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Abstraet

Cellutar responses to stress including DNAl damage show multiple options involving the
mechanismsief growtha@rrest, DNA repair and programmed cell death or apoptosisgFailures inthese
mechanisms can result in oncogenesis or accclerated senescence. Much of the response is
coordinated by pS3_anuclear phosphoprowein with a centrabrale in the defences ‘against physical.
chemical andwpathogenic agents which chaflenge the DNA intcgrity. The p53 pashways for
mobilising the ceflular defeneesvare Tinked do the pRb/E2F pathwayswregulating the cell cycle
progression.  Thisspaper” aims/to freview the chrrent understanding onythe ngLworks and main
molecular machinery of thése processes. [n addilion. the implications gn cellulardecision making for
the defences as well as evolutionaryaspeets:of these mechanisins.are discusscdyin brief.
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mechanisms  of  p53 nactivation  or
alteration, or defects i the cellular
pathways regulated by p33. '* Germline

Introduction

Responses to damage: cell eycle

arrest, repair or apoptosis

The importance of the nuclear
phosphoprotein ~ p53  in the DNA
maintenance is evident from the observation
that the corresponding tumor suppressor
gene is the most commeoenly altered gene in
human cancer, with a mutation frequency in
tumors of about 50%. Many tumors without
p33  mutations involve either other
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mutations of p53, as in the Li-Fraumeni
syndrome, are associated with an elevated
risk developing a variety of cancers at an
early age. In addition, murine models
lacking functional p53 develop cancers at
carly age.’ Unstressed cells contain only
minor amounts of p33 protein, which is
targeted by the protein MDM2 for nuclear
transport and ubiquitin-mediated
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proteolysis. Stress e.g. due to DNA damage
can stabilise p33 by several mechanisms that
can either make p33 resistant to MDM2 or
inhibit it, leading to p33 accumulation and
subsequent  cellular  defence  reactions
coordinated by p33. The p33 pathways
mobilised in stressed cells are partially
linked to the pRb (Retinoblastoma protein)
and L2t pathways which regulate the cell
cyele progression also in unstressed cclls.
When activated. pRb inhibits G/S transition
and thereby cell proliferation by binding the
E2F transcription tactors. Alterations or loss
of function i the pRb/E2F pathways are
also frequently observed. il findors, even
with fully tunctional (wild type ) pS3.+
Known agents of DNA damage
melude physical/stimul i tike UV Jight, X-ray

and gamma Jdrradiations, 2 wide “airay ol

chemical  ‘mutagens  andw. carcinogens.
including |[¢chemoticrapeutic  agents. “and
certain pathogens. e.g. Ielicobacreriypy/ori
(gastric| cancer).  human papillomavirus
(HPV. cervical cancer) and hicpatitis B and
C viruges ¢HBV. HC fliver cancers)pand
probably winany e more  remaites. 10 be
discovered and characicrised. The damage
can result in a particularly severefdendeney
loward§he carcinagefiesis  if  thie " damage
extends o the very part off the genome
which 1s requireddfor maintaining therDNA
integrity “laraddition o external agents. hast
susceptibility ™15 @ contfibuting _factor  ui
carcinogenesis, and this /susteptibility can
be hereditary _essaequireds, 1owever _avith
intact defensive “pathwaysy;, DNA — danage
and other celivlar stress factors stich . as
oncogene activation, hypoxia_orshtat shock

will invoke mobilisation of an” array of

reactions {Figs 1 to 3),

When the damage 15 not toe
extensive and does not cripple the DNA
repair machinery, the chances are that the
damage can be repaired. Apart from actual
mechanisms of DNA repair, this will require
some time without cell prolitiration, i.¢. cell
cycle arrest.  In case of  extensive,
wrepairable  damage.  the  protective
machinery  can induce apoptosis  or
programmed cell death of the compromiscd
cells. The p33 gene and the corresponding
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protein have a central role in the processes
ol cell cyvele arrest and apoptosis through
mechanisms  which are clearly of great
importance in protecting the cells from
carcinogencsis. The protective function of
p33 s dost it it itself is mutated or
inactivated, or if the cascade of the proteins
which p33 regulates to deal with DNA
damage is impaired."* Possible damage in
this machinery includes (Fig 1} alteration in
c.g. ovclin-dependent kinases (Cdk), their
nhibitors (Cdi). cychins and the pRb family
ol proteins, sets of which are involved in the
transition from G| to S phase and from G- to
mitosis."

Reasonably modest damage to
DNA can/be repaired by mechanisms which
include snucleot:de excision repair, base
exgision repairymismatch wepair, reversal of
simple__alkylation ~ adducts by O
methylguanine DNAsmethyltransferase, and
in'severe cases with no original template, by
recombination. Although p53 controls the
DNA damage checkpoint, the DNA repair
processes  appear  at  feast  partially
imndependent of '\pS3. Nevertheless, the p53-
coordinated arrest of the celi cycle provides
the ‘essential time for this repair to prevent
the, damage from “spreading.to the next
ceneration. In additiony there is evidence
that pS3 participates atideast in base excision
repair. and may be involved in other repair
piocesses. thaf requite, procfreading.” The
repair processes are-not afallible, and some
fraction ©f the damagescan remain either
becausc _rcpair fails, 1s not complete or
because some error s reintroduced during
repais “an.dn_stbsequent replication (Fig 2).
As in sibccase of original damage, the
resultine defects may be tolerable,
accelerate senescence or lead to neoplastic
growth.

To stop the cell cycle after
detected DNA damage (Fig 3a), a set of
mechanisms operates to arrest the G, phase,
preventing the cell from entering the S
phase. There are several inhibitor proteins
for G, arrest. such as p27°*" and p16"™**, of
which for example the latter can induce
arrest mediated together by pRb and the
related proteins p130 and p107.° One of the
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main routes for G, arrest after DNA damage
are mitiated by p53. although also
nonfunctional p16™** regardless of the p53
status may appear in cancer cells. G, arrest
accounts for 15-40% of arrested cells after

Cdk-
E2F

ARF

pl4 INK#2

plb

Fig 1.

DNA damage, and is mainly mediated by
p2 1M g cyclin-dependent  kinase
tnhibitor which is transcriptionally activated
by p53 afier DNA

172

p53

14.3-30

A simpie model of cell cycle. including Cdk-cvelin complexes and some Cdk inhibitors that

contribute. (o arest of the cycle. For example. as celis enter the cycle from G, phase (not
shown). eyclin Drassociates with its catalytic partners Cdk=4/6 from about mid=G, phase, and
cychin E with Cdk-2 laie'in G,. Of the opposing Cdk iahibitors. pi 6% inhibits Cdk-4/6,and

p21*4 and p235 alse Cdk-2.The pRB family

of proteins.form complexes.ith theé E2F

transeription factors to repress Gy to S transition, while free E2F will promote it. Parallel

processes can arrest G-.

damage. |Alsoother activators/including
E2F! can induce p2 |0 37

The.second set of mechanisms
after DNA damage will arresistive ¢ell cyele
in the G- phasessprevenung the cell from
initiating mitosis._This type of arrest is
mediated among others by 14-3-3¢, which |s
activated through p53 dependent regulation
The 14-3-3c protein 15 a eyxchn-dependent
kinase inhibitor, as is apparently .another
protein GADDA45. The resulting'bloek of the
cel cycle in G, accounts for 60-85% of the
arresied cells after DNA damage.™"

In case of sufficiently severe DNA
damage or failed repair, p53 can coordinate
the cell to apoptosis (Fig 3b). Apoptotic
process is mediated by a variety of signals.
and a well established protein promoting
apoptosis is Bax, which is upregulated by
p53. Bax promotes release of cytochrome ¢
from mitochondria, leading to a cytotoxic
caspase cascade and eventually to cell death.
Bax is counteracted in this by Bel-2, which
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is. ‘repressed by p537 Other apoptosis
promoiers which are also“upregulated by
pS3  include PERP, PMisFas/APOI,
Kilier/DRS; Tthe,, PIG family of genes,
PAG608 and. |Gl -Bp3y butetheir functional
mechanisms are Jesswell known.'*'" 12

The decisions on the balance of
cell'cycle arrest, DNA repair and apoptosis
are, based, on the detected cellular stress and
damage. and on the status of the mobilised
defeaces (Figs 2 and 3). Different cell types
can show considerabie differences in these
responses, so that for example while p53 is
generally important in invoking the
defences, at least in head and neck
squamous  cell  carcinoma  (HNSCC)
apoptosis after irradiation and
chemotherapeutic  treatment  can  be
independent  of  p53." In  general,
carcinogenesis can result when the delences
fail either because they show some specific
weakness or simply by chance given
sufficient time and accumulated damage.
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Damage can also accelerate cellular aging or cycles and the proliferating life span of most
senescence, which limits the number of cell

DNA repair: ol 3urv|valwith
- direct m{el"sal C> . nommal function
- base excision

- nucleotide excision

Residual damage
-mismatch
- recombination |:>
Processes of apoptosis:
3:.:39N\ ﬁ Repairable bax, PERP, Killer/DRS,
Severe |pmi Fas/APO1, PIG3 etc
Hypoxia_ b

Heat shock i ND @Success
Oncogene } success
e Failure i |n
G1/G2 arres

Fig 2. Main routes where failure in cellular defences 1o DNA damage can lead to carcinogenesis.
Note that even in case of survival wiih normal filnction;'the cells remain subject 1o aging
(senescefice) and the background rate of additionat darmage.

Table 1. Some ‘important regulatory compenents in the cetl cygle and defence systems against DNA
damage, with main furctions and chromosomal locations.

Gene/ expression Main function Chrom(:?omal
mapping
p33 Damage checkpeint, arrest/apoptosis 17pl3.1
pld - Binds MDM?2 b stabifise p33 and asrest'G, 9p21-22 "
16" Induces G, arrgst mediatediby pRb, p130, p107 9p21-22 7
p2 1% inhibits Cdk-cyelin, arrest ot 6p21.2
p27 e linhibits €dke2, acresi'of G 12pl2 - 12pl3.1
pl30 Retards Gy to G, transition with E2F4 L6gt2.2-15
pRb Retards Gy toS fransition with E2F 13q14.2
Bcl-2 inhibits apoptosis (counteracts,Bax) 18q21
ATM Signals DNA damage to p53 / MDM?2 1ig22
BRCA! Promotes apoptosis, can activate p21" | 17921
Cyclin D Conizo!l of Gy to S transition(with Cdk-4 6) 11gl3
E2FBP1 Stimulates E2F transcription, promotes p21%*1 19p13
14-3-3c Inhibits CdKk-cyelin, arrest 6f'G, 1p35
Killer/DR3 Premotes apoptosis 8p21
PERP Promotes apoptosis 6q24

1} reading exons if3, 2 and 3; 2) alternative reading exons 1a, 2 and 3

cell lines in multicellular eukaryotes, and invoived in the cellular responses to
can be seen as an additional protective damage, growth regulation and oncogenesis.
mechanism against accumulating damage.

Some of the essential regulatory E2F and related proteins in the cell

genes/proteins of the cell cycle and their
chromosomal mapping are summarised in
Table 1. This list is only a sample of the
growing set of functional molecules

cycle progression and arrest

The E2F family of proteins are
transcription factors required for cell cycle
progression and thereby also in oncogenesis.

Temu Ilmiah KPPIKG XE 409
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ln these processes the p53 pathway and
pRbL/E2F pathway appear to cooperate In
determining the outcome of DNA damage.
E2F1 (and probably E2F2, E2F3
and E2F4) binding to pRb, as well as in
parallel E2F4 or E2F35 binding to p130 (or
p107) inhibits transition from G, to S.° Also,
pl6™** can inactivate the cyclin D-
dependent kinases Cdk-4 and Cdk-6 that are
needed for phosphorylation of pRb to
mediate passage through G1/S.
Dephosphorylation of pRb (and p130/p107)
can release E2F. which are needed 10
express the S phase regulatory genes.
Furthermore, E2F proteins canfransactivate
p2 | ¥R franscription,  leading to . G
arrest.””"
Loss of pRb function icads to loss
of G, arrest and can result in apoptosis after
DNA damage. . Simultaneously nereasing
amount of freée, “E2F " promotes Tihe
progression ‘of the cell cycle. In"this way
loss of 'pRb.1s equivalent in outcome to
overexpression of E2E- laversely,
overexpression of pRb_ean zlso blockyp33-
dependent-apoptosis.” Independent of its
apoptotic funetion, Bcl-2 can increase
p27°®! “and * pi30 levels to smainidin
complexes of pl30 and E2F4  These
complexes retard the transition from Gy to
G,. possibiyby delaying E2F 1 expression.
E2Elis a cell cycle promoter. but
also a potential oncogenie’8ignal inducing
pl4*¥ whishiean bind MDM?2 and thercby
stabilise pS3 _and. promete  apoptesis in
presence of jcombined ihereasing fevels o
pla™* and “E2F1.'" The E2F] “protein
contains a basic helix-loop-helix” (bHLH)
hydrophobic zipper structure required for
DNA binding and dimerizatiofi'in the centra!
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section, and a transactivation domain in the .
C-terminal part of the molecule.'®

E2F activity is generated by
formation of heterodimers between E2F1 (or
one of the related proteins E2F2 to E2F5 )
and DP1 (or one of the related proteins DP2
or DP3). The resulting heterodimers have
greater DNA binding activity than any of the
homodimers, which in this way act
synergistically in E2F  site-dependent
transcriptional activation. The E2F site-
dependent transcription, in cooperation with
E2F1, is stimulated by E2FBPI, a protein
with 2 HLH motif but lacking the basic and
zipper, Structures found around HLH in
E2F1."® The corresponding gene coding for
E2FBPI, also called:DRIL], is a homolog of
the murine bright and Drosophila dead
ringer genes, which however have different
fulietions. _

F2FBPI] has<been recently been
shown 1o be directly regulated by p53.
Ectopic expression of E2FBPI activates
p2 I VEI&RL  inge.cogperation  with  p53,
inducing growih arrest which Tails in cells
deficieat in funetidialps3.”

This process features therefore yet
another link between the pRb/EZF
dependent growth wgegulation aid the p33
dependent pathways. These pathways can be
interfered in oncogenesis by intercepting
any of the principal regulatingfactors on the
ps3 102" axis, or alternatively on
the p16""" to.pRb‘axisyineluding the cyclin
dependent kinasés, and various inhibitors
and™activatorsewithin these systems. The
interdepencencies of "these interwoven
svistéms. are  characterised by simplified
models shown in Fig 3.

Temu Ilmiah KPPIKG X111
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ONCOZENES wyip —— ATM

Ei1—-bp14""=4\—{i33‘—<4—3-30—|
S

EXFEP1 p21
P eroat

L

P

G, amest

EF —p[ S

a)

Fas/APQO1 4

DNA damage é

MDM2 }— ATM —» BRCA1

N ¥ v

p53 » GAD[MS

Klllen’DRS J_\ PML *
l PERP » INKISAPK

PIG3 l Bel-2— Bax

v

Caspsasa
activation

® Apoptosis

o)

Fig 3. Simple models of a) the cettular cyele arrest regulation, showing links between p53 and
pRL/E2F pathwayss-and-b)-apeptosis mainly ingluding p53-dependent pathways. An arow
signifies activation/promotion or progess direction, a'line with a terminal bar inhibition. Note
that several of the indicated regulatory molécules appear in reaiity as a family of proteins

with mostly parallel functions, e.g. the INK family of kinase inhibitors includes pl

p] 5|NK4b, plsiNK‘E' and plgFNK"d,

Discussion

It is noiable that the same type and
extent of DNA damage can_lead.to DNA
repair in some_&ellypes whtlgoinducing
apoptosis in others.” dn_principle this could
reflect cell specificdifferences. either in
sensitivity 10 apoptosis or in.the. relative
intensities of the" repair and apoptotic
mechanisms (or bothjy buinithe! adtual
mechanisms are largely obscurel Cell type
related differences are known for example
of the p53 family members p73 and p63,
which tend to be restricted to certain tissues.
However, the only member of the family
with undisputed role in the celfular defences
is p53, which is ubiquitously expressed in
all cells."”

If p53-mediated repair and cell
cycle arrest functions were very essential for
maintaining the integrity of the genome, p53
and its functions could be expected to be
widely conserved in evolution.” Although

Temu [Imiah KPPIKG XIII
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p53. appears in mammals_with typical
conserved ' transcriptionatly active regions,
no p33 even in primitive form has been
found_in_prokaryotes of in most groups of
simple, eukaryotes, Alp33 homolog does
oceur in Drosephila, but does not have a
role_in_cell cycle arrestponly in apoptosis
which may b€ the original function of p33.
There are proteins (such as E2F1 and
BROAMwhich can transactivate p21™""?!
in | p33-independent fashion’, and other
features of the cellular defences which are
better evolutionarily conserved than p33.
Several essential molecules in the cellutar
defences appear to be related to systems of
growth, development and differentiation.
This is not only true from comparison to
non-human homologs but also within human
cells. For example the regulatory proteins
p73 and p63, which probably are related to
the ancestor of p53, are active mainly during
embryonal development rather than in tumor
suppression.'*?
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To evolve, the p53-dependent
defences of complex eukaryotic organisms
therefore must have had selective advantage
which is weaker or not present in simple
organisms. It is conceivable that the
complexity itself in the cellular regulation
systems could provide this advantage,
because increasing complexity provides an
increasing number of attack points for
oncogenic damage. Another reason could be
related to longevity of organisms. With
longer tife of an individual, which tends to
be roughly related to the body size,
metabolic rate and other features .of
physiology, there is an increasing chance of
accumulating significant damage during the
reproductive  perigd,. and | therefore
presumably somg seloctive pressure  for
improved defences. Further compasisons of
the p53 shomolog functions' within
vertebrates |and invertebrates 1S likely: ta
clarify thedissue.

The “ selective advantage aspect
extends | o ‘pathogens. inducing  DNA
damage, For example, it is'an advantage to
viruses i, inactivaiegpd3 or its functionifor
replicating their own genome. Eg. HBV
which encodes a protein (HBXAg)'binding
to pS33 and preventing its transactivation, 1s
thought' to beminvolved in the pathogenesss
of 90% of hepatocarcinomas.” Similarly, the
HCV core protéin can repress basal and
induced p21¥*P' transeription sand
therefore intescept .the p33-regulated cell
cvele arrest.”” Pathogens typically have
several parallél mechanisms to disann the
host defences, and'can also chalienge other
critical points of the regulatory system like
the pRb/E2F pathway.®

Also  carcinogenesiS  reguires
selective advantage for proliferation “ef
neoplastic cells. These cells must overcome
the defences and like with the pathogens,
this can be done in a variety of ways, as is
reflected in the differences between
different types of cancers and tumors.
However, there are a few common features
for nearly all cancers. Excluding rare special
cases, like retinoblastoma (embryonal eye
cancer due to loss of pRb), epidemiological
studies suggest that on average about six

{with extremes of 3 to 12) oncogenic events
are required to develop cancer.”' The classic
analysis for this purpose has assumed that
the rate determining event of carcinogenesis
is the neoplastic transformation of a single
initiating  cell. The assumption is not
consistent with observed in vive mutation
rates or cancer incidence in humans with
hereditary * oncogenic defects.™  The
discrepancy is explained if the rate
determining event is assumed to involve
many (up to thousands) of cells, and indeed
intercellular signaltling via EGFR and other
factors between cells, and cell group events
suchras angiogenesis are now seen essential
for the growth of most tumors.”

Thus  there are  important
differences between initial oncogenic events
related o the defences of a singular cell, and
actual development of wumors. The latter
mmust beseen as a dynamic process of
simultaneous proliferation, growth
goordination and apoptosis of initiated cell
groups. For example, while apoptosis is an
essential defensive mechanism after severe
DNA damage, increasing ratc _of apoptosis
in tumors is generally a sign of advanced
stage and poor prognosis rather than the
opposite.” Although induced apoptosis by
irtadiation and chemotherapeatic agents is
applied in cancer therapy, the resulting
additional survival timeguis not.always very
long.24 ‘Fhas partly reflects the disadvantage
from compromiscdugenemic. defences, and
partly the sclactiveradvantage for resistant
cebis that ¢an _adapt to the trcatment and
proliferate. In principle it were an advantage
toy fortify. the defences instead of only
mitigating thewconsequences, and new
cancer treatments to this effect are being
teSted. ™ From the application point of view,
this is obviously one of the driving forces
for the current research into the cellular
defences against DNA damage.

The mammalian genome has high
reactivity and may undergo over 100
modifications a day. This is significant
attack in spite of the large size of the
genome- about 3 billion base pairs, of which
perhaps 4% is coding - since the
modifications and their consequences are
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not  random. Classic  examples of

carcinogenic signatures in p53 are hot spot
codon mutations, like UV-related C—1 and
CC—HTT conversions, aflatoxin B-induced
G—T changes. tobacco-retated G—T and
G—C mutations, and A—T and T—A
alterations associated with vinyl chloride.™
In general. alteration or loss of expression in
tumors concentrate on regulatory factors
like p53. pRb, p]6INK4a‘ szWaﬂ.-'c|p|1 pz?Kipl
and other tumor suppressor factors in the
networks of the cellular defences.™*®*'*°
Nevertheless, even with such defects_and
subsequently increased cancepgriski many,
individuals predisposed @ defects in these
regulatory  factorse will  not  suffer

Table 2.|List of abhreviations.

carcinogenesis. Apart from the time and
exposure 10 damaging agents required to
accumulate the necessary nwmber of
oncogenic events, this probably also reflects
the redundancies of the networks of the
defence systems. Much needs to be clarified
in the functional mechanisms of these
networks and their molecular components,
of which many remain vet to be found and
characterised.

Abbreviation Meaning
ARF Alternative reading frame
ATM Ataxia telangiectasia mutated {gene)
ATR A'TM-Rad3-related (gene)
Bax Bc|-2 antagonist- X
Bcl-2 B-cell lymphoma/leukemia - 2 (gene)
Cdk Cyclin-dependent kiyase
Cdi {or Cki} Cychin-dependent kinase inhibitor
EGER Epidermal ¢rowth factorzeceptor
E2FBPI E2T binding protein |
GADD45 Growth arrest and DNA damage 45 (geng)
HBY /HCV Hepatitis B “C wirus
HEYV Human papilloma virus
INK Inhibitor of cyclin-dependent kirase
INK c-itn N-tenninal kinase
MDM Mturine double minutes (gene)
p Protein (or chromosonieshort arm)
PERP p53 apoptoesis effector related to PMP-22
PCNA Proliferating.cell nuctearantigen
PIG p53-induced gene
pRb Retinoblastoma protein
q Chromosome long arm
(9AY Ultraviolet

Temu Jlmiah KPPIKG X111
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