extra sequence which neither matched to the longer clones, SL7 and SL9 or
to the genomic sequence shown later in Chapter 4. Whilst PCR analysis of cDNA
libraries using cyclin A specific primers (section 3.8) had shown no evidence that the
extra l.lkb in the 2.7kb cyclin A message was upstream of F2.1ai sequence, it was
formally possible that SL6 B could represent a message where the 5' end was derived
from another exon further upstream. SL6 B was restriction mapped and a Hindlll site
found which gave a 750bp fragment entirely derived from the unique sequence. This
fragment was used to probe northern blots of both total and poly A selected RNA. This
probe hybridised to a single band which did not co-migrate with either cyclin A
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Figure 3.11: 5' sequence of cyclin A stretch clones
A cD N A library was prepared from poly A selected R N A from tsaS
cells grown at 33°C using the cyclin A sp ecific primer 2448 (see Figure 3.3) for
the first strand synthesis. C lones hybridising to an 88bp X h o l-S a cII probe from
cD N A clone F2.1ai were isolated and sequenced. The sequence o f these clon es
upstream o f the X h ol site at nucleotide 13 in F 2.1ai, is show n. The end o f SL6
is show n as the point o f divergence with the other clon es (see text). N u cleotid es
are numbered taking the translational initiation codon as 1. The 5' end o f F2.1ai
is show n in the box.
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mRNAs (data not shown) and did not, therefore, correspond to the larger cyclin A
message. Sequence analysis of the 750bp fragment revealed that this clone was derived
from the rat homologue of the Drosophila enhancer of split protein. It is therefore
probable that SL6 B contained two cDNA fragments cloned in tandem by the ligation of
two inserts and that the cyclin A portion of the insert ended at the same point as SL2.
SL2 and SL6 are 60 bases longer than F2.1ai and SL9 and SL7 are around 100
bases longer. This correlates fairly well with the 70 and 120 bases predicted from
primer extension analysis.

3.11: Cloning of the 2.7kb rat cyclin A cDNA
Section 3.8 describes PCR from cDNA libraries to determine whether the extra
l.lkb in the 2.7kb mRNA was 5' to clone F2.lai. PCR was also performed using
primers 4014, 4015, 4016 and 4017 (see Figure 3.3) to see if bands could be obtained,
indicating that the extra l.lkb was in the 3' untranslated region. PCR conditions were
optimised as before using the tertiary phage stock for F2.1ai as a positive control.
Primers 4014 and 4015 were contained within the open reading frame whereas 4016
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and 4017 were closer to the 3' end of F2.1ai. PCR products were resolved on a 1%
agarose gel, transferred to membrane and probed with a 600bp Pstl-Xhol fragment
from the 3' end of F2.1ai (see Figure 3.2).
PCR from the libraries using all of these primers gave a large smear of PCR
products which did not resolve into discrete bands upon dilution and reamplification or
upon nested PCR using progressively more 3' primers.
However, re-screening of the libraries with the 1.6kb Xhol-Xhol insert from
F2.1ai, gave several clones (El, E3, KIO) with inserts larger than F2.1ai. PCR analysis
was performed on these clones using primers 4014, 4015, 4016 or 4017 with M13
universal or T7. The result of this analysis on one of the clones, E3, is shown in Figure
3.12. Lanes 1-8 show the PCR products using these primers with purified F2.1ai
plasmid DNA. Lanes 9-16 show the PCR products using these primers with purified E3
plasmid DNA. PCR with F2.1ai using primers 4014 and 4015 gave bands of the
expected size of approximately 600bp (lanes 1-4), and PCR with primers 4017 and
4016 gave bands of around 200-250bp (lanes 5-8).
PCR from purified E3 DNA gave a ladder of bands using each one of these
primers. The largest band using primers 4014 and 4015 with either M l3 universal or
T7, was around 1.7kb and using primers 4017 and 4016, the largest band was around
1.3kb. The difference in these band sizes is consistent with the relative positions of
primers 4014, 4015, 4016 and 4017 within F2.1ai. These bands therefore indicated that
clone E3 contained around l.lkb extra sequence in the 3' untranslated region.
The sequence of the 2.7kb cyclin A mRNAs from hamster and mouse have
recently become available in the GenEmbl database. Alignment of the sequence at the
3' ends of clones KIO, El and E3 confirmed that these clones were homologous to the 3'
region of the 2.7kb messages of these other species. The sequence at the 5' end of these
clones was identical to the 1.6kb cDNAs cloned previously.
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Figure 3.12: PCR analysis of 3' end of cDNA clones F2.1ai and E3
cDNA clone E3
PCR was perfom ied on lOng a) F2.1ai or b) E3, plasmid
D N A using primers 4014, 4015, 4016 or 4017 with either M 13
universal or T7, as shown. Products were resolved on a 1% agarose
gel. M refers to m olecular w eight markers, in kb.
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3.12: Discussion
This chapter describes the cloning of the 1.6kb (and later, the 2.7kb) cDNA for
rat cyclin A. As shown in Figure 3.4, the rat cDNA is 88% homologous to the human
cDNA. It is therefore surprising that initial attempts at screening rat genomic libraries
with the human cDNA failed to gives any positives.
This chapter also describes experiments that demonstrate that cyclin A protein
and mRNA is down-regulated when conditionally immortal cell lines growth arrest at
the non-permissive temperature. This effect was not due to temperature as no downregulation was seen in the non-conditional cell line, SV4. Nuclear run-on analysis
showed that the down-regulation was at the level of transcription. Transcription of
cyclin A was also shown to be down-regulated in late passage, normal rodent
fibroblasts as they become senescent in culture. It was therefore believed that the
conditionally immortal cell lines were a suitable model system in which to study cyclin
A down-regulation when cells become post-mitotic.
Primer extension analysis using end labelled oligonucleotides is the most usual
method of mapping transcriptional start sites. Many attempts were made to determine
the transcriptional start sites in the rat cyclin A gene using this method. Despite varying
conditions such as annealing temperature and primer/RNA ratio and the use of different
protocols, no specific bands were seen using this method. However, primer extension
using unlabelled oligonucleotide followed by hybridisation to a more 5' cyclin Aspecific probe, gave two bands that indicated the presence of two major transcriptional
start sites <150bp upstream of clone F2.1ai. However, the resolution of the alkaline
agarose gel is limited and transcriptional start sites varying by a few bases would not be
distinguished by this analysis.

Clones obtained from the 5'-stretch library were

consistent with the result of this low-resolution primer extension and gave the sequence
of the flanking regions. As only 5 clones were obtained from the stretch library,
information about the relative usage of the different start sites was not obtained.
It has been suggested that primer extension works best with extension products
<200bp (Sambrook, Fritsch, and Maniatis, 1989). The 5' end of primer 2448 used for
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both the low resolution primer extension and construction of the 5' stretch library is
located at nucleotide 174 in F2.1ai to allow for the use of a more 5' cyclin A-specific
probe to detect the products. Once the sequence of the 5'-flanking region had been
obtained from the 5' stretch library (section 3.10) and genomic clones (chapter 4,
section 4.12), further primers were designed which were much closer to the
transcriptional start sites identified in section 3.10. Primer extension with these endlabelled oligonucleotides again failed to give specific bands (data not shown).
Subsequent sequence analysis of the 5' flanking region (chapter 4, section 4.12) showed
that this region is very GC rich which could have resulted in secondary structure that
inhibited the reverse transcription reaction.

Others have reported difficulty in

determining the transcriptional initiation sites for other genes with GC-rich, TATA-less
promoters such as RBI (Zacksenhaus et al, 1993) and p53 (Bienz-Tadmor et al.,
1985).
Other protocols that could be used to confirm the transcriptional start sites
identified above, include SI nuclease analysis (Berk and Sharp, 1977), RNase
protection (Melton et al., 1984) and the RACE (rapid amplification of cDNA ends)
protocols (Frohman, Dush, and Martin, 1988). The start sites identified in section 3.10
should be confirmed by one of these methods to ensure that the stretch clones did not
correspond to prematurely terminated transcripts.
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Chapter 4: Results (part 2)
Cloning of the 5' flanking region of rat
cyclin A gene.
4.1:

Introduction
Chapter 3 describes the cloning of two species of rat cyclin A mRNA of 1.6 and

2.7kb which differ from each other in the 3' untranslated region. This chapter also
demonstrates that cyclin A mRNA is down regulated as cells cease dividing in both
normal rodent fibroblasts undergoing senescence and in conditionally immortal celllines undergoing growth arrest at the non-permissive temperature. The down-regulation
in each case has been shown by nuclear run-on analysis to be at the level of
transcription.
Protein encoding genes are transcribed by RNA polymerase II. The promoter is
a DNA sequence to which protein transcription factors and RNA polymerase bind in
order to initiate transcription. Promoters are modular in design, consisting of a series of
specific DNA sequences elements, usually

8

to 15 nucleotides long. Promoter elements

that are sufficient for specific initiation in vitro are referred to as the core promoter and
bind general (basal) transcription factors which are required for the initiation of RNA
synthesis at all promoters. The general transcription factors include TFIIA, TFIIB,
TFIID, TFIIE, TFIIF, TFIIH AND TFIIJ (Buratowski, 1994; Conaway and Conaway,
1993; Zawel and Reinberg, 1992; Zawel and Reinberg, 1993). These factors bind to
RNA polymerase to form a complex surrounding the start point and determine the site
of initiation.
The most common core elements are a TATA box, often found approximately
30 bases upstream of the transcriptional start site and/or less well characterised initiator
elements at the start site (O'Shea Greenfield and Smale, Smale and Baltimore, 1989).
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The first step in initiation involves the binding of TFIID to the core promoter. TFIID is
itself composed of several polypeptides including the TATA binding protein (TBP) and
several TBP associated factors (TAFs). The TAFs contribute to TFIID specificity and
are also the target for some transcriptional activators (reviewed by: Rigby, 1993; Tjian
and Maniatis, 1994; White and Jackson, 1992). Once TFIID is assembled at the
promoter, the other transcription factors assemble in a specific order. TFIIB is the next
to join, followed by TFIIF in a complex with RNA polymerase II, then TFIIE, TFIIH,
and TFIIJ. TFIIA also appears to act at an early stage in the assembly of the initiation
complex, possibly by stabilising the pre-initiation complex. Although this factor is not
required for basal transcription with purified factors in vitro, it may be part of a
mechanism for regulating of the committed complex in vivo. Once the transcription
complex has been assembled, initiation of transcription requires unwinding of the DNA
over the initiation site, formation of the first phosphodiester bond of the RNA transcript
and escape of the RNA polymerase II from the promoter (reviewed by: Emili and
Ingles, 1995; Maldonado and Reinberg, 1995; Sheldon and Reinberg, 1995).
In eukaryotes, most if not all, eukaryotic genes are only expressed at very low
levels unless stimulated by transcriptional activators.

Upstream factors bind to

elements upstream of the start point whereas enhancer elements are less dependent on
orientation and distance from the start point. Enhancers are generally found within a
few kilobases of the promoter they regulate although some may be found more than
20kb away eg. in the human p-globin gene (Grosveld etal., 1987), located in 3' flanking
regions (Vidal et al., 1990) or within introns (Begemann et al., 1990; Whiting et al.,
1991). The mechanism by which the proteins that bind these elements stimulate
transcription is not well understood but may involve stabilising the initiation complex
as it is being formed or by recruiting factors to the complex. Some transcription factors
can either promote or hinder RNA polymerase processivity, thereby regulating
transcription at the level of elongation (Reinberg and Roeder, 1987; Yankulov et al.,
1994; reviewed by: Bentley, 1995).
In theory, negative regulators of transcription could work at any of the steps in
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the initiation pathway or by blocking the action of transcriptional activators. Blocking
of activator function could occur at any stage from nuclear localisation, DNA binding or
ability to activate the transcription complex once bound to DNA. Other negative
regulators may act by blocking association of one of the general transcription factors or
even RNA polymerase II with the pre-initiation complex or by blocking promoter
clearance and elongation.
The aim of this chapter was to clone the 5’ flanking sequence of the rat cyclin A
gene, identify putative promoter elements and generate a series of promoter-reporter
gene constructs which would then be used to identify sequence elements required for
the transcription of cyclin A in proliferating cells and to characterise the mechanism by
which transcription of this gene is repressed in post-mitotic cells.

4.2:

Isolation of rat genomic cosmid clones
Initial attempts to isolate genomic clones containing the 5' region of the rat

cyclin A gene concentrated on screening cosmid libraries.

Cosmid clones can

incorporate up to 50kb of DNA as opposed to 20kb in a bacteriophage lambda library,
thereby increasing the probability of isolating the full length transcription unit and its
regulatory elements within a single recombinant. Several libraries were initially
screened with probes derived from the human cyclin A gene.

As clones which

contained 5' flanking sequences were required, the libraries were screened with both the
2.2kb full length human cyclin A cDNA and a 406 bp 5' fragment isolated using EcoRI
in the pJ3 vector polylinker in clone pJ3QCycAHS and a unique BstXl site within the
cDNA. Of all the libraries screened, only two potential positives were seen in the
primary screen using the full-length probe and non using the 406bp fragment.
However, neither of these putative positives remained positive after further rounds of
screening and were therefore unlikely to have corresponded to genuine cyclin A clones.
In case the lack of positives was due to problems in cross-species hybridisation between
the human and rat sequences, the rat cyclin A cDNA was isolated prior to further
screening of genomic libraries (as described in Chapter 3).
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3 different cosmid libraries were screened using the 1.4kb EcoRl insert from the
first rat cyclin A cDNA clone to be isolated (clone Al). Primary positives which
remained positive through secondary screening were obtained from a library containing
inserts of 35-4Ikb, constructed from rat spleen DNA partially digested with Mbol and
cloned into the BamHl site in the vector pWE15 (Stratagene). Two primary positives,
C9 and C l7, were obtained. At each subsequent screening during the purification of
these two positives, several colonies were picked and expanded. However, problems
were encountered during the purification. Firstly, it was common for positive colonies
to lose their inserts during expansion. Secondly, Southern blot analysis of different
clones from 2°, 3° and 4° screening, digested with the enzymes Xhol, EcoRl, BstXl,
Pstl, BamHl and Hindlll showed that the size of some of the bands hybridising to the
1.4kb cyclin A cDNA were varying in size between clones originally derived from the
same primary positive. Examples of these Southern blots are shown in Figure 4.1.
Panel A shows the Southern analysis of two different 4° clones derived from the
original primary positive, C9, probed with the 1.4kb probe from cDNA clone A l.
Comparing lanes 3 and 5 with lanes 9 and 11 respectively, it can be seen that the
hybridising BstXl and BamHl bands differ in size between clones C9.a and C9.b.
Similarly, Panel B shows the equivalent Southern analysis of two different 4° clones
derived from the original positive, C17, showing very different hybridisation patterns.
These results indicate that the clones were undergoing rearrangement during
expansion. As this is a commonly encountered problem with cosmid libraries,
subsequent efforts concentrated on the isolation of bacteriophage lambda clones.

4.3:

Isolation of rat genomic bacteriophage lambda clones
Several different bacteriophage lambda libraries were screened to isolate cyclin

A genomic clones. Clones were obtained from a Lambda DASH II library prepared
from Mbol partialled rat liver DNA, insert size 9-23kb (Stratagene). 10^ pfu were
plated onto two 24.5cm^ trays, using 3mis of plating cells [SRB(P2)]. Two filter lifts
were performed for 2 and 5 mins respectively. The initial screen using the 1.6kb Xhol
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Figure 4.1: Southern blot analysis of 4° cosmid clones.
D N A w as prepared from different 4° c lo n e s d erived from
tw o original p o sitiv e s, C 9 and C 1 7 . lOpig D N A w as cut w ith the
restriction e n z y m e s ind icated , Southern blotted and probed w ith the
1.4kb c y c lin A se q u en ce from c D N A c lo n e A l . P anel A sh o w s the
h yb rid isation pattern o f tw o 4 ° c lo n e s from C 9 and P anel B sh o w s the
h yb rid isation pattern o f tw o 4 °

c lo n e s

from C l 7. M

refers to

m olecu lar w eigh t in kb.

Cosmid C9.b

Cosmid C9.a
1
X

8 i
1 1
W 00 CL. 03 Zl

1
X

1 i
1
W 00 cu 00 Z

M
1 8 8:
8.0 -

#

*

#

_
w

6.0 5 .0 -

m

4.0 <
13
ac
Cu

•
f

•

3.0 -

m

2.0 1.6 -

1

1.0 -

Lane

1 2

3

4

5

6

9

Cosmid ClV.a

10

11 12

Cosmid C17.b

X S «

I
Lane

13 14 15

16 17 18

19

20 21 22 23 24 25 26

Chapter 4: Cloning of the 5' flanking region of rat cyclin A gene

111

insert from cDNA clone F2.1ai in 50% formamide hybridisation buffer, did not yield
any positives.

However, 10 positives were obtained by rescreening at a lower

stringency in 30% formamide buffer at 42°C. All 10 primary positives were plated for
secondary screening. Of the two lifts from each secondary plate, one filter was probed
with a 1.6 kb Xhol insert from F2.1ai, the other was hybridised to a probe generated by
PCR from F2.1ai using primers 2448 and M l3 reverse. The PCR fragment was purified
and digested with Xhol to remove polylinker sequence from the 5' end then repurified.
This PCR fragment corresponds to the 5' most 152 bases of the cDNA and was
therefore used to select for genomic clones that contained the 5' end of the cDNA and
hopefully, 5' flanking regions. Only 2 of the original 10 positives hybridised to both
probes. Two positive plaques from each of the 10 secondary plates were isolated and
stored in SM buffer. Although 3' flanking and intronic sequences may be important for
gene regulation, 5' flanking regions have been found to be sufficient to control the
regulation of many genes. It was therefore decided that initial efforts would concentrate
on the analysis of 5' regions. Since the average size insert in the lambda Dash II library
was 15kb, it is likely that of the

8

clones containing cyclin A sequences but lacking the

5' end, some will contain the whole of the downstream transcribed sequences and the 3'
flanking region. These

8

clones were therefore stored as secondary phage stock for

further analysis should the 5' flanking region prove insufficient to account for the
regulation of cyclin A transcription.
The two clones that hybridised to the 5' probe were plaque purified, then DNA
from three 4° clones from each primary positive was prepared by the miniprep protocol.
Restriction digests of these clones with the enzymes Xhol, Xbal, Sail, Notl, EcoRl,
BamHl, Hindlll and S a d showed that all six clones contained the same insert
indicating that the original two positives were infact isolates of the same clone. Figure
4.2 shows duplicate Southern blots of one of the clones, 5a2, probed with either a 5'
cDNA probe from F2.1ai subclone IV or the 1.6kb Xhol fragment from F2.1ai. [see
box. Figure 4.2]. Digestion of clone 5a2 with Sail excises a 1.5kb fragment which
hybridises to both the IV probe (lane 3) and the 1.6kb Xhol probe (lane 11), indicating
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Figure 4.2: Southern analysis of bacteriophage lambda genomic clone 5a2
1 0 |ig D N A w as d ig e ste d w ith the e n z y m e s ind icated , Southern blotted and probed w ith
eith er probe IV (P anel A ), or w ith a 1.6kb X h o l fragm ent from c D N A c lo n e F 2 .1 a i (P anel B ).
T h e box b e lo w sh o w s the p o sitio n o f these probes w ithin the c D N A . Probe IV corresp on d s to
the 5' m o st 3 9 6 b ases in the c y clin A c D N A c lo n e F 2.1ai and the 1.6kb probe corresp on d to
the full len gth c D N A m inus the 5' m ost 2 2 bases. M refers to m o lecu lar w e ig h t m arkers in kb.
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that the 5' end of the cDNA either lies on, or overlaps with, this fragment.
Comparison of the Southern blots probed with the IV or 1.6kb probes shows
that not all bands that hybridise to the IV probe hybridise strongly, if at all, to the 1.6kb
probe. Comparing lanes 2 and 10, weaker hybridisation to the Xbal bands is seen using
the 1.6kb probe and comparing lanes 5 and 13, no hybridisation is seen to the EcoRl
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bands using the 1.6kb probe. This difference between these probes in hybridisation
efficiency was frequently observed both during subsequent mapping analysis and
hybridisation to northern blots. Where possible, the IV probe was therefore generally
used as the cyclin A probe of choice.
The lack of hybridisation to any EcoRl bands with the 1.6kb probe could also
be explained by the poor efficiency with which this enzyme apparently cut phage
miniprep DNA.
Clone 5a2 was then mapped in more detail with Sail, EcoRl, BamHl and
Xhol. The resulting restriction map of clone 5a2 is shown in Figure 4.3. Shown below
is a summary of the fragments obtained in double digests; fragments in each digest that
hybridised to probe IV are indicated by filled boxes. The digests with Xhol, Sail and
EcoRl, show that in each case, the IV probe hybridises to two bands. As no Sail,
EcoRl or second Xhol sites are present within the cDNA, this result indicates that the
IV probe from the cDNA was derived from 2 exons in the genomic DNA and that these
restriction sites therefore lie within an intron. Furthermore, for the IV probe to
hybridise to both the 1.5kb fragment in the Sail digest and also to the 7kb fragment in
the digest with Xhol+BamHl, this probe actually hybridises across a region in the
genomic DNA larger than the 396bp of the actual probe, further indicating the presence
of an intron.
In Figure 4.2, lane 5, EcoRl bands of around 1.6 and 1.8 kb hybridise to the IV
probe. The l.Skb band appears to be a partial digestion product as the relative
intensity/presence of this band varied between different EcoRl digests (data not
shown). The l.Skb band indicates the presence of two EcoRl sites within the intron,
separated by approximately 200bp. In digests where complete digestion occurred, the
presence of a 200bp band that did not hybridise to any cDNA sequences would have
confirmed this. Ethidium bromide staining of agarose gels was not sensitive enough to
reveal the presence of this band, which would therefore require Southern analysis and
hybridisation to an intron specific probe for detection. As the presence of this second
EcoRl site within the intron was not confirmed by Southern analysis, it is not included

Figure 4.3: Restriction map of cyclin A genomic clone 5a2
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in Figure 4.3.
From the pattern of hybridising bands it was deduced that the Xhol site at
around l.lkb from the 20kb lambda DASH II vector arm, corresponds to the Xhol site
at nucleotide position 22 in cDNA clone F2.1ai. To further verify the position and
orientation of the 5' cDNA sequence within clone 5a2, PCR was performed using the
primers 2447, 2448 and 2449 [see Figure 3.3; summarised in box. Figure 4.4] with T3
primer in the lambda DASH II vector. Figure 4.4, lanes 1-3 show the PCR products
generated from 5a2 using primers 2447, 2448 and 2449 respectively, resolved on an a
1% agarose gel. The products obtained using the same primers with M l3 reverse
primer on cDNA clone F2.1ai are shown for comparison [lanes 4-6]. The relative sizes
of the bands obtained with clone 5a2 are consistent with the relative positions of the
primers in the cDNA, thereby indicating that these primers are not separated by the
intron in the genomic DNA. Lane 3, showing the PCR product using primer 2449, the
5' end of which lies at nucleotide position 80 in the cDNA, gives a band of
approximately 1.2kb. The size of this band is consistent with the Xhol site at l.lkb in
the genomic clone corresponding to the Xhol site located near the 5' end of the cDNA.
The restriction map therefore showed that some intronic sequence, the 5' most
cDNA sequence and any 5' flanking sequence could be isolated as a 1.5 kb Sail
fragment. This fragment was therefore subcloned into pBluescript KS(-) for further
characterisation. Several clones were analysed so that clones containing the fragment in
both orientations were obtained. This greatly facilitated restriction mapping and choice
of restriction sites for ExoIII deletions from either end of the clone. Figure 4.5, Panel A
shows the orientation of clones Sall.5/KS-l and Sall.5/KS-2 within the pBluescript
KS(-) vector and Panel B shows an example of restriction digests used to confirm the
orientations. In both orientations. Sail excises the same 1.5kb band that was originally
cloned. Sall-hBamHl excises the same three fragments (700bp+350bp+450bp) in either
orientation. However, a BamHl site exists only in the 5' polylinker in Sall.5/KS-l but
in both polylinkers in Sall.5/KS-2. Therefore, digestion with BamHl alone will excise
three BamHl fragments in Sall.5/KS-2 (lane 6 ) but only the 700bp and 350bp
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Figure 4.4: PCR from genomic clone 5a2
PC R w as perform ed on c y clin A g e n o m ic c lo n e , 5 a 2 u sin g
prim ers 2 4 4 7 , 2 4 4 8 and 2 4 4 9 w ith T 3 prim er in the lam bda D ash
vector.
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prim ers. T he p osition o f these prim ers w ithin c D N A c lo n e F 2.1ai is
indicated in the box, the num ber in d icatin g the n u cleo tid e p o sitio n
in the c D N A o f the 5' end o f the primer.
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fragments in Sall.5/KS-l (lane 3). The subclones were then further restriction mapped
using the enzymes Sail, BamHl, Kpnl, EcoRl, Xhol and Sad. Figure 4.6 a) shows
the DNA fragments produced by digestion of Sall.5/KS-l with these enzymes, resolved
on a 1% agarose gel. Figure 4.6 h) shows Southern analysis of the resulting DNA
fragments probed with the cDNA probe IV to confirm the orientation with respect to

Figure 4.5: Subcloning the l.Skb Sail fragment from genomic clone 5a2
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m aps o f c lo n e s in o p p o site orientations. P anel B sh o w s a restriction d igest c on firm in g the orientation.

-

»
c
0£

l.Skb Sal 1 fragment

1

J

CO X

700

350

Sall.5/KS-l

Sail
I

450

I_____
5 ' end o f cDNA

2

*©
c
o
u
S
2
c«S
C
LT)
J=
O
0£
'c
U
Um

aÎ0
U

Sall.5/KS-l

t^ c Q Z

T3

3:_ —> =
115111 S i i l I
X a o o n jx tu rn X t J c/5 z WOO

Q< X

0.22

S allj/K S-2
Z LÜ CO

L ane
Panel A

1
Pane B

Sall.5/KS-2

Chapter 4: Cloning of the 5' flanking region of rat cyclin A gene

118

Figure 4.6: Restriction mapping of the l.Skb insert from Sall.S/KS
subclones of genomic clone 5a2
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the cDNA and the resulting restriction map of the 1.5kb insert is shown in c).

4.4:

Southern analysis of normal genomic DNA
Since DNA rearrangement had been observed in the cosmid clones, Southern

blot analysis was performed on normal genomic DNA prepared from adult rat kidney,
to confirm that the restriction map of the area that hybridised to the l.lk b EcoRl-Xhol
fragment from Sall.5/KS-2 corresponded to that observed within the Sall.5/KS
subclones. 15pg of genomic DNA was digested with the enzymes BamHl, Kpnl,
Xhol, Pstl and BstXl in both single and double digests. The digests were resolved on
a 0.7% agarose gel and transferred to membrane. The blot was then probed with a
l.lkb EcoRl-Xhol fragment isolated from Sall.5/KS-2.
The result is shown in Figure 4.7. BamHl alone (Lane 1) gives bands of around
700bp and 350bp (not visible on data shown) and also, a larger (>12kb) hybridising
band which corresponds to a fragment running 3' from the most 3' internal BamHl site
within the Sal 1.5 fragment (and will thus contain cDNA sequences). The same sized
BamHl fragment was also seen on a genomic Southern probed with cDNA probe IV
(data not shown), confirming the identity of this band. Lane 6 shows that Kpnl reduces
the size of the 700bp BamHl fragment to around 430 bp (the smaller 270bp fragment is
not visible on the data shown), consistent with the Kpnl site seen in the Sall.5/KS
subclones. BstXl very slightly reduces the size of the 700bp BamHl band as expected
(Lane 7). Comparison of Lanes 2 and 12 shows that BstXl reduces the size of the
hybridising Kpnl band by around 250bp. Digestion with BstXl+Xhol (lane

8 ),

BstXl+Pstl (lane 9), Pstl+Kpnl (lane 10) and Kpn+Xhol (lane 11), give hybridising
bands of around l.lkb, 1.3kb, 1.1 kb and 0.85kb respectively. These band sizes are
consistent with the restriction map of the Sal 1.5/KS subclones demonstrating that this
region of DNA has not rearranged during cloning.
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Figure 4.7; Genomic southern of the rat cyclin A flanking region
15 |ig o f rat kid ney D N A w as d ig e ste d w ith the e n z y m e s in d icated and
reso lv e d on a 0.7% agarose g e l. T he D N A w as then transferred to a m em b ran e
and probed w ith the l . l k b S a i l - X h o l probe from g e n o m ic c lo n e S a ll.5 /K S -2 .
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Identification of transcribed regions within clone Sail.5/2
The cDNA clone F2.1ai has an insert of approximately 1.6kb which corresponds

well to the size of the smaller mRNA species seen by Northern blot analysis. At this
point, the larger species of 2.7kb had not yet been cloned and it was therefore unknown
whether the additional l.lkb in the larger mRNA was located in the 5' of 3' untranslated
regions of the mRNA.
To determine whether sequences within the clone Sall.5/KS-2 were present in
the 2.7kb mRNA, the three BamHl fragments from Sall.5/KS-2 were hybridised to
Northern blots of polyA selected RNA from tsaS cells grown at 33°C. As a positive
control for hybridisation, the probes were also hybridised to Southern blots of
Sall.5/KS-2 plasmid DNA digested with BamHl. The resulting blots showed that the
450bp fragment hybridised weakly to the 1.6 and 2.7kb bands corresponding to cyclin
A mRNA whereas the 700 and 350 bp probes showed no hybridisation (data not
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shown).
Northern blot analysis indicates only those DNA fragments which contain
transcribed sequences that are exonic and are thus present in the processed mRNA.
Although this analysis alone would not preclude the existence of a further untranslated
exon upstream of this clone (and that the 700bp and 350bp BamHl fragments represent
an intron), this result was consistent with data from primer extension and (later from) 5'
specific cDNA library screening in indicating that the transcriptional start site(s) was
contained within the 450bp or just within the 350bp BamHl fragments. Nuclear run-on
analysis would determine more strictly if these fragments were transcribed, regardless
of whether they are exonic or intronic.

In this analysis, DNA fragments are

immobilised on a membrane and hybridised to radiolabelled RNA transcripts from
nuclei isolated from actively dividing cells (see section 3.7). A lack of hybridisation
would show that these regions were not transcribed. Such an analysis was performed
on an exonuclease III deletion clone of Sail.5/KS-2 named 2.5F, as described in the
section 4.7.

This analysis confirmed that the genomic sequence in Sall.5/KS-2

upstream of the transcriptional start sites identified in section 3.10, was not transcribed
and that clone Sail.5/KS-2 therefore contained around Ikb of untranscribed, 5' flanking
sequence.

4.6:

Generation of an exonuclease III deletion series from Sall.5/2
To entirely sequence the Sal 1.5 fragment and to generate an appropriate clone

for sub-cloning into a CAT reporter construct, a deletion series from either end of the
Sal 1.5 insert was generated. Exonuclease III catalyses the step-wise removal of
mononucleotides from a 5' protruding or blunt end restriction site, and can therefore be
used to generate unidirectional deletions. Plasmid maps showing polylinker restriction
sites in the Sail.5/KS subclones are shown in Figure 4.5. The Clal site was used to
create a 5' overhang from which to delete and the Hindlll site, filled in with alphaphosphorothiotes, was used to protect the opposite end of the insert from digestion.
These sites were chosen to ensure suitable polylinker sites were available after digestion
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and re-ligation, to allow excision of the insert for cloning into CAT reporter constructs.
Deletions using these sites were generated from Sail.5/KS-1 to generate
deletions from the 5' end of the flanking region towards the cDNA, whereas use of the
same enzymes with Sall.5/KS-2 deleted from within the intronic sequence, towards the
5' end of the cDNA and flanking sequences. The most critical deletion series was the
one from Sall.5/KS-2. This was required as sequencing on the ends of this clone had
not yet given sequence recognisable from the cDNA ie. only intronic sequence had as
yet been obtained from this clone. It was therefore necessary to ensure that this clone
contained coding sequence corresponding to the 5' end of the cyclin A cDNA, thereby
verifying that this clone was indeed derived from the cyclin A gene and not from either
a closely related gene or pseudogene.
Also required from this deletion series, was a clone that deleted to just.upstream
of the translation initiation codon but contained the transcriptional start site(s) and
flanking region. This would then be used for cloning into reporter constructs.
Figure 4.8 shows schematically, the strategy for generating deletions from
Sall.5/KS-2, to delete from the intron and into the cDNA and 5' flanking sequence.
This figure shows that with progressive deletion into the insert, the lOObp Pstl and the
450bp BamHl fragments would first get smaller then disappear, followed by the 350bp
internal BamHl fragment then the 700bp BamHl fragment. Thus, restriction mapping
the deletion clones obtained with BamHl and Pstl would show the extent of the
deletion.
Sequence data from the 5' stretch library (chapter 3, section 3.10) giving the
precise location of the most 3' BamHl site (most proximal to cDNA sequence) in
Sall.5/KS-2, had not yet been obtained. By restriction mapping, this BamHl site was
put at around 50-100bp 5' to the Xhol site which corresponds to the Xhol site at
nucleotide 22 in cDNA clone F2.1ai. (although later sequencing revealed that it was
actually only 31 bases upstream and data from clones derived from the 5' stretch library
showed that this site was actually present on the 5' end of the cDNA). Since the
translational initiation ATG codon lies only 12bp 5' to the Xhol site in the cDNA, to
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Figure 4.8: Exonuclease III deletion strategy from SaI1.5/KS-2 genomic subclone
Sal 1.6 /K S -2 su b c lo n e o f g e n o m ic c lo n e 5a2 w a s d ig e ste d w ith H in d lll and the
resultin g 5' overh ang filled in w ith a -p h o sp h o ro th io a te d N T P s. T h e p la sm id w a s then
repurified and cut w ith C la l to create a n u c le a se -se n sitiv e 5' overh ang.
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obtain a clone that did not contain any coding sequence, a deletion was required that lay
between the Xhol and first BamHl site in Sall.5/KS-2. To generate a series that could
be used for sequencing through the intron into the cDNA sequence, smaller deletions
were required in which the extent of the deletion did not reach the Xhol site.
After religation, the entire insert could be excised with Notl. Figure 4.9 a)
shows the Notl fragments of some of the deletion clones, resolved on a 0.8% agarose
gel. Lanes 12 and 13 show the 1.5kb Sail and l.lkb Sail/Xhol fragments from
undeleted Sall.5/KS-2 clone for comparison. To obtain sequence from the intron into
the cDNA, deletion clones giving fragments between these two sizes were required.
Lanes 1,5, 6 , 8 and 9 show bands between 1.1 and 1.5kb in size and thus form a series
between the Sail site in the intron and the Xhol site near the 5' end of the cDNA. The
corresponding clones, 2.2A, 2.3D, 2.3E, 2.5C and 2.7A, were sequenced to give
intronic and cDNA sequence (see section 4.12).
To obtain a clone for subcloning into reporter vectors, a deletion giving a band
of at least 12 bases smaller than the 1.1 kb Sail/Xhol band was required. Lanes 2, 3
and 7 showed bands smaller than the l.lk b Sail/Xhol band in lane 13.

The

corresponding clones, 2.2D, 2.3B and 2.5A respectively were therefore candidates for
clones which were deleted past the Xhol site.
To quickly determine the extent of the deletion in these clones (prior to
sequencing), the clones were digested with BamHl. Duplicate Southern blots were
prepared and probed with either the 400bp or l.lkb Sail/Xhol fragments from the full
length (undeleted) Sall.5/KS-2 clone. The 400bp fragment corresponds to sequence
from within the intron to the Xhol site 13 bases 3' to the translational initiation codon
within the cDNA, whereas the l.lkb fragment contains cDNA sequence 5' to the Xhol
and 5' flanking sequence. To obtain a clone for subcloning into reporter constructs,
deletion clones were required that did not hybridise at all to the 400bp probe but in
which the two most 5' BamHl fragments to which the l.lk b Sail/Xhol probe
hybridised were the same size as in the undeleted Sall.5/KS-2 (700bp and 350bp). It
had been expected that in the control (undeleted Sall.5/KS-2), that the l.lk b probe

Chapter 4: Cloning of the 5' flanking region of rat cyclin A gene

125

Figure 4.9: Exonucleaselll deletion from Sall.5/KS-2
D e letio n c lo n e s w ere generated by E x o n u cle a se

III

d ig e stio n from the C la l

restriction site in the p olylin k er o f S a ll.5 /K S - 2 as d escrib ed in the text.

a) T he

inserts o f the c lo n e s w ere e x is e d w ith N o tl and reso lv ed on a 0.8% a g a r o se

g e l. T he fragm ents generated from un deleted S a ll.5 /K S -2 by d ig e stio n w ith S a l l + X h o l
and S a il alon e, are sh ow n for com parison (la n es 12 and 13). D N A siz e m arkers are sh o w n
in kb.

b)

1 5 |ig D N A from the ab ove c lo n e s w a s d ig e ste d w ith B a m H l and r eso lv e d on a

1.4% agarose g e l, transferred to m em brane and probed w ith eith er the l . l k b S a i l - X h o l or
the 0 .4 k b X h o l- S a il

probes from S a ll.5 /K S -2 . T he B a m H l

d ig e sts from u n d eleted

S a ll.5 /K S -2 is sh ow n for com parison. C ) B a m H l d ig e sts from further c lo n e s w ere probed
w ith eith er the 0 .4 k b X h o l- S a il probe alon e or w ith both the 0 .4 k b and l .l k b p rob es as
ind icated .
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would hybridise to all three BamHl fragments (700bp, 350bp, and 450bp) whereas the
400bp Sail/xhol probe would hybridise to the 450 bp BamHl fragment. In fact, the
l.lkb probe only hybridised to the 700 and 350 bp fragments. This indicated that the
distance between the most proximal BamHl site and the Xhol site in the cDNA, was
less than the 50-100bp previously deduced from restriction mapping.
The result of some of the clones analysed in this way is shown in Figure 4.9 b).
Hybridisation to the 400bp Xhol-Sall probe shows that clones 2.7A, 2.1C, 2.3C 2.5C,
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2.2D, 2.3E and 2.2A (lanes 27, 29, 30, 32, 33, 34 and 35 respectively), had not deleted
as far as the Xhol site in the cDNA. Clones 2.3B, 2.5A and 2.2D did not hybridise to
the 400bp probe (lanes 26, 31 and 36 respectively) but were lacking the 350bp BamHl
band when hybridised to the l.lkb probe (lanes 14, 19 and 24 respectively) and had
therefore deleted too far for use in reporter constructs. A further 10 colonies from each
of plates 2.2 and 2.3 were picked and analysed in the same way. Figure 4.9 c) shows
the BamHl digests of these clones probed with either the 400bp probe alone or the
400bp probe followed by the l.lkb probe. Of these 20 clones, 2.3F, 2.3G, 2.3J and
2.5F hybridised only to the l.lkb probe (lanes 56, 57, 60 and
350bp BamHl fragment of 2.5F (lane

66)

66

respectively). The

was slightly smaller, showing that this clone

had deleted past the first internal BamHl site.
Sequencing of these clone showed that clone 2.5F had deleted past known
cDNA sequences whereas clones 2.3F, 2.3G and 2.3J still contained some cyclin A
coding sequence. 2.5F was therefore analysed further to determine whether sequences
within this clone corresponded to the cyclin A gene promoter

4.7:

Nuclear run-on analysis of deletion clone 2.5F
Deletion clone 2.5F contained genomic sequence upstream of known cDNA

sequences but as described in section 4.5, it was possible that this sequence represented
an intron within the 5' untranslated region of the cyclin A gene rather than promoter
sequences. Nuclear run-on analysis was performed to determine whether this DNA was
transcribed in proliferating cells.
2.0|ig of 2.5F DNA was immobilised on a membrane, along with cyclin A
cDNA clone F2. lai and other sequences to serve as internal controls. ^^P-labelled RNA
transcripts were prepared by a brief in vitro run-on transcription from nuclei isolated
from SV4 cells grown at 39.5°C. SV4 cells were chosen as these cells show the highest
levels of cyclin A mRNA by Northern blot analysis. Figure 4.10 shows the result of the
nuclear run-on analysis.

The intensity of the band corresponding to 2.5F is

approximately the same as that of pBluescript (used as a control for background
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Figure 4.10: Nuclear run-on analysis of deletion clone 2.5F
2 |ig o f each p lasm id D N A e n c o d in g the ind icated
g e n e s w as im m o b ilised on a n ylon m em brane and h yb rid ised to
^^ P -labelled R N A

transcripts prepared by in vitro run-on

transcription from S V 4 nu clei in the p resen ce o f ^ ^P -U T P .

c y clin A
c y c lin B

CDKl

CDK2

p-actin

hybridisation), indicating that this region of DNA is not transcribed. In contrast, the
band corresponding to cyclin A (cDNA clone F2.1ai) shows transcription of the cyclin
A gene under these conditions.

4.8:

Generation of CAT reporter constructs
Genomic deletion clone 2.5F contained approximately 1kb of genomic sequence

from the 5' flanking region of the rat cyclin A gene. The Notl and Xbal sites were
used to clone this insert upstream of the chloramphenicol acetyl transferase (CAT) gene
in the CAT basic reporter vector (Promega) as shown in Figure 4.11. Figure 4.11 also
indicates the restriction sites used to generate exonuclease III deletions from the 5' end
of the insert within the 2.5F-CAT construct (section 4.10) and the Sail and BstXl sites
used to insert an extra 0.8kb of 5’ flanking sequence (section 4.9).

4.9:

Cloning of an additional 0.8kb of 5' flanking sequence
The first genomic clone containing cyclin A 5' flanking regions (5a2) only

contained approximately Ikb upstream of the transcriptional start sites. To obtain more
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Figure 4.11: Generation of CAT reporter constructs
T he S a il- X b a l fragm ent from d eletio n c lo n e 2 .5 F w a s c lo n e d into the S a llX b a l restriction site s upstream o f the C A T g e n e in C A T b a sic vector. A d eletio n
se r ie s w a s prepared from the 5' end o f the insert from the N o tl site in the p o ly lin k er o f
the resu ltin g C A T construct, 2 .5 F -C A T . A

larger construct, 2 .3 /2 .5 F -C A T

w as

prepared by c lo n in g an additional 0 .8k b o f flankin g se q u en ce into the N o t l and B s tX l
site s o f2 .5 F -C A T .
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flanking sequences, the lambda DASH II library was screened with different probes.
2X10^ pfu were plated as before and two lifts were performed for 2 and 5 mins
respectively. One filter was probed with the l.lkb Sall-Xhol probe from Sall.5/KS-2
and the other filter was probed with the l.lkb Kpnl fragment from cDNA clone F2.1ai
[see Fig 3.2] corresponding to cDNA sequences from nucleotides 396-1546. Southern
analysis demonstrated that genomic clone 5a2 hybridised to both these probes (data not
shown).
To obtain clones which contained more 5' sequence than 5a2, clones were
required which hybridised to the l.lkb Sall-Xhol probe from Sall.5/KS-2 but not to
the l.lk b Kpnl fragment from cDNA clone F2.1ai. This would mean that all the
cloned DNA within the phage would be upstream of the Kpn site at nucleotide 396 in
the cDNA.
3 positives were isolated but all three hybridised to both probes. DNA was
prepared from 2 plaque-purified clones from each of the three positives. To determine
how much sequence these clones contained 5' to the Sail site found at 1.5kb in clone
5a2, 5|ig DNA was digested with Sail, resolved on a 1% agarose gel, transferred to
membrane and probed with the l.lkb Sall-Xhol probe from Sall.5/KS-2. 4 clones
gave 1.5kb hybridising Sail fragments whereas 2 clones gave a hybridising 2.3kb
fragment.

2

of the primary positives therefore corresponded to re-isolation of the

original clone 5a2 and one clone (la) contained an extra O.Skb of 5' flanking sequence.
The 2.3kb Sail fragment from this clone was then subcloned into pBluescript
KS(-) for further characterisation. The ends of one of the clones obtained (Sal2.3/KS-a)
were sequenced with T3 and T7 primers within the pBluescript vector. The sequencing
showed that clone Sal2.3/KS-a had the same orientation in the pBluescript vector as
Sall.5/KS-2. The extra O.Skb of 5' flanking sequence could therefore be isolated from
Sal2.3/KS-a with BstXl and Notl. The BstXl corresponds to the site present 12bp
from the 5' end of the Sall.5/KS-2 insert and the Notl site is present in the 5' lambda
DASH II polylinker. Figure 4.12 shows digests of Sal2.3/KS-a with Sail, Notl,
Notl+BstXl and BstXl. Sail and Notl excise the entire 2.3kb insert (lanes 1&2),
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Figure 4.12:
Sa!2.3/KS-a

Restriction

digests

of

genomic

clone

T h e 2.3k b S a il fragm ent from g e n o m ic c lo n e la w as
su b clo n ed into pB lu escrip t K S (-) to g iv e c lo n e S a l2 .3 /K S -a .
5 p g o f S a l2 .3 /K S -a D N A w a s d ig ested w ith the e n z y m e s
indicated and resolved on a 1% agarose gel.

B stX l excises a 1.5kb band (corresponding to the 1.5kb insert in S a ll.5 /K S - 2 m inu s the
5' m ost 1 1 bases) (lane 4) and N o t l + B s tX l excises a i.5 k b and O.Skb band as ex p e cted
(lane 3). This O.Skb band w as then cloned into the 2 .5 F -C A T rep orter vector as sh o w n
in F igure 4.11, generating a new construct, 2 .3 /2 .5 F -C A T w h ich now con tain e d aroun d
I .Skb o f 5' flanking sequence.

4.10: Generation of a cyclin A-promoter deletion series in CAT basic vector
T h e 2 .5 F -C A T p la s m id con tain s a p p ro x im a te ly Ik b o f 5' fla n k in g s e q u e n c e
fro m the rat cy clin A gene.

A s d esc rib ed in c h a p te r 5, sec tio n 5.3, this c o n stru c t

s h o w ed transcriptional activity in a dose dep e n d en t m an n er in tsaS cells grow n at 33°C
an d in 2° R EFs. T o d eterm ine the minim al sequences req uired for activity, a deletion
series w as c o n stru c te d from the 5' end o f the insert.

T he H i n d l l l site, filled in w ith

alp h a-p h o sp h o ro th io te s, was used to g en erate a n u clea se-resista n t e n d an d N o t l w as
used to produce a 5' overhan g susceptible to digestion (see F igure 4.11).
D ele tio n s w ere g e n e ra te d at 23°C at 4 0 s e c intervals, w h ich sh o u ld g e n e rate
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deletions of approximately 50bp. 24 time points were taken, the re-ligated plasmids
were transformed into JS4 cells and plated on LB-amp. Three colonies from each plate
were picked into 5mls LB-amp. lOOpl of overnight culture was then subjected to the
"cracking" procedure of crude nucleic acid isolation, the products were then analysed
on a 1.4% agarose gel.
A range of plasmid sizes were obtained from which clones were selected for
PCR analysis to determine more accurately the extent of the deletion. Two primers
were synthesised complementary to nucleotides 2355-2376 (3535) and 2329-2350
(3536) within the CAT basic vector (Promega). PCR using these primers and M13
reverse primer in the CAT basic vector was performed on Ipl of overnight culture.
Samples 8 GB, BOA, 160A, 240C, 360A, 400A, 440C and 120C were selected as a fairly
well spaced deletion series and were subsequently sequenced by automatic sequencing
with M l3 Reverse and 3535 primers. Figure 4.13 shows the PCR products from these
plasmids using M13 reverse primer with primer 3535. Lanes 1 and 2 show the PCR
products from undeleted 2.3/2.5F-CAT, 2.5F-CAT respectively and lanes 11 and 12
show the band size obtained with CAT basic vector alone (no insert). The position of
the 5' end of these clones is indicated in Figure 4.15.

4.11:

Cloning of the 350bp proximal BamHl fragment into CAT basic and

generation of a deletion series within this fragment
The 120C-CAT construct generated by exonuclease III deletion from 2.5F-CAT
no longer contained suitable restriction sites for further exonuclease III deletion. To
generate further CAT constructs containing smaller promoter fragments than 120CCAT a new construct was prepared. Sequencing of the 5' ends of the cyclin A cDNA
stretch clones (Figure 3.11, Chapter 3), showed that the first (most 3') BamHl site in the
genomic clone Sall.5/KS-2 was actually present in the 5' untranslated region of the
cDNA, 20bp upstream of the initiating methionine. The 350bp BamHl fragment from
this site to the first BamHl site in the 5' flanking untranscribed region, was first
subcloned into pBluescript SK(-) to add polylinker restriction sites to the ends of the
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F igu re 4.13: D eletion series from the 5' end o f the cyclin A p ro m o ter w ith in 2 .5 F -C A T
E xo n u clea se III d igestion w as perform ed from the N o tl restriction site in the
poly linker at the 5' end o f the rat cy clin A prom oter in the C A T construct 2 .5 F -C A T .
C lo n e s HOB, HOA, 160A . 24 0 C . 3 6 0 A , 4 0 0 A . 4 4 0 C and 120C

were a n a ly se d by

PCR usin g M 13 reverse and 3 535 prim ers w ithin the C A T basic vector. T he P C R products
w ere resolved on a 1.5% agarose gel.

T he sam e an a ly sis on un d eleted c lo n e s 2 .3 /2 .5 F -

C A T , 2 .5 F -C A T and C A T basic vector are sh o w n for com p arison in lanes 1, 2 and 1 1/12
r esp ectively.

(t SI-7
I)w.
II2
W
X
0 22(1

0 IS4

L.anc

insert.

1 2

3

4

5

6

7

8

9

10

I1

12

S e q u e n c in g with T3 and T7 prirners c o n firm e d the o rien ta tio n o f the c lo n e

Bani350(iii). T he insert was then excised with S ail and X b a l then su b clo n ed into the
Sal I-X b a l sites in the polylinker of C A T basic vector. C onstruction o f B a m 3 5 0 iii-C A T
is show n schem atically in F igure 4.14.
T h e B am 3 5 0 (iii)-C A T construct has the sam e 5' b oun dary as 4 4 0 C - C A T but an
extra 85 bases at the 3' end.
An E x on u cle ase III deletion was g en erated from the 5' en d o f the insert, usin g
the S ph I site to create the n u clease-resistant 3' o v erh an g and E c o R V to delete from .
D igestio n w as carried out at 5°C and 20 sam p les were taken at 3 0sec intervals.

R e

ligated p lasm ids were transfo rm ed into JS4 cells and plated o nto L B -am p . 4 c o lo n ies
from each plate (tim e-point) were p icked into L B -a m p m ed iu m .

P C R ana ly sis usin g

prim ers 3535 and M l 3 reverse was p erform ed on Ipl o f each culture and the p ro d u c ts
re solved on a 1.6% ag aro se gel.

F rom this analysis, 16 clo n es w ere selected, m ini-

prepped and digested with H in d lll and X b a l to excise the insert and an alysed on a 1.6%

Figure 4.14: Schematic diagram showing cloning of the 350bp BamHl 5' flanking fragment into CAT hasic vector
T he internal 3 5 0 b p B a m H l fragm ent from Sal 1.5 /K S -2 w as su b clo n ed into p B lu escrip t S K (-). T he orientation w a s co n firm ed by se q u en cin g . The
insert w a s then e x c is e d from p B lu escrip t u sin g S a il and X b a l sites in the p B lu escrip t p o ly lin k e rs and su b c lo n ed into the S a il and X b a l site s in the
p olylin k er sites upstream o f the C A T g en e in C A T b asic vector. The resultin g C A T construct, B a m 3 5 0 -C A T , w a s then u sed for e x o n u c le a s e

III d eletion

from the 5' end o f the insert u sin g the restriction site s S p b l and E c o R V , as describ ed in the text. P rim ers w ithin each construct are sh o w n as sm all arrows.
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agarose gel. The inserts showed a range of sizes which now await sequencing, to
accurately determine the end of the deletion (data not shown). This series of deletion
constructs will then be used to delineate the minimum 5' boundary required for
promoter activity.

4.12: Sequence analysis of Sall.5/KS-2
Sall.5/KS-2 deletion clones 2.7A, 2.1C, 2.3C, 2.5C, 2.2D, 2.3E and 2.2A were
sequenced with M l3 universal primers to give overlapping sequences from the Sail
restriction site within the intron 5' into the cDNA sequence. Alignment of this sequence
to F2.1ai cDNA sequence showed complete homology over a region of 185 bases,
corresponding to the 5' most region of cDNA thereby confirming that genomic clone
Sall.5/KS-2 contains the first exon of the cyclin A gene and located the intron/exon
boundary to 172 bases downstream of the translation start site in the cDNA.
The remainder of the 1.5kb Sail genomic fragment was sequenced using a
variety of overlapping clones derived from exonuclease III deletion of Sall.5/KS-l and
2.5F-CAT (giving deletions from the 5' end) and further deletion clones of Sall.5/KS-2.
The complete sequence of the 1.5kb Sail fragment is shown in Figure 4.15. This
sequence was analysed for the presence of potential transcription factor binding sites,
using the Signalscan computer program (Prestridge, 1991). Figure 4.15 indicates the
first exon from the cDNA, the position of the 3' end of deletion clone 2.5F (hence the 3'
boundary of the flanking sequence cloned into CAT reporter constructs), the positions
of the 5' end of the exonuclease III deletion series of 2.5F-CAT, the location of the
transcriptional start sites identified in Chapter 3, section 3.10 and some of the potential
DNA binding sites identified by sequence analysis.
The sequence of the human cyclin A promoter has recently been published
(Henglein et al, 1994; Yamamoto et al, 1994). Figure 4.16 shows a Signalscan
analysis of this promoter and Figure 4.17 shows the computer-aided optimal alignments
of the rat and human promoters.
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Figure 4.15: Sequence analysis of Sall.5/KS-2
The seq u en ce o f genom ic clon e S a il.5 /K S -2 is sh ow n ,
indicating the position o f exon 1, the translational start site, the
transcriptional start sites identified in section 3.10, the restriction
sites previously identified by m apping, the 5' end and 3'
boundary (2.5F ) o f C A T reporter constructs and potential
transcription factor binding sites.
BamHl

BstXl

-1 0 7 4

GGATCCACCC GCCTGGTGAG TTGCCTGCAT TAAAGGTTTA GCCACCGCCT

-1 0 2 4

CCTGGCTGCC CCGTTTTCTT ATGCACACTT TTTCTACTCT GAGACATCGT

-9 7 4

I ► -80A
f
CTCACTAAAT AGCTGACTTG GAACTAACTT GAACTCATGC AGlOTTCATTT
\G p T T C f

-9 2 4

TAAATGTAAT ATCTATTTGG GTCACTGGAA CTTCATGGTG TACTATTTGA

-8 7 4

TGTCACAACC AAGGATTAAC AAAATAAATG GACATCTGAA TTTCTGGTAA

'

spT

AP2

I ►
Kpnl

I60B

'

-8 2 4

TACACCACTT GGTAc{oAACA ATAGCTCAAG TTGGCATTTT AAATTGACCC

-7 7 4

A TCTTTATTA GAGGCGAGGA AAAGTT t Æ

-7 2 4

ACATGCCTTT AGTCCTAGAA CAGAACTCAT GAGACCGAGG CGGGTGGATT

-6 7 4

GTCAGTGAAT CGCAGGACAA CTGGGAGACC CTGCCTCAAT AACAAC7

lObp palidrome

^
t

GGAATACCAG GCATAGTGAC

-240C

-6 2 4
-5 7 4
-5 2 4

ANTTN TTTTT NCAGGAGAGG CGAAGCAGTA GTAAACAGTA AAATATCAGT
j— ► .lO O A
TTCCCTGTGT TGAATGGGCA GCACCACCGA GAGAGAGGAG CAGTAGTOAG
API
'
CTGGTAAGGG AGCGGCAGTC AGCTGAGTCC ATACAGTCCT GCCTAGGCGC
S' flanking
I—

► 400A

-4 7 4

CACCCAGCGA CCAGGGGA^G

TCGCTACACC CCTTAGCTGA CAGGAATGCT

-4 2 4

GACACTCCGA GGCCCCGAGG GCTAGTCTGG TCCGCCCAGC TGCTCTGGTA

-3 7 4

cjGATCCTGGG AGGTTACAGA CCCACAGAGG ATCGGAGAGT TGCGGAAGGC

-3 24

TGCCGCTTGCCCCGCCCTTjC TCTGCGCAGG CGCGTCCCTC AGGCGCCCGC
SP1/AP2
SPI/A P2

-2 7 4

CCTGCCAGAT TCCCGTCGGG CCTTTGTTCG CGGCGACCGG CGCTCCTGGT

-2 2 4

GACGTCACTGGCCCCGACCG CCCTCATTGG TCCATTTCAA TAGTCGCGGG
A T F /C R E B ^ ^ ^
CBP/CRF/CTF
CDE
CTACTTGAAC TACAAGAACA GCCGGCGGGC CGCGCGCGGG TCGCGGAACT

1-10C

-1 7 4
-1 2 4
-7 4
-2 4

SPI

»^ 120C

SL9f“ - Ü ^ S L 7
I—
TGG GC dcpG C GCTCCTCCpT

2.5F

SL2 S L 6 r - # ^
CCCGCAGCGG CCTGCTCCGT GCGTCGGCCp

CCAGGGTCCC GCGCAGCCCG GGACGGCGGG CGCCTTGCAC GCTCTGCCGC
BamHl
SL10|--«S»*SPI
X hol
CGACGbATCC GGAcfccGAGT CG( A r i c G

GGCAACtrCGA GACAGGGGGg I
tcaaccccga]

+26

jCTCGGTTCCT GCTCTCCCAG CAGGAAGACC AGGAGTAATG

+76

Ia a a a g t g g t g

CCAGCCCAGC AGCCGCGGGC GCAGGCGGTG CTGAAGGCCGj

+ 126

Ig g a a g g t g c g

GGGACCGGTG CCGCAGCAGA GGCTCAAGAC

+ 176

AAAGGGCGCG GGGGTCTGTC GGAGGGCCGG GCGGAAGCGG TCTTGGGTTT

+226

ACCAGCCCAG AGGGCCAAAA AGCATGCTGA GCTTTCTAGG GGTAGTCGGG
E2F
PstI

+276

c t g c a |g c c t t

+326

CCTGCGGACC CGTGTATACT GCCCTTCAGC ACTAGTGGAG CGGTCTTCCT

+37 6

AAAAATTCTA GGGTCATACC AAGCAGTGCC CCGCGTGT

Potential transcription factor binding sites
j

^

t c g g c g g g i Ia

TGCGGTCCGG GCGTTTTTAG TACCAAATAG CCCCACGAGC

5' end of 2.5F-CAT deletion clones

Transcriptional start sites (section 3.10)

Exon 1

Intron I

region
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Figure 4.16;
promoter

Sequence analysis of the human cyclin A

T he seq u en ce o f the human cyclin A prom oter w a s
analysed for potential transcription factor binding sites using the
Sign alscan com puter programme.
Transcriptional start sites
identified by H englein et al. and Y am am oto et al., are indicated
by arrows.

-1 1 7 8

AAGCTTTGTA TATTCTTATA TTTATATATA AATATAAAAA TTTGTTAAAG

-1 1 2 8

GCACGTATAG TTAAGAGAGT TTTATTTTAA TAAGGTCATA TTGTTTTTAC

-1 0 7 8

TATGTTTAAA AAACTTTACT CTGAAAGGAA CATAATTATA TCTAGGTCAC

-1 0 2 8

TAGAACGTCA T TGTGTTTTT TGTTGGTTGC ACAGCTTGGG GAAAAATAGA
ATF/CREB

-9 7 8

AAAAAATTAA TGACTGATTT GAATATTTTG TAATGCACTG CTATTTATTA

-9 2 8

TATATATCAA CAGTAGTTCA AGGTGCCATC TTAAATTAAT TGCATCTTCA

-8 7 8

TTAGGAAAAA TAAAAAGCAT AAAACACAAT TTCTGGTTAC TATGAATAAA
API

-8 2 8

CGCCTAAATG TTAAGATGAC ATTACAGTCT TGACACTTGA GTACTGTATT

-7 7 8

ACTATGTGAG CTCCGTGTTA AATAATTTAT GCACATTATT TAATCCTAAC

-7 2 8

AACCATATGA CTGTAGTTAT TAGTCCCTAT TAACACATAA GAAAACGGAG

-6 7 8

AATCGGAGAT ACTGAAAAAC GTGCCCCAGA TTTTAGACCT TTGGAAAAAG

-6 2 8

TCACTTAAGC TAACTAGACG TCCCAGAGCT AAAGGCTGGG CAACCCAAAT

-5 7 8

GATAGTCGCC AAAGTTTAAT TCCGTTTAAT TCCCTAAAAG GCTTAGAGTC
API

-5 2 8

_AGCTTCGGAC AGCCTCGCTC ACTAGGTGGC TCAGCTTAAA ATAATCGGAA

-4 7 8

GCGTCGGGCC CTAAATCCTA CCTCTCCCCG CCCCGCGCAG GCGTTTTCTC
AP2
AP2 SPI
CCGCCCCAGC CAGTTTGTTT CTCCCTCCTG CCCCGCCCCT GCTCAGTTTC
SPI
ÂP2
AP2

_S£L

-4 2 8
-3 7 8

CTTTGGTTTA CCCTTCACTC GCCCTGACCC TGTCGCCTTG AATGACGTCA

-3 28

AGGCCGCGAG

-2 7 8
-2 2 8

_________
CBP(-)

(fCATTTC [AATAGTCGCG | GGATAC| t T ^
'
■
CDE '
'CHR

[ a CTG cI ^ ^ A C
A G cjc^ C G C TCCI
TCC|A(fcG(
lACTGdAlAdXÀ
CAGdCdCCGC
a GCGGGC TGCTCGCTGC ATCTCTGGGC
GTCTTTGGCT CGCCACGCTG GGCAGTGCCT
E2F

gcctgcgcct

ttcgcaacct

SPI

-1 7 8

CCTCGGCCCT GCGTGGTCTC GAGCTGGGTG AGCGAGCGGG CGGGCTGGTA

-1 2 8

GGCTGGCCTG GGCITGCGACC GGCGGCTACG ACTATTCT TT GGCCGGGTCG
AP2
E2F

-7 8

GTGCGAGTGG TCGGCTGGGC AGAGTGCACG CTGCTTGGCG CCGCAGGCTG
AP2(-)
AP2

-2 8

ATCCCGCCGT CCACTCCCGG GAGCAGTGAT G

met
Transcription start sites identified by Henglein

et al.

Transcription start sites identified by Yamamoto

et al.
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Figure 4.17: Sequence comparison between the rat and human cyclin A promoters
T h e rat and hum an c y clin A prom oter se q u en ce s w ere a lig n ed for m axim al
id en tity usin g the 'fasta' com p u ter align m en t program m e. N u c le o tid e s are nu m bered taking
the A T G translational start c o d o n as +1. T ranscription factor bin d in g sites shared by both
prom oters are indicated by b o x e s.
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4.13: Discussion
This chapter describes the cloning of approximately 2kb of 5' flanking sequence
of the rat cyclin A gene. Sequence analysis of the most proximal Ikb shows that the
sequence of the 5' untranslated regions of the mRNA obtained from a 5' stretch library
(Chapter 3, section 3.10) is continuous with the genomic sequence, indicating that the
first exon encodes all of the 5' untranslated region and the first 175 bases of coding
sequence in the mRNA. Nuclear run-on analysis (section 4.7) confirmed that the region
of flanking sequence encompassed by the exonuclease III deletion clone, 2.5F (used in
CAT reporter constructs), is not transcribed in proliferating cells.
Sequence analysis shows that both the rat and human cyclin A promoters lack a
TATA box and known initiator sites and are GC rich. Multiple transcription start sites
are a common feature of TATA-less promoters, consistent with the 4 mapped in
Chapter 3.
Henglein et al. reported that attempts to map the transcriptional start sites in the
human promoter by primer extension and RNase protection failed to give clear
indications of the 5' most transcriptional start site, consistent with my findings with the
rat cyclin A promoter. By SI nuclease analysis, these authors mapped 10 major and
some minor start sites within the region 303-254 bp 5' to the translational initiation
ATG codon. Although the same sites were mapped in different cell types, the relative
usage may vary between cell types. In Hela cells > 90% of transcription was reported
to initiate at the 3' most start site. In contrast, Yamamoto et al. mapped by primer
extension, a single transcription start site in the human promoter at 114bp 5' to the
translational start site which did not correspond to any of the sites mapped by Henglein
et al. Such discrepancies highlight the problems caused in accurate mapping of the
transcription start sites, by the GC content of this promoter. The positions of potential
transcription factor binding sites in both the rat and human promoters are therefore
described relative to the translation start site.
Computer aided sequence analysis (Signalscan) of the 1074 bp 5' to the
translational start site in the rat cyclin A gene showed the presence of potential binding
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sites for the following factors:
8

GC boxes which are the binding site for Spl (Briggs et al, 1986; Jones and

Tjian, 1985), centring at -49, -152, -206, -275, -312, -391, -685 and -1065; 3 potential
AP2 binding sites (Imagawa, Chiu, and Karin, 1987) at -273 (YCSCCMNSSS), -1017
(GSSWGSCC) and -312 (CCCMNSSS), two of which are overlapping with Spl sites;
an inverted CCAAT box at -198 which is a potential binding site for CBP, CRF and
CTF (Goding, Temperley, and Fisher, 1987; Graves, Johnson, and McKnight, 1986;
Jones et al, 1987); an Apl site (Distel et al, 1987) at -540 (GAGAGGA); an ATF/CRE
site (Hai and Curran, 1991; Lin and Green, 1988; Montminy et al, 1986) at -221 and a
potential binding site for p53 at -403 (RRRCWWGYYY) (for a review of transcription
factor binding sites see: Faisst and Meyer, 1992).
A similar analysis of the 1178 bp 5’ to the translational start site in the human
promoter (Henglein et al, 1994) showed the presence of:
4 GC boxes at -137, -393, -425, -448;

6

potential AP-2 sites (CCCMNSSS) at

-35, -61,-124 (GSSWGSCC), -393, -422 and -448, three of which overlap Spl sites; an
inverted CCAAT box at -308; two Ap-1 sites at -532 and -832 (TGANTMA) and 2
ATF/CREB sites at -342 and -1022.

The human promoter also contains two

overlapping sites at -147 and -143 for the murine G 1-specific transcription factor Yi
(Dou, Fridovich Keil, and Pardee, 1991) which also overlaps an Spl site; a
TGCCTGCCT motif at -209, which is a potential binding site for p53 (Kern et a l,
1991) and two potential E2F sites, TTTGGCTC (at -224) and TTTGGCCG (at -90)
which each differ by one base from the E2F sites in the N-myc and B-myb promoters
respectively (Mudryj, Hiebert, and Nevins, 1990).
No consensus E2F sites are found in the 5' flanking region of the rat cyclin A
gene although it is possible that E2F sites may exist which vary from currently known
consensus sequences. However, there is a potential E2F site located within intron 1 of
the rat cyclin A gene, 242bp 3' to the translation initiation codon. This observation is of
interest as it has recently been reported that there is an E2F site within intron 1 of the
PCNA gene. Whereas 2.8kb of 5' flanking sequence gave constitutive expression of
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this gene throughout the cell cycle, inclusion of sequences from intron
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1

which included

the E2F site, gave cell cycle regulated transcription (Lee et ah, 1995).
Sequence alignment of the 1178 bases 5’ to the translational start site in the
human cyclin A promoter to the 1074 bases 5’ to the translational start site in the rat
cyclin A promoter shows surprisingly little similarity. Computer aided alignment
shown in Figure 4.16 which staggers the ATG by 111 bases to give maximal identity,
gave an overall identity of 55.4% over a 861 bp overlap. Using this alignment, the
inverted CCAAT boxes, ATF/CRE and two Spl sites are found in almost equivalent
positions within the two promoters, indicating that the relative spacing of these
elements may be important in regulating transcription. This alignment also reveals a
76bp region which shows 90.8% identity between the two promoters which may
indicate that this region contains elements of particular significance to the regulation of
the cyclin A promoter. This 76bp region contains the recently identified CDE and CHR
(cell cycle dependent element and cell cycle gene homology region respectively) which
are reported to be responsible for the G2-S phase expression of the human cdc25C and
cyclin A genes (Lucibello et at., 1995; Zwicker et al, 1995). These elements are
required for the repression of these promoters during GO and are thought to act by
repressing the activity of positive upstream regulators such as Spl. These two elements
are

1 0 0 % conserved

between the rat and human promoters.

Other potential sequences of interest found within the rat cyclin A promoter are
a number of direct and inverted repeats, which are common features of binding sites for
nuclear receptors. These sequences include:
CCGAGGCCCCGAGG a direct repeat with 6 bp half sites and 2bp spacer,
centring at -441
ACAGACCCACAGA a direct repeat with 5 bp half sites centring at -354
CGCGGGTCGCGG a direct repeat with 5bp half sites centring at -132
Also of potential interest is a lObp palindrome TTGGTACCAA at -812.
Reference to these repeats has not been found in the literature and hence their
significance, if any, remains to be determined.
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Analysis of other genes which are also regulated in a cell cycle dependent
manner in Gl-S such as thymidine kinase, cyclin D1 and PCNA all show features in
common with the cyclin A promoter. All these genes have clustered Spl sites (Kim and
Lee, 1991; Morris and Mathews, 1990; Motokura and Arnold, 1993) which are known
to act synergistically (Anderson and Freytag, 1991). As discussed in the introduction,
analysis of the TK, DHFR and b-myb genes has demonstrated that E2F is responsible
for the Gl-S transcription of these genes through either direct activation or de
repression (Dou, Marked, and Pardee, 1992; Lam and Watson, 1993; Means et al.,
1992). The sites for the factor Yi, from the human TK promoter has been shown to
confer cell cycle regulation to a heterologous promoter (Kim and Lee, 1991) and the
binding of an E2F-like complex to the Yi site has been shown to induce Gl-S phase
transcription of the murine TK promoter (Dou, Marked, and Pardee, 1992). A possible
role for E2F in stimulating cyclin A transcription is indicated by the observation that
overexpression of MYC has been shown to elevate both E2F activity and also to
increase the level of cyclin A mRNA (Jansen Durr et al, 1993). However, there is to
date, no direct evidence for a role for E2F in cyclin A transcription. Co-transfection of
different members of the E2F family with both the human and rat cyclin A promoters
should resolve this issue.
A factor that is negatively regulated by hypophosphorylated pRB may play a
role in cyclin A transcription as TGF-P (which inhibits pRB phosphorylation) also
results in a down-regulation of cyclin A mRNA (Barlat et al, 1993). However, cell
cycle regulation of the cyclin A promoter has been demonstrated in both stably
transfected NIH3T3 cells and also in CC3A cervical carcinoma cells which lack
functional pRB. This result indicates that either pRB is not required for cell cycle
regulated transcription or that other members of the pocket protein family other than
pRB are required.
Members of the Ets family of transcription factors may also be involved in the
co-ordinated expression of cyclin A and CDKl following mitogenic stimulation (Wen
et al, 1995). The Ets family of transcription factors have been shown to be involved in
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gene expression during cell proliferation, differentiation and development (reviewed by
(Seth et aL, 1992; Wasylyk, Hahn, and Giovane, 1993; Watson, Ascione, and Papas,
1990). In Ets-2 transfected BALB/3T3 cells, the levels of both CDKl and cyclin A are
increased and these cells are able to grow in reduced serum, in contrast to the parental
cell line, suggesting a role for Ets-2 in regulating the co-ordinate expression of cyclin A
and CDKl during proliferation. Analysis of the CDKl promoter showed three regions
of interaction with human Ets-2 protein and transactivation of the promoter via these
sites. However, a similar analysis on the cyclin A promoter has not yet been reported.
The CRE/ATF site which is conserved between the human and rat promoters, is
a potential site of interaction of many transcription factors and may therefore represent
an element at which different signalling pathways could converge to modulate cyclin A
expression. CRE/ATF sites are present in many viral and cellular promoters and has
been shown to mediate El A inducibility of adenovirus promoters (Lee et aL, 1987) and
cAMP inducibility of cellular promoters (reviewed by (Roesler, Vandenbark, and
Hanson, 1988).
Transcriptional regulation in response to cAMP is mediated by a family of
proteins known as CRE binding proteins (CREBs) that bind to cyclic AMP response
elements (CREs). Another member of the CREB family of genes, CRE modulator
(CREM) generates a number of transcriptional activators (CREMt) and repressors
(CREMa, CREMb, CREMg and S-CREM) via the use of alternative splicing and
internal initiation sites (Delmas et aL, 1992; Foulkes, Borrelli, and Sassone Corsi, 1991;
Foulkes et aL, 1992; Laoide et aL, 1993). In addition, the CREM gene also encodes an
early inducible repressor, ICER, via an internal cAMP inducible promoter. Upon
activation of cAMP dependent protein kinase (PKA), CREB and CREMt are
phosphorylated, increasing their transactivational potential and increasing the
transcription of cAMP-inducible promoters (Gonzalez and Montminy, 1989; Gonzalez
et aL, 1989).
The CRE/ATF site in the human cyclin A promoter located 332 bp upstream of
the ATG has recently been implicated in cell cycle regulated transcriptional control
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(Desdouets et aL, 1995). Mitogen stimulation of fibroblasts results in an increase in
intracellular cAMP and increased proliferation (Reviewed by: Dumont, Jauniaux, and
Roger, 1989; Lee, 1991). Analysis of protein complexes bound at the CRE in Hs27
primary human fibroblasts identified both CREB and CREM, whose phosphorylation
status rather than binding ability was found to vary in a cell-cycle dependent manner.
The phosphorylated forms were detected in GO and G1 and disappeared in S and G2. In
addition, the levels of repressor proteins ICER-II and ICER-IIg dropped as cells
proceeded from Gl-S and in the case of ICER proteins, their repressive function is
regulated by the intracellular level rather than phosphorylation.

Thus cyclin A

inducibility by cAMP at the G1 phase correlated with an increased phosphorylation of
the transcriptional activators CREB and CREMt and decreased levels of the repressors
ICER-II and ICER-IIg (Desdouets et aL, 1995).
However, not all cell types respond mitogenically to cAMP, implying that cyclin
A expression may be regulated by different factors in different cell types.
The cyclin D1 promoter also contains a CRE/ATF binding site (Motokura and
Arnold, 1993) but in contrast to cyclin A, the growth factor induced expression of
cyclin D1 is repressed by cAMP (Sewing et aL, 1993). The CRE/ATF site is also able
to bind members of different families of transcription factors such as c-Jun, either as a
homodimer or as a heterodimer with ATF2 and ATF3 (Hai and Curran, 1991). c-Jun
has been reported to transactivate the cyclin D1 promoter via a putative CRE (Herber et
aL, 1994). Therefore, depending upon the particular protein heterodimer bound, this
single cw-acting DNA sequence can mediate either activation or repression in response
to a single signal in different promoters (or possibly in different cell types) and also
mediate the response of a single promoter to different signals, providing a mechanism
of crosstalk between different signalling pathways. The activity of the transcription
factors acting at this site may themselves be cell cycle regulated at either the level of
expression or post-translational modification.
As discussed further in the next chapter, the ATF site in the human cyclin A
promoter has recently been implicated in the down regulation of cyclin A transcription
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during both differentiation (Nakamura et aL, 1995) and during contact inhibition
(Yoshizumi etaL, 1995).
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Chapter 5: Results (part 3)
Analysis of the rat cyclin A promoter
5.1:

Introduction
As described in chapter 4, the regulation of gene expression depends upon

interaction of ci5 -acting DNA elements with multiple DNA binding proteins present
within the nucleus. To identify the DNA sequences responsible for directing gene
expression in a tissue specific or temporal manner, the sequences of interest are
introduced into eukaryotic cells in culture and the effect of deletions and/or mutations in
the putative regulatory regions upon the expression of the transfected gene are
examined.
Introduction of an exogenous gene into a cell-line that contains a functional
copy of the same gene causes practical problems in differentiating between the products
of the endogenous and exogenous genes. To some extent this problem may be
overcome by transfecting the gene of interest into cells of a different species then using
species-specific differences in the gene to distinguish the resultant messages by RTPCR. However, this approach is time consuming and there may be species-specific
differences in the regulation of the gene of interest which would affect the results
obtained.
To overcome these problems, the putative regulatory sequences are usually
linked to a reporter gene which is normally expressed at low or undetectable levels in
the cells of interest. The expressed reporter gene product is measured in extracts of the
transfected cells. The most common reporter genes encode enzymes and the level of
expression of the transfected gene is assayed indirectly by measuring enzyme activity.
The most common reporters are the bacterial gene for chloramphenicol acetyl
transferase (CAT) and firefly luciferase gene. CAT catalyses the transfer of acetyl
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groups from acetyl coA to the hydroxy groups of the drug chloramphenicol and has a
very low background activity in mammalian cells whereas firefly luciferase has the
advantage of approximately a 100 fold greater sensitivity over CAT.
The level of transcription measured for a reporter gene is highly dependent on
the efficiency of transfection of the target cells. To control for transfection efficiency
when comparing samples, a p-galactosidase control vector is usually co-transfected
with the CAT construct and dpm standardised to a set amount of p-galactosidase
activity. However, potential problems exist in the use of internal transfection controls.
If the amounts of control and reporter plasmid are similar, competition for limiting
transcription factors may occur. Further problems exist in our particular system in the
use of internal controls. For use as a control for transfection efficiency when comparing
samples of tsaS cells grown at 33°C and 39.5°C, the promoter of the control vector must
not be affected by temperature, the presence of T-antigen or growth status/cell cycle
position. Commonly used control promoters driving P-galactosidase are SV40 early
promoter, Rous sarcoma virus promoter and the thymidine kinase promoter. However,
both the SV40 early promoter and the Rous sarcoma virus promoter are regulated by Tantigen and the thymidine kinase promoter is regulated in a cell-cycle dependent
manner and are therefore unsuitable for standardising between tsaS cells at the
permissive and non-permissive temperatures. Another commonly used method of
comparing samples is to standardise dpm to a set amount of protein in the extract (and
therefore, cell number). However the morphology and size of cells grown at 33°C is
different to that of cells at 39.5°C possibly invalidating this comparison.
This chapter describes experiments performed to try to identify a suitable pgalactosidase control vector for standardising transfection efficiency when comparing
tsaS cells grown at 33°C and 39.5°C by transient transfection.

P-galactosidase

constructs driven from the promoters for elongation factor and P-actin were tested.
This chapter also demonstrates promoter activity in the reporter constructs
prepared in sections 4.8-4.11, containing sequences from the 5' flanking region of the
rat cyclin A gene. Experiments were also performed to determine whether the rat cyclin
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A promoter is down-regulated in conditionally immortal tsaS cells, at the nonpermissive temperature. In addition, experiments are described showing that T-antigen
is able to transactivate the cyclin A-promoter.

5.2:

Identification of a suitable internal control for transfection efficiency

5.2.1: Titration of EF- p -galactosidase vector into secondary rat embryo
fibroblasts (2° REFs)
Initial experiments were conducted to determine an appropriate quantity of DNA
to transfect into 2° REFs to obtain a measurable amount of p-galactosidase activity in
the extracts of transfected cells. The level of activity should reflect the amount of DNA
taken up by the cells and hence be in the linear range of a titration curve of enzyme
activity against amount of DNA transfected. It was also necessary to determine that
measurement of the p-galactosidase activity in the extract was performed in the linear
range of the enzyme assay itself.
To determine the quantity of p-galactosidase vector that satisfied these criteria,
0, 0.5, 1.0, 2.0, 5.0, 10, and 20pg p-galactosidase plasmid was transfected into 10^
REFS in a total of 50|ig DNA, the remainder being made up of sonicated calf thymus
DNA. 20 hrs after transfection, the dishes were fed with fresh medium and at 48hrs
after transfection, extract was prepared by the freeze-thaw protocol. Triplicate samples
containing 0, 1,5, 10, 20 and 30|xl of extract from each transfection, adjusted to 30 pi
with 0.25M Tris.Cl pH 7.8, were assayed for P-galactosidase activity.
Figure 5.1 a) shows plots of p-galactosidase activity (average of triplicate
samples, expressed as OD430) against volume of extract used in the assay, for each
transfection. These graphs show that in each case, the p-galactosidase assay was being
performed in the linear range of the assay.

As the graphs were linear, the P-

galactosidase activity measured using 30pl extract was taken as being representative for
that transfection. Each of the cell extracts was assayed for protein in triplicate, then the
p-galactosidase activity was calculated per lOOpg protein in the extract. Figure 5.1 b)
shows P-galactosidase activity per lOOpg protein plotted against amount of P-
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Figure 5.1: Titration of EF-lacZ construct into 2°REFs
0, 0 .5 , 1, 2, 5, 10 or 2 0 |ig E F -lacZ plasm id w a s transfected into 10^
2°R E F s . C ell extract w as prepared 48hrs later. P -g a la c to sid a se activ ity in 1 , 5 ,
10, 2 0 and 3 0 |il o f each extract w as m easured.

a)

P -g a la cto sid a se a ctivity plotted against v o lu m e o f extract u sed in

the assay.

b) p -g a la c to sid a se activity ob tained usin g 3 0 |il extract from e a ch
transfection, standardised to lOOpg o f protein in the extract, p lotted again st |0,g
E F -lacZ construct transfected.
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galactosidase plasmid originally transfected. This graph shows that transfection of 1lOjig of plasmid gives a fairly linear increase in |3-galactosidase activity with increasing
amount of plasmid transfected.
1 0 |ig

p-galactosidase plasmid was then used to determine whether P-

galactosidase expression from the EF-p-galactosidase reporter plasmid was affected by
the presence of SV40 large T-antigen. The level of p-galactosidase expression using
this amount of DNA was such that it would be possible to measure either
transactivation or repression by T-antigen.

5.2.2: Regulation of p-galactosidase expression from EF-lacZ construct by SV40
large T-antigen
For the following experiments lOpg of EF-lacZ plasmid was co-transfected with
0-40|ig Zip776 into 2° REFs, the total amount of DNA being adjusted to 50)lg with
sonicated calf thymus DNA. Zip776 plasmid encodes SV40 large T-antigen under the
control of the Moloney Murine Leukemia Virus (Mo-MuLV) LTR. Extracts were
prepared as before and assayed in triplicate for protein and p-galactosidase activity.
Figure 5.2 shows p-galactosidase activity per lOOpg protein in the extract plotted
against pg Zip776 transfected.
This graph shows a clear decrease in P-galactosidase expression with increasing
amount of co-transfected Zip776, indicating that SV40 large T-antigen represses pgalactosidase expression from the EF-lacZ construct. This reporter plasmid was
therefore unsuitable for standardising transfection efficiency between tsaS samples
grown at 33°C and 39.5°C.

5.2.3: Titration of P-actin promoter-P-galactosidase construct into 2° REFs
Nuclear run-on experiments shown in Chapter 3, section 3.7 had shown similar
regulation of p-actin transcription in both the tsaS and SV4 cell-lines when comparing
cells grown at the two temperatures. In both tsaS and SV4 cells, there was a 2-3 fold
increase in transcription of this gene at the higher temperature. This result indicates that
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Figure 5.2: Repression of ^-galactosidase expression from EF-lacZ
by SV40 large T-antigen
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whilst temperature may increase transcription of the p-actin gene, T-antigen does not
appear to affect its transcription. A P-actin-promoter-p-galactosidase construct would
then be suitable for standardising CAT activity between samples containing different
amounts of T-antigen but when comparing CAT activity in tsaS cells grown at 33°C and
39.5°C, the result would have to be compared to SV4 cells grown at the two
temperatures to take the effect of temperature into account.
A P-actin-promoter-p-galactosidase construct (pJAT-lacZ, a gift from N. Jones,
ICRF) was therefore tested as described above for the EF-p-galactosidase construct. 5lOpg of this plasmid was chosen for subsequent experiments as this amount gave a
clear measurable activity and was in the linear range of a titration curve of pg plasmid
transfected against p-galactosidase activity in the cell extract (data not shown).

5.2.4: Regulation of p-galactosidase expression from pJAT-lacZ, by SV40 large Tantigen
To test whether P-galactosidase expression from this vector was affected by Tantigen, lOpg of pJAT-lacZ plasmid was co-transfected with increasing amounts of pSE
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(a plasmid encoding SV40 large T-antigen driven from the SV40 early promoter), with
the total amount of DNA being adjusted to 50pg with sonicated calf thymus DNA as
before. To ensure that any observed effect was due to the expression of T-antigen
protein rather than an effect of the SV40 promoter titrating out limiting transcription
factors, the experiment was also performed using increasing amounts of pSV 2 Neo
which encodes the gene for neomycin resistance under the control of the SV40
promoter. The experiment was performed several times and over several different
concentration ranges of pSE.
The P-galactosidase values obtained did not show any apparent correlation with
the amount of pSB transfected, indicating that over the range of pSE tested (O-SOpg)
that the resulting level of T-antigen did not affect the P-actin promoter driving Pgalactosidase expression (data not shown). This plasmid therefore appeared to be a
suitable internal control for transfection efficiency between cells containing different
amounts of large T-antigen.

5.3:

Titration of 2.5F-CAT vector into tsaS cells grown at 33° and 2° REFs
To determine whether the 2.5F-CAT construct (containing approximately Ikb of

5' flanking sequence from the rat cyclin A gene) had promoter activity, titration
experiments were performed into tsaS cells and 2° REFs.
0-40|Lig of 2.5F-CAT was transfected in a total of 50jig DNA into 10^ cells and
extract was prepared 48hrs later. From each transfection, four different volumes of
extract were used in the CAT assay to ensure that CAT activity was being measured in
the linear range of the assay (data not shown). Protein concentration in each extract was
measured in triplicate and the CAT activity per mg protein in the extract was calculated.
Figure 5.3 shows CAT activity in the cell extract, (expressed as dpm/mg protein)
against pg 2.5F-CAT plasmid transfected, in tsaS cells grown at 33°C. The graph
shows that the increase in CAT activity in the extract is linear with respect to amount of
plasmid transfected in the range 0 -2 0 pg.
In the experiments using 2° REFs, increasing amounts of 2.5F-CAT were co-
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Figure 5.3: Titration of 2.5F-CAT into tsaS cells grown at 33°C
0, 5, 10, 15, 20 and 30fig of 2.5F-CAT construct was
transfected into 10^ cells. Cell extract was prepared 48hrs later.
CAT activity in each extract was calculated per mg protein in the
extract.
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transfected with 10|Xg of pJAT-lacZ, to serve as an internal control for transfection
efficiency and the total DNA was adjusted to 50pg with sonicated calf thymus DNA as
before. CAT activity in each extract was then standardised to either a set amount
protein or p-galactosidase activity. Figure 5.4 shows CAT activity against pg 2.5FCAT transfected for two separate experiments. The graphs show that measured CAT
activity is linear with respect to amount of 2.5F-CAT transfected over the range tested
(0-40pg). The linearity of the graphs where CAT activity is corrected to a set amount
of protein in the extract and the fact that this is almost identical to the graphs obtained
where CAT activity is corrected to the internal p-galactosidase control, indicates
consistency of transfection efficiencies between samples.
These titration curves show that the 2.5F-CAT construct, containing
approximately Ikb of 5' flanking DNA from the rat cyclin A gene, has promoter
activity. The graphs show that 15pg of CAT plasmid was a suitable amount of DNA
for transfection in subsequent experiments as using this amount of DNA, it would be
possible to measure both an increase and decrease in promoter activity.
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Figure 5.4: Titration of 2.5F-CAT into 2° REFs grown at 37°C
0, 5, 10, 15, 20 and 30|Xg of 2.5F-CAT construct was
transfected with 10|lg pJAT-lacZ into 10^ cells. Cell extract was
prepared 48hrs later and CAT activity in each extract was normalised to
either P-galactosidase activity or protein content in the extract.
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5.4:

CAT activity of cyclin A-promoter deletion series in tsaS, RATI and 2°

REFs
Chapter 4, section 4.10, describes the generation of an exonuclease III deletion
series from the 5' end of the 2.5F-CAT construct. The smallest construct in this series,
120C, contains 199bp of flanking region. To determine whether this construct had full
promoter activity compared to larger promoter constructs, the activités of 2.3/2.5F-CAT
(containing an additional 0.8kb of cyclin A 5' sequence compared to 2.5F-CAT), 2.5FCAT, and deletion constructs 240C, 400A and 120C were compared in tsaS cells grown
at 33°C, Rati and 2° REFs,
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of pJAT-lacZ plamid were co-transfected in a

shows CAT activity expressed in dpm for each

construct. Samples within each experiment were standardised to each other using the
internal p-galactosidase control.
There appears to be a negative regulatory element located between 2.3/2.5FCAT and 2.5F-CAT as the activity of 2.3/2.5F-CAT is lower than 2.5F-CAT in each
cell type. This result was seen in several other experiments (data not shown). The
sequence of the extra O.Skb in 2.3/2.5F CAT has not yet been determined. The other
constructs varied slightly between the different cell types although to confirm these
results, the experiment needs to be repeated several times and with several different
preparations of plasmid DNA to ensure that the observed differences are truly
representative. Nonetheless, it can be seen that the smallest construct, 120C, containing
199 bases of promoter sequence is sufficient to give full activity when assayed on nonsynchronous proliferating populations of cells.
The Bam350(iii)-CAT construct described in section 4.11, has the same 5'
boundary as 440C but an extra 85 bases at the 3' end. To determine whether the extra
sequence at the 3' end affected the promoter activity of this construct, the activities of
2.3/2.5F, 2.5F, 440C, 120C and Bam350(iii)-CAT were compared in 2°REFs. The
results are shown in Figure 5.6. Similar levels of CAT activity are seen with 2.5F,
440C, 120C and Bam350(iii)-CAT constructs whereas the 2.3/2.5F-CAT construct
again shows a lower activity. Therefore, the extra 85 bases at the 3' end of Bam350(iii)CAT compared to all the other constructs did not significantly affect promoter activity.
The activity of the SV40 early promoter (no enhancer) construct (Promega) is also
shown in Figure 5.6. The cyclin A promoter shows approximately five fold greater
activity than this construct.
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Figure 5.5; Promoter activity of a deletion series of 2.5F-CAT
15|Lig of CAT construct and 5 |ig pJAT-lacZ control vector
was transfected into 10^ tsaS cells, Rati cells or 2°REFs. Extract
was prepared 48hrs later and assayed in triplicate for protein,
galactosidase activity and CAT activity. The activity of each
construct is shown as dpm, normalised to ^-galactosidase activity in
the extract.
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Comparison of Cyclin A-promoter activity in tsaS and SV4 cells grown at

33°C and 39°C
Following transfection, DNA is introduced into a large number of cells.
However, the DNA is only transported to the nucleus in a small proportion of these
cells where it is transiently expressed for a few days. In a very small proportion of
cells, the DNA is stably integrated into the genome and is replicated with the cellular
DNA in future generations. To identify stable transfectants, a drug selectable marker
plasmid is co-transfected into the cells with the DNA under investigation. The drug
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Figure 5.6: Comparison of promoter activity of Bam350(iii)-CAT
with 2.3/2.5F-, 2.5F-, 440C- and 120C- CAT constructs
15|o,g of CAT construct and 5|ig pJAT-lacZ control vector
were transfected into 10^ 2°REFs. Extract was prepared 48hrs later
and assayed in triplicate for protein, p-galactosidase activity and CAT
activity. The activity of each construct is shown as dpm, normalised
to P-galactosidase activity in the extract. The activities of CAT basic
vector alone and the SV40 promoter (no enhancer) are shown for
comparison.
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selection and isolation of stably transfected cell lines takes many weeks, making the
generation of stable cell lines unsuitable for the analysis of large numbers of different
constructs.
Analysis of gene expression by transient transfection has the advantage that it is
rapid but the regulation of gene expression from a transiently transfected plasmid may
not reflect the regulation of the gene when associated with chromatin. The lack of
histones may mean that the DNA is accessible to factors which would be excluded from
the endogenous gene. Also, the observed CAT activity may be very sensitive to the
number of plasmids which enter a transfected cell if transcriptional regulatory proteins
(either positive or negative) are present in limiting amounts.
Stable cell lines were generated to determine whether the activities of the two
largest rat cyclin A-promoter constructs, 2.3/2.5F-CAT and 2.5F-CAT and also the
human cyclin A promoter-CAT construct (HumA-CAT) (a gift from H. Land, ICRF),
were down-regulated upon growth arrest at the non-permissive temperature in tsaS cells.
Stable cell lines were generated to determine the level of down-regulation seen when
the promoter was associated with chromatin, to give a standard to which the results
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obtained by transient transfection could be compared. The use of stable cell lines also
abrogated the need for an internal control for transfection efficiency. If the fold
difference in cyclin A-promoter-CAT activity at the permissive and non-permissive
temperatures measured in stable cell-lines was similar to that obtained by transient
transfection, then further analysis of different promoter constructs could be performed
by transient transfection.
Stable cell lines were also generated expressing a p-actin promoter-CAT
construct. As described in section 5.2.4, the activity of the p-actin promoter did not
appear to be regulated by T-antigen and the transcription of p-actin was similarly
regulated in both the tsaS and SV4 cell-lines when comparing cells grown at the two
temperatures (chapter 3, section 3.7). The generation of stable cell lines expressing a pactin-promoter-CAT construct would indicate clearly whether the P-actin promoter was
differentially regulated between cells grown at the permissive and non-permissive
temperatures. If the CAT activity per |Xg protein driven from the p-actin promoter, was
the same in extracts from tsaS cells grown at the permissive and non-permissive
temperatures, then a P-actin promoter construct would be confirmed as a suitable
control for transfection efficiency in transient assays. In addition, the p-actin promoterCAT construct could then be used as a standard in transient transfections by which to
compare any measured effect on the cyclin A-promoter-CAT construct.
A p-actin promoter-CAT vector was constructed by cloning a Xbal-Hpal
fragment containing the CAT gene from CAT basic vector (Promega) into the XbalHpal polylinker sites downstream of the p-actin promoter in the plasmid pJ6 . The
resulting construct, pJ6 -CAT, gave high CAT activity in a dose-dependent manner in
tsaS cells grown at 33°C, Rati cells and 2° REFs (data not shown).

5.5.1: Generation and analysis of stable cell-lines expressing cyclin A-promoterCAT
Stable cell lines were generated from tsaS cells, SV4 cells and Rati cells with
the rat cyclin A-promoter constructs 2.3/2.5F-CAT and 2.5F-CAT, the human cyclin
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A-promoter-CAT (HumA-CAT) and p-actin-promoter-CAT (pJ6 -CAT).

Stably

transfected SV4-derived cell- lines were generated to account for any effects of
temperature upon CAT expression.
48.5pg of CAT plasmid and 1.5|ig of Bluescribe plasmid carrying the
hygromycin resistance gene were co-transfected into 10^ cells.

24 hours after

electroporation, the dishes were split 1:4 into medium containing 1OOpg/ml
hygromycin. Dishes were fed with fresh medium containing hygromycin every three
days until discrete colonies were visible. 36 colonies from each transfection were then
cloned and expanded. In addition, an entire plate (approximately 400 colonies) was
trypsinised from transfection numbers 1 (2.5F-CAT in tsaS), 4 (pJ6 -CAT in tsaS), 9, 10,
11 and 12 (2.5F-CAT, 2.3/2.5F-CAT, HumA-CAT and pJ 6 -CAT in RATI
respectively). Too few colonies were present on plates 2, 3, 5, 6 , 7 and 8 to obtain such
mixed cultures. Table 5.1 shows the transfection to which numbers 1-12 correspond.
Clonal cell-lines are designated 1-1, 1-2 etc and the mixed cell-lines derived from the
pooling of approximately 400 colonies are designated 1-M, 4-M etc.
To determine which clonal cell-lines were expressing the transfected CAT gene,
1.5 XIO^ cells were plated onto 10cm dishes and cell extract was prepared 48 hours
later. Of all the cell-lines tested, only a fraction were expressing the CAT gene at
significantly higher levels than mock transfected cells. Table 5.1, column 4 shows the
number of CAT expressing stable cell-lines generated from each transfection.
Unfortunately, no CAT expressing clonal cell-lines were derived using the rat cyclin Apromoter constructs, although analysis of the lines carrying the human cyclin Apromoter-CAT construct was continued.

5.5.2: Comparison of CAT activity at 33°C and 39.5°C in stably transfected clonal
cell lines
To compare CAT activity at 33°C against 39.5°C in all the CAT positive celllines, 1.5X105 tsa 8 derived cells or 0.5X10^ (33°C) or 0.2X1Q5 (39.5°C) SV4 derived
cells were plated onto lOcm^ dishes. One dish was shifted to the higher temperature
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Table 5.1: Generation of stably transfected cell-lines
Summ ary o f stable cell-lin e s generated by co-transfection o f
48|Lig o f the C A T construct o f interest w ith 1.5|i.g o f a plasm id
en cod in g the gen e for hygrom ycin resistance. 36 individual
hygrom ycin resistant co lo n ies w ere expanded and an alysed for C A T
exp ression from each transfection into tsaS and S V 4 . T he num ber o f
C A T exp ressin g lin es is indicated in colum n 4. P olyclon al c e ll-lin e s
w ere generated from transfections 1, 4, 9 , 10, 11 and 12, by
trypsinisation o f a plate containing approxim ately 4 0 0 individual
c o lo n ies.

Transfection Parental CAT construct N°of CAT 4-ve Polyclonal
number
cell line transfected
clonal cell-lines cell-line ?
1

tsaS

2.5F-CAT

-

yes (1-M)

2

tsaS

2.3/2.5F-CAT

-

no

3

tsaS

HumA-CAT

3

no

4

tsaS

pJ6-CAT

6

yes (4-M)

5

SV4

2.5F-CAT

2

no

6

SV4

2.3/2.5F-CAT

-

no

7

SV4

HumA-CAT

6

no

8

SV4

pJ6-CAT

3

no

9

Rati

2.5F-CAT

Not analysed

yes (9-M)

10

Rati

2.3/2.5F-CAT

Not analysed

yes (10-M)

11

Rati

HumA-CAT

Not analysed

yes (11-M)

12

Rati

pJ6-CAT

Not analysed

yes (12-M)

the following day. 72 hours later, the dishes were fed with fresh medium, and extract
was prepared 24 hours later. These cell numbers were determined such that the dishes
were approximately 70% confluent at the time of harvesting. It was important to avoid
confluency as it is known that quiescence also down regulates cyclin A expression.
The data from a typical experiment is shown it Table 5.2. Dpm from each
extract was standardised to a set amount of protein (20pg) then the ratio of CAT activity
at 33°C over those grown at 39.5°C was calculated.
The results show that on average, CAT activity from the human cyclin A
promoter construct is down-regulated to a greater extent in the conditionally immortal
tsaS-derived cell-lines at the non-permissive temperature, than in the non-conditional
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Table 5.2: Comparison of CAT activity at 33°C and 39.5°C in clonal
stable cell-lines
CAT activity was measured in the stably transfected, clonal celllines after incubation at either 33°C or 39.5°C for 86hrs. CAT activity
was normalised to protein content of each cell extract.

Cell line

tsaS
3-4
3-6
3-11
4-2
4-3
4-5
4-8
4-10
4-13
5-5
5-7
7-7
7-8
7-9
7-10
7-11
7-13
8-2
8-3
8-6

Transfection

—

tsa8 + HumA-CAT

tsa8 + pJ6-CAT

SV4 + 2.5F-CAT

SV4 + HumA-CAT

SV4 + pJ6-CAT

dpm corrected to
20 pg protein

Ratio o f dpm
3 3 °C /3 9 .5 °C

33°C

39.5°C

883

1,500

0.6

3210
113,378
28,520

1,616
12,089
5,207

2.0
9.4
5.5

76,871
7,981
3,744
2,767
8,340
3,051

3,856
1,976
1,287
1,469
1,948
1,075

19.9
4.0
2.9
1.9
4.3
2.8

7,115
4,491

4,959
3,920

1.4
1.1

7,347
4,026
9,506
6,588
8,641
9,964

7,750
3,018
6,461
3,815
8,095
6,937

1.0
1.3
1.5
1.7
1.1
1.4

57,218
2,223
26,001

11,179
484
2,338

5.1
4.6
11.0

SV4-Ueriveü cell lines. The legerlafiuTruf ihe p-acthi piuiiiutei~waTrtlie"saiiie-iirbulliTlie
conditional and non-conditional cell lines. These results demonstrate that the human
cyclin A promoter construct is down-regulated by senescence (at 39.5°C) and/or upregulated by T-antigen (at 33°C) whereas the p-actin promoter is not affected by
senescence or by T-antigen.

5.5.3: Comparison of CAT activity at 33°C and 39.5°C in stahly transfected mixed
cultures
Since the level of CAT expression within the clonal cell-lines from an individual
transfection was found to be extremely variable, and because only a fraction of the
hygromycin resistant cell lines expressed CAT activity at all, it appeared that positional
effects of the site of integration were having large effects on transcriptional activity of
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the CAT construct. The mixed cell cultures, composed of several hundred individual
colonies would be more likely to give a representative result.

It was therefore

determined whether a similar regulation of the cyclin A and p-actin promoters was seen
in these cultures. The mixed cell cultures derived from tsaS contained the rat cyclin Apromoter 2.5F-CAT (1-M) or the P-actin-promotor pJ6 -CAT (4-M). As there was no
mixed cultures available for the SV4 derived lines, the RATI derived cell-lines were
used as the control cell-line (cells that grow at both temperatures and therefore any
observed change in CAT activity would be due to heat shock).

The effect of

temperature on CAT activity was measured in all four Rati mixed cultures.
The results of comparing CAT activity between 33°C and 39.5°C in these mixed
cultures show the same trends as in the clonal cell-lines. Figure 5.7 shows the effect of
temperature on CAT activity in each cell culture. The activity at 37°C and 39.5°C is
expressed as a percentage of the activity at 33°C.
The CAT activity in the culture expressing 2.5F-CAT in tsaS (1-M) is downregulated at 39.5°C, to a greater extent than the activities in the cultures expressing
2.5F-CAT, 2.3/2.5F-CAT or Hum-CAT in Rati cells (9-M, 10-M and 11-M
respectively). The cultures expressing pJ6 -CAT were down regulated to a similar
extent in both the tsaS-derived (4-M) or Rati-derived (12-M).
The results from the mixed cell cultures therefore agree with data from the
clonal cell lines. Both experiments show that CAT activity expressed from the P-actin
promoter is down-regulated to a similar extent in both the tsaS conditionally immortal
cell-lines and in the non-conditional cell-lines whereas CAT activity from the cyclin A
promoter constructs is down regulated to a similar extent as the p-actin promoter in the
conditionally immortal cell lines, but less so in the non-conditional cell lines. The fact
that the cyclin A-promoter constructs are down regulated in the SV4 and RATI cell
lines shows an effect of temperature on CAT expression (or activity) but since the
activity is down regulated to an even greater extent in tsaS cell-lines, CAT expression
from the cyclin A promoter constructs is either down regulated due to senescence at
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Figure 5.7: Effect of temperature on CAT activity in stably
transfected mixed cultures
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SV4 cells, the rat and humancyclin A promoters in Rati cells and the p-actin promoter
in both tsaS and SV4 or Rati cells, was unexpected. Northern blot analysis (Chapter 3,
Figure 3.6) showed that the steady state level of cyclin A mRNA was similar in SV4
cells grown at either the permissive or non-permissive temperatures and nuclear run on
analysis (Chapter 3, Figure 3.7) indicated that transcription of P-actin was actually
higher at 39.5°C in both tsaS and SV4 cells. Therefore, transcriptional activity of the
cyclin A and p-actin promoters, as measured indirectly by a CAT-reporter construct,
did not appear to reflect transcriptional regulation of the endogenous gene. It was
possible that either the CAT mRNA or CAT protein were unstable at the higher
temperature.
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5.5.4: Comparison of endogenous levels of cyclin A and p-actin mRNA with levels
of CAT mRNA and enzyme activity
To determine how measured CAT activity related to the endogenous gene
expression, CAT activity was compared to the levels of the appropriate endogenous
mRNA in the mixed cell cultures grown at 33°C or 39.5°C. To compare CAT activity,
1.5X10^ tsaS derived cells (1-M and 4-M) and 0.2x 10^ RATI derived cells (9-M, 10M, 11-M and 12-M) were plated onto 10cm dishes. One dish was shifted to the higher
temperature the following day. 72 hours later, the dishes were fed with fresh medium
and extract prepared 24 hours later. In parallel, 3.3X10^ of 1-M and 4-M cells and
0.6x10^ of 9-M and 12-M cells were plated onto 15cm dishes, treated in the same way
and used to prepare total RNA.
Figure 5.8, panel A shows CAT activity in lines 1-M, 4-M, 9-M and 12-M at the
different temperatures, expressed as dpm/20|ig protein. Panel B shows the mRNA for
the corresponding endogenous gene as determined by northern analysis of total RNA
prepared from a parallel culture. Equivalent loading of each lane was demonstrated by
ethidium bromide staining of the gel prior to transfer and by probing the northern blot
with GAPDH.
In culture 9-M containing 2.5F-CAT in Rati cells, the largest decrease in CAT
activity in seen between 33°C and 37°C and a smaller decrease is seen between 37°C
and 39.5°C (also see Figure 5.7). However, the corresponding mRNA levels for cyclin
A show no decrease between 33°C and 37°C but a large decrease between 37°C and
39.5°C. Similarly, in culture 12-M containing pJ6 -CAT in Rati cells, the largest
decrease in CAT activity is seen between 33°C and 37°C and a smaller decrease is seen
between 37°C and 39.5°C (also see Figure 5.7), whereas the (J-actin mRNA shows little
decrease between 33°C and 37°C and a larger decrease between 37°C and 39.5°C.
These results show that between 33°C and 37°C, CAT activity does not reflect the level
of the endogenous mRNA. This could be due to effects of temperature upon the
stability of either CAT mRNA or enzyme activity.
An unexpected result from this experiment was that both cyclin A and p-actin
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Figure 5.8: Comparison of effect of temperature upon CAT activity with
levels of endogenous cyclin A and P-actin mRNA
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mRNAs were down regulated 39.5°C in Rati cultures and P-actin was down-regulated
at 39.5°C in tsaS cells. It is not known why cyclin A mRNA should be down-regulated
in Rati cells at 39.5°C as these cells proliferated at both 33°C and 39.5°C. As northern
blot analysis shows no such decrease in cyclin A mRNA at 39.5°C in SV4 cells, stably
transfected mixed cultures of these cells should now be generated and used for the
comparative analysis of CAT activity against endogenous mRNA.
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5.5.5: Comparison of cyclin A-promoter activity in tsaS grown at 33°C and 39°C
by transient transfection
The experiments described above show that despite the general effects of
temperature upon CAT activity, a decrease in cyclin A promoter activity between 33°C
and 39.5°C (due to either senescence at 39.5°C or upregulation by T-antigen at 33°C),
could be measured in tsaS cells. The deletion series of 2.5F-CAT showed that the
smallest promoter construct, 120C, showed approximately the same activity as the Ikb
promoter construct 2.5F-CAT in proliferating tsaS cells, Rati cells and 2° REFs
(section 5.4). If a site existed in the promoter 5' to 120C which was responsible for
down-regulating the promoter in non-proliferating cells, then deletion of this site would
increase the activity of the promoter in non-proliferating cells. Similarly, if a site
existed in this region that was responsible for positive regulation in proliferating cells,
then deletion of this site would cause a decrease in promoter activity at the permissive
temperature.
To test whether such a site existed between the largest (2.3/2.5F-CAT) and
smallest (120C-CAT) promoter constructs,

15|Xg

of CAT plasmid and

lO p g

pJAT-lacZ

were co-transfected in a total of 50pg DNA into 10^ tsaS cells grown at either 33°C or
39.5°C for 4 days. After transfection the cells were returned to 33°C or 39.5°C, fed
with fresh medium after 20 hours and cell extract prepared 48 hours after transfection.
Figure 5.9 a) shows the CAT activity of each sample normalised to either pgalactosidase or protein content of the extract and b) shows the ratio of activity of each
construct at 33°C/39.5°C. All three constructs show a similar fold decrease in activity
at the higher temperature. The smallest construct, 120C-CAT shows almost the same
activity at each temperature as 2.5F-CAT. There is not therefore, a specific element
between these two constructs that mediates either down-regulation of the promoter at
39.5°C or up-regulation of the promoter at 33°C.
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Figure 5.9: Comparison of rat cyclin A promoter activity in tsa8 at 33°C
and 39.5°C by transient transfection
a) 1 5 |ig o f rat c y clin A prom oter constructs 2 .3 /2 .5 F -C A T , 2 .5 F C A T and 120C -C A T w as co-tran sfected w ith lOpg p JA T -lacZ into 10^ tsaS
c e lls grow n for 4 d ays at either 33°C or 3 9 .5 °C prior to tran sfection . Extract
w a s prepared 48 hours later. C A T activity

w as n orm alised to eith er P-

g a la cto sid a se activity or protein content in the extract, as sh ow n .

b)
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Stimulation of cyclin A expression in senescent cultures by SV40 largeT-

antigen
A large number of problems had arisen when comparing CAT activity of cyclin
A promoter constructs in proliferating and growth arrested tsaS cells, apparently due to
the effects of temperature. It was decided that an alternative approach to comparing
proliferating cells to senescent cells, was to allow the temperature sensitive cell-lines to
senesce by incubation at the higher temperature for 4 days, then shift the cells back
down to the permissive temperature for a sufficient time to allow for any effects of the
re-expression of T-antigen and the decrease in temperature to normalise. It is known
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that tsaS cells do not resume growth upon shift down after a period of 72 hours or more
at the non-permissive temperature (Jat and Sharp, 1989). It was hoped that in this way,
a direct comparison could be achieved between tsaS cells in their dividing and growth
arrested states without the complicating effects of differences in temperature and levels
of T-antigen.
Before proceeding to CAT assays, it was investigated whether there would be an
effect on the levels of endogenous cyclin A in senescent cells upon shift down to the
permissive temperature. Cells were plated at 33°C at a density of 1.5 and 3.3 X105
cells onto 10cm and 15cm dishes respectively. The following day, RNA was prepared
from one 15cm dish and total cellular protein from one

1 0 cm

dish, the remaining dishes

were fed and shifted to the non permissive temperature. Cells were fed every 48 hours
to ensure that the cultures did not enter GO due to serum deprivation.
RNA and protein was prepared from one dish each for the next five days. When
the last samples at 39.5°C were taken, the remaining dishes were shifted back down to
33°C. RNA and protein were prepared from these dishes 24 and 48 hours later. The
final dish was stained with methylene blue to look for colonies which would indicate a
significant level of reversion in the senescent cultures.
resolved on a

10%

6 |ig

of each protein sample was

denaturing acrylamide gel, transferred to membrane and

immunoblotted with antibodies against either cyclin A or T-antigen. 15jig of each RNA
sample was separated on a 1 % formaldehyde-agarose gel, transferred to membrane and
probed with the 396bp Kpn 1 fragment from rat cyclin A cDNA subclone IV.
The results of this experiment are shown in Figure 5.10. Panel a) shows the
level of cyclin A and T-antigen protein. T-antigen protein decreases dramatically on
day 3 (48 hours at 39.5°C) and cyclin A protein virtually disappears one day later, on
day 4 (72 hours at 39.5°C). By day 6 , ( 5 days at 39.5°C), cyclin A mRNA and protein
and T-antigen protein had all virtually disappeared. However, upon shift down to the
permissive temperature, both cyclin A mRNA and protein were re-expressed
concomitant with appearance of T-antigen protein (day 7).
Staining of the remaining dish with methylene blue 48 hours after return to the
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Figure 5.10: Cyclin A expression in senescent tsaS cells upon return
to the permissive temperature
C e lls w ere plated at 33°C then sh ifted to the n o n -p e rm issiv e
tem perature o f 3 9 .5 °C .
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1-2 d ays after return to 33°C
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permissive temperature showed no significant colony formation. Therefore, the re
expression of cyclin A was not due to appearance of reverted actively dividing cells in
these cultures. Rather, the effect appeared to be as a direct result of the re-expression of
T-antigen. It thus appeared that T-antigen could transactivate the cyclin A-promoter in
senescent cells.

5.7:

Transactivation of the cyclin A-promoter hy SV40 large T-antigen
To determine whether the cyclin A-promoter construct 2.5F-CAT could be

transactivated by T-antigen in transient assays, increasing amounts of plasmid, pSE
encoding T-antigen under the control of the SV40 promoter/enhancer, were transfected
into 2° REFS in addition to 15pg 2.5F-CAT and 5|ig of pJAT-lacZ (total DNA being
made up to 50|ig with sonicated calf thymus DNA as before). To ensure that any
observed effects were due to the expressed T-antigen protein rather than competition for
limiting transcription factors by the SV40 promoter/enhancer itself, the experiment was
also performed using pSV2 Neo rather than pSE, which encodes the gene for neomycin
resistance under the control of the SV40 promoter/enhancer. The experiment was also
performed using increasing amounts of pSE with the remainder being made up of
pSV2 Neo rather than calf thymus DNA to keep the concentration of SV40 promoter the
same in each transfection. 48 hours after transfection, extract was made from two
dishes for use in the CAT and p-galactosidase assays and total cellular protein was
made from another dish. Protein content of each extract was assayed in triplicate and
CAT activity determined on three different dilutions of extract. The experiment was
repeated three times, giving very similar results on each occasion.
Figure 5.11 shows the result of one of these experiments. Figure 5.11 a) shows
CAT activity expressed as dpm normalised to the internal P-galactosidase control,
plotted against amount of pSE transfected. Transfection of pSV2 Neo alone had no
effect whereas transfection of pSE resulted in a maximum transactivation of around 20
fold over 2.5F-CAT alone. Transfection of pSE with the total amount of DNA adjusted
to 50|ig with pSV 2 Neo rather than calf thymus DNA, resulted in a maximum
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antigen

171

Transactivation of the rat cyclin A promoter by SV40 large T-
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transactivation of around 8 fold, thereby demonstrating the effect of the SV40 promoter
titrating out transcription factors.
Figure 5.11 b) shows the effect of transfection of increasing amounts of pSE
upon endogenous cyciin A protein expression.

6

pg of total cellular protein was

separated by SDS-PAGE, transferred to membrane and immunoblotted with antibodies
against cyciin A. Transfection of even the lowest amount of pSE (Ipg) resulted large
increase in the expression of endogenous cyciin A.
As described in the introduction, one of the regions of T-antigen that correlates
with its ability to stimulate entry into S-phase, is the CR2 domain through which Tantigen is able to bind and sequester pRB and related pocket proteins. Binding of pRB
releases transcriptionally active E2F transcription factor.

The activity of other

transcription factors regulated by pRB may also be de-regulated upon pRB binding to
T-antigen. To determine whether the transactivation of the cyciin A promoter by Tantigen correlated with the ability of T-antigen to bind pRB, the transactivational
potential of a T-antigen mutant, 3213, was compared to wild-type T-antigen. Mutant
3213 has two point mutations in the CR2 domain which abrogate its ability to bind pRB
but not its ability to bind p53 (Christensen and Impériale, 1995). This mutant retains
the ability to immortalise primary rodent embryo fibroblasts (A. Powell, unpublished
data).
0, 0.5, 1, 2, 3, 4 and 7.5pg of either pSE or 3213 were co-transfected with 15pg
of 2.5F-CAT and 5pg pJAT-lacZ into 2°Refs. Cell extract was prepared 48 hours later.
Figure 5.12 shows CAT activity normalised to p-galactosidase activity. The 3213
mutant of T-antigen shows a maximum transactivation of approximately half that of
wild-type T-antigen. This result shows that half the transactivation of the cyciin A
promoter by T-antigen is due to the sequestration of pRB but that the remaining half is
independent of this mechanism.
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Fig 5.12 : Transactivation of 2.5F-CAT by iarge-T antigen
mutant defective in pRB binding
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Discussion
T h is c h a p te r has d e m o n strate d that the 5' flanking re g io n o f the rat c y c iin A

g e n e , is o la te d in c h a p te r 4, has p r o m o t e r ac tiv ity in ra t e m b r y o fib r o b l a s t s .
E x p e rim e n ts d escribed in section 5.4 show that a 199bp region b etw e en -107 an d -30 6
u p strea m o f the translational start site, is sufficient for m axim al activity in p roliferatin g
cells. T h is region contains 2 S p l sites, one o f w hich is also a potential site for A P 2 , an
inverted C C A A T box and an A T F /C R E site. This region also co n tains the 76 bp region
w h ich show s 9 0 .8 % identity with the h u m a n cyciin A p ro m o ter. A n eg a tiv e e le m e n t
has been located in the region upstream o f the 1074 bp 5' to the translational start site as
th e 2 .3 /2 .5 F - C A T c o n s tru c t gav e c o n s is te n tly lo w e r a c tiv ity th an th e 2 . 5 F - C A T
c o n stru c t.

C o n sis te n t w ith this result, a n ega tive re gula tory e le m e n t h as also b ee n

re p o rte d in the h u m an cyciin A p rom oter, located betw een 1355 and 8 64 bp 5' to the
translational start site (N a k am u ra et al., 1995). T he sequence o f this region has not yet
been analy sed in either the rat or hum an prom oters.
This ch a p te r has also d em o n strate d that there are a n u m b e r o f pitfalls in u sin g
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the conditionally immortal cell lines to investigate gene regulation. The p-actin
promoter was down-regulated at 39.5°C in both the conditionally immortal cell lines
and the non-conditional cell lines. Since this down-regulation was similar in both cases,
this effect is apparently due to temperature rather than growth arrest or T-antigen.
Despite a down-regulation in cyciin A promoter activity being measured in the non
conditional cell lines, a further down-regulation has been demonstrated in the
conditional cell lines when they are growth arrested at the non-permissive temperature.
The 199bp promoter fragment which gave maximal activity in proliferating cells also
showed maximal down-regulation at 39.5°C compared with larger constructs.
These experiments show that the rat cyciin A promoter is down regulated in
conditionally immortal cell lines when they are growth arrested at the non-permissive
temperature. However, transactivation of the cyciin A promoter by SV40 large Tantigen has also been demonstrated. Therefore, by using the model system described,
while cells at the non-permissive temperature are believed to correspond to senescent
cells, the comparison of transcriptional regulation between proliferating and growth
arrested cells in this model may not so much reflect changes in transcriptional
machinery that normally occur in vivo or during normal cellular senescence of primary
fibroblasts, as map changes in the transcriptional machinery at 33°C by the effect of Tantigen.
As T-antigen is able to immortalise rodent embryo fibroblasts and prevent the
down regulation of cell cycle regulators such as cyciin A, which normally accompanies
senescence, it is possible that mapping factors in the conditionally immortal cell lines in
the presence of T-antigen, will give information about which factors are normally
required for the regulation of cyciin A transcription. In this senario, T-antigen would
transactivate the cyciin A promoter through sites that are normally used in primary cells
and the ability of T-antigen to prevent downregulation of promoter activity and promote
proliferation past the normal lifespan, could be due to these interactions. This chapter
demonstrates that part, but not all, of the mechanism by which T-antigen transactivates
the cyciin A promoter is via sequestration of pRB, consistent with the suggestion that
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transcription factors that are negatively regulated by pRB are involved in the regulation
of the cyciin A promoter.
However, T-antigen is known to affect transcription of both viral and cellular
promoters by numerous mechanisms, resulting in both repression and transactivation of
target promoters. During SV40 lytic infection, T antigen represses transcription of the
SV40 early promoter but stimulates transcription from the late promoter (Tooze, 1981).
Repression of the early promoter occurs via direct binding of T-antigen to DNA
sequences in the SV40 origin of DNA replication (Alwine, Reed, and Stark, 1977;
Reed, Stark, and Alwine, 1976; Rio and Tjian, 1983). High affinity sites for T-antigen
have also been found in the cellular genome and have been implicated in the repression
of transcription from several promoters by T-antigen (Gruss et al., 1988; Han et a l,
1991; Wagner and Knippers, 1990).
In contrast, T-antigen transactivates the late promoter by activating cellular
transcription factors, resulting in altered and more stable binding characteristics (Gallo
et al., 1990). T-antigen contains multiple domains that are capable of interacting with
different cellular transcription factors and thereby stimulate transcription through
multiple cis-acting DNA elements. T-antigen is able to bind the pRB family of pocket
proteins which, as described in the introduction, are capable of modulating the activity
of many transcription factors. For example, sequestration of pRB by T-antigen releases
members of the E2F family of transcription factors, leading to the activation of genes
containing E2F sites (Chiba et al., 1990; Chittenden, Livingston, and Kaelin, 1991;
Huang, Lee, and Lee, 1991).

By binding to pRB, T-antigen may also repress

transcription from promoters which require pRB for their stimulation. T-antigen also
binds p53, thereby interfereing with the transcriptional regulation of p53 inducible
genes (Mietz et ai, 1992; Segawa et al., 1993). T-antigen has been shown to bind and
inactivate the transcription factor AP2, in vitro (Mitchell, Wang, and Tjian, 1987)
although whether this interaction regulates the expression of AP2 regulated genes in
vivo, has yet to be demonstrated.
T-antigen also results in the up-regulation of the expression of a number of other
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transcription factors such as Spl (Saffer, Jackson, and Thurston, 1990) and c-myc
(Batsche, Lipp, and Cremisi, 1994). Upregulation of c-myc expression occurs via the
E2F site in the c-myc promoter and is mediated through the pRB binding domain of Tantigen. Through increasing the expression of cellular transcription factors, T-antigen
may indirectly stimulate transcription from a number of other genes which are
transactivated by these factors.
There is evidence that T-antigen not only affects transcription through specific
transcription factors, but also by a more general mechanism involving the basal
transcription complex. T-antigen has been shown to bind TBP through a region in its
N-terminal 172 residues, and this interaction is required for T-antigen mutants to
activate transcription from the SV40 late promoter (Gruda et al., 1993). In this model,
T-antigen mediates transcriptional activation by interacting with and stabilising the
basal transcriptional machinery and stabilising the interactions of the basal complex
with upstream activating proteins. It has been shown that T-antigen can activate
transcription from many simple modular promoters, consisting of any of a number of
upstream activating elements and a TATA box. The level of transcription was found to
be more dependent upon the nature of the TATA box than the nature of the upstream
sequence (Rice and Cole, 1993).

Mutants of T-antigen which were unable to

transactivate the SV40 late promoter and the RSV LTR promoter also failed to
transactivate these simple promoters (Rice and Cole, 1993). Although the SV40 late
promoter has no TATA box, TBP is also required for initiation of transcription in
promoters lacking obvious TATA boxes (Wiley, Kraus, and Mertz, 1992). These
experiments suggest that a TATA or initiator element plus an upstream factor binding
site are the only promoter elements required for T-antigen to transactivate (Gilinger and
Alwine, 1993; Rice and Cole, 1993).
By analogy with the adenovirus El A protein, T-antigen may affect transcription
via interactions with co-activator proteins. In common with T-antigen, El A is able to
bind TBP (Lee et at., 1991) and is able to activate transcription from the same simple
modular promoters (Taylor and Kingston, 1990). El A has been shown to bind a
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300kDa protein, p300, which has been suggested to be functionally homologous to the
transcriptional co-activator CREB-binding protein, GBP (Arany et al., 1995; Lundblad
et al., 1995). GBP is a co-activator for the cAMP response element-binding protein
(CREB) and p300 can substitute for GBP in stimulating CREB-activated gene
expression. El A inhibits cAMP-induced gene expression through the cAMP response
element (CRE) and this has been shown to correlate with the ability to bind either GBP
or p300 (Lundblad et al., 1995). p300 is present in TBP complexes (Abraham et al.,
1993), therefore El A may interfere with the transcriptional activating functions of
p300-TBP complexes. As yet, no interaction of p300 with SV40 large T-antigen has
been reported, although El A mutants defective in p300 binding are complemented in a
functional assay by a domain in T-antigen that resembles the GRl domain in El A, the
domain required for interaction of El A with p300 (Yacuik et al., 1991). It is therefore
possible that T-antigen may also regulate transcription via interaction with co-activator
proteins such as, or related to, p300 and GBP.
Therefore, due to the multitude of mechanisms by which T-antigen can
transactivate cellular promoters and the minimal promoter requirements for such
transactivation, it is unlikely that the changes in cellular transcription factors in the
conditionally immortal cell lines at the permissive and non-permissive temperatures,
accurately reflect changes involved in regulating the cyciin A promoter during normal
cellular senescence. Analysis of the myelin Po promoter provides an example of Tantigen modulating expression of a cellular gene via a transcription factor not normally
involved in regulating the expression of that gene. The myelin Po promoter is repressed
by T-antigen in Schwann cells and this repression has been shown to occur via Tantigen/c-Jun complexes. However, c-Jun alone does not appear to have a direct
involvement in regulating Po expression in the absence of T-antigen (Bharucha, Peden,
and Tennekoon, 1994).
The experiment shown in section 5.6 demonstrates that T-antigen is able to
transactivate the cyciin A promoter in senescent cells, despite being unable to stimulate
proliferation in these cells. DNA synthesis can be induced in senescent human
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fibroblasts by infection with SV40 (Bunn and Tarrant, 1980; Whitaker, Kidston, and
Reddel, 1992). It is therefore likely that the effect of re-expressing T-antigen in the
senescent cultures, is to stimulate progression into S-phase. This could be confirmed by
FACS analysis. SV40 large T-antigen is also able of driving new rounds of DNA
synthesis in otherwise terminally differentiated myotubes (Cardoso, Leonhardt, and
Nadal Ginard, 1993) whereas a mutant of large T-antigen which does not bind pRB (or
related proteins) is unable to do so (Gu et a l, 1993). However, the results shown in
section 5.7 shows that a mutant that is defective in pRB binding is still able to
transactivate the cyciin A promoter (albeit at a reduced level), suggesting that the ability
of T-antigen to upregulate cyciin A (and possibly other cell cycle regulator proteins)
can be dissociated from the ability of T-antigen to stimulate entry into S-phase.
Analysis of the control of the human cyciin A promoter during differentiation
and contact inhibition has recently been reported (Nakamura et al., 1995; Yoshizumi et
a l, 1995). Both these studies have implicated the ATF/CRE site as mediating the
down-regulation of cyciin A expression during growth arrest. The human embryonal
carcinoma cell line NEC 14 can be induced to differentiate by the addition of N,N’hexamethylene-bis-acetamide (HMBA) and this results in the downregulation of cyciin
A mRNA to barely detectable levels by 48hrs. Nakamura et al. showed that that
sequences between 513-449 5’ to the translational start site contained a positive
element. This region contains the ATF/CRE element. Analysis of the activities of
various promoter constructs in growth stimulated human diploid fibroblasts suggested
that the ATF/CRE site was involved in induction of the promoter at the Gl-S phase
boundary and elements 5’ to this site may be involved in prolonging the duration of
expression into S-phase. Deletion of the ATF/CRE site both reduced the overall level
of activity and caused a later induction, peaking in the middle of S-phase.
Analysis of regions that may mediate down regulation during differentiation
showed that the ATE site plays a role.

Gel-shift analysis showed that in

undifferentiated cell extract, three complexes bound the ATF/CRE element and that the
mobility of two of these bands was altered in differentiated cell extract. Supershift
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experiments with antibodies to either ATF-1 or ATF-2 showed the presence of ATF-1
and

-2

in the undifferentiated cell extract but not differentiated cell extract and western

blot analysis showed a large decrease in ATF-1 protein (both phosphorylated and
unphosphorylated forms) and a smaller decrease in ATF-2 protein during
differentiation. In addition, differentiated cell extract only contained phosphorylated
ATF-2 whereas undifferentiated cells contained both phosphorylated and
unphosphorylated forms. The levels of ATF-3 were not significantly altered. Although
these results implicate the ATF site in mediating down-regulation during differentiation,
promoter contracts with the ATF site deleted also showed some level of down
regulation during differentiation, suggesting that other mechanisms may also be
involved.
The CRE/ATF site in the human promoter has also been shown to mediate
transcriptional down regulation in contact inhibited bovine endothelial cells compared
to proliferating cells (Yoshizumi et al, 1995). Again, mutation of the ATF site reduced
promoter activity in proliferating cells, indicating that this site is required for positive
regulation. However, in contrast to promoter constructs containing the CRE/ATF site,
constructs lacking the ATF site were not down-regulated by contact inhibition.
Analysis of protein complxes in proliferating cells showed three complexes that bound
the ATF site, all three of which contained ATF-1 and two of which also contained
CREB. Only the effect of anti-ATF-1 antibodies on the presence of these complexes
was similar to the effect of contact inhibition. Consistent with this finding, ATF-1
mRNA was found to be down-regulated in contact inhibited cells whereas ATF-2, c-Jun
and CREB mRNA levels did not change. This study showed that constructs lacking
three of the four Spl sites and one lacking an Spl site, putative E2F site and Yi site
were all down regulated during contact inhibition, suggesting that these elements are
not important in suppressing cyciin A expression during contact inhibition.
However, the mechanism by which various growth inhibitory molecules
function to inhibit cellular proliferation may vary between different cell types. Analysis
of the CDKl promoter has shown that transcriptional repression may be mediated by
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different means in response to different signals. A number of human myeloid cells
undergo growth arrest and differentiation in response to the phobol ester TPA (12-0tetradecanoylphorbol-13-acetate). TPA treatment of sensitive cells results in the
downregulation of cell cycle regulators such as CDKl, CDK2, cyclins A, B and E.
Deletion analysis of the CDKl promoter to determine which sequences were necessary
for repression in response to TPA showed that deletion of the E2F site had no effect on
either basal level of transcription or upon repression in response to TPA (Sugarman,
Schonthal, and Glass, 1995). This study showed that the minimal promoter itself was
not regulated by TPA in the absence of upstream activators but also that the upstream
activating transcription factors themselves were not the target for TPA-regulation. A
sequence element located between -15 and

-6

relative to the major transcriptional start

site was found to be responsible for TPA regulation and bound a 55kDa protein whose
level was induced by TPA. The mechanism appears to involve uncoupling the basal
transcriptional machinery from the stimulatory effects of upsteam activators. Therefore,
analogous to the ability of T-antigen to promote transcription in a general fashion via
stabilising interactions between upstream activators and the basal transcription
machinery, this repressor has the converse effect of uncoupling the basal transcription
machinery from upstream activators. As cyciin A is also down-regulated in these cells
in response to TPA, a similar mechanism may also be involved in the repression of
cyciin A expression. In contrast to the finding that the E2F site was not involved in
CDKl down-regulation during differentiation in these cells, the E2F site has been
implicated in the down-regulation of the CDKl promoter in quiescent, serum-starved
cells (Dalton, 1992).
There are many different mechanisms of transcriptional repression. The down
regulation mediated via the ATF site, observed during both differentiation and contact
inhibition demonstrates that down-regulation may occur by either changes in the levels,
or post-translational modification, of positive regulatory factors. In these examples, the
growth arrest is stimulated by signals at the cell surface. In contrast, senescence of
normal fibroblasts does not require an extenal stimulus but is due to a cell intrinsic
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mechanism believed to reflect aging at the cellular level. The mechanism of cyciin A
down-regulation may therefore be different in senescent cells.
In addition to the effect of upstream activators, components of the basal
transcription machinery itself have promoter-specific effects. The largest TAP in TFIID
(see chapter 4, section 4.1) TAFii250, has been shown to be encoded by the CCGl
(çell-çycle-gene 1) gene which is required for G1 progression (Hisatake et al., 1993;
Ruppert, Wang, and Tjian, 1993).

Mutations in this gene affect only specific

promoters, including cyciin A, rather than resulting in a global inhibition of
transcription (Wang and Tjian, 1994). TAFs have been shown to interact with upstream
activators, for example, SPl and VP 16 have been shown to interact with dTAFl 10 and
dTAF40 respectively (Goodrich et al, 1993; Hoey et at., 1993; Pugh and Tjian, 1990).
It is therefore possible (though purely speculative) that cyciin A down-regulation could
be mediated by a change in the activity of TAFn250, influencing the ability of co
activators/upstream activators to activate the basal transcription complex.
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Summary and future directions
Cyciin A is an important positive regulator of the cell cycle and is
downregulated when cells cease dividing. The aim of this thesis was to analyse the
expression of cyciin A in an in vitro model system for cellular senescence and to clone
the rat cyciin A promoter in order to analyse the mechanism by which this gene is
regulated in the post-mitotic state.
Chapter 3 describes the cloning of both the 1.6 and 2.7kb mRNA's for rat cyciin
A using the human cDNA to screen bacteriophage lambda libraries. The expression of
cyciin A at the protein, mRNA and transcriptional levels was analysed in both our
model system and in normal rat embryo fibroblasts undergoing senescence. In each
case, cyciin A was shown to be downregulated as the cells became post-mitotic.
Chapter 4 describes the cloning and characterisation of 1.8kb of the 5' flanking
region of the rat cyciin A gene. A series of CAT reporter constructs were prepared
which were analysed for promoter activity in a variety of cell types.
Chapter 5 describes experiments that demonstrate promoter activity in the CAT
constructs and shows that the activity of these constructs is reduced in senescent cells.
A 199bp region of flanking sequence was shown to be sufficient for both maximal
activity in diving cells and maximal downregulation in senescent cells. This construct
still contains the ATF site which (as described in section 5.8) has been implicated in the
downregulation of cyciin A during differentiation and contact inhibition. This construct
also contains CDE and CHR elements (see section 4.13) which contribute to cell cycle
regulation of the human cyciin A promoter. These and other sites identified by
sequence analysis should now be targeted directly by either site directed mutagenesis or
deletion, to determine if factors binding these sites affect the level of transcription in
proliferating cells or the ability to down-regulate activity in senescent cells.
However, the experiments described in chapter 5 also demonstrated that the
analysis of gene expression in our model system for senescence (described in detail in
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the introduction) is complicated by problems of transactivation by T-antigen and the
effects of temperature. Further attempts to determine the mechanism by which cyciin A
expression is repressed during cellular senescence should therefore be conducted in
normal early and late passage fibroblasts. However, this approach will mean lengthy
passaging protocols to generate senescent cells for each transient transfection. Another
approach would be to investigate whether different protein complexes bound the
potential transcription factor binding sites (identified by sequence analysis) in vitro,
using cell extract prepared from early passage proliferating fibroblasts and senescent
fibroblasts.
It is hoped that by determining how the cyciin A promoter is down-regulated in
senescent cells, that insight may be gained into transcriptional mechanisms by which
senescent cells fail to express cell cycle genes and enter the cell cycle and hence the
transcriptional mechanism that limits the proliferative lifespan of normal fibroblasts.
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