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Abstract

The work presented in this thesis concentrates on the functional consequences of
acetvlation upon the retinoblasioma tumour suppressor protein (pRDb), the activity of which
is frequently, if not universally, de-regulated in tumour cells. This study has shown that the
acetylation of pRb at lysine (K) residucs 873/874 reduces the interaction of E2F-1 with the
carboxyl terminal {C-terminal) region of pRDb. In turn this acetylation event promotes the
association of the C-lerminal region of pRb with its amino terminal (N-terminal) domain
(residues 1-378). A further aspect of this study suggests that acetylation may result in a
change of pRb localization from the nucleus to the cytoplasm. Moreover it is also shown
that the N-terminal of pRDb 1s acetylated in vifre and in cells. These results suggest a model
whereby the acetylation of pRb at E2F-1 target gencs results in a reduced interaction
between the C-terminal of pRb and E2F-1. Another ramification of the model implies that
the N-terminal region of pRb interacts with the C-terminal region in response o DNA
damage induced acetylation of pRb. This mieraction may influence the bipartite nuclear
localization signal (NLS) within the C-terminal domain, thus providing a possible
mechanism for retaining pRb localised to the cytoplasm. These results highlight a new
mechanism through which pRb may mediate twmour suppressor activity, and in addition
define a previously undescribed pathway through which acetylation can influence growth

control.
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PREFACE:

It is apparent that many transcription factors have multiple roles, often in different
cellular processes. In particular, some transcription factors appear to have roles in two
apposing processes. In order to coordinate cellular processes, protein function is regulated
by post-translational modification. This thesis 18 concerned with the later. Post-
translational modification can affect a protein in different ways. Modification of amino
acid residues alters the chemical reactivity and the physical characteristics of the amino
acid residue. This can affect the secondary or tertiaty structure of the protein, or simply
affect the local binding surface around the site of the modification. Many proteins interact
with each other via specific peptide consensus sequences. Post-translational modification
of a protein can thercfore alter its affinity for binding partners.

As an analogy, changes in our hormone levels (triggered by shock) can transiently
effect changes in our mood and physiology. Similarly post-translational modification can
affect protein function in response to external factors in the cells microenvironment.
Proteins can change their partners, their location, and their function as a result of
posttranslational modifications. Upstream signalling pathways directly transmit stimuli
emanating from the celt membrane to effect changes in post-translational moditfication and
henee gene expression in the nucleus [8].

The transcription factors pRb, E2F-1 and p53 all have multiple functions that are
tightly regulated by post-translational modification, These proteins play key roles in
processes such as tumour suppression, control of proliferation, apoptosis, differentiation,
foetal development and DNA repair. If a cell loses its ability to control the post-
translational modification of these proteins, the resulting change in cellular physiology can

augment the process of tumour formation and progression. Conversely, certain drugs that

xvi
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control post-translational modification are now being utilized o treat cancers, in particular
HDAC inhibitors [271].

My studies have cenfred on post-translational modification of proteins invelved in
controlling the cell cycle, particularly concentrating on the affect of acetylation on the
retinoblastoma tumoeur suppressor prolein (pRb), and the effcct on the E2F-1 transcription
factor. This stady has uncovered some new insights into the functional consequence of pRb
acetylation in tesponse to DNA damage. Damage responsive acetylation of pRb appears to
affect the interaction between the carboxyl terminal region of pRb and E2F-1. [t is possible
that damage-responsive acetylation of pRb refeases E2F-1 to activate specific genes that
promote apoptosis.

The N-terminal domain of pRb is the single largest domain of the protein, spanning
the first 378 amino acids. Until recently, this domain was thought to be involved in
processes not related to the role of pRb tumour suppression and control of proliferation.
My study suggests that the N-terminal region of pRb may play an important rcgulalory role
by facilitating various changes in the conformation of pRb bought about by acetylation.
Overall, this stady has illuminated new levels of control in pRh, and defined previously

uarecognized pathways influenced by acctylation.
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INTRODUCTION

THE PATH TO NEOPLASIA

A cell becomes cancerous due to a combination of factors, excessive prolileration
(the loss of cell cycle control), an ability to survive (loss of apoptotic control), and an
ability to modify its environment {(its supply of blood und nutrients), The development of
neoplasia (cancer} is therefore a mulitistage process. each step characterised by distinct
genetic changes (mutations). Many of the oncogenes mutated in the initiafion and
promotion of bhealthy cells to cancerous cells arc involved in controlling progression

through the cell cycle (Figure la).

THE CELL CYCLE

The cell cycle is divided into four phases (Growth phase 1 (G1) —> Syathetic (S)-
phase—> Growth phase 2 (G2)— Mitosis (M)-phase) [1]. There are two basic events in cell
division; generation ol a single copy of its genctic material (S-phase), and the partition of
the cellular components between Iwo identical daughter cells (M-phase). The two other
phases of the cycle, Gl and G2, represent gap peviods during which cells prepare
themselves for the successful completion of the S- and M- phases. Cells may also snter a
quiescent slate (GO) in response to specific anti-mitogenic signals, or to the absence of

proper mitogenic signalling (Figure 1bh) [2].

CONTROLLING PROGRESSION THROUGH THE CYCLE
In order W ensure controlled progression through the cell cycle, cells have
developed a series of checkpoints that prevent them from entcring inlo a new cell cycle

phase until they have successfully completed the previous one [3].
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Figure 1: The cancer cell cycle

a) The pathway to neoplasia

In order to transform and become malignant, pre-canccrous cells develop
progressive mutations in genes whose protein products regulate cellular processes
(such as proliferation and apoptosis). As mutations accumuiate (Steps A to B to ),
premalignant celis deveiop into a small tumonr mass. Further mutation cnables the
premalignant cells to bypass all controls on proliferation and apoptosis (Steps C to
D) and hencc they become malignant. Malignant cells replicate and dominate the
tumour mass (Steps D to L). Maliguant cells mutate further still and become
capable of existing without local survival factors. Mutation occurs in genes that
control cell/cell adhesion, and malignant cells detach From the tumour mass (Steps
E to F). Melastasis of the tumour occurs through the blood and lymphatic systems,
and migrating tumows may find their way into other organs where they develop

forther (Step G).

b) Depicts the cell cycle

There are 4 phases of the cell cycle, G1 (Growth phase) in which cells grow
and prepare for S-phasc, S-phase (DNA synthesis) in which DNA is duplicated, G2
(Growth phase 2) in which the cell prepares for mitosis, and M-phasc (Mitosis
phasc) in which cells divide their nuclear and cyloplasmic content to create 2

daughter cells.
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Quiescent cells and newly divided cells must pass certain checkpoints to progress through
the cycle. These checkpoints function to make sure that cells reach their homeostatic size,
otherwise cells would decrease in size with each round of division [2]. A celt’s passage
through checkpoints can be influenced by any incurred DNA damage, the availability of
nutrients, or the intensity of mitogenic information that cells receive at any giveu time.
After mitosis, cells undergo a period of mitogen dependence, before deciding
whether or not to enter the cell cycle. A transition then occurs when cells are no longer
dependent on milogenic signals. The transition between the two states was coined the
‘Restriction Point” by Arthur Pardee in 1974 (Figure Ib) [4]. The restriction point (R)
represents the point of no return that commits cells to a new round of cell division. The
molecular events that allow cells to pass through the (R) have not been thoroughly
elucidated. It has been shown that members of the retinoblastoma (Rb) family of proteins

play key roles. Indeed ablation of this gene family ¢liminates (R} [S].

MITOGENIC STIMULATION DURING THE G1/S PHASE TRANSITION OF
THE CELL CYCLE

Extra-cellular ligands trigger various processes such as proliferation and
differentiation through receptor activation. Dilferentiation is triggered by neurotrophic
{actors, such as nerve growth factor (NGF), On the other hand, proliferation is triggered by
mitogenic Tactors, such as epidermal growth factors (EGF). Other anti-mitogenic factors
such as TGFp are released in response to contact inhibiton [6]. Cellular stress such as
thosc generated by inflammatory cytokings mediates inflammation response, apoptosis, and
developrmental pathways (Figure 2a).

Upon ligand binding, cell surface receptors activate their particular cell signalling

cascade. These cascades eventually signal through to the nucleus and affcct changes in
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Figure 2: Mitogenic growth factor signalling pathways atfect the cell cycle

a)

b)

)

femepayd, oS b e o e

Table showing various manumalian MAPK signalling pathways.

A variety of signalling pathways tespond to various extracellular signals,
Mitogen activated protein kinase (MAPK) pathways are shown here as an examplc.
Growth factors such as EGF aclivate Ras signalling through Raf. Other MAPK

kinase pathways respond to inflammatory signals and serum stress.

Ras and PI3K signalling pathways both regulate the activity of cyclin/Cdk
complexes.
The Ras/Raf and phosphoinositide 3-kinase (PI3K) signalling pathways

both converge to regulate cyclin/Cdk activity. The type of regulation is dependent

on the level of mitogenic signalling. Iligh levels of Ras activation lead to increases

in p2]Ci" " expression, a protein which inhibits cyclin/Cdk activation. Moderatce
levels of Ras signalling lead to decreased expression of p27"*! thereby activating
cyclin/Cdk heterodimers. Ras can also activate the PI3K pathway which eventuaily

lead to the inhibition of pl6™** and the corres onding activation of cyclin
P P 2 ¥

D/Cdk4/a.

Cyclin/Cdk complexes are regulated by multiple mechanisms
Cdk enzymes are not active unless bound to their cognate cyclin, Activation

of cyclin/Cdk complexces requires increased cyclin transcriplion, and the inhibition




of CKls, Cdks themselves are activated by phosphorylation and <de-phosphorylation
events, Cdks are activated by phosphorylation of T161 by Cdk-activating kinase

(CAK), and by the de-phosphorylation of Y15 by CDC25A phosphatase. t




gene expression. There are numerous signalling cascades, which feed through and cffect
the cell cycle (both positively and negatively). I describe here the mitogen activated protein
kinase (MAPK) signalling pathway as onc cxample (Figure 2a and 2h).

The basic arrangement of the MAPK kinasc cascade begins with receptor activation
of a G-protein (that recruits the upstream Kkinase to the cell membrane upon receptor
slimulation by the ligand). The G-protein works upstream of a core module consisting of
three kinases; a MAPK kinase kinase (MAPKKK) that phosphorylates and activales a
MAPK kinase {(MAPKI), which in turn activales MAPK [7, 8]. There are presently four
known MAPK signalling pathways observed in mammals (Figure 2a).

These include the extra-cellular signal-regulated kinase | and 2 (ERK1/2) cascade,
which preferentially regulates cell growth and differentiation, as well as the c-Jun N-
terminal kinase (JNK) and p38 MAPK cascades (which function mainly in stress responscs

like inflammation and apoptosis) [9-11].

The effect of Ras/Raf/MEK/ERK pathway on the cell cycle

The G1/S phase transition requires cyclin dependent kinases (Cdks) to facilitate the
expression of genes involved in DNA synthesis and proliferation. Cdks are inactive
without their cyclin binding partners (see below). Researchers studying the mitogenic
stimulation of macrophages by colony-stimulating [actor 1 {irst cloned cyclin D1. In this
macrophage model, colony-stimulating factor 1 s required for continuous expression of
cyclin D1 [12]. Mitogens stimulate the induction of cyclin D1 expression via signalling
cascades, These involve tyrosine kinase receptors and G-proteins known to transmit signals
through the Ras/Raf/MAPK/ERK pathway (Figure 2b) [13]. Activated Ras or Raf are
known to induce cyclin DI expression (Figure 2b and 2¢) [14-16). Furthcrmoie,
stimulation of cells in response to growth factors or Ras signalling requires cyelin

D/Cdk4/6 [17-20].




Studies carried out using NIH3T3 cells show that mitogenic stimulation causes a
sustained activation of MAPK, lasting vntil cells begin progressing through the G1/S phase
boundary. The activation of Cdk2 and hence DNA synthesis was inhibited by (reating
NIH3T3 cells with a MEK inhihitor (PD98(59). The MEK inhibitor also ablated Cdk2
Thr-161 activating phosphorylation, indicating a role for the Ras/Raf/MEK/ERK pathway
in the regulation of Cdk activating kinase (CAK) (Figure 2c) [21, 22]. Raf despatches
signals into different down-sireamy pathways (hat promotc proliferation, cellular
differentiation and inhibit ceil cycle arrest/apoptosis. A recent report has also implicated
Raf-1 as a pRb kinasc contributing to pRb inactivation [23]. Mitogen stimulation indices

the binding of pRD to Raf-1, and pRb nactivation was dependent on Raf-1 binding.

CYCLIN DEPENDENT KINASES (Cdks)

Cdks are promoters of the cell cycle

Cdks phosphorylate serine/threonine (S/T) residues of key proteins controlling the
cell cycle, thus driving forward the cell cyele. Cdks are a group of S/T kinases that form
active heteredimeric complexes upon binding cvclin regulatory subunits. Cdk3 is involved
m driving cells through quicscence into Gl (Figure 3). Cdk4 and Cdk6 are involved in
driving celis through early G1 phasc, whercas Cdk2 is required to complete G1 and initiate
S-phase (Figure 3). Cdks are only active when bound in complex with cyclins [24]. Cdk3
form complexes with C type cvelins. Cdk4/6 form complexes with D type cyclins (D1-1D3).
Cdk2 is activated by forming complexes with cyclin E1 and E2 during G1/S transition, and

by cyclins Al and A2 during S-phasc [25].




Cdk regulation

Cdks are not active unless they are bound to their cognate cyclin. Also, Cdks need
to be phosphorylated on T residucs (T172 in Cdkd and T160 in Cdk2) located in their T
loap for proper catalytic activity (Figure 2¢) [24, 26, 27]. This phosphorylation is carried
out by the cyclin K/Cdk7 complex (CAK). This S/T kinase is also involved in transeription
and DNA repair [27].

Cdk activity can also be regulated during G2/M transition. This is achieved by
phosphorylation of a (T) residue and the de-phosphorylation of the adjacent tyrosine (Y)
residue (T14/Y15) in Cdkl. Weet/Mytl phosphorylates T14 and T35 (Figure 2¢). This
allows cyclin B to complex with Cdki. Cyclin B is then phosphorylated on T161. The
complex is activated by the de-phosphorylation of Y15 by CDC25A [24, 26]. Regulation of
CDC23A is critical {or the G1 response 1o DNA damage. Mammalian cells respond to UV
or jonizing radiation by rapid ubiquitin/proteasome-mediated degradation of CDC25A
[28].

Cdks are also regulated by inhibitors coined Cdk inhibitors (CKIs), and were
initially proposed to accumulate in response to a cells nced to cease dividing. There arc two
types of CKls; the complex inhibitors (INKs) and the kinase inhibitors (Cipl, Kip). The
four members of the INK4 family are p16™™ p15"%%® o8 angd p1o™d The INK4
family members exert their inhibitory activity by binding to the Cdk4 and Cdké kinases,
preventing their association with D type cyclins (Figure 2b)[29]. The kinase inhibitors of
the Cipl/Kip family bind and inhibit Cdk kinases and cyclins. The Cip/Kip family is
composed of three members; p2ICIP', p27"' and p57*". The Cip/Kip family block
kinase activity by interlering with hoth substrate recognition and ATP binding [30]. The
Cip/Kip family preferentially inhibit Cdk!/2. Cipl/Kip inhibition of cyclin D/Cdk4/6

complexes is relatively inefficient [30].
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Figure 3: The phosphorvlation of pRb by Cdks through the cell cycle

a) The structural and fonctional protein domains of pRb.

pRb contains five protease resistant sub domains (N, R, A, Spacer ‘S°, and B
domains). There is a sixth sub domain which is sensitive to proteases coined theC terminal
domain’. The A, B, and C sub domains correspond to functional domains that have been
mapped genetically. Beneath the pRb schematic are listed some identified functional
properties of pRb. The line shown next to the listed properties indicales the extent of the
protein that is sufficient for function. The A, S and B sub domains comprise the small
pocket, and are safficient for viral oucoprolein binding and for interaction with pRb
binding partners that utilize an I.XCXT? amino acid motif. The A, S, B and C sub domains
comprise the large pocket and are sufficient for most pRb-binding partners. The amino

terminal domain is required for normal tumour suppression and embryonic development.

b) Phosphorylation events through the cell cycle.

Exit from cell cycle arrest initiates when pRD is phosphorylated by cyclin C/Cdk3.
Mitogenic stimulation results in the sequential phosphorylation of pRb by cyclin D/Cdk4/6
which induces conformational change in pRb, thus allowing cyclin E/Cdk2 to further
phosphorylate pRb. This promotes the gradual release of E2F-1 from pRb. Once inhibition
ol E2F-1 is lifted, cells can progress through S-phase. When S-phase is compleled, further
phosphorylation of E2E-1 by cyclin A/Cdk2 causes E2F-1 Lo leave its promoter. A further
pRb kinase that is not under the control of cyclins has been shown 1o be active during latc
G2/M phasc. During mitosis, cyclin B/Cdk2 is activated. Al the end of mitosis, pRb is de-

phosphorylated by Protein Phosphatasc 1 (PP1).
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The Cip/Kip family act to promote the complex formation between cyclin D and Cdk 4/6.
The Cip/Kip family also stimulate the nuclear import of cyclin D/Cdk4/6 and increase the
half life (112) of cyclin D {24].

In contrast to their affects on cycin D/Cdk4/6, Cipl/Kip inhibitors block
phosphorylation by cyclin E/Cdk2, and promote cyclin E/Cdk2 ubiquitination and
degradation. Increases in protein levels of cyclin D (following mitogenic stimulation) may
increase cyclin E/Cdk2 activity via Cdk inhibitor exchange. On the formation of cyclin
D/Cdk4/6 dimer, Cipl from cyclin E/Cdk2 may dissociate and complex with cyclin
D/Cdk4/6 [24]. Increases in INK4 protein levels (following differentiation or other signals
promoting cell cycle withdrawal) may decrease both cychin E/Cdk2 and cyclin D/Cdk4/6

by Cdk inhibitor exchange [24].

RETINOBLASTOMA PROTEIN

The pRb/E2F pathway
Approximately seventeen years ago, the retinoblastoma tumour suppressor gene

(Rb) was molecularly cloned [31]. Later on, Knudson's two-hit hypothesis [32] was
validated by demonstration that mutational inactivation of both alleles of k% induces
cancer of the retina. Patients with one allele of Rh have a high chance of developing
sporadic retinoblastoma by loss-of-heterozygosity [33]. pRb controls cell growih and
proliferation, and will facilitate cell cycle arrest upon DNA damage to allow repair to take
place.

Mutation or deregulation of pRb has been observed in nearly every type of human cancer
examined [2]. The protein sequence is well conserved across five disparate species (bird,
human, rodent, fish and amphibian) (Figure 4a). Deregulation of pRb is so frequent in
cancer, that some have argued it is a prerequisite for all human cancers [25]. Although pRb
can physically interact with well over one hundred different cellular proteins {34], the most

studied interaction is that of the pRb large pocket with the E2F-1 protein.
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kKigure 4: The conservation of amino acids between the pocket profein family

members

a) TheN, A, B and C domains are depicted schematically.

The arrows above the map highlight the position of phosphorylation sites
that are present in the 5 indicated vertebrate species. Below the schematic are
barcodes depicting multiple protein sequence alignments of pRb homologues
from chicken, human, mouse, troul, and newl,

The barcode ior cach specics consists of a series of vertical lines
representing each aming acid within the linear sequence of the relevant protein.
The shading of the vertical lines is proporfional to the sequence
identity/similarity at the given position. An amine acid that is identical at a
particular position in the alignment is shaded black. Dissimilar amino acids arc
shaded white. Patches of dark shading indicates repions of conservation, while

lightly shadcd patches indicatc non-conscrved regions.

b) Sequence similarity between pRb, p107 and p139.

A schematic of human pocket proteins is shown indicating the 4 major
domains (N, A, B, and C). Multiple sequence aligniment is depicted as in ()
above. The schematic of pRb depicts the four major domains (N, A, B and C
domains). Amows above the schematic represent mis-sense mutations
identified in the RH genc. Black arrows indicate fully penetrating inactivating

mutations, Grey arrows indicate mutations in tumours from patients with low




penetrating retinoblastoma familics. Arrows below the map indicate in-frame
deletion mutants identificd in RH. The arrows represent less than or equal to 5
amino acid deletions. The bars indicate the extent of larger in-frame deletions.
As above, lightly shaded arrows and bars indicate mutations identified in

partially penetrant retinoblastoma families.
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The Rb tumour suppressor protein (pRDb) binds to the [2F-1 transcription factor
preventing it from mteracting with the cells transcription machinery, In the absence of
pRb, E2F-1 (along with its binding partner DP-1) mediates the #ran-activation of E2F-1
target genes that facilitate the G1/S transition and S-phase. E2F target genes encode
proteins involved in DNA replication (for example DNA polymerase o, thymidine kinase
(IK), dihydrofolate reductase {DHFR)} and cde6), and chromosomal replication
(replication origin-binding protein HsOrcl and MCM 5). When cells are not proliferating,
E2F DNA binding sites contribute to transcriptional repression. /» vivo footprinting
experiments obtained on Cdc2 and B-myb promoters demonstrated E2F DNA binding site
occupation during GO and early G1, when E2F 1s in transcriptional repressive complexes

with the pockel proteins {33, 36].

The family of pocket proteins

pl107 and p130 are genes which encode proteins with similar structure to pRb {37].
Comparison of the amino acid sequences of pRb, pl107, and p130 indicates substantial
amino acid similarity (Figure 4b). Overall, pRb shares approximately 21 % sequence
homology with p107 and p130. However, it is clear that p107 and p130 (47 % identity) are
more closely related to cach other than either one is to pRb. Most of the conserved
sequences lie within the small pocket region (residues 379-792) sharing 30-40 % identity.
Viral oncoproteins, Simian virus 40 large T antigen (SV40 LT), adenovirus early gene A
{(ad EIA) and ‘high risk® Human papillomavirus E7 (HPVs IZ7) all target the pocket
domain, Viral oncoprotein binding to the pocket domain displaces cellular proteins which
interact with the pocket, thereby de-activating the pocket proteins (PP) through preventing
them from interacting with E2F-1 [38] [39-41]. The N- and C-terminal domains of pRb are
not well conserved (10-20 % identity). Key sub domains within tile N-terminal domain are

also shared with a high degree of sequence homology between pocket proteins. For
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example, the spacer region of pRb lacks a cyclin/Cdk binding motif shared by p107 and
p130 and is considerably shorter.

It is likely that the pocket regions of pRb, p!07 and p130 have similar function.
The main functional differences between the pocket proteins are likely to relate to
differences in their N-terminal and C-terminal domains. Despite being closely related, only
pRE is frequently mutated in tumour cells (Figure 4¢). p/07 and p730 are nol frequently
muftated in naturally occurring fumour cells. Indeed, mutation of p/07 has only been
detected in a B cell lymphoma cell line [42] and possibly human myelogenous leukemias
[43]. While still relatively uncommon, mutation or alteration ol pl30 expression is
detected more frequently in cancer than mutation or alteration of pilQ7 expression.
Potentially inactivating mutations of /30 have been discovered in lung cancer [44, 45]
and Burkitt’s lymphoma |46]. Levels of p130 are lower in tumours of higher stage and
grade in lung, endometrial, oral squamous cell carcinoma, and uveal melanoma [47-50]. It
is clear that R% is more frequently mutated in human cancer than p707 or pl130).

The unique tumour suppressor function of pRb is reinforced in mouse models
contaming inactivating mutations of the various pocket proteins. Mice lacking either pI16G7
or pl3() are viable, whereas mice lacking Rb are not [51, 52]. Inactivating both p/07 and
p130 causes severe defects in bone development, resulting in death shortly after birth. This
suggests that these twa genes are either redundant or can functionally compensate for one
another in a way that Ré cannot. [t seems that pRb has a different tunction to p107/p130 in
foetal development.

pRb is known to be required for cells to enter permanent ccll cycle arrest prior to
differentiation [53]. Murine cells lacking Rb are compromised in their ability to
differentiate into adipocytes, whereas cells lacking in pl07 or pl07/pi30 actually
differentiate into adipocytes more efficiently [54, 55]. Importantly, neither ;707 null nor
p130 null mice are tumour prone. Although tumour phenotypes cannot be assessed in

double pI07"/p136™ knockout mice, pl07"! p130'" and pl07'/p130" genotypes are
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viable and have been examined. Unlike RH" mice, these genolypes do not cxhibit a
tumour prone phenotype [52]. Hence sporadic loss ot the remaining pi07 or pi30 wild-
type allele does not initiate tumourigenesis. Interestingly, Rh'" mice do not suffer from
retinoblastoma, but instead develop tumours of pituitary and thyroid origin. This difference

may be attributable to the physiology of humans as compared to mice.

E2F proteins

pRb, p107 and p130C have their own preference for binding to different E2F family
members [56]. The E2F fanmily presently consists of eight members (E2F-1 to 8) {57]. E2F-
1, 2 and 3 are activating E2F family members and prefer to bind pRb (Figure 5a). In
contrast, E2F-4 and 5 are repressive E2F and prefer to bind pl107/p130 (Figurc 5a and 5b).
In general, p130/E2F complexes are mainly found in quiescent or differentiated celts,
whereas pl07/E2F complexes predominate in S-phase cells. pRb/E2F complexes form
during G1 and G1/S phase transition, but also exist in quiescent or differentiated cells [58].
E2F-6 also acts as a transcriptional repressor, but through a distinct, pocket protein
independent manncr. E2F-6 mecdiatcs repression by direct binding to polycomb group
proteins or via the formation of a large multimeric complex containing Mga and Max
proteins [59].

E2F-7 recognises and binds E2F sites utilizing two distinct DNA binding domains,
and does not require a DP-subunit to cffectively bind to DNA. E2F-7 has no transcriptional
activation domain and no pRb binding domain [60, 61]. The most recently discovered E2F,
E2F-8 is very similar in structure and sequence to E2F-7, with its two distinct DNA

binding domains.
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Figure §: Pocket proteins and their E2F pariners can activate or repress
transcription
a) Promoter occupancy of E2F target genes

The I2IF family of transcription factors is divided into activator and

repressor E2Fs. Repressor E2F (E2F-4 to €) occupy E2F promoters in GO and

early G1, and recruit chromatin remodecling factors dircetly (E2F6) or
indirectly through pl107 and p130 (E2F-4, 5). As cells enter into latc G1 phasc,
the repressor E2F complexes are replaced by activator E2Fs (E2F-1 to 3). Two
types of E2I'-regulated promoters were uncovered, based on whetlier activator
EZF remained at the promoter throughout late G1 and S-phase (cyclin 4, cde6),

or whether they were only detected transiently during late G1 (b-myh). These

binding differences correlate with other swdies identifying promoters
essentially regulated by (ranscriptional activation, and those regulated mainly |
through repression. pRb was not localized on most E2[F-regulatcd promaters,
despile the fact that it forms ir vivo complexes with ‘E2F-1 to 4 (dashed

lines).

b) Proposed transcriptional program of the E2F/pocket protein pathway
The E2F/pRb pathway acts down-siream of several important signaling
cascades that trigger cell cycle arrest. Cellular senescence and the transtorming
growth factor f pathway induce cell cycle inhibitors such as plg™ %, p274?!
and p15™K) which inactivate cyclin D/cdk4 and trigger pocket protein-

dependent cell cycle arrest. Alternatively, the MAPK pathway induces cyclin
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D expression and leads to E2F transcriptional activation. DNA damage can
induce two types of response depending on the context and intensity of DNA
damage: a cell cycle arrest requiring pRb, or a pro-apoptotic response mediated
through ATM and E2F-1. Recent microarray studies suggest that the network
of E2F-regulated genes 1s vastly broader than previously suspecled. For many
of these new targets however, it remains fo be shown il their regulation by E2F
is important for the biological processes in which they participate. E2F
functions beyond the GI1/S transgition of the cell eycle to regulate DNA
replication, DNA repair and DNA damage checkpoint genes. It also controls
the transcription of genes that function during mitosis, in mitotic checkpoints,
and in apoptosis. Finally, E2F induces genes that are involved in differentiation
and development. ATM, alaxialelangiectasia protein; MCM, nuni chromosome

maintenance protein; PeG, Polycomb group protein.




E2F-8 cxpression is induced at the G1/S phase transition, and does not require DP
subunits o bind and repress E2F promoters. Over-expression of E2F-8 in diploid human
fibroblasts reduces expression of E2F-target genes and inhibits cell growth consistent with

a role for repressing E2F transcriptional activity [62, 63].

pRb/E2F complexes

Genes that encode proteins involved m regulation of DNA synthesis and
proliferation need to be tightly regulated. The cell needs to switch on these genes during
the G1/S-phase transition, and switch them off again when S-phase 15 complete. As
mentioned above, E2F-1 to 3 hind promoters and are able to activate transcription, whilst
F2I-4 to 8 repress transcription (Figure 5a) [64]. The pocket proteins bind both activating
and repressing E2Fs, and by doing so inhibit any #rans-aciivation mediated by the E2F
[65]. This is known as non-active (or static) repression (reviewed in [66]). This repression
is lifted by Cdk phosphorylation (Figure 3). Pocket proteins that are bound to E2F are also
able to bind other proteins via the small pocket. Tt has heen shown that pRb/E2F
complexes ¢an form repressor complexes at promoters that actively repress transceription
(Figure 6) [67-69]. Histone deacetylases such as HDAC1 can bind pRb

and recruit repressor complexes that serve to deacetylate histones. This process is
labelled active repression [66]. On the other hand, histone acetyl-transterases can acetylate
histones and activate transcription. This process is dynamic activation, which is distinet
from pocket protein phosphorylation by Cdks (reviewed in [66]). An E2F controled gene
whose expression is silent but requires activation must remove the repressing E2F/pocket

protein complex and replace it with an activating F2F/Pocket protein complex (Figure 6).
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Figure 6: The re-localization of E2F/DP complexes during DNA damage

Double stranded DNA damage is relayed through to the E2F/DP
heterodimer through the ATM/Chk2 pathway. In response to DNA damage,
activating E2F {E2F-1) present at TK/DHFR promoters re-localizes to the p73
promoter. There, they swap places with rvepressive E2F (E2F-4), which
relocates to the TK/DHFR promoter. This changing place of E2F/DP
complexes affects the transcriptional activity at the promoters. E2F-1/DP-1
complexes facilitate an increase in acetylation of histone H4 by recruiting HA'l
enzyines, which facilitate the unwinding of condenscd chromatin lcading to an
increase in transcription. E2F-4/DP complexes recruit HDAC enzymes that
result in a decrease in acetyl histone H4 and a corresponding dirop in

transcription resulting from chromatin condensation.
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pRB/E2F complexes are found during Gl and GU/S phase transition, pl07/FH2F
complexes predominate during S-phase, and pl30/E2F complexes are mainly found in
quiescent differentiated cells. Using chromatin immunoprecipitation assays (ChIP), it was
found that repression on E2F-responsive promoters was associated with the recruitment of
E2F-4 and p130, and coincided with low Ievel of histone acetylation [70]. In late G phase,
the B2F-4/p130 complex is replaced by E2F-1 and E2F-3, together with enhanced level of
acetylation of histones H3 and H4 (Figurc 5a). These studies indicate that distinct E2F
heterodimers recruit cnzymes to deacetylate ot acetylate core histones, therefore repressing
or activating E2F-responsive genes [71].

Double stranded DNA damage such as that induced by irradiation (1R) or DNA
damage inducing chemicals (such as etoposide or doxorubicin) cause the recruitment of
DNA damage homologous recombination and repair (HRR) response proteins such as
TIP60. TIP6G is able to acetylaic ATM kinase, thus activating the ATM DNA damage
response pathway [72]. One of the down-stream targets of ATM kinase is Chk2. ATM
activates Chk2 kinase by phosphorylating it. ATM and Chk2 phosphorylate E2F-1 at S31
and S364 respectively [73, 74]. The result is an increase in protein stability of E2F-1. Its
phospho form undergoes an intra~celtular localization change.

Using ChIP assays, studies showed that E2F-4 (present on the p73 E2F promoter)
and E2ZF-1 (present on the TK and DHFR responsive E2F promoter) swap promoter in
response to doxorubicin induced DNA damage [75]. This swap induced a corresponding
drop in histone H4 acetylation at the TK/DHFR gene, and a corresponding increase in
histone H4 acetylation at the p73 gene (Figuwe 6). Phospho-E2F-1 can be seen to re-
localisc into distinct nuclear speckles after cells were treated with etoposide to induce
DNA damage [741. It seems likely that those genes whose functions oppose cach other
(such as TK and p73) mught swap their E2F/pocket protem complexes upon a change in
conditions such as DNA damage (as in this case) or cell cycle progression from G1-S

phase (as in the first example).




Organization of pRb

Domains A and B of pRb are highly conserved, and they interact with each other
along an cxtended inter-domain interface to form the central “pocket” [41], which is
cructal to the tumour suppressor function of pRb [76]. The pocket is disrupted by most
natwally occurring germ-line mutations in hereditary retinoblastoma patients [77], and by
most tumour-derived mutations [78]. Viral oncoproteins and a number of endogenous pRb
binding protcins contain and LXCXE motif that allows them to bind pRb {38, 41, 79, 80].
The LXCXE scquence motif is found in certain cellular pRb binding proteins, such as the
D-type cyclins, but not in the E2F transcription factors, which share a distinct eighteen
residue pRb binding motif [81, 82].

An LXCXE peptide binds a highly conserved groove on the B-box portion of the
pocket [41]. However, domain A is required for domain B to assume active conformation,
thus cxplaining the conservation of both domains [40, 41]. A number of endogenous
proteins that interact with pRb also contain an [.XCXE like sequence, including HDACI
and HDAC2, and the ATPase BRGI, from the SWI/SNF nucleosome remodelling complex
[83]. In contrast to experiments in vifro, transfection assays in cultured cells have
suggested that interaction with HDAC is required for the inhibition of E2F-1 by pRb [83,
84]. Other studies have shown a partial requirement for HDAC activity in the pRb-
mediated inhibition of E2F activity [85, 86]. E2F-1 has been shown to interact with the
HAT p300/CBP and P/CAFT [87]. It is possible that pRb-mediated recruitment of HDAC Lo
E2F acts to offset this HAT activity.

It has been shown that E2F-1 can be acetylated, which increases the binding of the
E2F/DP complex to DNA [88]. The recruitment of HDAC to E2F via pRb may inhibit E2F
activity by deacetylation of the protein, further decreasing its binding to DNA. Binding of

pRb and other PP complex to E2F does not simply inhibit E2F activity. The resulting




PRIL/E2ZF complex binds to promoters and actively represses lranscripiion by blocking the

activity of surrounding enhancers on the promoter [67-69, 83, 89-95].

Phosphorylation conirol of pRb

Mitogenic and growth factor signalling pathways activate Cdks in a sequential
manner (Figure 2b and 3). It was thought that pRDb represses E2F-1 via its pocket
interaction with the E2V-1 trens-activation domain (Figure 7), and that this interaction was
sufficicnt. Recent reports have shown that the C-terminal domain of pRb binds E2F-1, and
that this interaction fs similar in strength to the pRb pocket interaction with the #rans-
activation domain of E2F-1 [96-98]. Models suggested that phosphorylation of the C-
terminal domain of pRb allowed for further phosphorylation of S/T residucs in the A/B
pocket and spacer domains thercby reducing affinity of pRb small pocket for the E2F-1
trans-activation.

Thus it was demonstrated that cyclin D/Cdk4/6 sequentially phosphorylates pRb
causing its partial dissociation with E2F, and facilitating cyclin BE/Cdk2 mteraction with
pRDb [98]. Cyclin LE/Cdk2 then further phosphorvlates pRb completely freeing E2F-1 trom
pRb and allowing the host transcription machinery to bind to E2F/DP-1 |98]. There are
sixteen consensus phosphorylation sites for Cdk phosphorylation across pRb (Figure 8).
Studies have characterized the residues across pRb which phosphorylated, by cyclin/Cdk
complexes (Figure 8) [99-102] also reviewed in [103, 104]. Sequential phosphorylation of
pRb not only removes E2F-1 binding, but also controls the binding of proteins like TIDACs
(containing the LXCXE binding motif) to the B domain [40, 41, 105] also reviewed in [66,
104]. Reports have indicated that phosphorylation of pRb alters its intra-nuclear

localization thereby preventing pRb from inhibiting E2T°-1 #rans-activation [106, 107].
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Figure 7:

Schematic representation of E2¥-1 showing domains and binding

proteins

The E2F-1 protein is made up of 437 amino acids. The schematic depicts
the main domains so far characterized. Relevant domains include; the DNA
binding and DP-1 binding domains (that are required for stable binding to
DNA}, the marked box domaimn (MB) required for interactions with the C-
terminal domaimn of pRb, and the #rans-activation domain (required for binding
the small pocket region of pRb, and for promoting transcription).

Below the main schematic; relevant post-translational modifications,
characterized domains, and other binding proteins are displayed. PPost-
translational modifications; yellow circle with A = Acetylated K residues
(K117/K120/K125) which are acetylated in response to induced double strand
DNA damage, white circle with P = Serine residucs phospherylated during the
Gl to S phasc {ransition, black circle with P = Scrine residue phosphorylated
during the G2 to M phase transition by cyelin A/Cdk2 causing the release of
E2F-1 from the DNA. S21 and S364 marked by a red line on the schematic are
represented because these residucs are phosphorylated by ATM kinase and

Chk?2 kinase respectively in response to etoposide induced DNA damage.
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T'he role of the pRb in tumour suppression

Mutation of the Rb allele predisposes patients to develop other tumours, such as
osteosarcomas and fibrosarcomas. Almost two-thirds of the secondary tumours arising in
paticnts with retinoblastoma are mesenchymal in origin. The RH gene was cloned and
shown to contain twenty seven exons, spanning across 180kb on chromosome 13 [31, 108].
Mutations to the Rb genc may rcsult in premature termination of protein translation. A
buge variety of mutations have been observed in tumours derived from patients over the

last twenty years (http://rb1-Isdb.d-lohmann.de). It is important to note that inactivation of

pRb can occur indirectly by inactivation of proteins that inhibit Cdk phosphorylation, or
the amplification of proteins that lead to the stimmlation of Cdk activation and

phosphorylation.
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Figare 8:

Schematic representation of pRb depicting its domains and binding

partners

The pRb tumour suppressor protein (shown mapped) is a 928 amino acid
phospho-protein. The map shows tegions in the protein that have been
implicated in specific protein interactions. A/P rich region, CC-coiled coil
protein motif, NES-nuclear export motif, CK-cascin kinase II phosphorylation
recognilion sile, LZ-lcucine zipper motif, HLH putative motif, NLS motif (pRb
contains a mono pattite NLS spanning thc A/B pocket, a bipartite NLS in the
C-terminal domain (residues 860-877), and the DEAD box (residues 883-887).
Filled circles at sites of known phosphorylation and open circles at possible
sites of phosphorylation denote the S/T phosphorylation sites. The A and B

domains of pRb are connected by a Spacer region (S).
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THE N-TERMINAL REGION OF pRb

Factors that interact with the N-terminal region of pRb
Hsc73

Heat shock cognate protein Hsc73 and Hsp75 are related proteins have been
reported to co-immunoprecipitate with pRb. It was hivpothesised that they are required to
fold pRb into an active conformation. Hsp75 binds to the C-terminal domain of pRb.
ITowever, Hsc 73 (heat shock cognatc protcin) was shown to bind to the N-terminal/
domain/A domain of pRb using an ir viiro kinasc assay, and this binding was not affected
by the addition of E1A (which binds the pRb small pocket domain). A GS'I' fusion protein
containing amino acids 1-515 of pRb was the smallest fragment that retained binding
activity (Inoue et al., 1995), It was reported that Hsc 73 preferentially associates with
hypophosphorylated pRb and that Hsc 73 might act as a molecular stabilizer of

hypophosphorylated pRb [109].

Microchromosome maintenance protein-7 (MCM7)

MCM?7 is a DNA replication factor required for DNA synthesis. A two-hybrid
screen was used to probe for proteins that interact with the first 400 amino acids of pRb,
yielding MCM?7 [1101. GST pulf downs using GST-MCM?7 as bait were found to bind N-
terminal domain fusion protcins of pRb, p107 and p130 as well as full length pRb i# vitro.
Studies showed that small deletions in the N-termiinal domain had no effect on MCM7
binding, suggesting that MCM?7 interacts with a large surface of the N-terminal domain of
pRb. This is indeed likely, as the N-terminal domains of p107 and p130 only share 12 %
homology with the amino acid sequence of N-terminal domain of pRb [111]. Endogenous
MCM7 was shown to interact with pRb in co-immunoprecipitation experiments in

myeloblastic leskemia (ML-1) cells, The function of the interaction between N-terminal
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domain of pRb and MCM?7 was illuminated by experiments using the Xenopus cell free
DNA replication system. Studies demenstrated that human N-terminal domain pRb {(which
binds Xenopus MCM7) was able to ablate DNA replication. This effect could be reversed
by the addition of the C-terminal domain of MCM?7 (which binds the N-terminal domain of
pRb) [110]. These data suggest that pRb might function to suppress pre-replication
initiation at origins of replication through interactions with MCM proteins, mcluding
MCM?7. This model has been boistered by the finding that pRb co-localizes with MCM

proteins in perinucleolar foci in G1 and early S-phase [112].

The human insulin receptor (#/R) promoter

The vast majority of litcrature on pRb concentrates on its repressive inhibitory
functions in relation to the cell cycle and tumour suppression. In a study by Wen-jun Shen
et al [113], pRb was shown to activate the transcription of the human insulin receptor (#/R)
thus increasing the cclls sensitivity to insulin, pRb regulates cellufar prolileration and cell
cycle control by activating several cellular genes, through a conserved cis-aclivating
element termed the retinoblastoma control element (RCE). As well as pRDb, Spl activatcs
transcription through binding the RCE motif [114-119].

Using the human hepatoma ccll line (HepG2), Shen ef af demonsirated that pRb
stimulated the exptression of the A/R gene through RCE sites in the ZZR promoter. pRb N-
terminal domain deletion mutants showed dramatically reduced ability to activate the hlR
promoter, whilst deletion mutants that ablate the binding of viral oncoproteins (such as
E1A) increased promoter activity. In addition, over-expression of Spl was shown to
augment #/R promoter activity, suggesting that Spl can also augment the hIR promoter.
This is significant because hyperphosphorylated pRb can out compete Spl for binding to
its inhibttor Spl-I, leaving Spl to activate hIR {113].

Three regions in the N-terminal domain of pRb were shown to be important for

stimulation of the A/R promoter (amino acids 37-89, 89-140, and 343-389), although the
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actual residues in the N-terminal domain that are required for binding to the A/R promoter
have not been determined. It is also interesting that the spacer region of pRb is required for
IR promoter stimulation. Therefore perhaps protease sensitive linking regions such as the
spacer between the A and B domains in pRb (that are not required for E2F and viral
oncoprotein binding) serve some function in regulating the ability of pRb to elicit #/R
promoter activation.

This study suggested a model where pRb not only releases E2F-1 upon its
phosphorylation by Cdks, but aiso then actively promotes the expression of genes that
facilitate growth and proliferation. It is possible that functional A and B domains of pRb
are not involved in regulating the pRb activation of the A/R promoter. Instead, post-
translational modification (such as phosphorylation} of the spacer region might be
required. The spacer region is phosphorylated by Cdks during G1/S phases of the cell
cycle. Phosphorylation of pRb may facilitate the interaction of pRb with Spl-I and/ox
promote the recruitment and binding of pRb to the A/R promoter. The N-terminal domain
has three regions of protein sequence coataining kinase recognition sites [76, 120] and has
been proposed to be important for hyperphosphorylation of pRb [120]. A requirement for
pRb hyperphospherylation in order to mediated A/R promoter stimulation 1s consistent
with the observation that pRb N-terminal domain deletion mutants fail to stimulate the #/R

promoter {113].

Nuclear Death Domain Protein p84NS

p84NS (p84) was isolated as a pRb binding protein in a two-hybrid screen using
GST-pRb (1-300) as bait [121]. Over-expression of p84 leads to increased apoptosis.
Incidently, over-expression of the N-terminal domain of pRb led to incrcased apoptosis in
MVI1-Lu cells [122]. p84 contains a death domain consensus sequence in its C-terminal
domain that shows scquence similarity to death domains in the tumour necrosis factor

receptor | {TNFRI), TNFRSF1A-associated via death domain (TRADD) and Fas/Apol.
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Mutations in the conserved death domain region of p8&4 ablate its ability to induce
apoptosis. GST-p84 fusion proteins have been shown to bind preferentially to
hypophosphorylated pRb in cell lysates. Whereas p84 is present throughout the cell cycle,
p84 could only be co-precipitated with pRb from G1 phase Monkey kidney BSC-1 (CV-1)
cell extracts [123]. p84 1s a component of the nuclear matrix and immunostaining
experiments suggest that a high proportion of p84 is co-localized with centers of RNA
processing. pRD is also known to localize to the nucleolus, and can interact with nuclear-
associated proteins and Mdm2 {124, 125]. Enrichment of pRb in the nucleolus could
represent a means of attenuating RINA polymerase [/l transcription [126]. Over-
expression of cyclin E (forcing pRb hyperphosphorylation) in SAOS2 cells causes the
removal of pRb from the nuelcolus. This cffcet is dependent on the phospharvlation of the
pRbL large pocket domain. Localization of pRb to the nucleolus requires the N-terminal
domain [106]. It seems therefore that pRb inhibits p84-induced apoptosis during G1 phase.
p84 association to pRb is lost after Cdk phosphorylation of pRb and its subscquent

expulsion from the nucleolus [123].

pRb interacts with SRC/pl60 and NGFK1B facilitating the #ans-activation of pro-
opiomelanocortin (POMC)

pRD can actively enhance the activity of some nuclear receplor transcription [actors
{such as Glucocorticoid receptor nuclear (GR)) by the recruitment of activator complexes
such as Brm/GRG1 subunits of the SWI/SNF complex [127]. In the pituitary gland, cells
express the pro-opiomelanocortin (POMC) and HNF-4 genes during enterocyte
diffcrentiation. Entcrocytc differentiation is  triggered through the action of the
hypothalamic hormone ‘corticotrophin-relcasing hormone’ (CRH) that binds to reeeptors
in the cell membrane. Signal cascades are activated by CRH/receptor interaction. The
down-stream conscquence leads to ligand activation of nuclear receptors (NR) in the

nuclear membrane.
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Mutant mice heterozygous for the Rb gene (R6*") develop tumours of pituitary
POMC expressing cells { 52]. Humans do not develop pituitary tumours as a direct result of’
Rb inactivation. Comparing adenomas to poorly differentiated carcinomas, loss of Rb
expression was linked to pituitary corticotroph tumour progression in humans [128].
Batsche ef o/ investigated whether pRb regulates the transcription of the POMC gene
[129].

A subset of three NR (Nur factors) are targeted by pRb including; Nur77, Nus-
related factor (Nurrl) and neuron-derived orphan receptor 1 (NOR-1) [130-132]. Nur77
and NOR-1 arc implicated in the control of thymocyte apoptosis, while Nurrl plays an
essential role in the development of the midbrain dopaminergic neurons (reviewed in
[132]). Nur factors contribute to basal and CRH-induced POMC transcription. The
pituitary POMC promoter target of Nur homodimer action is the Nur response element
{NurRE) [130, 132].

The N-terminal activation domain {AF-1) rccruits co-activators of the steroid
receptor co-activator SRC/pi160 family [133]. The C-terminal activation domain (Ak-2)
contains a ligand-binding domain (LBD), the direct target of CRH signalling. The AF-1
and AF-2 domains require co-activators such as SRCs to mediate their transcriptional
effects. SRCs have HAT activity and are able to recruit CBP/p300 to enhance transcription
[134].

Ratsche ef al {129] demonstrate that pRb acts as a potentiator of SRC/pl60 co-
activator function and that this action is mediated by direct interactions between pRb, Nur

7 and SRCs. Their data demonstrated strong activation of the POMC promoter upon over-
expression of pRb in AtT-20 corticotropin-secreting celis (AtT-20 cclls), and that this
effect was NurRE dependent. Interestingly, the N-terminal domain of pRb was required for
the enhancement of NGFI-B/SRC activity. Co-transfection of the POMC promoter with a
truncated pRb mutant (containing amino acids 379-928) exhibited markedly decreased

POMC expression [129].
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Studies into the structural domains of the N-terminal region of pRb

Two major studies on pRb domain structure presently exist. The initial study used
tryptic digest Lo reveal protease resistant domains [135], Later studies utilised caspases to
reveal caspase resistant domains that roughly mirrored protease resistant domains [136].
Digestion of pl110™® (full length pRb) occurred in a stepwise fashion with transient
fragmenis giving way to more stable proteolysis-resistant fragments. p110%" yielded four
protease-resistant fragments designated R (10kDa), N (30kDa), A (24KDa) and B
(19.5KDa). The C-terminal domain of pRb is the least well defined. It is predicted that the
C-terminal domain of pRb is highly flexible containing many turns and is therefore highly
protease susceptible {136]. Sequence analysis of the N-termini of the recovered peptides
revealed the exact location of these domains in pRb. The N-terminal domain of pRb was
further digested and found to consist of 2 protease resistant sub-domains, N (1-263) and R
(263-378).

This study was followed by the observation that pRb is cleaved hy caspases into
two fragments (p48 and p68) corresponding to N-terminal domain of pRb (1-378) and the
large pocket (379-928) [136]. This cleavage is likely facilitated by caspases on one of four
Aspartic acid (D) residues in the N-terminal domain of pRb (12 349, 363, 394, and 421).
Over-expression of Bcl-2 (which blocks caspase activation) prevented the cleavage. This
cleavage happens shortly betore apoptosis, and results in p48 re-localising to the

cytoplasm, and p68 releasing E2F- 1.

Oncogenic mutations in the N-terminal domain of pRb
The IIA-N-pRb construct (1-376) is coded for by exons 1 to 12 in the Rb gene.

Matations that have been found in the N-terminal domain of the R6 gene {http://rb!-Isdb.d-

lobhmann.de) include point mutations, small deletions and insertions, large deletions, and

small deletion/insertion complex mutations. Most mutations of the R» gene in human
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cancers lead to either splicing errors or premature termination of translation. Presently
there are only six in-frame mutations identified in the sequence coding for the N-terminal
domain of pRb in the Rd gene, and no in-frame deletion mutants [111]. That said, a
deletion at 638 bp of the RS gence leads to the altering of a splice donor site, causing the in-
frame deletion of exon 4 [137]. Exon 4 covers amino acids 127-166. F'his mutant protein
retains partial or complete large pocket activity in a number of in vitro assays of pRb
function [138, 139].

At a general level, one might expect cancer-derived mutations affecting the N-
terminal domain o corrclate with highly conserved regions, or in regions important for the
structural conformation of the protein. Among distantly related vertebrate species, pRb
orthologues share 33 % amino acid identity over the entire length of the protein. The
highest degree of structural stmifarity is in the A and B domains, but the N-terminal
domain has identical amino acids at about 20 % of the positions. Within the N-terminal
domain, the level of similarity varics considerably. Several sub-regions within the N-
terminal domain {amino acid positions 195-235, 270-289, and 317-343 of human pRb) all
exhibit greater than 50 % amino acid identity among the 5 disparatc vertebrate species.
Within these sub domains, there are stretches of amine acids that exhibit nearly complete
similatity [111]. 1t is notable also that the N-terminal domain of pRb is unique and shares

only 12 % homology to the N-terminal domains in pl07 and p130 [111].

The affect of the N-terminal domain of pRb in relation to the tumounr suppressor
function of full length pRb.

Over the last two decadces, the published literature on pRb has concentraled on the
characterisation of the small and large pockets (379-792 and 379-928) respectively. Lhis is
not surprising considering that research on pRb tends to concentrate on its tumour

suppression functions. Further, the N-terminal domain of pRb was thought to be
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dispensable for pRb-mediated tumour suppression, and an N-terminal truncated pRb
protein exerts more potent cell growth suppression than wild-type pRb {[40]. The authors
proposed that truncated pRb proteins could be produced by alternative translation from the
sccond in-framec AUG codon of the Rh mRNA [140]. Alternative splicing at exon 2 has
more recently been found in normal human placenta, various tumour cells, and rat tissues
[141]. The resultant R transcript should be translated exclusively into a truncated Rb
protein lacking the N-terminal 112 amino acid residues [141]. Viable N-terminal domain
truncated pRb proteins have also been shown to accumulate in growth-arrested or
diffcrentiated human lecukacmia ccll lines after addition of retinoic acid, phorbol 12-
myristate 3-acetate, or a-interferon [142-144].

In 1997, a study brought into serious question the assumption that the N-terminal
region is dispensable for tumour suppression |[145]. Although the cntite deletion of the N-
terminal domain lecaves a truncated protein that growth suppresses more efficiently than
wild-type pRb, mutation ol specilic regions m the N-terminal domain does compromise
pRb-mediated tumour suppression. Studies were carried out in {ransgenic mice expressing
human pRb with different deletions in the N-terminal domain (RbAN). None of the
deletions compromised Cdk2 consensus phosphorylation sites. The mutant mice were
compared with mice expressing identically regulated wild-type pRb. Expression of both
pRb and RbAN caused developmental growth retardation, but the wild-type protein was
more potent. In contrast to wild-type pRb, the RbAN proteins were unable to rescue Ry
mice completely from embryonic lethality. Embryos survived until gestational day 18.5 but
displaycd defects in the terminal differcntiation of erythrocytes, neurons, and skeletal
muscle. Thus, the N-terniinal domain is important for complete tumour suppression, as the
RHAN transgenes failed to prevent pituitary melanotroph tumours in R mice. This study
strongly suggests that the N-terminal domain of pRb is required for embryonic and post-
natal development, tumour suppression, and the functional integrity of the entire Rb

prolein,
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The N-terminal domain of pRDb can be phosphorylated

There are presently two publications reporting the phosphorylation of the N-
terminal domain of pRb. The first showed that pRb 1-378 is phosphorylated during G2/M
phases by a novel pRb/histone HI kinase (RbK) [100] and the second found that pRb is
phosphorylated by cyclin D/Cdk4/6 and cyclin {A/EYCdk2 and that several residues in the
N-terminal domain of pRb are phosphorylated during G1/8 transition [146].

RbK was discovered during GS8T-pull down experiments using GST-pRb (1-378)
bound to glutathione-agarose beads and used as affinity reagents in an in viiro protein-
binding assay followed by an in vifro kinase assay. It was further discovered that part of
the N-tcrminal domain of pRb (amino acids 89-202 [100]) associated with RbK in
metaphase-arrested cells, and that RbK enzymatic activity peaks during G2/M phases of
synchronised human caucasian, lung carcinoma cells (A549) and ML1 cells.

In 1992, a study reported that a variety of subtle N-terminal domain 85 mutations
abrogate pRb-mediated growth suppression and biock pRb phosphorylation in vivo despite
the retention of E2F-binding activity within the pRb pocket|120]. The N-terminal domain
consists of three regions that contain kinase recognition sites |76, 120] and have been
proposed to be important for phosphorylation of pRb [120]. There arc two clusters of
phosphorylation sitcs within the N-terminal domain of pRb (S230/S250/1252 and
T356/T373), efficiently phosphoryiated by Cdks [146]. These sites may be crucial to pRb
function because they are conserved in rodents, fish, birds, and amphibians. Sincc
phosphorylation can alter binding to pRb, phosphorylation can alter the spectrum of pRb

protein compiexcs formed.

THE P53 TUMOUR SUPPRESSOR PROTEIN
The p53 tumouwr suppressor 1s a DNA binding transcription factor often found

mutated in cancer. In response to DNA damage and conditions that require growth arrest
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(such as cell density) p53 is activated [147]. Through inducing p21 VAT

, pS3 regulates
the G1/S DNA damage checkpoint, where the cells arrest prior to S phase to allow DNA
repair to be performed. Central to this process is Mdm2 (human Hdm2), an E3 ligase that
targets both p53 and itself for ubiquitination. This function of Mdm2 has been shown to
play a role in allowing export of p53 from the nucleus to the cytoplasm and degradation of
pS3 by the protcosome [148]. Mdm2 is a transcriptional target of p53, creating a negative
feedback foop where pS3 activates expression of Mdm?2. This keeps p53 levels low durtng
normal growth and development. Activation of the p53 response to cellular stress such as
DNA damage, oncogene aclivation, telomere erosion and hypoxia is mediated, at least in
part, by inhibition of Mdm2 and rapid stabilisation of the p53 protein [ 148].

Several oncogenes can induce stabilisation of p53 by enlisting the activity of ARF,
a protein that functions by binding directly to Mdm2, inhbiting the ubiquitination of p53
and allowing accumulation of p53 in the nucleas [148]. ARF expression can be directly
activated by the transcription factors DMP1 and E2F-1. In noymal cells, a proliferative
signal that activates the Ras/Raf/MEK/MAPK pathway will result in the activation of the
transcription factors E2F, Ets and AP-1. Stabilization of E2F-1 lcads to activation of ARF,
which leads to activation of p53 and apoptosis. Els and AP-1 bind to the Mdm2 promoter
and stimulate its production. These increased levels of Mdm?2 balance the increase in ARF

[149].

P300 AND CROSS-TALK IN THE CELL CYCLE

The p300/CBP family of proteins includes p300, CBP, p270 and potentially other
proteins [150]. Evidence indicates that p300/CBP genes are altered in various human
tumours |151-155}, which is consistent with studies on Chp™” mice that suggest CBP
possesses tumour suppressor activity in the haematopoietic system [156]. Thus p300/CBP
proteins may be regarded as having some of the hallmarks expected of a classical tumour

suppressor protein. The p300/CBP family are involved in processes including proliferation,
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differentiation and apoptosis (reviewed by [157-159]). p300/CBPfunction as transcriptional
co-activators and are involved in multiple, signal-dependent transcriptional events {160].
Viral oncoproteins (such as EIA and SV40 large T antigen} specifically target
p300/CBP family proteins (Figure 9) [161-165]; reviewed by [166, 167} p300/CBP
mtetraction with viral oncoproteins causes a loss of cellular growth control {168, 169],
cnhanccs DNA  synthesis [170] and blocks cellular differentiation [164, 171-173],
reviewed by [159]. It 1s thought that p300/CBP proteins regulate transcription by directly
remodelling chromatin through the acetylation of histones, facilitating the decondensation
of chromatin, which allows the transcription machinery to access promoters [174-177].
p300/CBP family proteins are endowed with histone acetyl-transferase (HAT) activiiy
[178] [L79]. They are able to facilitate the transfer of an acetyl group to the £-amino group
of a K residue. The acetylation level of chromatin has been established as the key

mechanism in regulating transcription, reviewed by [180].
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Figure 9
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Chapter |

Figure 9: Schematic representation of the p300 protein depicting its domains and

binding partners

The full length p300 contains all of the following defined domains; Nuclear
receptor binding domam (NR), 3 cysteine-histidine domains (C/H1) (C/H2)
(C/113), CREB binding domain (KIX), the CRD domain, the Bromo-dorain,
the TBiD, and the N-terminal phosphopeptide-binding domains with homology
to IBiD (IHD). The N-terminal and C-terminal domains are frans-activation
domains that bind a variety of transcription factors to facilitatc gene
expression, The acetyl-transferase region (residues 1135 to 1673) recognisces its
substrates through the bromo-domain.

Underneath the schematic, known transcription factors that bind p300 are

shown ino relation to the region of p300 they bind.
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‘F'he identification of p300/CBP

p300 and CBP were identified as proteins that bind to the adenoviral E1A and the
cAMP-response-element-binding protein (CREB), respectively [181]. p300/CBP genes are
conserved in a variety of multicellufar organisms. p300 is present in chromosome 22
(22q13) [163] and CBP resides in chromosome 16 (16p13.3) [182]. Curiously, the 22q13
region shares significant homology o 16p13.3, which 1s also implicated in Rubinstein-
Taybi syndrome (RTS; [151]. Apart from p300/CBP, these two regions may contain eight
other pairs of paralogous genes [ 183].

p300 and CBP share several conserved regions, which constitute most of the known
functional domains mn the proteins (Figure 9) [161]. The main conserved regions include
the bromo-domain (conserved through out mammalian HA'Ts), three cysteine-histidine rich
(CH)-rich domains (CH1, CH2 and CH3), and a KIX domain. The CH1, CH3 and the KIX
domains are likely to be important in mediating protein-protein interactions, and a number
of cellular and viral proteins bind to these regions (Figure 9). Crystallographic studies

show that the bromo-domain recognises acclylated residucs [184]. p270 sharcs somc

common anligenic delermimants with p300, and has been reporied o be a component of

mammalian SWI/SNF complexes (involved in chromatin remodelling) [185].

p300/CBI have many overlapping functions but also a number o unique lunctions,
Most sequence specific transcription factors can be activated by p300/CBP in transfection-~
based assays. Knockout mice have been utilised to study the unique and connccted
functions of p300/CBP. Mice were generated that exhibited p300™ or Chp” genotypes.
Both show similar embryonic lethal phenotypes [186]. Examination revealed defects in
growth and neural ube closure [186]. Further more, some p300™" mice and Chp*" mice
suffer early lethality [186]. it is thought to be important for the protein levels of p300 and
CBP to be maintained above a threshold (hence explaining p300 " or Chp'™ lethality)
[186].
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CBP and p300 also have unique functions. Patients suffering from the haplo-
insufficicnt RTS are heterozygous for a mutation in the Chp allele [151], and Cbp™ mice
also show skeletal abnormalities similar to sufferers of RTS [187]. pSOO""' fibroblasts have
specific defects in retinoic-acid dependent transcription but retain normal CREB activity

[186].

p3VW/CBP and the cell eycle

ElA mutants that cannot bind to p300 exhibit defective cellular transformation
[39]. This suggests that p300 and CBP are important in cell cycle regulation, reviewed by
1167). Studies of p300 ™ and Chp  knockout mice have provided direct evidence that
p300/CBP proteins are important for cell cycle regulation and differentiation [186].
Consistent with this idea 1s the obscrvation that in cell-based assays p300/CBP can
cooperate with members of the MyoD family of muscle-differentiation regulating
transcription factors in modulating the expression of down-stream myogenic factors,
imecluding myogenin and MEF2, and promote cell cycle withdrawal in myoblasts mduced
to differentiate [172].

‘The p300/CBP-P/CAF protein complex can arrest cell cycle progression [169]. Cell
cycle arrcst is required for cells to begin differentiation, and acetylation of pRb by P/CAF
is required for C2C12 cells 1o awrrest and undergo myogenic differentiation [53]. Mutation
in the HAT domain of P/CAF impairs MyoD-dependent frans-activation [188]. It is
interesting that the over-expression of E1A (which antagoniscs P/CAF binding to
p300/CBP), drives cells into S-phase [169]. In Caenorhabditis elegans (C. elegans),
inactivating the Cbp-I gene blocks most aspects of diffcrentiation. Evidence that
acctylation by p300/CBP/P/CAF promotes diffcrentiation was obscrved indirectly by the
observation that components of the HDAC complexes which antagonize HAT activity,

rescues some of the Cbp-7 phenotype [189], providing evidence that p300/CBP/P/CAF
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HAT activily is required [or differentiation, at least in C. elegans, to counteract the role of
HDACs.

Cell growth and proliferation are influenced by p300/CBP activity [170]. It was
observed thal p3007" mouse embryouic fibroblasts METs grow more slowly compared to
wild-type cells and have a phenotype reminiscent of senescence. The binding of E1A to
p300 correlates with E1A-induced DNA synthesis {170], so the ELA-p300 complex might
play an active role in stimulating cellular growth and proliferation.

There are other ways in which p300/CRBP promotes cell growth and proliferation.
p300 forms a temary complex with p53 and Mdm?2. Mdm2 mutants that fail to bind p300
are unable to degrade p53, hence p300 is required to degrade pS3 [190]. In E2F-5, a Cdk-
phosphorylation consensus site in the transcription activation domain is phosphorylated by
cyclin E/Cdk2 as cells approach S-phase [191]. This phosphorylation was shown to
augment interaction of p300 with E2F thereby enhancing the transcrption of E2F genes
[191].

p300/CBP proteins are also involved in mediating apoptosis. p300 can interact with
the hypoxia-inducible factor (HIFle) [192], which binds 1o and stabilizes p53 during
hypoxia {193]. The HIF1o-p300/CBP-pS53 pathway is thought to play an tmportant role in
regulating apoptosis under hypoxic conditions and may prevent tumour development. fn
vitro stadics in mammalian cell-based assays have provided cvidence that p300/CBP is
involved in apoptosis [194]. Celis lacking p300 but not CBP have impaired ionising
radiation (JR) sensitivity [195], and functional sequestration of p300/CBP activity by E1A,
or a dominant negative version of p300, reduces p53-dependent apoptosis |[194]. /n vive
p300 also interacts in complex with IMY (Junction-mediating and regulatory protein), and
p33 in responsc to stress [196]. This complex up-regulatcs a varicty of target genes
inclnding bax, which may account for its pro-apoptatic ability [196].

p300 is also involved m controlling cell adhesion [197]. The nuclear proto-

oncoprotein SYT can associate with p300 and this association occurs predominantly in
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contact inhibited cells [198]. SY'T is an SFH2/SIT3 domain containing protein that becomes
mutated in synovial sarcomas and certain other cancers. SYT mutant cells are believed to
exhibit deficient cell adhesion control [197]. The mechanisms by which the p300-SYT

interaction affects cel} adhesion remains unclear.

Transcriptional regulation by p300/CBP

The initiation of transcription by RNA polymerase Il requires sequence-specific
promoter/enhancer-binding transcription factors as well as the basal transcription
wachinery. Unless transcription factors can directly interact with the basal transcription
machinery, other proteins must act as bridges that connect them to the basal machinery.
p300/CRBP is known to intcract both with a widc varicty of transcription factors and with
components of the basal transcriptional machinery, including TBP, TFIIB, TFIE and
TFIIF [196].

Thercfore, in onc model, p300/CBP provides such a bridge. Since p300/CBI
proteins are mvolved in numerous signal transduction pathways, Kamei and colleagues
have proposed that a coordinated re-distribution of p300/CBP activity among diffcrent
classes of factor in a signal-dependent manner imparts specificity in transcriptional
regulation f199]. For cxample, the engagement of p300/CBP by various hormenc rceeptors
inhibits AP-1 transcription [199], and over-expression of E2F-1 can hinder p53 srans-
activation in a p300/CBP-dependent manner [200].

p300/CBP has been frequently found in complex with other HATSs, including
P/CAF [201], SRC-1 [202] and P/CIP/ACTR/AIBY [203]. p300/CBP proteins might
nucleate the assembly of diverse cofactor proteins into multi-component co-activator
complexcs [202]. p300/CBP may function as a scaffoiding protein that binds a varicty of
transcription cofactors thereby facilitating protein-protein and protein-DNA interactions
that make uvp the transcription machinery. Studies of the hwmnan interferon B (IFNp)

enhancer have shown that the surface of p300/CBP provides a scaffold for different
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components of the transcription apparatus [204]. The recruitment of p300/CBP, together
with transcription factors such as ATF2/JUN, p50/p65 of NF-kB and interferon regulatory
factor 1, alongside architectural proteins including high mobility group (HMG) proteins,
may be important for cooperativity and transcriptional activation [205].

p300/CBP HAT activity acts upon transcription factors, and the basal
transcriptional apparatus, to influence transcription. Many transcription factors are
acetylated by p300/CBP such as p53 [206], E2F-1, E2F-2 and E2F-3[88, 207], Myb [208],
MyoD [188], GATA-1 f176], EKLF [209], HNF-4 [210] and NF-Y [211] (Figure 10). In
almost all cascs, acctylation cnhances their DNA-binding activity. Acetylation at the p53
C-terminal domain may cause a conformational change that relieves the inhibitory effect of
this region towards p53 DNA-binding, leading to increased DNA-binding activity [206].

It is also possible that acetylation creates a surface that facilitates protein-DNA
recognition; this idea is consistent with the observation that many transcription factors
have cnhanced DNA-binding activity upon acctylation. Protein acetylation can also
reguiate protein-protein interaction; acctylation of Drosophila TCF inhibits its binding to
Ammadiilo, thereby leading to down-regulation of transcription [212]. The wviral
oncoprotein E1A is also acetylated, and acetylation of K239 in El A regulates its binding
to CtBP (C-terminal binding protein), which is capable of interacting with various
transcription repressors [213]. The pRb is acetylated in a fashion that influences
subsequent phosphorylation of pRb, and E1A can stimulate pRb acetylation [214]. pRb is
also acetylated during early stages of differentiation by P/CAF [53]. Components of the
basal transcription apparatus (for example, TFUE and TFIIF, and TAF(I}68), can also be
acetylated [175]. Acetylation of these factors enhances DNA-binding activity and
consequently stimulates gene activity [215]. Many more transcription factors are known to
be acetylated and with various functional outcomes (listed in Figure 10),

Acetylation of multiple sites in the core histone tails is associated with

transcriptional activity. An important question is whether the p300/CBP HAT activity
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targets nucleosomal histones directly and regulates transcription by chromatin remodelling.
Although p300/CBP can acetylate all four core histone in vitro [179, 210), it is not clear
whether histones are the bona fide targets of p300/CBP HAT activity in vive and, if so,
which K rcsidues in the histone tails are specifically modified by p300/CBP HAT.
Biochemical and genetic experiments have demonstrated the importance of histone tails as
key targets of acetylation, which has a significant impact in regulating transeription [177]
reviewed by [217]. Specifically, by mutating the N-terminal tail of histone H4, Durrin ef af
showed that conditionally active genes, such as Gall! or PhoS, become less inducible
{218]. Furthcrmore, mutation of certain K residues in the H3 and H4 tails may bypass the
need for GCNS (a key yeast FHAT) for transcriptional activation [177]. Acetylation may be
responsible for transcriptional repression, because deletion or K substitution in the histone

H3 tails leads to highet basal levels of Gal/ and PhoS transcription in budding yeast [219].
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Figure 10
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Chapter 1

Figure 10: The ramifications of acetylation of non-histonc ccllular proteins

This table lists the non-histone proteins presently known to undergo

acetylation. Shown here is a summaty of transcription factors and other non-histone

proteins are acetylated. In each case the purported function of acetylation is listed

in the left colunm.
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Biochemical analysis indicated that the removal of HZA/H2B from nucteosomal
arrays enhances gene aclivily, at least in part by decreasing the level of chromatin folding
[220, 221]. More recently, a functional interaction between p300/CBP and a family of
proteins involved in nucleosome assembly, the nucleosome assembly proteins (NAP), has
been documented [222]. NAP is invelved in the assembly of regularly spaced nucleosomal
arrays {223]. Ito et a/ demonstrated that acetylation of histones by p300 helps the transfer
of H2ZA-H2B dimers from nucieosomes to NAP-1 [222], such a mechanism might divectly
couple acetylation of nucleosomes to nucleosome remodelling in transcriptional regulation.

HATSs might then play roles i both transceription activation and inaclivation [205].
Hypo-acetylation generally (but not always) correlates with transcriptional repression, and
hyper-acetylation correlates with transcriptional activation, reviewed by [{80].
Mechanistically, acetylation of K residues within the histone tails may have several
outcomes: (1) it may promote transcription factor access to DNA in chromatin [224],
possibly by neutralising the positive charge associated with the K é-amyino group (reviewed
by [225]); (2) it may weaken intet-nucleosomal interactions and de-stabilise higher-order
chromatin structure [220, 221]; and (3) it may promole thc processivity of RNA
polymerase through nucleosome arrays [220)].

Li et al elegantly demonstrated the requirement of p300 HAT activity in
stimulating transeription from the thyroid hormone receptor bA (2 ba) promoter and hsp 70
promoter, Importantly, these studies suggested that p300 facilitates franscription from a
distupted chromatin template but 15 not itself involved in disrupting chromatin structure

and instead stabilises a remodelled chromatin state [211, 227].




Objectives

pRb was first discovered to be acetylated by Chan et af [214]. pRb acetylated at
residues K873/874 was shown to prevent ir vitro phospborylation of pRb by
cyclinli/Cdk2. Thus, acetylation of K873/874 was predicted to induce cell cycle arrest at
the GI1/S phase boundary. Flow cytometry studies confirmed that the pRb mutant
derivalive pRb (379-928) 873/874 QQ, caused an increase in the percentage of cells in G1-
phase as a proportion ot the total asynchronous cell population [214].

Further to this, acetylation ol pRb was observed (o be induced by differcatiation in
‘human leukemic monocyte lymphoma cell line’ (U937 cells) [214]. This has been
followed by a recent study that confirms pRb acetylation at residues K873/874 is required
for the initial stages of ditterentiation in C2C12 cells | 53]. Using a specific antibody raised
against acetylated K873/874, acetylation of pRb was shown to be induced by ctoposide
treatment in a varicty of ccll lines [97]. Consequently, a corresponding change in the intra-
nuclear localization of acetylated pRb was obscrved in response to DNA damage [74, 97].
One of the aims of this study is to tracc somc of the down-strecam functional consequences
ol K873/874 acctylation, in relation to the control of E2F-1.

Analogous studies on E2F-1 and p53 revealed they are acetylated in response to
DNA damage [75, 228]. Similar studies found that E2F-1 is phosphorylated and stabilized
by A'TM kinase and Chk2 kinase in responsc to DNA damage [73, 229], and that phospho-
E2F-1 (phosphorylated at S364) also undergoes a nuclear redistribution in response to
DNA damage. Exogenous cxpression of E2F-1 is known to induce apoptosis by trans-
activation of apoptotic genes such as p73 and apaf~! {75]. As pRb is acetylated in response
to DNA damage, it follows that the acetylation of pRb might be involved in regulating
E2F-1-dependent apoptosis. A further objective of this study was to address how the
acetylation of pRb might influence E2F-1 activity, and to tcst whether acctylation of pRb

at residues K873/874 could [acilitale nuclear redistribution in response to DNA damage.
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pRb was shown to be in vitro acetylated by p300 in four out of its six domains;
only the spacer and the N-terminal demain remained left to study {214]. An additional aim
of this study was to address whether the N-terminal demain of pRb is acetylated both in
vitro and in vivo, and under what control. A key question concerned whether or not the N-
terminal domain of pRb can impact on the well-characterized propertics of pRb (for

instance, its interaction with E2F-1) through interacting with the C-terminal domain.
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CHAPTER 2

MATERIALS AND METHODS

PLASMIDS

pGEX2T-Rb (379-928) has been described in Bandara et. af. 1991 [230}. pGEX2T
763-928, and pcDNA3-91:10 Rb (1-928) were kind gifts from Robert White and Sybille
Mittnacht. pSGSL-HARD 1-928 was kindly provided by Bill Sellers. pGEX2T GST-Rb 10-
330 was provided by Paul Robins [231]. Flag-p300 1134-2414, and His-p300 1195-1673
have been described previously [214]. Flag-p300 (F1.) baculovirus was also provided by
Nakatani {216]. pHA-E2F-1 and pCMV-Pgal plasmids have been described in Lee ¢t al.
{232]. pE2F-1 and pDP-1 havc becn deseribed in Bandara el af. [233]. The mammalian
expression vector for Mdm?2 has been described [234].

PGEXKG-Rb 1-376 and pcDNA3HA-Rb 1-376 were PCR cloned from pSGSL-

HARD 1-928 using the Advantage® —~GC2 PCR kit (Cloatech) as per supplied protocol.

i Plasmids 5*-Primer 3'-Primer
pGEXKG-Rb
1-376 and
TAATTACCATGGCCTACCCCTACGACGTG | TTCTAGCTCGAGTGACCTAACTGGAGTGTGTG
pCDNA3HA-
Rb 1-376

The ‘Quick change multi site-directed mutagencsis kit” (Stratagene) was utilised to
generate pGEX2T-Rb 763-928 'A7PUKSHQ apnd pGEX2T-Rb 763-928K873RKER - from
pGEX2T-Rb  763-928. The 2HA-pcDNA3-Rb 763-928, 2HA-pcDNA3-Rb  763-
928*FIUKEMQ "and 2HA-pcDNA3-Rb 763-928 ©¥7RFVR were subcloned from pGEX2T
763-928, pGEX2T 763-928K87UKEQ and the pGEX2T 763-928"873NKEMR hacterial

expression vectors respectively by restriction digest using Bam HI, and EcoR1 restriction
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enzymes (Promega). The resulting vectors were sequenced by Lark technologies using the
universal pGEX reverse primer to confirm the mutant’s identity. pSGSL-HARD 1-
92RKEBAETIQ 4304 PSGSL-HARD 1-928 "R HR wwere subcloned by restriction digest

from pcDNA3 9EI0 Myc-Rb 1-928.

SITE-DIRECTED MUTAGENESIS

pGEX2T-C-pRb 763-928 point mutants were generated using Quick change site-
directed mutagenesis kit (Stratagene). Primer pairs encoding Rb K873/874 to Q (QQ) or R
(RR) were generated (using specifically designed software on the Stratagene website

hitp://labtools stratagene.conVQC). The primer properties match those listed in the manual;

ie 25 to 45 bases in length, with a melting temperature (I'M) of = 78 °C, and with the
desired mutation in the middle of the primer, with [0-15 bases of the correct sequence on
both sides. Primers were manufactured by Sigma-Genosys. Briefly; these primers were
annealed to the circular double-stranded teraplate (pGEX2T-C-pRb 763-928) and extended
by PCR reaction in & thermal cycler with Pflurbo® DNA polymerase to produce two
nicked circular strands. The parent template DNA was then digested using Dpnl (which
only recognises methylated template DNA). The mutated product was then transformed
into XI.1-Blue super competent cells. These cells repair nicks 1n the mutated DNA strands.
The resulting cells were grown on Terrific Broth (TB) (Sigma-Aldrich)agar plates
containing ampicillin at 50 ug/ml final concentration (Sigma-Aldrich). Colonies were
cultured overnight in TB/amp growth media and the DNA was harvested using the mini
prep kit (Qiagen). The resulting DNA was sequenced using the universal pGEX reverse

primer to confirm the mutations and the accuracy of the PCR product (T.ark technologies).
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Plasmids Promer pair

Sense 5'-ccctectaaaccactgagaaga ctacgetttgatattgaag-3'
873/874RR
a.Sense S'-cltcantatcaaageglaglellet cagtggliltaggagpg-3’

Sense 5'-caaccctcctanaaccactgeageaa ctacgetttgatattgaag-3'
873/874Q0Q
aSense 3'-cticaatatcaaagegtagttectg cagtggtttaggageettg-3'

TISSUE CULTURE AND TRANSFECTION

The C33A, U208, HEK 293, and HclLa cells were cultured in Dulbecco modified
Eagle medium (GIBCO) supplemented with 10 % foetal calf serum (FCS) and 0.1 %
penicillin/streptomycin (GIBCO) at 37 °C in 5 % CO,. These human cancer cell lines were
purchascd from the Europcan Tissue Culture Collection (ECACC). High Five (HIS) and
SF9 insect cells were utilised for the protein expression and baculovirus amplification
respectively. Insect cells were maintained in TC100 medium (GIBCO) supplemented with
5 % FCS and 0.1 % gentamycin (GIBCO) at 26 °C. H15 and SF9 cells were purchased
from Cancer Research UK (CRUK). Detection of acetyl-N-pRb was aided by (reating cells
with 10 uM TSA, which was purchased from Sigma Aldrich. Transfections were carried
out using both Effectene transfection reagent (Qiagen) and Genejuice transfection reagent
{(Novagen) according to manufacturcr’s guidelines. pCMV-[} galactosidase (B-gal) 0.5 ug
was included in all transfections to compare transfection efficiency between samples. The
amount of DNA in each transtection in an experiment was equalised by the addition of the

appropriate amount of empty vector DNA.
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IMMUNOBLOTTING AND IMMUNOPRECIPITATION

Primary Antibodies

The ‘Acetylated-Lysine Polyclonal Antibody” {Anti-Ac-K poly) and the
‘Acetylated-Lysine Monoclonal Antibody’ (Anti-Ac-K mono) were both purchased from
Cell Signalling. Anti-HA monoclonal antibody oHAII (ascites form) was purchased from
Covance, and the anti-I1A polyclonal antibody oHA-Y 11 was purchased from Santa Cruz.
The monoclonal E2F-1 antibody KH95 along with the E2F-1 polyclonal antibady C20
werc purchased from Santa Cruz. The pRb aatibodics IF8 (monoclonal) and CIS
(polyclonal) were purchased from Santa Cruz. The pRbL antibody G3-245 mouse
monoclonal antibody was purchased from BD biosciences. Anti-DP-§ polyclonal antibody
K20 was purchased from Santa Cruz. The anti-Mdm2/Hdm2 monoclonal antibody SMP14
was purchased from Santa Cruz. The anti-Flag antibody (M2) was purchased from Sigma.

The anti-GST antibody B14 was purchased from Santa Cruz.

Secondary antibodies

The following secondary antibodics were used for immunoblotting at 1 in S000
dilution from manufacture’s stock: Goat anti-mouse antibody and goat anti-rabbit antibody
were purchased from Dako,

The following fluorescent secondary antibodies were used during immunostaining
at 1 in 400 dilution from manufacture’s stock: The ‘Alexa Fluor ® 488 (green) goat anti-
mouse antibody (2 mg/ml)’, the ‘Alexa Fluor ® 594 (Red) goat anti-mouse antibody (2
mg/ml)’, and the ‘Alexa Fluor ® 595 (Red) donkey anti-rabbit antibody (2 mg/ml)’ were

purchased from Invitrogen.
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Preparing cell lysate with IPH buffer

Cells were incubated for 48 h post-transfection. The cells were then washed twice
in ice-cold PBS purchased from Sigma (supplemented with protcase inhibitor cocktail
((Calibiochem) at | in 1000 dilution). Cells were harvested by scraping cells into 1 ml of
fresh ice-cold PBS. Cell pellets were collected by centrifugation at 1200 rpm in a Sorvall
bench top centrifuge. Pellets underwent lysis by rotation on a wheel at 4 °C in IPH buffer
(50 mM Tris piT 8.0, 150 mM NaCl, 5 mM EDTA, 1 mM PMSF, protease inhibitor
cocktail ((Calibiochem} at 1 in 1000 dilution), 10 uM TSA (Sigma)), supplemented with
0.5 % NP-40. Cells underweunt lysis for 45 min before being centrifuged at 13000 rpm for
20 min {in a Sorvall bench top micro centrifuge) to separate the required supernatant from
the waste cell debris. Supernatant was kept on ice whilst the protein concentration was

determined using the Bradford assay (Biorad).

Preparation of separate nuclear and cytoplasmic extracts.

Separate nuclear and cytoplasmic extract was prepared using a slightly modified
version of the Dignam method [235]. After transfection, cells were incubated tor 48 h. The
cells were washed twice in ice-cold PBS (conlaming protease inhibitor cocktail
(Calibiochem) at 1 in 1000 dilution). Celis were scraped into 1 ml of ice-cold hypotonic
buffer (20 mM TIEPES pIT 7, 10 mM KCL., | mM MgCls, 0.5 mM DTT, 0.1 % Triton X-
100, 20 % Glycerol, 2 mM PMSFE, 10 pM TSA) suppiemented with protease inhibitor
cocktail ({Calibiochem) at 1 in 1000 dilution). Cells were disrupted using 15 strokes of a
Dounce Homogeniser. Following this, samples were centrifuged at 3000 rpm for 5 min.
The supernatant was removed and stored as the cytoplasmice fraction. The remaining pellet
was resuspended in 2/3-pellet volume of extraction buffer (hypotonic buffer supplemented
with 420 mM NaCl). Nuclear lysis was achieved by incubating samples (under rotation) at

4 °C for 20 min. The nuclear extract was separated from the nuclear matrix by centrifuging
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samples for 10 min at 13,000 rpm. Cytoplasmic and nuclear extract was kept on icc whilst
the protein concentration was determined using the Bradford assay (BioRad). Extract was

used right away or clsc stored at -80 °C.,

Immunoprecipitation

In order to ensure cqual loading of exogenous protein for each IP, the transfection
efficiency of each sample was determined by measuring the relative expression of B-
galactosidase (B-gal). To measure the -gal activity, 20 pl of cell extract was mixed with
20 wl of 2x 3-gal buffer (200 mM Na phosphate buffer pH 7.3, 2 mM MgCl,, 100 mM (-
mercaploethanol (Sigma), 1.33 mg/inl o-nitrophcnyl-beta-d-galactopyranoside (ONPG)
{Sigma)). The reaction mixtures were incubated at 37 °C until a yellow colour developed.
The rcactions were stopped by the addition of 960 ul of 0.5 M NayCO; to cach sample, and
the relative absorbances were measured at 420 nm.

In some experiments it was necessary to measure the difference in binding aftinity
of various mutants of the C-terminal domain of pRb for E2F-1. In order to ensure the equal
loading of mutant protcins, 100 pg of input for cach transfected mutant were first run on a
sodium dodecyl sulpbate-polyacrylamide gel electrophoresis (SDS-PAGE) gel
Immunoblotting facilitated visunalisation of relative protein levels. Relative protein levels
were ascertained by measuring the band intensity of the exogenous protein in each sample
using densitometric analysis soliware (Image J).

Protein-G-agarosc was incubated with 3 il of primary antibody (2.5 pug/ul) for 2-4
h at 4 °C. The resulting beads were washed 6 times with [PH buffer (supplemented with
0.5 % NP-40) to remove excess antibody. Each protein extract sample was first pre-
incubated for 1 h at 4 °C with antibody {ree Protein-G-agarose in order to remove that
bound non-specifically to the agarose beads. Pre-cleared extract was incubated with

antibody bound Protein-G-agarose for 2-5 h at 4 °C rolating on a wheel. After incubation,
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the beads were extensively washed (approximately 6 to 10 times) with [PII buffer
(supplemented with 0.5 % NP-40). Proteins bound to the beads were eluted with 3X SDS
loading buffer (150 mM Tris pH 6.8, 6 % SDS, 0.3 % Bromophenyl Blue, 30 % glycerol,
and 2 mM B-mercaptocthanol) and visualised by immunoblotiing using the appropriate
antibodies.

All other immunoptecipitations described were carried out in the same manncr as

above, with slight modifications of the NP-40 concentrations.

STRIPPING AND RE-PROBING OF BLOTS

In order to re-probe blots, bound antibodies were removed by immersing the
blotting membrane in 15 mi of stripping buffer (0.2 M Glycine, 1 % SDS, HCL to pH 2.5)
for 45 min at room temperature. The stripped membrane was rinsed with dH»>0 over and
over for a period of about 5 min. Removal of any residual stripping buffer was ensured by
3 (5 min} washes in PBS (supplemented with 0.1 % ‘Iriton-X-100), The membranc was
then re-blocked in 5 % milk (Marvel) diluted in PBS (Sigma) for 30 min before re-

applying the primary antibody.

IMMUNOSTAINING

The following immunostaining protocol is a modified version previously published
by Gonzales ef al [236]. Cells were transtected and fixed 48 h after transfection. Cells were
washed twice in ice-cold PBS to remove growth media. Cells were then fixed in PBS
(supplemented with 3.7 % tormaldehyde) for 15 min. Residual formaldehyde was removed
by washing the cells 3 times (5 min washes) with PBS. Cells were permeabilized by
immersion in PBS (supplemented with 0.5 % Triton-X-100) for 5 min at room
temperature. Cells were treated with PBS (supplcmented with 10 % FCS) for 30 min at
room temperature. The blocking solution was aspirated and the cells were treated with 100

wl of primary antibody solution (antibody added to PBS at the appropriate dilution) for 1 h
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at room temperature. During primary antibody incubation, cells were stored in a humid
box. Following this, the primary antibody solution was aspirated. The cells are washed 4
times (4 min washes) in PBS (supplemented with 0.025 % Tween 20). Cells were then
treated with 100 pl ol the appropriate Alexa Fluor® secondary antibody (diluted 1 in 400
in PBS) for 30 min in a covered humid box. The cells were washed 4 times (4 min washes)
in PBS (supplemented with 0.025 % Tween 20). The cover slips were drained and
mounted in Vectashield mounting mediam with DAPI (Vector Labs H-1200) on a glass
microscope slide. The slides were sealed with nail varnish. The cells were viewed on an
Olympus BX60 fluorescent microscope. Images were taken using the Hamamatsu Digital

CCD camera, and digitally mampulated using the Open lab computer software.

PROTEIN PREPARATION

Expression and Puritication of Glutathione-S-Transferase-tagged fusion proteins.

Glutathione-S-Transferase fusion protein expression and purification were
performed as described in the company protocol (Amersham, formerly Pharmacia). Fresh
overnight starter cultures (50 ml) of BL21 (DE3) pLys (lnvitrogen) were transformed with
the appropriatc pGEX-rccombinants diluted 1 in 10 in TB media (supplemented with 0.8
% glycerol and ampicitlin (100 pg/ml)). The bacterial cultures were incubated for 16 h at
37 °C with shaking (225 rpm).

Cells were diluted 1 in 50 in the same growth media, and sub-cultured in the same
conditions until the bacterial culture density (measured by a spectrophotomceter) reached an
absorbance of approximately 0.5-0.6 at 600 nm. Upon reaching this cell density, the
culture was supplemented with 50 pM isopropyl-B-D-thiogalactopyranoside (IPTG,
Sigma). The culture was subsequenty incubated at 15 °C for 15 h (o allow for the
induction of protein expression before harvesting the cells.

Bacterial pellets were collected from the cultures by centrifugation at 13,000 rpm
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for 10 min at 4 °C. The bacterial pellet was then re-suspended in 30 mi (or cqual pellct
volume) of PBS (supplemented with 200 uM PMSF, protease inhibitor cocktaif
{Calibiochen) at 1 in 1000 dilution and 1 % Triton-X-100 (Sigma)). Lysis of the re-
suspended culture was achieved by passing the culture drop-wise through a pressure
gradient of 995 psi (three times) in a French press machine. The soluble and insoluble
fractions were separated by centrifugation at 13000 rpm for 30 min at 4 °C. The soluble
supernatant was transferred to 50 ml falcon tubes. Glutathione-Sepharose beads (200 it of
beads per 100 ml bacterial culture) was added to the soluble fraction and incubated under
rotation at 4 °C for 1 h. The glutathione-Sepharose beads were washed three times with 20
ml of ice-cold PBS supplemented with [ % Triton, and once with cold PBS prior to the
addition of soluble lysate.

GST beads were separated from the lysate by passing the mixture through a 5 ml
polypropylene column {Qiagen). The beads were washed twice (30 min per wash) in 5 ml
PBS (supplemented with 200 uM PMSF, protease inhibitor cocktail ((Calibiochem) at | in
1000 dilution) and | % Triton-X-100). The beads were washed for a further 40 min in PBS
without Triton-X-100. Protein impurities were removed by a further 20 min wash step
using PBS (supplemented with 200 uM PMSF, protease mhibitor cockiail (Calibiochem) at
1 in 1000 dilution and 10 pM reduced glutathione (Sigma)). Protein preparations produced
for in vitre pull down assays were stored at -20 °C at this stage. For experiments requiring
eluted protein, GST-tagged proteins were baich eluted by incubating the GST beads for 30
min in clution buffer (50 mM Tris«-HCL (pH 8), 10 mM reduced glutathione, 120 mM
NaCl} rotating at 4 °C. The ratio of bead volume to elution buffer volume ratio for elution
was 1:1, All fusion proteins were subsequently dialysed into BC100 exchange buffer (20
mM Tris-HCL (pH 8), 0.5 mM EDTA, 100 mM KCI, 20 % glycerol, 0.5 mM DTT, 0.5
mM PMSF and protcasc inhibitor cockrail (Calibiochem) at 1 in 1000 dilution). Dialysis

was facilitated by injecting eluted protein into 500 pl capacity dialysis slides (Pierce Slide-
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A-Lyser® 0.5 ml dialysis cassettes) and immersing the casseties into ice-cold BC100
exchange buffer. Cassettes were left rotating in buffer for approximately 3 h. All aliquots
of protein were run through SDS-PAGE gels and visualised by Coomassie staining. Protein

aliquots were stored at —80 °C.

Expression and purification of His-tagged fusion proteins

The procedure for His-tagged fusion protein expression was similar to that
described for GST-fusion protein expression. Fresh overnight starter cultures (50 ml) of
BL21 (DE3) pLys (Invitrogen) transformed with the appropriate pkETZ8-recombinunts
were diluted 1 in 10 i» TB media (supplemented with 0.8 % glycerol, containing
kanamycin (10 ug/ml)) and incubaicd for 16 h at 37 °C with shaking (225 rpm). The
bacterial culture was sub cultured, indeced, pelleted and lvsed using exactly the same
procedures as those outlined in the GST-fusion protein expression protocol above. The
buffers used to prepare His-tagged proteins were different. Pelleted bacteria were
resuspended in Lysis buffer (10 mM Tris pH 7.9, 10 % glycerol, 0.5 M NaCl, 0.1 % NP-
40, 0.5 mM PMSEF, and protease inhibitor cocktail (Calibiochem) at 1 in 1000 dilution).

The soluble fraction of the lysate was supplemented with 1 mM Imidazole. At this
stage, Ni-NBT agarose beads (Qiagen) were washed 3 times in lysis buffer. The Ni-NBT
agarose beads (200 pl of beads/100 ml culturc) were added to the extract and incubated
under rotation at 4 °C for 1 h. Ni-NBT beads were separated from the lysate by passing the
mixture through a 5 ml polypropylene column (Qiagen). The beads were washed 3 times in
5 ml volumes of BC100 (supplemented with 20 mM Imidazole) each wash lasting 30 min
under rotation at 4 °C. The beads were then washed for 20 min in BC100 (supplemented
with 40 mM [midazole). Elutions of the bound His-tagged proteins were facilitated by the
addition of a volume of BC100 (supplemented with 2 M Imidazole) equal to the Ni-NB'I'
bead volume. The polypropylence colunmmn containing the beads and clution buffer were

rotated at 4 °C for 1 h. Protein samples were dialysed in BC100 as described for GST
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protein preparation, so removing the Imidazole.

Amplitication of Flag-p300 FI. baculovirus

SU9 insect cells were used 1o amplify the Flag-p300 baculovirus. SF9 cells were
grown in 150 ml tissue culture flasks. The first step was to initially infect the cells with
virns. The media was aspirated and 200 pl of virus along with 2 ml of serum free TC100
(GIBCO) were added to the flask. The flasks were covered from the light and left rocking
for T h at room temperature. After initial infection, the flask was supplemented with 23 m]
of TC100 (supplemented with 5 % FCS and 0.1 % gentamycin (GIBCO)). The SF9 cells
were left until most of the cclls had burst (between 10 to 14 days). The virus and media
was aliquoted into sterile screw capped vialg and stored at -80 °C {(wrapped in tin {0il to

keep out the light).

Expression and purification of Klag-p300 ¥L baculovirus

The first step was to determine the optimal amount of virus and the optimal cel
density for baculovirus expression in High Five (HI5) cells. HIS cells were grown on 6
well tissue cuiture plates. The 6 well plates were infected at different Ievels of cell density
(40 %, 50 %, 70 %, 80 %, and 90 % confluence). Cach plate was then divided so each well
was Infected with increasing volumes of virus (10 ul, 20 pl, 50 pl, 100 pl, 150 pi and 200
ul). Infection procedure was identical to that described ubove. The HIS cells were
harvested 48 h post-transfection in 500 pl ice-cold PBS. The cells were pelleted by
centrifugation at 1,500 rpm for 5 min. The supernatant was removed, and replaced with
100 pl of 3X SDS loading buffer. Cells were mixed and briefly sonicated for 10 sec before
heat denaturing the proteins at 100 °C for 5 min. The samples were run on an SDS-PAGE
gel and visunalised by immunoblotting. Anti-Flag antibody was used to detect p300 levels.

The virus concentration that gave the best expression was scaled up for infection of a T150
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tissue culture flask.

Large-scale expression of Flag-p300 L required 9 flasks of HI5 cells (T 150 tissue
culture flasks). Optimum cell density was determined to be approximately 70 %
confluence. The growth media in the flasks was aspirated and the appropriate volume of
virus was added with 2 ml of serum frece media. The flasks were covered to keep out fight
and left rocking at room temperature for 1 h, After the infection period, the flasks were
topped up with 23 ml of TCi00 (supplemented with 5 % FCS, 0.1 % gentamycin). Cells
were incubated at 26 °C for 48 h. Cells were removed by agitation. The cells and media
were decanled into 50 ml falcon tubes and washed 3 times in ice-cold PBS (supplemented
with 0.5 mM PMSF, and protease inhibitor cocktail (Calibiochem) at 1 in 1000 dilution).
The cell pellets were combined so that they were shared belween 2 falcon (ubes. Cells
were lysed by the addition of 5 ml lysis buffer (25 mM HEPES pH 7.8, 0.1 mM EDTA, 0.4
M KCL, 0.1 % NP-40, 5 mM p-mercaptoethanol, and protease inhibitor cocktail
((Calibiochem) at 1 in 1000 dilution). Pellets were lysed using 15 strokes of a dounce
homogenizer (kept cold in ice throughout). Soluble lysate was recovered by centrifugation
at 13000 rpm for 15 min at 4 °C.

Precipitation of klag-p300 FL was accomplished by incubating the lysate with T ml
of resuspended ‘BZ view "™ Red ANTI-FLAG ® M2 Affinity Gel’ (Sigma). Thesc ‘Flag’
beads were washed 3 times with 10 ml lysis bufter prior to incubation with the lysate in
ardet to remove the preservative. The incubation mixture was rotated for 1 h at 4 °C. After
binding, the Flag beads were washed 2 times with 10 ml of ice-cold wash buffer {50 mM
Tris pH 8.6, 200 mM KCL, 2 mM p-mercaptoethanol) each wash rotating for 30 min at 4
°C. The Flag beads were transferred to 5 ml polypropylene columns (Qiagen). Flag-p300
FL was cluted mto 300 pl fractions with elution buffer (50 mM diethanolamine, 1 M KCL,
I mM EDTA, 50 % ethyleneglycol). Fractions were eluted into chilled eppendorf tubes

containing 20 pl of 2 M NalI,PO. to adjust the pll to 7. All samples were dialysed into




BCI100 exchange buffer (supplemented with 0.5 mM PMSF and protease inhibitor cocktail
((Calibiochem} at 1 in 1000 dilution) using the same dialysis slides mentioned in the GST
fusion protein purification protocol. Small aliquots (11} pub) of the fractions were run on an
SDS-PAGE gel and visualised by immunoblotting. Anti-Flag antibody was used to detect

p300 levels.

Protein concentration

If the protein preparations required concentrating, dialysed protein was placed into
‘Viva spin columns’ (Pierce). The columns contain an inner vessel with a porous
membrane on one side, and an outer vessel that completely encloses the inner vesscl.
Protein samples were concentraled through centrifugation of the columns at 13,000 rpm on
a bench top Sorval micro centrifuge. Spin columns with a MWCO of 10,000 Daltons were

used to concentrate the various GST-pRb proteins for use in acetylation assays.

IN VITRO PROTEIN ACETYLATION ASSAY

Recombmant proteins (for use as substrate) were compared against known
concentrations of BSA protein by visualisation on a Coomassic stained SDS-PAGE gel.
Core histones purified [rom chicken erythrocytes were purchased from Upstate for use as
positive control in p300 acetylation assays.

Reactions were prepared with 2-4 ng of substrate protein, 6 pl of 5x HAT buffer
(260 mM Tris pH 8, 25 % glycerol, 0.5 mM EDTA), 3 ul of DTT (10 mM), t pl [*H]
Acctyl-Cocnzyme A (50 pCi/ml) purchased from Amersham, 0.2 pug of HAT, and de-
tonised water to bring the reaction volume o 30 pl Reaclions were mixed briefly by
vortex, and centrifuged briefly at 13,000 rpm. Reactions were incubated in a 30 °C water
bath for 30-45 min, and then briefly centrifuged (at {3,000 rpm). Samples were mixed by
pipctting, and carcfully spotted onto 2 cm diamcter phosphoccllulose filter paper circles

(P81 grade chromatography paper purchased from Whatman). The filters (spotted
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reactions) were then left to air dry for 15 min at room tempcerature. The filters werc washed
in 0.2 M sodium carbonate bulfer (pH 9.2) 3 times (cach wash lasting 5 min) at room
temperature. The washed filters were briefly dipped into acetone and left to air dry for 1 h
at room temperature. The dried filters were placed into scintillation vials containing 4 ml
of scintitlation fluid. Scintillation vials were mixed by inversion. Incorporation of [*H]

Acetyl-Coenzyme A was measurcd using a licquid scintiliation counter.

IN VITRO PULL DOWN ASSAYS

In each experiment GST-tagged proteins (for use as bait) had their concentrations
compared by visualisation on a Coomassie stained SDS-PAGE gel. Relative concentrations
were determined by densitometric analysis of protein bands (using Image J software).

Cell extract (1 mg per pull down) was initially pre-cleared by incubation with 30
pl of GST sepharose beads (Amersham) rotating at 4 °C for 1 h. Pre-cleared extract was
incubated at 4 °C for 1 h with 2 pg of GS'I' tagged recombinant protein. Reaction volume
was brought (o 1 ml by addition of IVT buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5 uM
EDTA, 0.5 % v/v NP-40, supplemented with 0.8 mM DTT, 200 pM PMSF, 400 pM
Sodium Orthovanadate, and protease inhibitor cocktail (Calibiochem) at 1 in 1000
dilution). Each reaction was then supplemented with 30 ul of GST beads and incubated tor
a further 3 h at 4 °C. Reactions were then washed 4 times (5 min per wash) with 700 ul of
VT buffer (0.5 % NP-40) to remove non-specifically bound proteins. All centrifugation
steps were carried out at 2000 rpm for 2 min at 4 °C. Proteins bound to the beads were
eluted with 40 pul of 3X SDS loading buffer and analysed by SDS-PAGE, followed by
immunoblotting.

Listed are specific conditions and variations of the protoco! for the different GST
binding assays included in the thesis: f# vitro translated (1VT) *°S labelled pCMV E2F-1

was used for a source of target protein for the GST pRb {763-928) bail. Interaction was
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therefore assessed using autoradiography to identifty E2F-1, and coomassie staining to
identify GST pRb (763-928). On cstablishing that E2ZF-1 bound GST pRb (763-928), the
E2F-1 sowrce for subsequent pull downs was derived from HEK 293 nuclear extract.
Interaction was assessed as described in the main protocol (above). Levels of E2F-1 were
detected by immunoblotting with anti-KH9S antibody (Santa Cruz). Levels of recombinant
C-terminal domain of pRb were assessed by immunoblotting using anti C15 antibody
(Santa Cruz), which binds to the C-terminal domain of pRb. Levels of recombinant GST-
Gst Protein (used as a negative control) were detected using anti-GST B14 (Santa Cruz).

IVT Mdm2 was used as a source of target protein for accessing whether the pRb
763-928 FEIKEMQ tant derivative was able to bind other target proteins. IVT buffer
used in the binding assay was supplemented with only 0.1 % NP-40. Mdm2 was detected
by immunoblotting using anti-SMP14 antibody (Santa Cruz). Levels of recombinant C-
terminal domain pRb were assessed by immuncblotting using anti-C15 antibody (Santa
Ctuz). Levels of recombinant GST-Gst Protein (used as a negative control) were detected
using anti-GST B14 (Santa Cruz). HA-pSGSI-Rb 1-928 or 2HA-NRb 1-376 were
transfected into HEK 293 celis.

Cells were lysed in IPII buffer (0.5 % NP-40). Following the GST pull down,
levels of NRb and FL pRb were detected using mouse monoclonal HAIl antibody
(Covance). Levels of recombinant C-termuinal domain pRb  were assessed Dby
immunoblotting using anti-C15 antibody (Santa Cruz). Levels of recombinant GST-Gst

Protein (used as a negative control) were detected using anti-GST B14 (Santa Cruz).
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CHAPTER 3

INTRODUCTION: THE N-TERMINAL DOMAIN OF pRb 1S ACETYLATED

THE N-TERMINAL DOMAIN OF PRB IS ACETYLATED IN VITRO.

Mutation or deregulation of pRb has been observed in nearly every type of human
cancer examined [2]. Deregulation of pRb is so frequent in cancer that some have argued it
1$ a prerequisite for all human cancer [25]. Although pRb can physically interact with well
over 100 different cellular proteins [34], the most studied interaction is that of the pRb
large pocket with the E2F-1 protein. Point mutations occurring in the N-terminal domain
of pRb have been identified from cancer patients (reviewed in [{11]). It is likely that
point mutations would occur in locations close to important regulatory regions within
protein domains.

Protems have been found to specifically interact with the N-terminal domain of
pRb. Protcins that intcract with the N-tcrminal domain of pRb may have their binding
regulated through the post-translational modification of the N-terminal domain. It K
acctylation of the N-terminal domain of pRb affccts its protein/protein intcractions, one
might cxpect potential acetylated K residues to be mutated in human tumours. In that
regard, the only documented K residue undergoing point mutation in human tumours is
K136. In the C-terminal domain, acetylation of pRb at K873/874 reduces phosphorylation
of pRb, possibly through preventing cyclin E/A from docking [214]. Also, pRb can be
phosphorylated by RbK, a mitotic pRb kinase [100], and Cdk enzymes |[146]. There may
be additional phosphorylation sites along the N-pRb that have nol yet been delimed.

1 set out to address whether N-pRb is acetylated. For this study, 1 configured a
robust iz vitro acetylation assay that allowed an investigation into the acetylation of N-

pRh. The assay demonstrated that GST-pRb 1-376 is acetylated by Flag-p300 FL but not
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by the HAT domain constructs His-p300 1195-2414 and Flag-p300 1135-2414. These

results indicate that the N-terminal domain of pRb is acetylated.

THE N-TERMINAL DOMAIN OF PRB 1S ACETYLATED IN HEK 293 CELLS

The acetylation of the C-terminal domain in pRb has been shown to be damage
responsive [97], and induced during diffcrentiation of C2C12 cells [53]. Tlus suggests that
the N-terminal domain has a function in tumour suppression. Other transcription factors
are acetylated. Presently, two other reports have described the DNA damage induced
acetylation ol the cell cycle transcription factors E2F-1 and pS3 |75, 228]. These studies
both report that treating cells with doxorubicin (for E2F-1} and IR (for p53) results in the
induction of acetylation. Studies on E2F-1 demonstrate that residues 117, 121, and 125 are
acetlylated iz vivo in response Lo doxorubicin treatment [53]. This induction of acetylation
occurs between 8 h and 16 h post treatment (induction of pRb acetylation by etoposide
oceurs between 4 h and 24 h post treatment [97]).

A similar study on DNA damage inducible Chkl/2 phosphoryiation of p53 has
more closely studied the link between Chk phosphorylation and DNA damage mducible
acetylation [228]. Importantly, Chkl and Chk2 have roles in regulating p53 acetylation.
Using siRNA to knockdown Chk1/2, it was observed that levels of C-terminal domain p53
phosphorylation and acetylation of K382 were reduced |228], leading to a reduced
activation of p27 and Bax in response to DNA damage. Reduced expression of Chk Kinases
lcads to decrcased DNA damage responsive acctylation of p53, and a corresponding drop
in apoptosis. Therefore, perhaps DNA damage could induce N-terminal domain pRb
acetylation in cells. To test this idea I sought to study the in vivo acetylation and the intra-

cellular location of the N-terminal domain of pRb.
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CHAPTER 3

RESULTS

THE N-TERMINAL DOMAIN OF PRB IS ACETYLATED IN VITRO.

His-p300 1195-1673 doces not cfficiently acctylate GST-pRb fusion proteins

Three recombinant p300 proteins were purified for inm vifro acetylation assays
(Figure 11). The catalytic domain of p300 stretches across residues 1195-1673 (Figure
12a), and was purified in BL21 cells (Figure 12b). This region contains the bromo-domain,
two zinc binding domains and the cysteine-histidine domains C/H2 and CH3 (Figure i2a).
His-p300 1195-1673 efficiently acetylates core histones, but does not maintain significant
auto-acetylation. Increasing the concentration of His-p300 1195-1673 caused a linear
increase in the acetylation of core histones (Tigure 12¢ and d). TTis-p300 1195-1673 was
repeatedly unable to efficiently acetylate either GST-pRb 379-928 or GST-pRb 1-376 in

vitro (Figure 12c¢ and d).

Flag-p300 1135-2414 does not efficiently acetylate GST-N-pRb 1-376

The p300 acetyl-transferase domain was not sufficient to acetylate GST-N-pRb, but
was able to acetylate core histones. As well as the acetyl-transterase domain, Flag-p300
1135-2414 contains the p300 frans-activation region (1673-2414). Domains in this region
are depicted (Figure 13a). Flag-p300 1135-2414 was purified from High five insect cells
infected with baculovirus-Flag-p300 1135-24i4 (Figure 13b). The resulting purified
protein was visualised by coomassie staining. Flag-p300 1135-2414 resolved at

approximately 140 KDa (Figure {3b).
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Flag-p300 1133-2414 was uscd to acctylate cither corc histones or GST-N-pRb fusion
proteins (Figurc 13¢). Flag-p300 1135-2414 was observed to have significant auto-
acetylation (3.3 fold greater than His-p300 1195-1673, Figure 13d). Flag-p300 1135-2414
acetylated core histones as efficiently as the His-p300 1195-1673. However, despite an
increase in auto-acetylation, Flag-p300 1135-2414 was not able to efficiently acetylate

GST-N-pRb fusion proteins (Figure 13d).




Figure 11
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Chapter 3

Figure 11:

a)

b)

p300 HAT constructs

Three p300 constructs were used in HAT assays: The IFlag-p300 FI. construct
contains the following domains; Nuclear receptor binding domain (NR), 3
cysteine-histidine domains (C/H1) (C/H2) (C/H3), CREB binding domain
(KIX), Bromo-domain, IBiD, and N-terminal phosphopeptide-binding domain

with homeology to [BiD (IHD).

Flag p300 FL is able to acetylate GST-pRb (1-376), GST-pRb (10-330), GST-
pRb (379-928), GST-pRb (763-928) and core histones (Upstate). Flag-p300
(1135-2415) contains the HAT domain and the C-terminal domain #rans-
activation region of p300, and can acetylate the core histones cfficiently, but
not the GST-N-pRb proteins. His-p300 (1195-1673) contains the [TAT of p300,
and can efficiently acetylate core histones but is unable to acetylate GST-N-
pRL (1-376), GST-N-pRb (10-330), GST-pRb (379-928), or GST-C-pRb (763-

928).
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Chapter 3

Kigure 12: His-p300 1195-1673 is sufficicnt fo acctylate core histones but not

a)

b)

GST-pRb fusion proteins

Schematic showing the region of purified His-p300. This region covers the
catatytic domain of p300. Residues 1195-1673 contain the cystcinc-histidine
domain (C/H1), and a zinc finger domain shown in red. This derivative stops just

short of the C/H2 domain.

The His-p300 1195-2414 construct was expressed in BL21 cells as described in
Materials and Methods. Fractions from the various stages of purification were run
on a 10 % SDS PAGE getf and visualised by coomassic staining. His-p300 [195-

1673 resolves at a molecular weight of approximately 66 KDa (Lane 6).

I.anes Fraction

1 Un-mnduced BL21 cells

Induced BL21 cells Pre bacterial lysis

Soluble fraction

T Post-bacterial lysis.
Insolubtle fraction OsSt-bacicrial tysis

First wash fraction

A [N

Elute

d)

The input levels of the proteins used are shown visualised by coomassie staining.
Lanes 3 to 6 show 3g core histones (=10-22 KDa). Lanes 7 and 8 show 3ng of

GST-pRb 379-928, and lanes 9 to 10 show 3 pg of GST-N-pRb 1-376.

In vitro acetylation reactions were incubated for 30 min and measured using a

scintillation counter for incorporation of *H acety! co-enzyme A, Values on the bar

¥2




graph represent an average of three independent experiments. Each experiment was
carried out using the same batch of His-p300 1195-1673. Lanes 4 to 6 show a

titration of His-p300 (Lane 4, 0.4 g, Lane 5, 1 ug, Lane 6, 2 ug).
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Chapter 3

Figure 13:

a)

b)

C)

d)

Flag-p300 1135-2414 is sufficient to acctylate core histones but not

GST-N-pRb fusion protcins

Schemaltic showing the region ol purified 1'lag-p300. This region covers the
catalytic domain of p300 and also the neighbouring #rans-activation domain
(see also Figure 2). The Flag-p300 1135-2414 construct encodes all of the
following domains: the acetyl-transterase domain (2 cysteine-histidine domains
(C/H2, C/H3), 3 zinc-finger domains), and a frans-activation domain (the C-

terminal glutamine rich region containing the IBiD domain).

Shows purilied fractions ol Flag-p300 1135-2414 (2 pg) separated by
electrophoresis and visualised by staiming with coomassic blue. Flag-p300
1135-2414 resolves at approximately 150 KDa. Lane 1 shows protein eluted in

the wash buffer (W) prior to elution.

Core histones (10-17 KDa) acetylated by Flag-p300 1135-2414 were resolved
on a 15 % SDS-PAGE gel (reactions 2 and 3). N-terminal domain pRb GST
fusion proteins used in reactions 4 to 7 were resolved on a 10 % SDS-PAGE gel
{(protein position marked with asterix). Gels were visualised using coomassie

staining.

In vitro acetylation of substrates was assessed by measuring the incorporation
of *H acetyl co-enzyme A. Values on the bar graph represent an average of
three independent experiments. Each experiment was carried ouf using the same

fraction of Flag-p300 1135-2414 (fraction 2 shown in Figure 13 b).
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Flag-p300 FL can efficiently acetylate GST N-pRbD fusion proteins ir vitro

The region spanning the first 1135 residues of p300 contains domains that are alse
important for the /runs-activation capacity of p300 (Figure [1). This region contains the
nuclear hormone receptor-binding domain, a cysteine-histidine domain (C/H1) containing
a zinc-binding domain, the IHD domain (an N-tcrminal phosphopeptide-binding domain
with homology to IBiD), the CREB binding domain (KIX), and the CRD domasn (Figure
14a). Purified Flag-p300 FL (Figure 14b) was used to acetylate GST-pRb fusion proteins
(visualised in Figure l4c). Flag-p300 FL exhibited approximately 2-fold greater auto-
acetylation than the equivalent concentration of Flag-p300 1135-2414. Flag-p300 FL was
repealedly able o acetylate GST-pRb fusion proteins. The large pocket of pRb (GST pRb
379-928) and the C-terminal domain (GS'1-C-pRb 763-928) showed approximately twice

the acetylation of GST-N-pRb fusion proteins (Figure 14d).

The effects of varying substrate and HAT concentration on in vitro acetylation

The catalytic activity of p300 is regulated by its auto-acetylation [237]. Hypo-
acetylated p300 is less catalytically active than hyper-acetylated forms. The basal catalytic
rate of p300-mediated acetylation is stimulated by the acetylation of key K residues in the
activation loop of p300 spanning residues 1520 through 1560 [237]. Optimizing in vitro
acetylation assays involves a carefull balancing act. Adding greater amounts of HAT to the
acetylation reaction will cause a proporiional increase 1o levels of subsirate or auto-
acetylation. /» vitro acetylation reactions are inhibited by too much salt in the reaction mix.
The auto-acetylation of various titrations of Flag-p300 FL was measured to assess the

optimal amount of Flag-p300 required.
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Chapter 3

Figure 14:Flag-p300 FL acetylates the N-terminal domain of pRb

b)

)

d)

Schematic showing Flag-p300 FL (see also Figure 9).

Purified Flag-p300 FL (0.3 pg and 0.5 pg) was run on a 6 % SDS-PAGE gel,

and immunobloted with anti Flag antibody. Flag-p300 FL resolves at 265 KDa.

Reactions contained 4 ng of substrate protein (Lane | Core histones, lane 2
GST-pRb 37 9-928, Lane 3 GST-pRb 763-928, Lane 4 GST-pRb 10-330, l.ane 5
GST-pRb 1-376, and Lanc 6 GST protein} for acetylation by 1 pg of Flag-p300

FL (50 ng/nl). Substrates for the six reactions are shown resolved on a 12.5 %

SDS-PAGE gel stained with coomassie.

The bar graph shows the acetylation of proteins visualised in a). GST protein
was not acetylated. Bach bar in the graph plots the average of three independent
experiments. Background levels of acetylation for the substrates, and the level of

acetylation of GST protein are all less than 70 dpm.
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Chapter 3

Figure 13

Auto-acetylation of Flag-p300 FL

In this experiment, the amount of Flag-p300 FL added to the standard 30 ul
reaction was titrated (0.25 pg, 0.5 pg, 0.75 pg and 1 pg). The resulting changes
in the auto-acetylation of p300 werc measurcd using a scintillation counter.

Values plotted on the graph represent an average of three independent

gxperiments.
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The amount of auto-acetylation appeared to be proportional to the concentration of Flag-
300 FL when the total volume of p300 in the reaction is less than 10 ul (representing u
final concentration of 20 ng/pl Flag-p300 FL in the reaction).

Adding more than 20 ng/ul Flag-p300 FL into the reaction causes further increases
in the level of auto-acetylation, but the rate of increase declined (perhaps due to higher salt
concentration in the reaction mix). A similar effect was observed when varying the
concentration of Flag-p300 FL in the presence of a constant amount of core histones
(Figure 16), and when varying the concentration of Flag-p300 FL in the presence of
constant GS'T-pRb 1-376 (Ifigure 18). Varying the amount of substrate protein acetylated
by I'lag-p300 I'L. gave a linear increase in the acetylation of histones (Ifigure 17) and GST-

pRb 1-376 (Tigure 19).
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Figure 16
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Chapter 3

Figure 16:  The alfect of titrating Flag-p300 FL on the acctylation of 2 pg core

histones

Core histones (2 yg) were added to cach acctylation assay. Varying amounts of

Flag-p300 FL were added to the reactions.

a) The figure shows the amount of core histones in the acetylation assay

visualised by coomassie staining.

b) The change in acctylation of 2 pg of corc histones by titration of p300 (50

ng, 100 ng, 250 ng, 500 ng, and 750 ng of Flag-p300 FL) is plotted. Values

on the graph represent an average of three independent experiments.
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Figure 17
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Figure 17:  Titration of the amount of corc histoncs affects the level of in vifro

acetylation by Flag-p300 FL

Flag-p300 FL {0.5 ng) was added to each 30 pul acetylation assay. Varying

amounts of core histones were added (o the reactions.

a) The figure shows the amount of core histones in the acetylation assay

visualised by coomassie staining.

b) The change in acctylation of core histones (1 g, 3 ug, 5 ug, and 10 ug of

core histones) facilitated by 0.5 pg of Flag-p300 FL is plotted. Valucs

represenled on the graph an average ol three independent cxperiments.
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Chapter 3

Figure 18:  The effect on the acetylation of GST-N-pRb by the titration of Flag-

p300 FL

GST-N-pRb 1-376 (4 pg) was added Lo cach 30 pl acctylation assay. Varying

amounts of Flag-p300 FL were added to the reactions.

a) The figure shows the amount of GST-N-pRb fusion protein in the
acetylation assays visualised by coomassie staining. The asterix highhights

the position of GST N-pRb (67.4 KDa).

b) The changc in acctylation of 4 g of GST-N-pRb by titration of p300 (0.25

pg, 0.5 png and 1 pg of Flag-p300 FL.) is plotted. Values on the graph

represent an average of three independent experiments.
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Figure 19
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Chapter 3

Figure 19:  In vitro acetylation of GST-N-pRb by Flag-p300 FL is aifccted by the

titration of GST-N-pRb.

Flag-p300 FL (0.5 pg) was added to cach 30 pl acetylation assay. Varying

amounts of GST-N-pRb were added to the reactions.

a) The figure shows the amount of GST-N-pRb in the acetylation assay
visualised by coomassie staining. The asterix highlighls the position of

GST-N-pRb (67.4 KDa).

b) The change in acetylation of GST-N-pRb (1 pg, 2 g and 4 pg of GS1-N-

pRb) facilitated by 0.5 pg of Flag-p300 FL was plottcd. Valucs on the graph

represent an average of three independent experiments.
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THE N~TERMINAL DOMAIN OF PR& 1S ACETYLATED IN HEK 293 CELLS

HA-pRb 1-376 is acetylated in vivo

Many cancer cell lines do not express active pRb, but instead express truncated
proteins resulting from frameshift mutations in R) that lead to premature stop codons. I
used the Dignam method of lysing cells in order to study the nuclear/cytoplasmic
distributions of Ha-pRb 1-376 in HEK 293 cells (b ** cells where pRb is functionally
inactivated) and C33A cclls (in which the RD is genetically inactivated), to study how N-
terminal truncatcd pRb proteins might localise in tumours that have or do not have active
endogenous pRb.

In order to explore whether the in vifro acetylation of pRb 1-376 reflect cvents that
occur in cells, T used a pan-acetyl lysine antibody to assess acetylalion of the N-terminal
domain of pRb in cells. The approach involved treating cclls with agents that induce
double-stranded DNA damage, in order to test whether DNA damage induces the
acetylation of the N-terminal domain in a similar way that has been shown for the C-
terminal domain [97]. The anti-acetyl lysinc antibody has been previously characterised as
specifically recognising acetyl-GST pRb 379-928 and HA-Rb FL [214]. Since this
antibody can recognise a great number of nuclear and cytoplasmic polypeptides (that
contain acetylated K consensus sites found in histones), it was mnecessary to
immunoprecipitate HA-pRb 1-376 to reduce the level of other acetylated proteins.

Prior to harvesting, cells were treated with TSA to prevent ITIDAC enzymes from
reversing acetylation, thus aiding detection. HEK 293 cells were utilised because they have
previously been shown to contain ecndogenous acetylated pRb. Imnmmunoblots confirmed the
presence of acetylated HA-pRb 1-376 (Figwre 20, Lanes 3 to 10} that was specific (as no

bands were detected in immunoprecipitates from non-transfccted extracts,
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Figure 20
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F¥igure 20:

The N-terminal domain of pRb is acetylated in HEK 293 cells

IIEK 293 cells were transfected with 2 pg pcONA3 2HA-pRb 1-376 and
immunoprecipitated with the anti-HATI antibody. Cells from all the samples

(lanes 1 to 10) were harvested 48 h post transfection.

a) Un-treated cell extracts were immunoblotted with anti-acetylated-lysine

polyclonal antibody (Ac l.ys) (top panel), anti-HA Y11 polyclonal antibody
(middle panel). Input (10 %) was immunoblotted with anti-HAII monoclonal
antibody (bottom panel). pcDNA3 2HA-pRb 1-376 migrates to 47 KDa on an
SDS-PAGE gel. Lane 1 is the mock control, and Lane 2 is transfected with 2
pg of empty pcDNA3 vector (as a transfection control). In Lane 3, extract was
immunoprecipitated with goat anti-rabbit sccondary antibody (uscd as the non-
specific antibody control). Lane 4 shows Ha-pRb 1-376 immunoprecipitated by

anti-HALL

b) Cell extracts treatcd with etoposide, doxorubicin and actinomycino D were

immunoblotted with anti-acetylated-lysine polyclonal antibody (Ac Lys) (top
panel), anti-HA Y11 polyclonal antibody (middle panel). Input (10 %) was
immunoblotted with anti-HAIl monoclonal antibody (bottom panel). In Lanes
5 10 10, cells were transfected with 2 g pcDNA3 2HA-pRDb [-376. Prior to
barvesting, Lanes 5 and 6 were treated with 50 pM etoposide for 2 hand 16 h
respectively. Lanes 7 and 8 were treated with 2 1M doxorubicin for 2 h and 16

h respectively. Lanes 9 and 10 were treated with 20 nM actinomycin D for 2 h
105




and 16 h respectively.
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Figure 21
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Figure 21 C

{Heat Shock}

% Yo
%o Yo
Treatments | Transfected Nuclear/ Cyto-
Nuclear | Cytoplasmic
cells scored Cytoplasmic | plasmic
A N/A 1490 | 62 0 38 ~ <10 %
B N/A 156 69 0 31 =~ <10 %
C 135 33 0 67 ~ <20 %
Etoposide
D 120 29 0 71 = <20 %
. Etoposide
....... o
E | Actinomycin 116 25 0 75 = <20 %
D
50 Jm™
F 70 0 0 100 =~ <50 %
UV light
100 pM
G PFO 76 0 0 100 ~<35%
(Hypoxia)
43 °C (2 h}
H 66 0 0 100 ~ <50 %
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Figure 21; The localization of pcDNA3 HA-N-Rb 1-376 in response o DNA damage

U20S cells were transfected with either 1pg or 3ug (B) of pcDNA3 HA-N-
pRb 1-376. Prior to immunostaining, cells were freated with PNA damaging
agents. Part a) shows samples A to D, and part b) Shows samples E to H. All
images were taken at 630X magnification and later computer manipulated to
cnlarge images for prescntation. The white line at the bottom right corner of

images stained with anti-FHAII represents 10um.

a) Celis in samples A and B were not treated prior to immunostaining. Cells in
sample C were treated with 10 pM etoposide and incubated for 16 h prior to
immunostaining. Cells in sample D were treated with 100 pM etoposide and

incubated for 8 h prior to immunostaining.

b) Cells in sample E were treated with 20 nM actinomycin D and incubated for 16
h prior to immunostaining. Cells in sample F were cxposed to 50 Jm™ of UVB
fight and incubated for L6 h prior to immunostaining. Cells in sample G were
treated with 100 pM DFO and incubated for 24 h prior to immunostaining,
Cclls in samplc H were incubated at 43 "C for 2 h to heat shock the cells,

followed by 16 h incubation at 37 °C prior to immunostaining.

¢) The table shows the number of transfeeted cells scored per treatment and the
percentage of transfected cells (in each treatment A to H) that contain either

only nuclear, only cytoplasmic or both nuclear and cytoplasmic staining. Five
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fields of view (at X630 magnification) were scored for each treatment,
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nor from extract derived from cells that were transfected with empty vector (Figure 20,
Lanes 1 and 2). Protein G beads that were incubated with Goat anti-Rabbit secondary
antibody failed to immunoprecipitate acetylated proteins or HA-pRb 1-376) (Figure 20,
Lane 3).

Cells that were treated with DNA damaging agents (dissolved in DMSQ) prior to
barvest showed an increased level of acetylated HA-pRb 1-376 (Figurc 20, Lancs 5 to 10).
Cells were treated with DNA damaging agents that mimic the effects resulting from double
stranded breaks in DNA. Cells were treated with etoposide (Figure 20, Lanes 5 and 6),
with doxorubicin (Figure 20, Lanes 7 and 8), or with actinomycin D (Figure 20, Lanes 9
and 10). Extract was run on SDS-PAGE gels and blotted to visualise the levels of HA-N-
pRb 1-376 prior to carrying out the immunoprecipitation in order to ensure thal each
immunoprecipitation contained the same level of exogenous protein. lmmunoprecipitated
levels of HA-N-pRb 1-376 were observed to be approximately equal in all lanes by re-
blotting the membranes with anti-ITA antibody. Previous studies on DNA damage
inducible acetylation of K residues 873/874 in the C-teriminal domain of pRb demonstrated
that incdduction of acelylation occurred belween 6 h and 24 h post trcatment with ctoposide,
but peaked by 16 h post treatment [97]. With that in mind, cells were harvested 2 h and 16
h post treatment with the above-mentioned agents (to show a clear affcct of the trcatment).
Any effect on the cells caused by the additon of DMSO (in the damaging agenls) was
mitigated by normalizing for volume of DMSO in all the samples both 16 h and 2 h prior
to harvesting the cells. All three DNA damaging agents induced acetylation of HA-N-pRb

1-376 after 16 h incubation, but not after 2 h.

HA-N-pRb 1-376 localises to the nucleus in U20S cells
U208 cells transfected HA-N-pRb 1-376 showed substantial nuclear localisation

(Figure 21 a), samples A and B). Approximately 40 % of cells showed weak cytoplasmic
gu \ yop
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Figure 22
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Figure 22: The localization of exogenous N-terminal domain pRb

HEK 293 (human embryonic kidney celis) and C33A cells (a cell line
propagated by extracting tumour cells from a human cervical carcinoma) were
transtected with either 2 pg of HA-pRb 1-928 or 2 ug of 2ZHA-pRDb 1-376.
Cells were incubated for 48h. Once harvested, the cells were lysed using the
Dignam metheod to isolate nuclear and cytoplasmic protein fractions. The gel
shows 100 pg of both cytoplasmic and nuclear extract. Samples of both FIL-
pRb and N-terminal domain pRb were run on SDS-PAGH gel, and

immunoblotted with anti-HATT antibody.
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staining (Figure 21ic). I decided to characterise the stained cells as entirely nuclear, entirely
cytoplasmic or nuclear/cytoplasmic (Figure 21c¢). The percentage ol the Lotal cells counted
in samples that were nuclear, cytoplasmic or nuclear/cytoplasmic was calculated. The
localization of HA-N-pRb 1-376 was assessed in response to treatment with etoposide
(Figure 2la, sample C and D), actinomycin D (Figure 21b, sample E), ultra violet light
(UVB) (Figure 21b, sample F), desferrioxamine (DFO) (mimics hypoxia) (Figure 21 b,
sample G), or heat shock (Figure 21 b, sample H). Etoposide activates mainly the
ATM/Chk2 arm of the DNA damage response pathway by inhibiting DNA topoisomerase
1, thereby inhibiting DNA  synthests, causing double stranded breaks in DNA.
Actinomycin D creates DNA damage through inhibiting RNA polymerase [11. Cells given
these treatments displayed similar cellutar morphoiogies. In these samples, most stained
cells showed nuclear/cytoplasmic staining (=70 % of cells counted). The degree of
cytoplasmic staining was quitc low, with approximatcly 80 % of total staining being
retained in the nucleus. In short, double-stranded DNA damage promoted the cyloplasmic
staining of 20 % of the HA-N-pRb 1-376 in 70 % of ¢ells counted.

U208 cells were treated with UVB light (Figure 21b, sample F), DFO (Figure 21b,
sample G) and heat shock (Figure 21b, sample H). All three of these treatments resulted in
greater cytoplasmic staining levels of HA-N-pRb [-376 than treating cells with etoposide
or actinomycin D. The UVB treatment resuited in the greatest level of cytoplasmic HA-N-
pRb 1-376 (=50 % of staining appeared to be cytoplasmic in Figure 21b, sample F). DFQ
treated cells showed limited nuclear staining (Figure 21b, sample G). Although not as
effective as UVB light or heat shock, DFO caused approximately 30-40 % of the cells to
cxhibit cytoplasmic staining. Cells trcated with heat shock (Fipure 21b, sample H) all
showed total nuclear/cytoplasmic localisation of HA-N-pRb 1-376 in U208 cells. Again

like UVB treatment greater than 50 % of total staining was observed to be cytoplasmic,
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Cell type may influcnce the distribution of HA-N-pRb 1-376

HA-pRb 1-928 and HA-N-pRb 1-376 were transfected into both HEK 293 cells (Rb
" cells) and C33A cells (which cxpress a truncated pRb that locates to the cytoplasm)
(Figure 22). Cells were separated into cytoplasmic and nuclear fractions. Protein
concentration of the extracts was measurcd by Bradford assay. Extract from both fractions
was run on an SDS-PAGE gel, and proteins were immunoblotted with anti-IHHAII antibody.
It was observed that in HEK 293 cells and C33A cells that HA-pRb 1-928 was extracted
mainly in the nuclear fraction. In contrast, HA-N-pRb 1-376 was prcdominantly localized

in nuclear fractions of HEK 293 cells, but mostly in cytoplasmic fractions of C33A cells

(Figurc 22).
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DISCUSSION

THE N-TERMINAL DOMAIN OF PRB IS ACETYLATED IN VITRO.

The acetylation of the N-terminal domain of pRb described here suggests an
additional leve!l of regulation of pRb activity. Using limiting amounts of p300 in the in
vitro assay, it was found that both His-p300 1195-1673 and Flag-p300 1135-2414 do not
efficiently acetylate GST-pRDb fusion proteins. Flag-p300 FL. was able to acetylate GST-
pRb 379-928 and GST-pRb 1-376 approximately 8-fold less than it acetylates core
histones. Previous work has shown that Flag-p300 1135-2414 can acetylate pRb in vitro,
but these reactions were carried out using high concentrations of Flag-p300 1i135-2414
[214]. There are many possibilities as to why FL p300 is more effective at acetylating pRb.

It is possible that the N-terminal and C-terminal #rans-activation domains of p300
might help facilitate p300 auto-acetylation. His-p300 1195-1673 showed very little auto-
acetylation comparative to Flag-p300 (1135-2414 and FL), despite being able to acetylate
core histones etfectively. Flag-p300 1135-2414 contains a ¢rans-activation domain in its C-
terminal domain {1673-2414), whilst Flag-p300 FL contains a further frans-activation
region in its N-terminal domain (1-1195). The difficulty in using Flag-p300 FL purified
from insect cells is the possibility of contamination resulting from the immunoprecipitation
of other ITAT enzymes. The extent of such contamination could be assessed by comparing
levels of auto-acetylation from purified Flag-p300 FL with the levels of auto-acetylation
observed usig catalytically dead Flag-p300 FL.

Flag-p300 I'L displays approximately 6-fold greater auto-acetylation than His-p300

1195-1673, and approximately 2-fold greater auto-acetylation than Flag-p300 1135-2414,
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TTowever, this observation would be more significant if the p300 enzymcs were purificd
using ‘fast protein liquid chromatography’ (FPLC) to remove any possible contaminating
HATSs that could potentially be responsible for the observed auto-acetylation.

Recent studies suggest that hyper-acetylated p300 carries a higher basal catalytic
activity than hypo-acetylated forms. Indeed, auto-acetylation of a proteolytically sensitive
loop region of p300 (residues 1520 to 1560) greatly enhances p300 acetyl-transferase
activity [237]. Perhaps the frans-activation domains in p300 aid interaction between p300
proteins thereby increasing auto-acetylation. It may be possible that the other regions of
p300 have a stabilising effect on the overall tertiary structure of the p300 protein, and in
that way augment its own auto-acetylation.

If this were the case why would the His-p300 1195-1673 acetylate core histones
efficiently? Core histones are refatively small (less than 18KDa) compared with GST-pRb
379-928 (97 KDa) and GST-pRb 1-376 (76KDa). At similar concentrations, the molar
ratio of core histones to GST-pRb 379-928 and GST-N-pRb 1-376 would be very high, and
an individual core histone contains many more acetylated sites than pRb. Thus, there is a
higher probability that the small histones (present in a greater molar ratio) might access the
active site of His-p300 1195-1673 easier than the bulky GST-pRb fusion proteins.
Regardiess, Flag-p300 FL is able to acetylate GST-pRb fusion protecins at quite low
concentrations (20 ng/ul). GST-N-pRb 1-376 showed approximately half the acetylation of
GST-C-Rb 763-928 and GST-pRb 379-928.

Whilst in vitro acetylation was demonsirated with p300, it is likely other proteins
also intluence in vive acetylation, A recent report has shown that pRb is acetylated at
residucs 873/874 during differentiation. Further, both p300 and P/CAF were able to in
vitro acetylate pRb at K residues 873/874, and in vivo acetylation during early
differentiation required P/CAF [53]. It is therefore possible that other HAT enzymes like
P/CAI could contribute to pRb acetylation, or help p300 target pRb for acetylation.

Cyclin D/Cdk4 and cyclin (A/E)/Cdk2 phosphorylate the N-tcrminal domain of
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pRD and several residues in the N-terminal domain of pRb are phosphorylated during G1/8
trangition [146]. It will be necessary to use mass spectroscopy to identify the K residues
acetylated in vitro by Flag-p300 FL. Tt will be interesting to study whether the acetylation
of the N-terminal domain of pRb affects cyclin D/Cdk4 and cyclin (A/E)/Cdk2 mediated
phosphorylation, 1 a similar fashion to the influence of acetylation in the C-terminal
domain on phosphorylation by Cdks.

[n summary, using an in viiro acetylation assay, I was able to show that the N-
terminal domain of pRb can be acetylated by p300. In combination with the previously
documented acetylation of the C-terminal domain of pRb, these results suggest that

acetylation may regulate diverse aspects of pRb tumour suppressor activity.

THE N-TERMINAL DOMAIN OF PRB IS ACETYLATED IN HEK 293 CELLS

E2F-1 and p53 are both acetylated in response to DNA damage [73, 228], as is the
C-ternnnal domain of pRb [97]. [t 1s interesting thut treatling cells with etoposide,
doxorubicin and actinomyecin D induced acetylation of the N-terminal domain of pRb.
DNA damage induced acetylation of p53 is known to be dependent on Chk2 [228] and
preliminary work suggests that C-terminal domain pRb acetylation is also Chk2 dependent
(Judith Soloway, pcrsonal communication). Both E2F-1 and p53 arc phosphorylated in
responsc to DNA damage by Chk2 kinase {74, 228].

Interestingly, there are a number of potentiai Chk2 consensus phosphorylation sites
present in the N-terminal domain of pRb (Figure 306, part e). Perhaps Chk2 is the upstream
kinase responsible for influencing the DNA damage mduced acetylation of pRb at botli N-
terminal and C-terminal domains? If that were the casc, would phosphorylation have any
other conscquences [or pRb function (such as a change in localization)? Thercfore the next
step would be to mutate potential Chk2 phosphorylation sites in the N-terminal domain to
see any affect acetylation. Mutating Chk2 phosphorylation sites ‘Ser residues to Asp’

{mimicking phosphorylated-Ser residues) or “Ser to Ala’ (preventing phosphorylation)
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could be employed to ascertain if Chk2 phosphorylation is required for the induction of
acetylation.

A change in localization was obscrved for acetyl-pRb in U20S cells in response to
DNA damage [97]. It would be mteresting to investigate whether DNA damage induced
acetylation of the N-terminal domain of pRb impacts on pRb localization in response to
DNA damage. Perhaps the N-terminal domain of pRb is involved in regulation of the C-
terminal domain of pRb. HA-pRDb 1-376 localises predominantly to the cytoplasm in C33A
cells, but conversely localises to the nucleus in HEK 293 cells (Figure 22).

It is possible therefore that the interaction between the N-terminal and the C-
terminal domains of pRb requires the presence of the pocket domain as a binding
intermediary. However, there are limitations in drawing conclusions from this ¢xperiment.
For example, there could be other genetic differences between HEK 293 and C33A cells
that account for the different intra-cellular localization of N-pRb. This could be resolved
by repeating the experiment in R and R6”™ MEF cells. 1 will improve [ulure experiments
by immunoblotting for PCNA and GAPDH as positive controls. PCNA is an entirely
nuclear protcin [238]. Immunoblotting the cytoplasmic cxtract for PCNA will show the
efficiency of the nuclear extraction process used. GAPDH is an entirely cytoplasimic
protein [239], which could be immunoblotted to determine the level of cytoplasmic
contamination in the nuclear extract. Damaging U20S cells using UV light, DFQ or heat
shock caused a change in the nuclear/cytoplasmic distribution of HA-N-pRb 1-376 (Figure
21b, samples F and (). Cells damaged with UV had less nuclear HA-N-pRD than cells
damaged by treatment with etoposide or actinomycin D (compare Figure 21b, sample E
with sample F). At the onsct of apoptosis, pRb is clecaved by caspascs in the internal
region, resulting in the production of two major proicin fragments, p48 and p68 [136]. In
cells treated with DNA damaging agents, caspasc cleavage of pRb proteins may result in
the dissociation of the N-terminal domain from the A domain of the small pocket and in

the translocation of the p48 protein and the exogenous HA-pRb 1-376 to the cytoplasm.

120




This may explain the observation that in C33A cells (containing genetically nactivated
pRDb), the HA-N-pRb [-376 protein focalizes mostly to the cytoplasm. HEK 293 cells and
U208 cells (which express pRb) trap the HA-pRb 1-376 in the nucleus, and only during
apoptosis does HA-N-pRDb 1-376 escape (Figure 21D, samples F to H).

In summary, pRb is acetylated in vivo in response to DNA damage at both the N-
terminal and C-lermnal domains. The N-terminal domain derivalive HA-N-pRb-1-376
used here localized to the nucleus m U20S cells, but an altered nuclear/cytoplasmic
staining occurred in response to UV treatment. In C33A cells, the majority of HA-N-pRb-
1-376 occurs in the cytoplasim, whereas in HEK 293 cells the majority of HA-N-pRb 1-376

is present in the nucleus.
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CHAPTER 4

INTRODUCTION: DNA DAMAGE-RESPONSIVE ACETYLATION OF pRB

REGULATES BINDING TO E2F-1.

GST-C-PRB 763-928 INTERACTS WITH E2F-1 IV VITRO.

pRb has multiplc roles in various cellular processes, including the repression of
E2F-1 dependent apoptosis [240]. Exogenous E2F-1 can cause quiescent cells to re-enter
the ccll cyele [91]. Despite this, other studics have shown that E2F-1 has the ability to
induce apoptosis when expressed in the absence of proliferative signals [241-243]. The
assertion that E2F-1 can induce apoptosis was bolstcred by studies carried out on E2F-1
knockout mice. E2F-1" mice develop thymic hyperplasia, likely due to a lack of
thymocyte apoptosis during the development of the mouse [244].

E2F-1 trans-activation domain deletion mutants are still capable of inducing
apoptosis [96]. Further, it was found that pRb mutants (which fail to repress #rans-
activation of other E2F-1 genes) could still bind E2F-1. Other E2F protemns did not interact
with the mutant pRb. Indeed, chimeric proteins made by substituting the marked
box/marked box adjacent region of E2F-1 (MB/MBA) with that of E2F-4 failed to interact
with mutant pRb [96]. This interaction was found to require an intact E2™-1 DNA binding
domain and the MB/MBA region of E2F-1. This mutant pRb/E2F-1 interaction was not
pRb pocket dependent. The C-terminal domain of pRb residues (792-928) could still bind
to E2IF-1, and with equal affinity to wild-type pRb. These studies led to the possibility that
post-translational modifications of the C-terminal domaimn of pRb might regulate this C-
pRB/E2F-1 MB interaction.

Recent studies have shown that the C-pRW/E2F-1 MB interaction is dependent on
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two sub-domains in the C-terminal domain of pRb and DP-1. The C-pRb core domain
(residues 829-864) contributes to the majority of the binding energy, binding to E2F-1 with
a Kd of 5 uM. The C-pRb N-terminal domain (residucs 786-800) also interacts with the
E2F-1 MB scgment increasing the affinity of C-pRb for E2F-1 MB by 36 fold
{corresponding to a Kd of 110 nM) [98].

The damage-induced acetylation of pRb occurs in the C-terminal domain at
residues K873/874, close to the C-pRb core sub-domain [97]. It was therefore
hypothesised that acetylation at residues K873/874 might intcrfcre with the C-pRb/E2F
MB interaction, facilitating the release of pRb and induction of apoptosis. In addressing
this question, GST-C-pRb 763-928 was mutated at K873/874. Mutant derivatives were
engineered, one where residues K873/874 were substituted with R, and another for Q.
Mutating K to (Q has been shown to phenotypically mimic acetylation in histones [177],
E2F-1 [75], and pRb [214]. Here I found that E2F-1 binds to the C-terminal domain of pRb
(amino acids 763-928). Furthermore, mutating K873/874 reduced binding to E2F-1. These
results suggest that acetylation influences the binding affinity of the C-terminal domain of

pRb for E2F-1.

THE ACETYLATION OF PRB AT RESIDUES K873/874 REDUCES THE E2F-~1 INTERACTION IN
CELLS.

The C-terminal domain of pRb (residues 792 to 928 and 763 to 928) binds to F2F-1
in vitro [96, 97], and interacts with the marked box rcgion of E2F-1[96]. The marked box
region of E2F-1 (Figure 7) influences the trans-activation function of E2F-1 {240]. Cells
translceted with marked box delction mutants of E2F-1 show no difference in levels of
apoptosis over controi cells, whereas over-expression of wild-type E2F-1 induces
apoptosis [240].

pRb has anti-apoptotic lunctions (reviewed in [245]), which are likely mediated

through the binding of the C-terminai domain of pRb with the marked box region of E2F-1
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[96]. 1 have demonstrated that the binding of E2F-1 (o the C-pRb is prevented in vitro by
mutating residues K873/874 of pRb to Q residues (which mimic acetylation).
Consequently, it was important to address whether the effect could be recapitulated in vivo,
to test whether DNA damage responsive acetylation of pRb at residues 873/874 would
affect the interaction between the C-pRb and E2F-1.

TTEK 293 cells used in these experiments were transformed using adenovirus, and
therefore they express the E1A and E1B oncoproteins [246]. ELA binds pRb small pocket
region via its LXCXE meotif [41]. One of the consequences of the pRb/E1A interaction is
the loss of binding between the small pocket of pRb and the frans-activation domain of
E2F-1 [40]. Therefore, HEK 293 cells were utilised to address whether the C-terminal
domain of pRb bound to I2F-1 in vive, and whether mutating pRb residucs 873/874 to Q
residues affects this interaction. Wild-tvpe pRDb was also expressed in HEXK 293 cells to
address whether mutating residues 873/874 in context with the FL pRb protein affected the

interaction with E2F-1,

ACETYLATION AT RESIDUES K873/874 OF PRB INCREASES THE INTERACTION BETWEEN
THE C- AND N-TERMINAL DOMAINS OF PRB.

Residues K873/874 are acetylated in vivo during differentiation and in response to
etoposide induced DNA damage {53, 97, 214]. In Chapter 3 of this study the N-terminat
domain of pRb was shown to be acetylated by Flag-p300 FL in vitro, and observed to he
acctylated in HEK 293 cells in response o eloposide-induced DNA damage.

Despite a battery of publications specifically on the N-terminal domain of pRb
(reviewed in [34]}, not much is known about its main functions and how it interacts with
the rest of the protein. Ilowever, studies using the veast two-hybrid system confirmed that
the pRDb could self-associate and that this association is mediated by interactions between
the N-termunal and C-terminal domains of the protein [135]. | wished to address whether

the N-terminal domain of pRb is involved in regulation of the C-terminal domain of pRb,
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which might affcet the localization of pRb and perhaps also its binding affinity for E2F-1.
Here I present data that suggests post-translational modification of pRb reguiates

the binding of the N-terminal domain to the C-terminal domain of pRb. Overall, the result

is consistent with a role for the N-terminal domain of pRb in the localization of pRb during

response to DNA damage through the interaction with the C-terminal domain of pRb.
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CHAPTER 4

RESULTS

GST-C-rRB 763-928 INTERACTS WiTH E2F-1 17 VITRO.

The C-terminal domain of pRb binds to E2F-1
It was necessary to clarify that the C-terminal domain of pRb could interact with
F2F-1. GST-C-pRb 763-928 was used in a GST pull down assay. It was observed that
GST-C-pRb 763-928 bound LE2F-1 in vitro, whereas GST protein failed to interact with
¥S-methionine L2F-1 (Figure 23a). 1VT **S-methionine labelled E2F-1 was uscd [or the

GST pull down (Figure 23b).

The GST-C-pRb 763-928 QQ mutant showed much reduced binding to E2F-1

A study using the pRbh (378-928) QQ mutant derivative showed that the
exogenously expressed QQ mutant could arrcst cells in G1 as efticiently as wild-type pRb
that had been acctylated by the addition of exogenous p300 [214]. I wished to assess
whether pRb acctylation at residues K873/874 might alter the binding affinity of pRb 763~
928 for BE2F-1. Two mutant pRb 763-928 derivatives, GST-C-pRb 763-928 QQ and GS'1-
C-pRb 763-928 RR, werc cnginecred to create a recombinant GST-C-pRb 763-928 that
mimics K residue acetylation (QQ mutant), and one that could not be acetylated (RR
mutant) (Figure 24a). The substitutions were selected based on their physical and chemical
similarities to K residues. R and Q residucs were sclected because they have a similar
physicat mass (Da) and van der waals volume (A”) as K residues (Figure 24b). K, Q and R

residues are characteristically polar, but Q residues are neutral in charge mimicking
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acetylated K residues (Figure 25a, and 25b). Both Q and R make acceptable substitutions
for K residues when they are solvent exposed (Figure 25¢c) [247-249]. GST-C-pRb 763-
928 mutants (Figure 26a) were combined with HEK 293 extracts contamning E2F-1. It was
a concern that mutating the pRb 763-928 at K residues 873/874 might have inactivated the
mutant protein, In order to assess the integrity of the QQ and RR mutant proteins, each
mutant was tested for binding with iz vitro translatcd Mdm?2 (Figure 26b), a kaown target
for the C-terminal domain of pRb [125]. Each GST-pRb derivative bound Mdm2 with
equal efficiency (Figure 26b). HEK 293 celis were used as a source of endogenous E2F-1
(Figure 26c). 1t was found that whilst the wild-type and RR mutant proteins efficiently
bound E2F-1, the QQ mutant protein showed a significant loss of attinity. GST did not

show affinity for EZF-1. Thus acctylation of K873/874 may influence binding to E2F-1.
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Figure 23
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Chapter 4

Figure 23:

The C-terminal domain of pRb ¢an bind E2F-1

*3S-Methionine labelled E2F-1 was incubated with 2 nug of GST-C-pRb 763-

928 or GST protein.
a) Binding of GST-pRb 763-928 to *°S-Methionine labefled E2F-1 was
assayed by autoradiography, and GST-pRb 763-928 was visualised by

Coomassie staining.

b) TVT »S-Methionine labelted T2F-1 input fevels (10 % of extract used in the

binding assay) were also visualized by autoradiography.
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Figure 24
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Chapter 4
Figare 24: A structural comparison between K, R, Q and acetyl-K residues

a) Comparison of the chemical structures of K, R, Q@ and acelyl-K residues.

The main chain is coloured black, with the variable side chains shown in

red.

b) Table comparing the physical propertics of K, R, Q and acetyl-K residues.
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Figure 25
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Chapter 4

Figurc 25:

Comparison of the physical propertics of K, R and Q

a} Yenn diagram showing the relationship of the 20 naturally occurring

amino acids.
K, R and Q are polar residues. K and R carry a positive charge whilst Q is
neuiral 1n charge. Q substitution is thought to mimic K acetylation as both

carry neutral charge,

b) A representation of amino acids by Dayheff mutation odds matrix

<)

Highlighted in green are K, Q and R residues. Left and right of the Y-axis
indicate the degree of polarity (non-polar and polar properties respectively).
Above and below the X-axis indicates representative size of animo acids
(small to farge respectively). R and Q are good candidates for substituting K

residues due to their stmilar size and pofarity.

Suggested amino acid substitutions for K acetylation

The diagram depicts the possible amino acid substitutions for solvent
exposed amino acids (> 30 square Angstroms exposed to the solvent).
Amino acids that are connected by a solid line can be substituted with 95 %
confidence [247], based on statistics from fifly five proteins. pRb residues
K873/874 are predicted to be exposed residues. Residues R and Q were
selected due to their stmilar physical properties to K residucs. R was

selected for a residue that could not be acetylated. Q was sclected as a
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mutant that phenotypically mimics K acetylation, presumably due to similar

strncture, size and charge ot an acetyl-lysine.
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Figure 26
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Figure 26
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Figure 26
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Chapter 4

Figure 26:  Mufating GST-C-pRb 763-928 residues K873/874 to Q inhibits binding

to E2F-1

a) Depicts the GST-C-Rb 763-928 (wild-type, QQ and RR mutant) recombinant

constructs used in this experiment,

b) Binding of GST-pRb 763-928, RR873/874 and QQ873/874 (1 pg) to E2F-1,
Mdm2 and GST protein m HEK 293 cell extracls were assayed by
immunoblotting with anti-E2F-1 (KH95), anti-Mdm2 (SMP-14) and anti-GST

(B14).

¢£) Input levels of endogenous E2F-1 and Mdm?2 (10 % of that used in pull downs)

were visualised by immunoblotting.
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THE ACETYLATION OF PRB AT RESIDUES K873/874 REDUCES THE K2F-1 INTERACTION 1

CELLS.

Mutating residues K873/874 to Q reduces the C-pRb/E2F-1 interaction

HEXK 293 cells were transiently transfected with constructs encoding HA-pRDb wild-
type (Figure 27a, lane 1), HA-C-pRb RR and QQ mutant derivatives {(figure 27a, lanes 2
and 3), and HA-C-pRb wild-type (figure 27a, lanes 4 and 5). The cells were alf co-
fransfected with pCMV E2F-1. Co-immunoprecipitation experiments were carried out as
described (page 143). Bricfly, the HA-pRb wild-type and HA-C-pRb mutant protcins were
mmunoprecipitated using the anti-HA antibody and samples were analysed using
electrophoresis followed by immunoblotting for E2F-1 and C-pRb (Figure 272).

Although more HA-C-pRb QQ mutant protein immunoprecipitated than wild-type
or RR mutants, the HA-C-pRb QQ mutant protein showed much reduced interaction with
E2F-1. Less HA-C-pRb RR mutant protcin inimunoprecipitated from exiracts than the HA-
C-pRb wild-type or HA-C-pRb QQ mutant proteins, but significantly more EZ2F-i
interacted with HA-C-pRb RR mutant protein than interacted with HA-C-pRb QQ mutant
protein. The experiment contains a non-specific antibody control (Figure 27a, lane 5) and a
non-transfection control (Figure 27a, lane 6).

Densitometric analysis was employed to compare the protein levels of E2F-1 and
HA-C-pRb 763-928 mutant derivatives immunoprecipitated (in Lanes 1 to 4) (Figure 27b).
Relative amounts of bound E2F-1 were adjusted by factoring in differences in
immunoprecipitated HA-C-pRb 763-928. The HA-C-pRb QQ mutant derivative was only
able to immunoprecipitate E2F-1 with 7 % efficiency of the wt HA-C-pRb 763-928. In
contrast, the HA-C-pRb RR mutant derivative could immunoprecipitate E2F-1 0.8 times
less effictency than the wild-type HA-C-pRb 763-928 (Figure 27b).

The pcDNA3 2ZHA-pRbD (763 to 928) mutated derivatives expressed equally well in

HEK 293 cells {(Figure 27¢). pSGSL-HA-pRb {1-928) also expressed well in HEK 293
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cells. In order to check the accuracy of the densitometric analysis, known amounts of BSA
prolein were analysed using efectrophoresis and coomassic blue staining (Figure 27d, left
panel). Using densitometry, the relative protein Ievels of the BSA bands were compared to
the g band (lanc 1). Calculations of the amounts of BSA loaded in lanes 2, 3 and 4 are

shown (FFigure 27d, right panel).
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Figure 27
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Figure 27
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Chapter 4

Figure 27:  E2F-1 interacts with C-Rb

Extracts were prepared from HEK 293 cells transfected with the following
expression vectors; 2 ug of pcDINA3 HA-pRb 763-928 (wt, QQ, or RR) or 2 ug
of pSGSL-HA-pRb 1-928. All samplcs were transfected with pCMV-$-gal (0.5

ug throughout).

a) Extracts were normalized and immunoprecipitated (IP} with anti-1IA antibody
(Lanes 1-4 and 6) or with goat-anti-rabbit antibody as non-specific antibody
(NADb) (Lanes 5), and alier electrophoresis, immunoblolled with anti-E2F-1

antibody (C20} (top panel) and anti-Rb C15 antibody (bottom panel).

b) Quantification of the protein levels in a). Protein levels are compared to HA-C-
pRb 763-928 wt (L.ane 4), which is given the nominal value of 1. The levels of
both E2F-1 and HA-C-pRb mutant derivatives are shown. The levels of bound
E2F-1 are adjusted to take into account the different levels of

immunoprecipitated mutant HA-C-pRb 763-928 RR. QQ or wt.

¢) Corresponding inputs showing 100 pg cxtract immunoblotted with anti-E2F-

1(top panel) and anti-ITA (bottom panel) antibodics.

d) Known amounts of BSA (1, 1.5, 2 and 2.5 pg) were resolved on an SDS PAGE
gel and visnalized with coomassie staining (left panel). Densitometry was used

to measure the relative concentrations of BSA (right panel).
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Mutating residues K873/874 to Q also reduces the FL-pRDb/E2F-1 interaction

A similar experiment was carried out comparing the binding efficiencies of wild-
type FL-pRDb and FL-pRb mutant proteins to E2F-1. E1A bound pRDb does not interact with
the frans-activation domain of E2F-1 as it might do in twmour celi lines that are not
transformed with adenovirus (such as U208, T98G or MCF-7 cell hnes) [40]. Therefore it
was reasoned thal transfecting FL-pRb mutants into HEK. 293 cells would allow the study
of the pRb C-terminal domain and its interaction with E2F-1 in the context of FL-pRb.

HEK 293 cells were transiently transfected with constructs encoding Ha-pRb wt
(Figure 28a, lanes 1, 3 and 6), HA-pRb-QQ mutant derivative (Figure 28a, lanes 4 and 7),
and HA-pRb RR mutant derivative (Figure 28a, lanes 5 and 8). All cells were co-
trunsfected with constructs encoding for E2F-1. FL-HA-pRb mutant derivatives were
immunoprecipitated using the HA antibody and samples were analysed by electrophoresis
followed by immunoblotting to detect immunoprecipitated [TA-pRb mutant proteins and
co-immunoprecipitated H2L-1 (Figure 28a). Lane 1 shows proteins immunoprecipitated
using a non-specific antibody, and lane 2 shows proteins immunoprecipitated from the
control extract. Significantly less E2F-1 immunoprecipitated with the FL HA-pRb QQ
mutant in both un-trcated cells (Figure 28a, Lane 4) and cells treated with etoposide
(Figurc 28a, Lanc 7).

Densitometric analysis was employed to compare the protein levels of E2F-1 and
HA-pRb mutant derivatives immunopreeipitated (in Lancs 3 to 5, and Lancs 6 to 8} (Figurc
28b). Relative amounts of bound E2F-1 were adjusted by factoring i differences in
immunoprecipitated HA-pRb. The HA-pRb QQ mutant derivative was only able to
immunepreeipitate E2F-1 with 20 % of the efficiency observed with the wt HA-pRb
(Figure 28b). In cells, the HA- pRb RR mutant derivative could immunoprecipitate E2F-1
with 11 % greater efficiency compared with the wt FIA-pRb (Figure 28b). A more modest

reduction in E2F-1 immunoprecipitation was observed if cells were treated with etoposide.
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The HA-pRb QQ mutant bound E2F-1 with efficiency about 60 % of that compared to wt
or RR HA-pRb mutant proteins.

Protein levels of E2F-1 immunoprecipitated with the FL HA-pRb wt and RR
FL-pRb mutant proteins were higher in cells treated with etoposide (Figure 28¢, Lanes 6 to
8).

The FL-HA-pRb 1-928 constructs (pSGS-L HA-pRb wi, QQ, and RR) were
expressed cqually well in HEK 293 cells (Figure 28c). Etoposide treated HEK 293 cells
expressed greater levels of exogenous FL pRb mutant proteins than un-treated cells (Figure
28c). Protein levels of endogenous E2ZF-1 were consistent with that observed with DNA

damage induced E2F-1 (Figure 28¢) [229].
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Figure 28
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Figure 28
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Chapter 4

Figure 28:

a)

E2F-1 interacts with HA-pRb 1-928

Extracts were prepared from un-treated and etoposide treated TTEK 293 cells
transfected with expression vectors cncoding pSGSL-HA-pRb [-928 (wt, QQ,
or RR) (2 pg). All samples were transfected with pCMV-B-gal (0.5 pg

throughout).

Exfracts were normalized and immunoprecipitated with anti-HA antibody
(lancs 2 to ), or with goat-anti-rabbit antibody as non-specific antibody (NAb)
(lanes 1), and after electrophorcsis, immunoblotted with anti-E2F-1 antibody

(C20) and anti-HAII antibody.

b) Quantification of the protein levels in ‘a’. Protein levels are compared to HA-

c)

pRb wt (Lane 4), which is given the nominal value of 1. The levels of both
E2F-1 and HA-pRb mutant derivatives arc shown. The levels of bound E2F-1
are adjusted to tuke into account the amount of mutant HA-pRb wt, QQ or RR

in the pull down.

Corresponding inputs showing 100 ug extract immunoblotted with anti-B2F-1

KH95 antibody and anti-HA antibodies.
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Mutating FL-pRb residues 873/874 to Q alters subcellular localization.

It was important to characterize the C-pRb mutant protcins intra-cellular
localization. Using a specitic antibody raised against acetylated K873/874 peptides
(SK37), it was shown that acetylated pRb (at residues K873/874) underwent nuclear re-
localization in response to etoposide treatment in U2OS cells [97]. The HA-C-pRb mutant
constructs (pcDNA 2ZHA-pRb 763-923 wild-type, QQ and RR) were therefore transfected
mto U208 cells. Cells were immunostained using the HA antibody to detect the exogenous
protein. The three HA-C-pRb proteins localized into the nucleus of un-treated or etoposide
treated U20S cells (Figure 29a and 29b),

A characterization of the intra-cellular localization of FL-HA-pRb mutant
derivative proteins was also investigated. The FL-HA-pRb mutant constructs (pSGSL-HA-
pRb 1-928 wild-type, QQ and RR) were transtected into U20S cells. Cells were
immunostained using the HA antibody to detect the exogenous protein. The wild-type and
RR mutants both localized to the nucleus (Figure 30; top and bottom rows, respectively).
The FI. HA-pRb QQ mutant localised mainly to the cytoplasm with small amounts of

nuclear staining present (Figure 30; middle row).

DNA damage does not change the localization of wt, QQ or RR mutant FL-Rb

A similar experinient was carried out using U2OS cells treated with etoposide.
Etoposide treatment had no obvious effect on the localization of FL-TTA-pRb mutant
proteins (Figure 31), since localization was similar to that observed in Figure 30, The
nuclear localization of endogenous pRb in U208 cells with and without etoposide

treatment.
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Figure 29
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Chapter 4

Figure 29: HA-C-pRb 763-928 (wt, QQ and RR mutants) localize to the nucleus of

both un-treated and etoposide treated U20S cells

U208 cells were transfected with 2 ng of pcDNA3 2HA-Rb 763-928 wt or
QQ or RR mutant DNA. After 48 h transfection, cells were immunostained

using anti-ITA antibody to detect the pRb mutant derivative proteins. All

o el e sl e S e e 2L e s

images are shown at 630 X magnification. Images were digitally manipulated

for enlargement. A white bar at the bottom of the images represenls 10pm,

a) U20S cells un-treated and immuneostained 48 h post-transfection.

b) U20S cells treated with 50 uM etoposide for 8 h prior to immunostaining.
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The nuclear localization ot endogenous pRb in U20S cells with and without etoposide
treatment

As the exogenous C-pRb and IL-pRb mutant proteins (used in Figures 29-31) were
over-expressed, it was reasoned that subtle changes in the intra-nuclear localization of pRb
would not be detected by staining for the exogenous protein. Therefore, U208 cclls were
stained with antibodies that detect endogenous pRb in both un-treated and etoposide
treated cells (Figure 32). Cells were stained with [F8, or G3-245 (Figure 32a and 32b).
Both pRb antibodics detected simlar nuclear localization of pRb whether the cells were
etoposide treated or not. There was no obvious change in nuclear localization under DNA

damage conditions.
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Figure 30
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Chapter 4

Figure 30:

The localization ol HA-pRD 1-928 (wt, QQ and RR) mutant proteins

U20S cells were transfected with 2 pg of pSG5L-HA-pRb wt or QQ or RR
mutant DNA. After 48 h transfection, cells were immunostuined using anti-HA
antibody to detect the mutant derivative proteins. All pictures are shown at
630X magnification. Images were digitally manipulated for enlargement. A

white bar at the bottom of the images represents 10um.
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Chapter 4

Figure 31:  The localization of HA-pRb 1-928 (wt, QQ and RR) mutant protcins in

response to ctoposide treatment

U208 cells were transfected with 2 g of pSGSL-HA-pRb wt or QQ or RR
mutant DNA. Cells were treated with 50 pM etoposide 40h post-transfection
and immunostained 8h post-treatment. Cells were immunostained using anti-
HA antibody to detcet the mutant derivative proteins. All piclures are shown at
630X magnification. Images were digitally mampulatcd for cnlargement. A

white bar at the bottom of the images represents 10um.
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Figure 32
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Chapter 4

Figure 32:

The localization of endogenous pRb with and without ctoposide

treatment

U208 cells were treated without or with 50 uM etoposide 40h post-
transfection and immunostained 8h post treatment. Cells were immunostained
using either anti-IF8 antibody (raised against whole pRb) or G3-245 (which
reccogniscs an epitope between aa 322-344 of pRb). All pictures are shown at
630X magnification. Images were digitally manipulated for enlargement. A

white bar at the bottom of the images represents 10um,
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ACETYLATION AT RESIDUES K873/874 OF PRB INCREASES THE INTERACTION BETWEEN

THE C- AND N-TERMINAL DOMAINS OF PRB.

The N-pRb domain binds to the C-pRb in vitro

The regions in pRb used in this binding study are represented (Figure 33a). GST
bound recombinant C-pRb 763-928 (wt, QQ and RR mutant protein) was used as bait for
the nuclear extract containing N-pRb (Figure 33b). It was observed that the N-pRb bound
to the C-pRb (Figure 33b, Lanes 3 and 4) but not to GST protein (Figure 33b, Lane 5). The
middle panel shows the mutant protein levels of pRb 763-928 bound to the GST beads
(Figure 33b, Lanes 1 to 4). The protein level of GST-pRb QQ mutant protein is
approximaicly a [ourth o GST-pRb wt or GST-pRb RR protein levels, but it still binds to
the N-pRb (Figure 33b, Lane 3). The C-pRb RR mutant protein was not observed to
specifically bind the N-pRb protein (Figure 33b, Lane 2). As a positive control, pRb 763-
928 wt was shown to interact with HA-pRb 1-928 (Figure 33b, Lane 1).
Densitometric analysis was cmployed to comparc the protem levels of HA-N-pRb 1-376
and GST-C-pRb 763-928 mutant derivatives (Figure 33c¢). Relative amounts of bound HA-
N-pRb 1-376 were adjusted by factoring in differences in levels of GST-C-pRb 763-928
mutant derivatives bound to GST Sepharose beads. The GST-C-pRb QQ mutant derivative
was able to pull down HA-N-pRb approximately 4 times more efficiently than the wild-
type GST-C-pRb 763-928. In contrast, thc assay did not detect any interacltion belween
GST-C-pRb RR mutant derivative and HA-N-pRb. Interestingly, wild-type GST-C-pRb
was able to pull down FL. HA-pRb 3.3 fold morc efficiently than its interaction with HA-
N-pRb.

The pcDNA3 2HA N-pRb was transfected intc HEK 293 cells, and nuclear extract

harvested for use as a source of N-pRb for i vifro pull down assays (Figure 33d).
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Figure 33
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Figure 33
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Chapter 4

Figure 33:  The N-terminal and C-terminal domains of pRb interact with each

other in vitro

a) The diagram in part “a’ depicts the N-terminal domain and C-terminal domain

constructs of pRb used in the pull down assays.

b) Part ‘b’ shows a GST in virre pull down of wild-type HA-pRb and HA-N-pRb
1-376 (extracted from HEK 293 cells) by recombinant GST-C-pRb (763-928).
Site directed mutagenesis was ulilized to mutate GST-C-Rb residues 873/874
from K to R or Q (acetylation mimic). Anti-HA antibody was used to detect
wild-type HA-pRb and HA-N-pRb 1-376. Levels of recombinant GST-C-pRb
were assessed by immunoblotting using anti-C15 antibody that detects a

peptide at the C-terminal domain of pRb.

¢} Quantification ol the protein levels in b). Protein levels are compared to GST-
pRb 763-928 wi (Lane 4), which is given the nominal valuc of 1. The levels of
both HA-N-pRb and GST-pRb mutant derivatives are shown. The levels of
bound HA-N-pRb are adjusted to take into account the amount of mutant GST-

pRb 763-928 wt, QQ or RR in the pull down.

d) HEK 293 cells were transfected with 2 pg of pSGSL-HA pRb 1-928 or 2 ug of
pcDNA3-IIA pRb 1-376. Nuclcar and cytoplasmic extract (100 pg) was

analysed by electrophoresis followed by immunoblotting using the anti-HA
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antibody. [ixtract from lanes 2 and 4 were used as sources of [HA-pRb 1-G28

and HA-pRb 1-376 respectively in the GST in vitro pull down assay.
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CHAPTER 4

DISCUSSION

GST-C-PRR 763-928 INTERACTS WITH E2F-1 N vITRO.

The data presented here suggest that residues K873/874 maybe required for the C-
terminal domain pRb/E2F-1 interaction. The K to Q substitution at K&73/874 ot the C-
terminal domain in pRb appears to reduce the C-pRb/E2F-1 interaction in vitro. The
concordant K to R substitution at the same residues appears to retain E2F-1 binding with
almost equal level compared to the wild-type C-pRb. This result shows that acetylation of
C-pRb at K873/874 recduccs the affinity of C-pRb for E2F-].

There are two main concerns in drawing conclusions from these experiments. The
in vitro assays do not preclude that the microenvironment in cells may be different. The
second concern surrounds the validity of using K to Q substitution to infer the effects of
acetylation. However, the substitutions of K Lo Q or R were chosen on the basis of their
similar physical properties (Figure 24 and 25) {247-249]. Other studies however have
provided convincing results that K to Q substitution is a phenotypic mimic for acetylation
[75, 177, 214]. In order to confirm my resulls, it would be necessary to develop a method
for separating in vifro acetylated C-pRb from the non-acetylated form. A recent publication
suggests a way that acetylated protein forms can be isclated from lysatc with a purity of
greater than 90 % [230]. Future work may use such technigues to obtain acetylated C-pRb
for the in vitro binding assay studies.

There are a number of possibilities as to why the C-pRb QQ mutant does not
interact with E2F-1. K873/874 of C-pRb does not form part of the consensus-binding site

for interaction with E2F-1. The two regions that were observed to bind the marked box of
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E2F-1 are residues 786-800 and residues 829-864 of pRDb {98]. It is possible therefore that
acetylation of K873/874 causes a conformational change in the C-terminal domain of pRb
that affects one or both of the C-pRb binding regions, preveniing them from interacting
with the E2F-1 marked box region.

Mutation of K to Q changes the nct charge of residucs 873/874 from +1 to neutral,
which mimies the change in charge resulting from K acetylation. K and R residues are both
basic amino acids whereas Q residucs are morce clectroncgative (Figure 24a). The pRb 763-
928 QQ and RR mutants were still able to bind Mdm2 protein. This result suggests that the
K to Q/R mutation does not simply ablate the binding ability of the mutant proteins
altogether, and also perhaps that another region of C-pRb is involved in binding Mdm?2.
Crystallographic studies could be utilised to compare the ‘wild-type and QQ’° C-pRb
proteins. In summary, E2F-1 binds to the C-tcrminal domain of pRb 763-928, an

interaction that is blocked by acetylation of pRb residucs K873/874.

THE ACETYLATION OF PRB AT RESIDUES K873/874 REDUCES TAE E2F-1 INTERACTION IN

CELLS.

Mutating residucs 873/874 to Q reduces the C-pRb/E2F-1 interaction

Using manumalian expression vectors encoding C-terminal domain pRb proteins
(derived from GST C-pRb constructs used in Figure 26), it has been demonstraied that the
C-Rb QQ mutant protein binds weakly to E2F-1 in HEK 293 cells, pRb phosphorylation is
the only post-translational modification reported to control the pRB/E2F-1 interaction

directly. Thus perhaps acetylating pRb in response to DNA damage releases the anti-

apoptotic behaviour of pRb by interfering with its interaction with E2F-1. Acctylation of

pRb at residues K873/874 is known to reduce pRb phosphorylation and facilitate cell cycle
arvest [214].

HEK 293 cells are transformed with adenovirus, and express the E1A and E1B
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oncoproteing [246], which are likely to interfere with the pRb small pocket/E2F-1

interaction. Therefore, the immunoprecipitations (in Figures 27 and 28) were likely to
detect interactions between the C-terminal domain of pRb and the marked box region of
E2F-1. Limited conclusions can be drawn from these data. Firstly endogenous F2F-1
contains the /rams-activation domain, so pRb that is not in complex with EJA could
potentially producc falsc positives iz vive, by binding to E2F-1 using the small pocket
region {domains A and B). Secondly, the endogenous pRb present may interact with the C-
pRb mutant proteins. Indeed, pRb is known to bind to itself via N-terminal domain/C-
terminal domain interactions | 135].

Further study in this area might utilise gel shift assays to compare complex
formation of C-pRb wild-type/E2F-1/DP-1 with that of C-pRb QQ/E2F-1/DP-1. It might
be expected that the C-pRb QQ mutant protein would cause less band shift complexes than
the C-pRb wild-type protein, as the interaction between C-pRb QQ and F2F-1/DP-1 would
be much weaker than that between wild-type C-pRb/E2I7-1/DP-1.

‘the immunoprecipitation experiments in Figures 27 and 28 could be repeated using
exogenously expressed E2F-1 (1-374)/DP-1 instead of relying on endogenous E2F-1/DP-1.
This would prevent any HA-pRb pocket interactions with the zrans-activation domain of
cndogenous E2F-1 beeause the two forms of E2F-1 would resolve differently on an SDS-

PAGE gel.

Mutating residues K873/874 to Q also inhibits the FL-pRb/E2F-1 inleraction

The immunoprecipitation of E2F-1 with FL-pRb was meant {o confirm that pRb
could bind E2F-1 using the small pocket interaction with the frans-activation domain of
E2F-1. Therefore, the expected result was that the FL-pRb QQ mutant would bind E2F-1
as efficienily as FL-pRb wild-type derivative. It seems however that the FL-pRb QQ
mutunt binds E2I-1 less efficiently than the wild-type FL-pRb or FL-pRb RR mutants.

This effect was mirrored in cells treated with etoposide.
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There maybe scveral reasons for this, Firstly, the E1A concentration in HEK 293
cells could be significant enough to bind all exogenous FL pRb protein, thus preventing
pRb small pocket interactions with E2F-1. Secondly, it is possible that mutating K residues
873/874 to Q might alter the localization of the FL-pRb QQ mutant protein but not alter
the localization of the C-pRb QQ mutant protein. Thirdly, it might be that basic residues
(like K or R} are necessary for successful mteraction between the C-terminal domain of
pRb and LE2F-1 to occur. Perhaps neutralizing the charge on residues K873/874 by
acetylation or @ substitution loosens the interaction between the C-terminal domain of pRb

and E2F-1.

Localization of the pRb cxogenous protceins

The C-terminal domain pRb mutant proteins all localized to the nucleus, even in
cells treated with etoposide (Figure 29), as did the FL-pRb wild-type and RR mutant
proteins. It is significant that the FL-pRb QQ protein localizes more to the cytoplasm than
the nucleus. This result contradicts earlier data we published (Figure 4C [97]). However,
subsequently we had cause to re-sequence this sample of FL-pRb QQ mutant construct,
which was confirmed (o be contaminated with FL-pRb wt DNA. The subcloning of the FL-
pRb QQ mutant construct was repeated, and all subseguent immumnostaining experimenis in
U208 cells showed FL-pRb QQ mutant protein to localize more te the cytoplasm than the
nucleus.

Using an anti-acetylaled pRb untibody (SK37), we recently reported that DNA
damagc responsive acetylated pRb localizes (o the nucleus (showing only limited
cytoplasmic staining) {97]. This apparent contradiction between figure 1C of Markham et
al 2006 [97] and Figures 30 and 31 of this thesis should be further investigated. Presently
we have no definitive data indicating that treatment of U20S cells with 10 uM ectoposide
induces acetylation of residues 873/874 simultaneously. In figure 1C of Markham ef al

2006, U208 cells were trcated with 10 pM etoposide for 8 . It is possible that longer
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exposure to a greater concentration of etoposide might induce further acetylation, altering
acetylated pRb subceliular localization to a mainly cytoplasmic distribution.

The Rb protein contains two regions that confer nuclear localization (the A/B
pocket, and the C terminal domam). The A/B pocket when fused to the pECE-B-
galactosidase construct (pECE-B-gal-Rb-A/B) confers nuclear/cytoplasmic localization
upon the heterologous protein [251]. The C-terminal domain of pRb contains a bi-partite
NLS that has been characterized as spanning residues 860-877 (Figure 8) [252]. It is likely
that mutating the K residues at 873/874 is enough to ablate nuclear localization conferred
by the bi-partite NLS. The K residues in the NLS are central to its funcuion, and even
mutating adjacent residues to a Q 1s enough to cause pRb to localize to both the cytoplasm
and the nucleus [253]. The FL-pRb mutated at K873/874 to Q is nuclear/cytoplasmic, but
the corresponding C-pRb QQ mutant is nuclear. [t is possible that the N-terminal domain
of pRb may interact with the C-terminal domain of pRb in context with the FL protein to
mfluenee its intra-cellular localization.

In summary, the C-pRb protein binds to E2I*-1 in HEK 293 cells, an interaction
that 15 blocked by mutating residucs K873/874 to Q. This interaction is independent of
endogenous pRb because HEK 293 cells express E1A that binds to the small pockel region
of pRb and prcvents its association with the frans-activation domain of E2F-1 [105, 246].
Exogenously expressed FL-HA-pRb also binds E2FK-1, and iis binding was blocked when
residues K&73/874 of pRb are mutated to Q. Although FL-pRb QQ mutant localizes
mainly to the cytoplasm, this localization is unlikely to explain the loss of binding to E2F-
1 as the truncated C-pRb QQ mutant localizes to the nucleus, but also exhibits low binding

to E2F-1.
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ACETYLATION AT RESIDUES K873/874 OF PRB INCREASES THE INTERACTION BETWEEN

THE C- AND N-TERMINAL DOMAINS OF PRBE,

The N-pRb binds to the C-pRb in vitro

The two-hybrid study by Sterner et o/ found that the N-terminal domain of pRb
interacts with the C-terminal domain of pRb in yeast [100]. It has been confirmed using in
vitro pull down assays that the HA-N-pRb {derived from HEK 293 nuclear cxtract) docs
indeed interact with the GST-C-pRb. /s vitro pull down assays utilizing C33A cclls (in
which R) 1s genetically inactivated) as the source of exogenous HA-N-pRb were unable to
detect an interaction between HA-N-pRb and GST-C-pRb. Lysing C33A cclls to separate
nuclear and cytoplasmic fractions later confirmed that the exogenously expressed JHA-N-
pRb localized mostly to the cytoplasm, whereas in HEK 293 cells exogenously expresscd
HA-N-pRb localized mostly to the nucleus (Chapter 3, Figure 22).

One explanation is that HA-N-pRb interacts with endogenous nuclear wild-type
pRb at the bridging region between the N-terminal domain and the A domain (residucs
379-572), and that during the pull down, GST-C-pRb binds to the B domain (residues 646-
772). Tn this hypothesis, the A/B pocket domain of pRb might act as a protein scaffold to
facilitate a binding surface for the exogenous HA-N-pRb and GST-C-pRb to interact. This
hypothesis is supported by the observation that HA-pRh F1. binds much more efficiently to
GST-C-pRb than the IIA-N-pRb does (Figure 33b, Lane 1). The affinity that the HA-N-
pRb and GST-C-pRb wild-type proteins have for each other is quite modest compared to
the affinity that the HA-tagped exogenous proteins have for the regions of pRb that they
neighbour. Testing this hypothesis might require crystallographic analysis to assess the
binding affinities of pRb N-terminal and C-terminal domains for the A/B pocket.

The mutant derivative GST-C-pRb QQ showed enhanced iz vitro binding to HA-N-

PRb 1-376. In contrast, the GST-C-pRb RR muwutant dertvative showed greatly reduced in
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vitro binding affinity to HA-N-pRb 1-376. This is a new observation. On¢ interpretation is
that the acctylation of residues K873/874 of GST-C-pRb promotes an increase in affnity
between the N-terminal and C-terminal domains. However, it 1s also possible that the
acetylation of residues K873/874 might cause a change in the conformation of the C-
terminal domain of pRb, thereby causing it to bind against the face of the B domain of the
pRb small pocket. Thus a flip in conformation might bring the N-terminal and C-terminal
domains close enough together to interact. Again, crystallographic analysis would be very
uselul in determining the effect of acetylation on the binding properties of the C-terminal
domain.

It has been shown that residues K873/874 are acetylated in response to etoposide
treatment 1n a number of cell types [97]. Results presented here indicate that acetylation at
residues K873/874 of the C-pRb increases its in vitro affinity for the N-pRb. The next step
would be to test the binding affinity of N-pRb to C-pRb in vivo. It is possible that acetyl
forms of N-pRb also induce a conformational change at the N-terminal domain end of pRb
that promotes interaction between the C-terminal domain and the N-terminal domain. The
next step would be to identify the acetylated K residues in the N-pRb by imass
spectroscopy. N-pRb acetylation mutants could then be engincered (K to Q), and these
mutants could be tested in binding assays and crystallographic analysis to assess the
combined effect of acetylation of both the N-terminal and C-terminal domains on their
binding to each other and to the A/B small pocket region.

In summary, the N-terminal domain of pRb binds to the C-terminal domain of pRb
inn vitro. The GST tagged C-pRb QQ mutant demonstrated 4-fold greater binding to the N-
terminal domain of pRb comparative to C-pRb wild-type, indicating that acctylation of
pRb at residues 873/874 might induce greater binding between the N-terminal and C-

terminal domains of pRb.




CHAPTER §

DISCUSSION

PRD is acctylated across multiple domains

There is now evidence that pRb is acetylated across four of its five domains (only
the spacer has not been studied (aa 572-646)). /n vifre data cun be summarized as follows:
The Retinoblastoma N-terminal {(aa 1-376) and C-terminal (aa 763-928) domains are
efficiently acetylated by Flag-p300 FL (Figure 35a). The A domain derivative of pRDb (aa
379-572) does display acetylation in vitro by Flag-p300 FL, but ii is barely detectable in
gel based assays |214]. The B domain derivative of pRb (aa 646-792) does not show
detectable ir vitro acetylation (Figure 35-A) [214]. It is hypothesised that the A/B domains
are more cfticiently acctylated when they are interacting together [214]. A small
polypeptide (aa 710 to 732) in the B domain (corresponding to exon 21) and which is
conserved across species, can be acetylated at residue 713 [214].

Enpineered GST-pRb derivatives spanning the C-terminal domain of pRb show
that there are two regions of the C-terminal domain that are acetylated in vitro by Flag-
p300 TL (residues 794-829 and residues 830-884) (Figure 35B(i)). llowever, mutating
residues K873/874 to Q or R, completely ablates acetylation ot GST-C-pRb 763-928,
suggesting that ucetylation of these residues is required [or the acetylation of other residues
in GST-pRb 794-829 [97, 214] (Figure 35B (ii)).

A study by Nguyen ef af [53] showed that GST-pRb 379-928 wild-type is
acetylated in vitro by Flag-P/CAF, but the pRb derivative mutated at residues K873/874
(GST-pRDb 379-928 RR) is not acetylated by Flag-P/CAF. Further to this, Flag-p300 FL

combined with Flag-P/CAF acetylates GST-pRb 379-928 wild-type more
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Chapter 5§

Figure: 34  The in vitro acetylation of GST pRbD derivatives

Both Flag-p300 FL and Flag-P/CAF acelylule the Rb protein in vitro.

a) Top shows a schematic representation of pRb 1-928. Below indicates which
GST pRb domains are acetylated by Flag-p300. The derivatives are indicated
by ticks or cross, indicating whether they are acetylated and their relative

acetylation.

b) i) Shows GST pRDb derivatives spanning the C-terminal domain of pRb (aa
763-928) that are acetylated by Flag-p300. Derivatives are indicated as
acetylated or not as in a).

i1) Shows GST-pRb 763-928 wt, QQ and RR mutant derivatives {mutated at
residues K873/874) that are acetylated by Flag-p300. Derivatives are indicated

as acetylated or not as in a).

¢) Shows GST pRb 379-928 wt, and RR mutant derivatives (mutated at residues

873/874) that arc acetylaticd by Flag-P/CAF.
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efficiently than either Flag-p300 FI. or Flag-P/ACAF could in isolation [53]. It is possible
that p300 and P/CAF acetylate pRb more effectively in a complex. P/CAF is able to bind
to pRb 379-928 [53], s¢ perhaps P/CAF can recrait p300 to the pRb large pocket domain
(residues 379-928).

Acetylation of u K residue alters its physical properties by neutralizing the positive
charge of the K residue but maintaining its polar and steric properties (Chapter 4, Figure
24 and 25). The B domain of pRb is not highly acetylated [214]. This may be becaunse six
basic K residues in the B domain (K713, K720, K722, K729, K740 and K765) are required
to hydrogen bond with acidic residues in the LXCXFE peptide [41], an interaction that
allows the LXCXE motif containing proteins ta bind the pRb small pocket. [t is interesting
that Flag-p300 FL can acetylate residues in the N-terminal domain of pRb (Figure 36a and
36b) and residues across the pRb large pocket [214], but P/CAF is only able to acetylate
residues K873/874 [53].

There are thirty-one K residues across the N-terminal demain of pRb (twenty three
in the N sub-domain, and 8 in the R sub-domain) (Figure 36, parts a) and b)). Residue 136
1s the only point mutation obscrved from the thirty one K residues in the N-terminal
domain in a patient suffering from unilateral retinoblastoma (Figure 36a and 36c¢) |254].
The only other significant mutations atffecting the N-terminal domain are discrete internal
mutations rcsulting in the deletion of exons 4 and 8. Potential acetylation siles i these
regions are highlighted (Figure 36d) [145]. Exons 4 4nd 8 encode protein sequence that is
highly conserved among vertebrate species (bird, human, rodent, fish and amphibian)
[111]. Also exon 8 contains S and T rcsidues (position 8250 and T252) that are
phosphorylated by Cdks [146]. It may be thereforc that acetylation of the N-terminal
domain will affect its phosphorylation in a similar way to which acetylation at residues
K873/874 reduce cyclin E/Cdk2 dependent phosphorylation, thus promoting cell cycle

arrest [214].
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Figure 35
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MPP  KTPRK TA ATAAAAAAEPPAPPPPPPPEEDPEQDSGPLEDLPLVRLEF

EETEEPDFTALCQ  KLKIP DHVRERAWLTWE KVS SVDGVLGGYIQ KKKEL
WGICIFIAAYDLDEMSFTFTELQ KNI EISVH KFF NLL KEi DTST KvD N
AMSRLL KKYD VLFALFS KLE RTCELIYLTQPSSSISTEINSALVL — KVS Wi
TFLLA KGE VLQMEDDLVISFOQLMLCVLDYFI KLS PPMLL KEPYK TAVI
PINGSPRTPRRGQNRSARIA  KGQL ENDTRIEVI.C KEM ECNIDEV KNV YF
KNF  IPFMNSLGLVTSNGLPEVENLS KRY  EEIYL KNK  DLDARLFLDHD

KTL QTDSIDSFETQRTPR KSN  LDEEVNVIPPHTPVR

a) Exon 4

aa 126-ISVH KFF NLL KEI DTST KVD N
AMSRLL KKYD VLFALFS KLER-aa 166
b) Exon 8

aa 236-KEPYK TAVIPINGSPRTPRRGQN
RSARIA KQL ENDTRIIEVLC KEH ECNIDE- aa 287

Protein aa Consensus Sequence aa
Cdc25A | 116 PALKRSHSDSLDHD 129
Cdc25C | 209 SGLYRSPSMPENILN 222

E2F1 37|  PLLSRMGSLRAPVD 371
BRCA1 | 981 PPLFRIKSFVKTKC 994

p53 13 PLSORTFSDLWKLL 26

C-Rb 804 IYISPLKSPYKRISE 817
C-Rb 888 SKHLRCESKFOOKL 901
C-Rb 899 QKLAEMTSTRTRMO 912

N-Rb 75 WLTWEKVSSVDGVL 88
N-Rb 172 IYLTQPSSSISTET 185
N-Rb 180 SISTEINSALVLKV 193

N-Rb 340 DKTLOI'DSIDSFET 353




Chapter 5

Figure 35:  The N-terminal domain of pRb

a) Schematic of the N-terminai domain of pRb (residues 1-379). Directly above
the schematic, mapped are regions encoded by each exon. Exons 4 (residues
127-166) and exon & {238-286) are shaded in green because they have been

found deleted in some human cancers. The vertical lines in red represent the

position of lysine residues across the N-terminal domain. Below the schematic,
the three regions of the N-terminal domain that are highly conserved across
species (residues 195-235, 270-289, and 317-343) are highlighted in blue. N-
terminal domain point mutations found in human tumours are shown shaded in
red. The locations of known Cdk phosphorylation sites are shown as black

circles labelled P, and the location of possible Cdk sites are shown as white W

circles labelled P. The locations of possible Chk2 phosphorylation sites are

depicted as black and yellow circles labelled P.

b) The N-terminal domain of pRb consists of two protease/caspase resistant sub-
domamns Jabelled W (1-263 approximately 30KDa) and R (263-379
approximately 10KDa). Secondary structural analysis predicts that the two

domains are globular and connected by a hinge region.

¢) There are thirty one potentially acctylated K residues in pRb 1-378. The

potential acetylation sitcs in the N-terminal domain pRb protein sequence are

highlighted m red. The K residuc highlighted in green at aa position 136 is the
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only known point mutation that has bcen obscrved from a patient with

unilateral retinoblastoma (K 1o X).

d) Discrete N-terminal domain internal mutations that arc naturally occurring
mutant afleles in human tumours were assessed {or their proximity o potential

acetylation sites (shown in red).

e) The Chk2 consensus phosphorylation sites in various transcription factors

(from Cde25A to p33). The C-pRb and N-pRb arc predicted sites of Chk2

phosphorylation.
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Treating cells with etoposide induces the acetylation of both K 873/874 and the N-
terminal domain of pRb

The N-terminal domain of pRb was acetylated in HEK 293 cells, and treating cells
with etoposide induced greater levels of acetylation. A similar result is observed when
comparing N-terminal domain acetylation with damage-inducible acetylation of residues
K873/874 of pRb. Etoposide-inducible acetylation is so far detectable in six cell types
(HEK 293, NIH 3T3, WI38, HCT15, AT fibroblasts, and F9 cells) [97]. Levels of pRb
acetylation at residues K873/874 are increased upon treating WI38 cells and HEK 293
cells with TSA. Etoposide 1s known to activate the ATM damage response pathway {255],
but curiously preliminary data suggest that ATM is not a rcquircment for damage-
inducible pRb acetylation because it is detectable in AT cells (Darran O’Connor, personal
communication).

Chan ez af 2001 [214] studicd the regulation of pRb acctylation during ccll eycle
progression. Immunoprecipitated endogenous pRb was immunoblotted with anti-acetylated
K antisera. In T98G cells, which express wild-type pRb, cell cycle progression was
monitored after serum-stimulating starved cells. Under these conditions, cells entered S-
phase at 1620 h when assayed by flow cytometry, suggesting that acetylated pRb
accumulated at the G1/S phase transition.

Increased Gl arrest is observed in SAOS2 cells by exogenously expressing pRb
379-928 QQ mutant derivative, thereby mimicking the acetylation of pRb {214]. This
obscrved increase in Gl atrest might result froin the affect of acetylation at residues
K873/874 on Cyclin A/E docking [256]. Cell cycle progression proceeds up until cyclin
D/Cdk 4/6 phosphorylation of pRb. Acetylation at K residucs 873/874 prevents Cyclin A/E
from docking to the C-terminal domain of pRb [214], thercby preventing cells from
cutering the S-phasc [256]. Cell cycle arrcst also occurs prior to cells undergoing

differentiation [53], enlering senescence [257] or prior to apoptosis (reviewed by [245].
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p300 and P/CAN may form a HAT complex to facilitate pRb acetylation

Acetylation of pRb at residues K873/874 is inducible in UY37 cells under
conditions of serum starvation [214]. This suggested that acetylation of pRb might be
involved in regulating differentiation. A study by Nguyen ef o/ 2004 [53] provided
evidence that pRb undergoes acetylation upon cellular ditferentiation, including skeletal
myogenesis. In addition to p300, P/CAF can mediate pRb acetylation as pRb interacts
directly with the acetyl-transferase domain of P/CAF in vitro and can associate with
P/CAF in differentiated cells. Significantly, by using a C-terminal domain acetylation-
impaired mutant of pRb, they revealed that acetylation does not affect pRb-dependent
growth arrest or the repression of E2F transcriptional activity. Instead, acetylation is
required for pRb-mediated terminal cell cycle exit and the induction of late myogenic gene
expression. [t would be interesting to determine whether the N-terminal domain of pRb is
required for pRb-mediated differentiation, and assess whether the N-terminal domain

undergoes acctylation during differentiation.

E2F-1 frans-activates apoptotic genes, and genes required for G1/S-phasc through
two scparate domains

The Rb protein plays an essential role in cell survival by regulating the activity of
multiple apoptotic mediators (reviewed by [245]). pRb inhibits apoptosis by binding to the
E2F-1 transcription factor, thereby preventing frans-activation of apoptotic genes by E2F-
1 [240]. It was first proposed by Hsieh er al [240] that pRb may inhibit E2F-1 induced
apoptosis by mechanisms other than steric suppression of the E2F-1 frans-activation
domain (E2F-1 374-437). Over-expression of E2F-1 (in which the wrans-activation domain
has been deleted) can still induce E2F-1 dependent apoptosis [96, 240]. E2F-1 (132) is a
point deletion mutant, detective for DNA binding. In reporter assays, this mutant failed to

activate transcription and also failed to induce E2F-1-dependent apoptosis in SAOS2 cells
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[240].

A significant increase in DNA-binding activity can be achieved when an E2T
family member heteradimerizes with a DP family member. An increase in the DNA
binding capacity of E2F-1 is accompanicd by a dramatic increasc in apoptosis (in cells
over-expressing E2F-1/DP-1 or a cyclin A-binding-defective mutant of E2F-1 (E2FA24))
[258-260]. This stimulation of DNA-binding actlivity is reflected i the incrcasc in E2F-
dependent transcription when E2F-1 1s co-transfected with DP-1 [261, 262]. Those
particular studies were carried out around the same time as the discovery that E2F-1 over-
expression induces apoptosis independently and concurrently with p53-dependent

apoptosis [241-243].

pRb has two binding demains for E2I5-1 ) N

Dick et al [96] created a mutant Rb {(RbAE2F-G) that had lost pocket/E2F binding
but retained binding to viral oncoproteins such as E1A or HPV E7. Using RbAE2F-G, they
discovered that pRb contained two E2F-1 binding domains. Using binding assays they
isolated a new E2F-1 binding domain to the C-lerminal domain of pRb. Using gel shifi
assays, they showed that RbAE2F-G caused a shift in E2F-{/DP-1 complex. In contrast to
wild-type pRb, RbAI2F-G failed to cause a shift in the BE2F-4/DP-1 complex. What is of
greater interest was their finding that increasing concentrations of RbAE2T-G reduced the
binding affinity of E2F-1/DP-1 for the DNA probe (where as the wild-type protein did
not). This led to the suggestion that pRb {through its C-termingl domain) might inhibit
E2E-1 trans-activation at pro-apoptotic promaoters {96].

The interaction between RbAL2I-G and T21°-1 may prevent E2F-1/DP-1 from
binding DNA. This affect is #rans-activation domain independent, and may explain why
E2F-1 1-374 still causes E2F-1-dependent apoptosis, despite lacking a #raas-activation
domain. Thus, there are two E2F-1 binding domains (the A/B small pocketl, and the C-

terminal domain} interacting with two different regions of E2F-1 (the fraas-activation
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domain and the marked box domain (MB)). Does pRb inhibit promoters at S-phase genes
and simultaneously allow E2F-1 to rrans-activate apoptotic promoters? What are the
upstream signals thalt determine whether pRb inhibits E2F-1 apoptosis or releases
inhibition?

The previous model suggested that pRb intcracted with the (rans-activation domain
of E2F-1 and prevented any of the transcription machinery from accessing E2F-1, thereby
preventing expression. Repression was released through sequential phosphorylation of the
C-terminal domam by cyclin D/Cdk 4/6 which facilitated phosphorylation of the B domain
by cyclin (E/A)/Cdk2. This model seemed reasonable until the unexpected finding that the
C-terminal domain of pRb (residues 792-928) can interact with the marked box region
(MB) of E2F-1 [96].

Recent structural studies have shed light on how the two E2F-1 binding domains in
pRb cooperate to repress E2F-1 frans-activation, and why this repression is lifted by
phosphorylation of the C-terminal domain of pRb. 1t was discovered that the C-pRb/E2F-1
interaction was dependent on E2F-1 heterodimerizing with its DP-1 partner [96, 98]. There
arc two segments of C-pRb mnvolved in the mteraction with E2F-1 MB domain. The C-pRb
“f domain (residues 829-864) contributes the majority of the binding encrgy, binding to
E2F-1 with a Kd of 5 uM. The C-pRb "™ domain (residues 786-800) also interacts with
E2F-] MB segment, increasing the affinity of C-pRb for E2F-1 MB by 36 fold
(corresponding to a Kd of 110 nM)),

This led to a revised model. In its active state, pRb binds E2¥-1 MB using both C-
pRL*"® and C-pRb"™™" domains, and also pRb binds E2F-1 frans-activation domain via the
small pocket. Cyclin D/Cdk4/6 first phosphorylatcs $788 and S795 of the C-pRb™™
domain. This ablates the binding between C-pRb™™ domain and E2F-1 MB domain.
Further phosphorylation by cyclin D/Cdk4/6 allows access of cyclin E/A/Cdk2 to its
docking sitc on C-pRb, and further phosphorylation of 1821 and 1826 by cyclin E/A/Cdk2

allows the release of E2F-1 [98]. Etoposide induced DNA damage responsive acetylation
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of residues 873/874 will prevent cyclin Ii/A docking to the C-pRb™, and thus arrest cells
in G1/8 phase.

Assuming no DNA damage, cychin E/Cdk2 phosphorylates E2F-1, which
stimulates transcription of cyclin E. This positive feedback loop sends the cell into S-phase
[191]. This model is not the whole story as there are many more phosphorylation events
during G1/8 phase and S-phase. There are a total of sixteen Cdk phosphorylation sites
across pRb that are phosphorylated during G1/S phase transition and S-phase (Chapter 1,

Figure 8) (reviewed by [104]).

The effect of damage responsive acetylation on pRb, E2E-1 and p33

It is clear that acetylation at residues K873/874 of pRb can do more (han just
induce cell cycle arrest. Excitingly, the C-pRb 763-928 QQ mutant showed much reduced
binding to E2F-1 both in vitro and in vivo. In contrast the C-pRb QQ mutant could still
bind Mdin2, consistent with earbier reports suggesiing thal acetylation al K873/874
increased its affinity for Mdm2 [214]. Further to this, FL-pRb QQ mutant derivatives
failed to cfficiently bind E2F-1 in HEK 293 cells. Duc to being transformed with
adenovirus, HEK 293 cells over-express ELA. The reason for using HIK 293 cells was to
allow a situation in which cxogenous FL-pRDb did not bind the srans-activation domain of
E2F-1 cfficiently. Thus any remaining binding would be attributable to the C-terminal
domain of pRb and its interaction with E2F-1 MB. FL-pRb wild-type and FL-pRb RR
mutant derivatives both bound E2F-1, but the FL-pRb QQ nmutant did not. Therefore, it is
suggested that damage-responsive acetylation at residues K873/874 of pRb prevents its
assaciation with the MB of E2F-1, thereby allowing frans-activation at apoptotic
promoters.

[t is likely that most of the pRb in the cell is not acetylated in response to DNA
damage. Using an antibody specific for acetyl-K at residues 873/874, acetylated pRb
translocates trom a ditfuse nuclear staining {seen in un-treated cells) to punctate nuclear
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speckles (in etoposide treated cells) [97]. However, staining with an cndogenous pRD
antibody showed no obvious difference in pRb intra-celluiar location (Chapter 4, Figure
32). Indeed other reports confirm that pan-pRb antibodies do not detect franslocation of
pRb resulting from post-translational modification, and that specific antibodies are
required (designed against specific modifications) in order to track changes in nuclear
focation [106, 107]. In a similar manner, not all E2F-1 is phosphorylated in response to
ctoposide induced DNA damage. Using a phospho-specific antibody against phospho-
S364, a change in the intra-cellular location of Chk2 phosphorylated E2F-1 was observed
[229]. E2E-1 phosphorylated by Chk2 translocates from a diffusc nuclear staining (scen in
un-treated cells) to punctate nuclear speckles (in ctoposide treated cells), in a similar
[ashion to acctylated pRb staining i U20S cclls.

Presently, two other reports have described the DNA damage induced acctylation
of the cell cycle transcription factors E2F-1 and p53 [75, 2281, These studies both report
that treating cells with doxorubicin (for E2F-1) and IR (for p53) results in the induction of
acetylation. Studies on E2F-1 demonstrate that residues 117, 121, and 125 arc acetylated /n
vive i response to doxorubicin treatment. This induction of acetylation occurs between 8
and 16h post treatment (induction of pRb acetylation by etoposide occurs between 4 and
24h post treatment [97]. TUNEL assays show that K to Q triple mutant derivatives of E2F-
| (at residues 117, 121, and {25) cause an increase in apoptosis in un-treated cells to a
similar degree that E2F-1 wild-type causes when cells are treated with doxorubicin. E2F-1
is stabilized by DNA damage induced Chk2 phosphorylation of S364 [229] in parallel with
DNA damage induced acetylation (at residues 117, 121, and 125).

A similar study on DNA damage inducible Chk1/2 phosphorylation of p53 more
closely studied the link between Chk phosphorylation and DNA damage mducible
acetylation [228]. p53 is phosphorylated by Chkl and Chk2 S/T protein kinases at its N-
terminal and C-lerminal domains, Most of the Chk phosphorylation sstes characterized so

far map to the N-terminal domain of p53 and are thought to contribute to the DNA damage
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induccd stabilization of p53. This recent study characterized six Chk1/Chk2 sites in the C-
terminal domain of p53. Chk~mediated phosphorylation of three sites (S366, S378, and
T387) is induced by double-stranded breaks in DNA. Chkl specifically phosphorylates
T387, whilst Chk2 phosphorylates S366. Chkl and Chk2 both phosphorylate S378.

Importantly, Chkl and Chk2 have roles in reguiating p53 acetylation. Using siRNA
to knockdown Chkl/2, it is observed that levels of C-terminal p53 phosphorylation and
acctylation of K382 is reduced | 228]. This leads to a reduced activation of the p2/ and Bax
genes in response to DNA damage. Reduced Chk kinase levels resulted in.a reduction of
DNA damage responsive pS53 acetylation, and a corresponding drop in apoptosis was
observed. Acetylation of p53 augments its affinity for DNA, thereby stimulating the trasns-
activation of p53 target genes [206, 263].

This study progressed further fo characterize the affects of DNA damage induced
Chki/2 phosphorylation on p53. S/T to D mutants were engineered to mimic
phosphorylation of S366 and T387. These mutants interact more efficiently with p300Q, and
showed higher levels of K373 and K382 acetylation in vivo. I'he p53 53661 and 13871
mulant derivatives bound more sirongly to the p21 promoter and AIPI promoters in ChIP
assays. Phoshorylation by Chk1/Chk2 of 8366 and T387 facilitates an increase in K373
and K382 acetylation and a corresponding increase in binding to p21 and AIPI promoters,

thus facilitating apoptosis [228].
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The ATM/Chk2 pathway may activate DNA damage responsive acetylation of pRb

In response to DNA damage, F2F-1 and p53 are phosphorylated by Chk2, thereby
leading to increases in their levels of acetylation.

Perhaps DNA damage inducible acetylation of pRb (at residues K873/874) 1s also
controlled by Chk2 phophorylation. In this regard, preliminary results are encouraging.
Recent work in our group has shown that the C-terminal domain of pRb is phosphorylated
by Chk2 kinase /n vifro. Further to this, expressing a Chk2 dominant negative construct in
NIH3T3 cells ablates etoposide-induced acetylation (personal communication, Judith
Soloway). There are several Chk2 consensus phosphorylation sites in the C-terminal of
pRb (Figure 36¢). The S residues are fairly near to residues K873/874 and may serve to
directly recruit p300/P/CAF complex to pRb/E2F-1.

In HEK 293 cells, the N-terminal domain of pRb is also acetylated in response to
DNA damage (Chapter 3, Figure 20). Close inspection of the N-terminal domain pRb
protein sequence revealed the presence of four potential Chk2 consensus phosphorylation
sites (Figure 36¢). There are 6 potential acetylation sites neighbouring theses Chk2
consensus phosphorylation sites (Figure 36a), three of which are encoded for by exon 4
(KVD, KKYD and KLER), and one by exon 8 {(KEPYK) (Figure 36d). I'xon 4 and exon 8
of pRb have been found deleted in tumour-derived samples and both regions are highly
conserved across species [111].

The reports on E2F-1 and p53 damage responsive acetylation suggest that it is
Chk2 phosphorylation that causes a change in intra-cellular location of pRb/E2ZF in
response to DNA damage. Both acetylated pRb and Chk2 phosphorylated E2F-1 are shown
to translocate to distinct nuclear speckles [74, 97]. If Chk2 phosphorylation is confirmed as
the upstream activator of pRb acetylation, it could be that pRb translocates to these nuclear
speckles during damage in response fo its phosphorylation by Chk2. Perhaps Chk

phosphorylation may trigger E2F-1 and pRb to wranslocate during DNA damage. Also,
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they may translocate whilst still in complex.

E2F-1 is primarily stabilized by ATM kinase. In response to DNA damage,
activated ATM phosphorylates E2F-1 at 831 [73]. Degradation of E2F-1 was shown to be
dependent on S31 binding to SCFKp45Skp2 thereby mediating E2F-1 proteosomal
degradation |264]. Upon ATM dependent E2F-1 stabilization, E2F-1 and LE2F-2 can
further activate ATM. Over-expressing E2F-1 and E2F-2 mduce the phosphorylation of
ATM [265]. Thus ATM activily is induced by E2F stabilization and can phosphorylate
more Chk2 kinase.

Further to this, E2F-1 up regulates Chk2 kinase independently of ATM. In this
way, a continued DNA damage response might cause a gradual increase in nuciear levels
of E2F-1. This would lead to greater up-regulation of Chk2 increased ATM kinase activity
[265]. This fed to the hypothesis that at basal levels of E2F-1, its activity 1s blocked by
pRb and is thus inactive, but upon mitogenic stimulation, E2F-1 induces (i1/S phase
transition. When E2F-1 levels are stabilized in response to DNA damage by ATM and
Chk2, E2ZF-1 levels cxceeded a threshold beyond which leads to E2F-1 dependent

apoptosis [56].

Nuclear translocation of pRb/E2EF-1 through Chk2 phosphorylation

It seems logical that phosphorylation by ATM and Chk2 might stabilize LE2F-1
gradually, and that when the pRb/E2F-1 complex is sufficiently phosphorylated by Chk2,
translocation to damage responsive promoters might occur. Once localized to apoptotic
promoters, p300-P/CAF might be recruited to phospho-E2F-1/pRb and histone H4,
resulting 1n their acetylation. Acetylation of the C-pRb then blocks C-pRb/E2Y interaction,
allowing the MB domain of E2F-1 to positively intluence transcription. [n the case of pRb
there is good reason to suggest that Chk2 phophorylation might be involved in nuclear
translocation. During the G1/S phase transition, sequential phosphorylation of C-pRb by

cyclin D/Cdk4/6 and cyclin E/A/Cdk2 dissociates pRb from E2F-1. Chk2 phosphorylation
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of pRO/E2F-1 complex may facilitate the nuclear franslocation of the whole complex,
rather than just pRb.

pRb contains two NLS, in the ‘A/R pocket’ and the ‘C-terminal domain bi-partite
NLS’ (Chapter 1, Figure 8). The C-terminai domain of pRb contains the bi-parlite NLS
which spans residues 869-877 [252]. It is possible that Chk2 phosphorvlation of the C-
terminal domain (residues S895 and S906) might impact on the pRbC-terminal domain
NLS. The K residues at 873/874 form a vital part of the bi-partite NLS (indecd it is bi-
partite because it has two basic K patches that are required for its function) [253]. It was
shown that mutating residues K873/874 of FL-pRb to Q caused widespread
nuclear/cytoplasmic staining among populations of cells (Chapter 4 Figure 30 and 31).
Mutating thc C-pRb residucs K873/874 to Q had no effect on the nuclear localization
regardless of whether cells were treated with etoposide or not (Chapter 4 Figure 29A and
29B). The FL-pRb-QQ mutant protein may leave the nucleus due to a lack of Chk2
phosphorylation. However, no translocation event was observed with HA-C-pRb QQ
mutant indicating that the influence of the A/B domain and the N-terminal domain of pRb
can impact upon the intra-cellular localization of pRb.

This localization change of pRb/E2F in response to DNA damage might occur
through a change in affinity of pRb for Lamins A/C and Lap2u. Both these proteins bind
pRb and are components of nuclear intermediate filament complexes [266]. Lamin A/C
might play a role in mediating the formation of the pRb foci because pRb is dispersed
throughout the nueleus and fails to associate with E2F foci in their absence [267]. Recent
studies find that nuclear anchorage of pRb also requires LAP2x [268].

Lamin A/C and LAP2« tether hypophosphorylated pRb to the nucleus. During S
phase, pRb distributes to hundreds of small foci throughout the nucleus, which indicates
that progressive phosphorylation of pRb results in dissociation from these matrix-
associatcd sites of function. In response to intra-S phase DNA damage and activation of

protein phosphatase 2A, hypophosphorylated pRb resurnes a focal staining pattern that s
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reminiscent of perinucleolar foci, and inhibits origins of DNA replication and prevents
endoreduplication [269].

Maybe during DNA damage, a proportion of pRb is required to inhibit E2F-1 at S-
phase promoters and promoters of genes involved in endoreduplication, If DNA damaging
signals persist, cells would perhaps require activating E2F-1-dependent and p53-dependent
apoptaosis. How might pRb remain bound to S-phase promoters whilst at the same time be
released from apoptotic promoters? Specific signals might be sent to pRb at damage
responsive promoters that cause the release of pRb and the #rans-activation of apoptotic
genes, or alternatively signals might be sent to pRb causing it w re-localize to damage
responsive promoters to displace repressive pl07/E2F-4 complexes with activating

pRH/E2T-1 complexes.

Activating pRb/E2F-1 complexes swap places with repressing p107/E2F-4 complexes
at apoptotic promotcrs in response to DNA damage

Farlier, a study by Pediconi was cited concerning E2F-1 acetylation being linked to
increased apoptosis [75]. As part of this study, ChiP assays were utilized to assess
E2F/pocket protein complex promoter occupancy in un-treated and doxorubicin treated
cells. This study indicates that under normal cell culture conditions, pl07/E2F-4
complexes occupy and repress p73, whereas pRb/E2F-1 complexes occupy 7K and DR
promoters. Under doxorubicin treatment, the pRb/E2F-1 complex and the plO7/E2F-4
complex swap promoters leading to acetylation of 114 at p73 prometer and deacetylation of
H4 at 7K and DHFR promoters [75]. What this study doesn’t address is how pRbW/E2F
complexes are able to (ranslocate from one area of the nucleus to another. If Chk2
phosphorylation of pRb alters binding to Lamins or LAP2¢, what proteins might
chaperone pRO/EZF-1 complex to apoptotic promoters?

It 1s interesting that the N-terminal domain of pRb binds morc efficicntly to the

GST-C-pRb QQ mutant derivative in GST pulldown assays. Perhaps DNA damage
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responsive acetylation of pRb might induce conformational change in pRh tertiary
structure, resulting in binding between the N-terminal and C-terminal domains. For
instance, in response to DNA damage induced acetylation (maybe at apoptotic promoters),
the N-terminal domain of pRb might bind to the C-terminal domain of pRb resulting in the
loss of E2F-1 hinding. The N-terminal domain is the largest domain in pRb, and it might
be involved in determining what proteins can bind the C-terminal domain during DNA
damage. The N-terminal domain of pRb might influence post-translational modification
{(for instance phosphorylation and de-phosphorylation), stability, and steady-statc levels, as

well as other auto-regulatory mechanisms of the pRb protein [140].

A model for how ATM/Chk2 pathway activates E2F-1-dependent apoptosis and pS3-
dependent apoptosis in response to DNA damage

Reeent studics combined with work presented here on pRb acetylation have helped
form a model of how ATM/Chk2 pathways facilitatc E2ZF-1 and p53-dcpendcnt apoptosis.
Routine cell cycle progression is shown (Figure 37). In response {o mitogenic signalling,
cyclin D/Cdk4/G phosphorylates RbC™™, causing it to dissociate from E2F-1/DP-1.
Subsequent phosphorylation of the pRb B domain by cyclin E/Cdk2 leads to the release of

E2F-1, and proinotes the (rans-activation of E2F target genes [98].
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Figure 36
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Chapter 5

Figure 36: Proposed model for pRDb repression of E2F genes that control G1/S and S-

phase

The diagram depicts the small pocket region of pRb (residues 379-792)
bound to the 7rans-activation domain of E2F-1 and the C-terminal domain of
pRb (792-928) bound to the marked box domain of E2F-1 and DP-1. Two
regions of the C-terminal domain of pRb are involved in binding E2F-1 marked
box (MB) (REC™* (residues 829-864) and RbC™™ (residues 786-800)). Initial
phosphorylation of pRb by cyclin D/Cdk4/6 blocks the RbC*™"™ interaction with
E2F-1 MB. The activation of cyclin E/Cdk2 and further phosphorylation of the
pRb small pockel blocks the RbC™™ interaction with the MB and also the small
pocket interaction with E2F-1 TD. The RbC™" region binds back onto the small
pocket leaving E2F-1 to activate G1-S phase and S-phasc gencs. Hyper-
phosphorylated pRb is de-phosphorylated by PPl in response to etoposide

treatment (see part B).
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In response to etoposide induced DNA damage, PPl de-phosphorylates pRb
(Figure 38) [107]. Double stranded breaks in DNA arc bound by the T1P60 HAT enzyme,
which forms inittal DNA repair complexes. Upon DNA damage, T1P60 rapidly acetylates
ATM kinase, thereby activating it [72]. ATM kinase targets Chk2 kinase. Phosphorylation
of Chk2 results in its activation, from where il targels a number of transcription factors
including p53, E2F-1 and potentially pRb (Figure 38)[228, 229].

p53 and E2¥-1 are targeted by ATM kinase (Reviewed in [270] [265]. Tn the case
of E2F-1, ATM stabilizes the protein by preventing the binding of SCI/p45 ™ thercby
preventing E2F-1  protecosomal degradation [264]. Further damage responsive
phosphorylation of pS3 and E2F-t by Chk2 mediates a variety of effects. Chk2
phosphorylation induces p53 acetylation, which results in increased DNA binding and
thereby up regulating trans-activation of cell cycle arrest genes (such as p27) and apoptotic
genes (such as Bax). pS3 acctylation also interferes with p53 ubiquitination, hence
inereasing its stability [228]. p53 mediates cell cycle arrest through frans-activation of p27/
and subsequent drop in pRb phosphorylation.

Chk2 phosphorylation of the pRW/E2F complexes may occur gradually, as
stabilised E2F-1 up regulates Chk2 kinase expression, and ATM activation [265]. When
E2F-1 protein is stabilized over a certain threshold level, phospho-pRb/E2F complex may
translocate to apoptotic promoters such as p73 and Apaf-1 (Figure 39) [75]. They would
thereby displace the pl07/E2F4 repressor complexes (which then #ranslocate to promoters
of S-phasc genes to repress the cell cycle)} (Chapter 1, Figure 6). The Chk2 phosphorylated
‘PRD/E2F complex’ would promote the reeruitment of the p300/P/CAF HAT complex.
This complex would form scaffolds to facilitate transcription at apoptotic promoters,
p300/P/CAF acctylates histonc tails (such as histone }H4) allowing the local unwinding of

chromatin. p300/P/CAF then acetylates pRb (causing it to dissociate with E2F-1}.
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Figure 37
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Chapter §

Figure: 37: Proposed model for stabilication of E2F-1 and pRb through
phosphorylation by ATM/Chk2 and the recruitment of P/CAF/p300

complexes

The ATM/Chk2 pathway controls the damage responsive acetylation of
pRb, E2F-1 and p53. ATM kinasc, which phosphorylates and activates Chk2
kinase, phosphorylates E2F-1 at S31. In turn, Chk2 kinase phosphorylates
E2F-1 at residue 364, thus contributing to its increased stability. The diagram
depicts a model in which DNA inducible acetylation is dependent on Chk2
activation. Chk2 may phosphorylatc pRb at is N-tcrminal domain, where
several Chk2 kinase consensus phosphorylation sites occur (Figure 36¢). It is
suggested that Chk2 phosphorylation may recruit p300/P/CAF to pRb and

E2F-1 to facilitate acctylation.
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Figure 38
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Chapter §

Figure: 38: Proposed model to explain pRb/E2ZF-1 translocation from S-phase

promoters to apoptotic promoters

The phosphorylation model depicted in Figure 39 involves the
recruitment of p300/P/CAF complexes that acetylate pRb and L2F-1.
Acetylation of pRb at residues K873/874 and in the N-terminal domain may
causc a change in conformation Lo block the binding of the C-terminal domain
of pRb with the MB domain of E2F-1. The acetylation of residues K873/874
promotes binding of the N-terminal domain, which may alter the intra-cellular
localization of pRb. Acetylation of E2F-1 in ils DNA binding domain may
serve to increase its affinity for DNA binding, thus promoting the frans-

activation of genes involved with apoptosis.

200




E2F-1 is also acetylated thereby facilitating its DNA binding and stimulafing transcription

(Figure 39) [88].

Future prospectives

In the future, it would be useful Lo engineer other HAT enzymes into baculovirus in
order to assess whether other ITAT enzymes can acelylate pRb. Perbaps combining HAT
enzymes in acetylation assays could shed light on potential transcription factor HAT
complexcs. For instance, it would be useful to study whether P/CAF can acetylate the N-
terminal domain of pRb (both on its own and with p300), and to address whether
p300/P/CAF complexes can from in response to DNA damage. It is likely that the in vitro
acetylation of the A/B pocket would require an intact A/B interface. Tt would be interesting
to study further the observations by Chan that K713 in the B pocket is acetylated ir vitro
[214]. Perhaps acetylation of K713 might disrupt binding of LXCXE proteins (such as
HDAC enzymes and cyclin D).

The key steps in the study of N-terminal domain pRb acetylation include analysing
the acctylated N-terminal domain pRb using mass spectroscopy to define which rcsidues
Flag-p300 FL acetylates. This data could be used to create mutant N-terminal domain pRb
derivatives that mimic acetylation (K to Q) or prevent acelylation (K to R). Next, the link
between Chk phosphorylation and acetylation could be studied. Utilizing in vitro kinase
assays, potential Chk2 kinase consensus phosphorylation sites could be studied. Site-
directed-mutagenesis could be used to assess which consensus sites are phosphorylated by
Chk2 in vitro.

GST pulldown experiments showed that HA-N-pRb bound to GST-C-pRb QQ
mutant derivative with approximately 4 fold greater binding affinity than to GST-C-pRh
wt. Once the sites of acetylation have been mapped, it would be interesting to {est N-
terminal domain acetylation mimics for binding to the C-~terminal domain of pRb. Perhaps

the acetylation of the N-terminal domain of pRb will further increase the binding between
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the two-pRb derivatives. Cdk enzymes phosphorylate pRb at residues 250 and 252 of the
N-terminal domain. Perhaps acetylation might interfere with phosphorylation at these sites,
and help facilitate G1 arrest. This can be assessed using N-pRb (K to Q) ntants.

In cells, it is necessary to test whether N-terminal domain acetylation is under the
control of Chk2 phosphorylation. Using HCT15 cells (which do not cxpress Chk2),
dominant negative Chk2 mutant DNA could be exogenously cxpressed, and the levels of
acetylation of HA-N-pRb 1-376 with or without damage could be compared with HCT135
cells expressing wild-type Chk2 protein. Also in cells, sSiRNA approaches could be utilized
to study whether P/CAF is required for damage responsive acetylation of pRb. Already
preliminary siRNA experiments in our group have concluded that p300 s required for
acctylation at rcsiducs K873/874 (Darran O’Connor, personal communication). It is
expected that P/CAF might complex with p300 (o acetylate pRb.

The affect that pRb acetylation has on apoptosis should be investigated using the
TUNEL assay. Rb™ cells could be wansiently transfected with pRb acetylation mutant
constructs (K to Q) to compare levels of apoptosis with cells which are transfected with
pRD acetylation dead mutant construets (K to R). Protein levels ol p73 and Apafl could be
assessed in cells transfected with acetylated pRb mutants. Using Rb™ cells, the ability of
pRb acctylation mutants to activate p73 reporter constructs could be studied under DNA
damage conditions. Using FACS analysis, E2F-1 dependen( apoptosis could be measured
comparing cells transfected with wild-type pRb verses those transfected with acetylation
mutants. The binding properties of pRb acetylation mutants could be further studied using
gel shilt assays, to assess their effect on E2F-1 binding to DNA.

In cells, the effect of Chk2 phosphorylation on pRb acetylation at residues
K873/874 could be studied using 2D electrophoresis. Mutant derivatives of pRb in which
potential Chk2 sites are either mutated to A or D (preventing or mimicking
phosphorylation} could be transfected into cells and pRb acetylation at residues K873/874

measured using the acetyl-pRb SK37 antibody.
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In cells transfected with dominant negative Chk2, the intra-cellular location of
acetyl-pRb and phospho-E2F-1 could be assessed in the presence or absence of DNA
damage in order to confirm whether Chk2 phosphorylation affects pRb/E2F location. In
this regard, the binding of Lamin A/C and LAP2w proteins to acetyl-pRb mutants could be
assessed in the presence and absence of DNA damage. In futurc it would be interesting to
study the mechanisms behind pRb/E2ZF nuclear 1rans-location.

In conclusion, acetylation of pRb at residues K873/874 affects the binding of pRb
with E2F-1 under DNA damage conditions. Future work should scck to asscss the affect of
the N-terminal domain of pRb (and its acetylation) on the interaction with E2F-t. In this
regard crystallographic studics may well be required to further elucidate the precise nature
of interactions between the C-terminal domain and thc Neterminal domain of pRb.
Understanding the mechanisms by which post-transiational modification of pRb controls
its anti-apoptotic function may lead to the wdentification of possible drug targets (such as
HDAC inhibitors [271]) that utilize the cells apoptotic mechanisms to target tumour cells

for death, leaving non-transformed cells unharmed.
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