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Abstract—The DNA damage response (DDR) mechanisms represent anataf ldefense
against exogenous and endogenous DNA damage to enhance two dligtinates, survival
and the maintenance of genomic stability. The lattertisa for cancer avoidance. DDR
processes encompass repair pathways and signal transduetibanisms that activate cell
cycle checkpoint arrest and apoptosis. DNA double strand b{e&s) represent important
radiation-induced lesions. The major DSB repair pathwayB B non-homologous end-
joining (NHEJ) and homologous recombination (HR) and atal@angjiectasia mutated
(ATM) activates the DSB signalling response. To evaluaebility of these pathways to
protect against low doses or dose rate radiation exposig@nportant to consider the
fidelity of DSB repair and the sensitivity of checkpointest and apoptosis. Radiation-
induced DSBs are more complex than endogenously-induced DSBsh&/potential for
multiple lesions to arise in close proximity. NHEJ, thajor DSB repair pathway, cannot
accurately reconstitute sequence information lost at DB@&k. pathways have the potential
to cause translocations by rejoining erroneous DNA ends. Tooglete accuracy of repair
cannot be guaranteed and the formation of translocatidnsh have the potential to initiate
carcinogenesis, can ariggdditionally, the G2/M checkpoint has a defined sensitivity,
allowing some chromosome breakage to occur. Thus, geneatri@ngements can
potentially arise even if the G1/S checkpoint is efficiete $ensitivity of apoptosis is
currently unclear but will likely differ between tissués summary, it is unlikely that the
DDR mechanisms can fully protect cells from genomic esmyements following exposure to

low doses or dose rate radiation.
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INTRODUCTION
DNA damage response (DDR) mechanisms play a vital red@hancing survival to DNA
damaging agents but, as importantly, they also serveitdaimgenomic stability in the face
of exogenous and endogenous DNA damage. The maintenageeoshic stability may not
significantly influence survival, but it is of importanaethe well-being of an organism and
is critical for cancer avoidance. The DDR processe&s haost likely evolved to handle
continuous exposure to low levels of DNA damage rather thac@ie, high dose exposure
scenario. Despite this, there exists only a superficidé¢rstanding of how the efficiency and
accuracy of the processes depend on the level of DNA damagevaluation of the impact
of low doses of ionizing radiation (IR) is further comptied by the fact that radiation
damage has important distinctions to the damage thas amsmgenously. Notwithstanding
these limitations in our knowledge, the DDR mechanismslglplry an important role in
preventing the onset of carcinogenesis from environmenthdogenous mutagens since
most human syndromes caused by defects in DDR mechansmisaaacterised by
pronounced predisposition to cancer. Indeed, even individaalgrtg mutations in just one
allele of certain DDR genes, such @&8®A1 or BRCAZ2 carriers, display pronounced cancer
predisposition, attesting to the powerful role such getassip cancer avoidance. In
evaluating the impact of the low levels of exposure ttolRhich individuals might be
exposed, it is thus vital to critically assess the efficy of the DDR processes to protect
against low levels of DNA damage. Despite this, the vashnihapf studies aimed at a
mechanistic understanding of the DDR processes have dtiliga doses of DNA damaging
agentsin this reportanattempt is made to exploit our current understandingeoDIDR
mechanisms gained largely from the use of high dose exposwansider the likely impact
of low dose/dose rate exposure to IR. This raises the &fswhat dose/dose rate exposure is

of physiological relevance. Although for the most part,cisgussion does not pertain to a



precise definition, | have generally considered a low timée < 100 mg and a low dose rate

to provide an accumulative dose of < 100 Gy

Endogenous versusradiation induced DNA damage

Cellular DNA is constantly subjected to an onslaugl@refogenous DNA damage,
with estimates suggesting that greater than fifty thoukesnoins arise per day in each cell
(Lindahl 1993) The damage to DNA includes single strand breaks (SSBs), dapon and
depyrimidations, alkylation damage, oxidative lesions, dedamimaand double strand
breaks (DSBs). Although by far the least frequent lesion gatlug DSB is arguably the most
biologically significant since, if unrepaired it can caeell death and, perhaps more
importantly, if misrepaired, it can result in genetiarrangements, a step in the etiology of
carcinogenesis. The focus here will rest on the impBDISBs since a vast amount of
literature has pointed to a DSB being the most biologisidigificant, radiation-induced
lesion It follows from the above that low dose/dose rate exposdieces DSBs that are
additive to an endogenous background level of DSBs. Two issei@mportant in
considering the impact of this; (1) what is the levelrefa@genous DSB formation? angd (2
do radiation induced DSBs differ from endogenously arising DSBsvaatlis the
significance of any difference? There is little infotima to accurately assess endogenous
DSB levels However, DSBs do arise since cell lines lacking the abilitgjmin DSBs (e.g
DNA ligase IV or XRCC4 null cell lines) are embryonic letaatl fail to replicate in culture
unless also defective in p53. It has been estimated tleditiacurs twenty thousand SSBs per
day from oxidative damage (Lindahl 1993). Oxidative damage inducesxapptely one
DSB per two thousand SSBs; hence one might expect 10-20 DSisetpex cell per day.

Furthermore, DSBs can potentially arise when a transcrgdtanreplication complex



encounters base damage or an I38Bs generated by oxidative damage can arise as two
overlapping SSBs whilst a DSB generated when an SSB encotii@éranscription or
replication machinery may not have overlapping singkmnsttails. DSBs generated by either
of these routes will likely have damaged termini. Sinceral#n mammalian ligases require
3’0OH and 5’ P termini for ligation, these damaged ends will require processing prior to

ligation. Cells, however, are fully equipped with mechanigmmocess such lesions (Barnes
and Lindahl 2004). Radiation-induced damage may differ, howBegrending upon the
linear energy transfer (LET) of the radiation, theeelkely to be multiple lesions, including
SSBs, base damages and DSBs, in close proximity. Suchdéwioa been termed complex

lesions, in distinction to “dirty ended lesions” generated by oxidative damage.

Repair of endogenous versus radiation induced lesions.

It is important to understand how the complexity of a legifloences its repair. The
available evidence suggests that the majority of DSBs, ingjutimse induced by high LET
radiation (e.g particle radiation), can be rejoined by the cellulachinery (for example
DSB repair studies in (Kuhne et al. 2000; Riballo et al. 2004hdrensuing discussion, high
and low LET radiations will generally be taken to represeritgand photon radiations,
respectivelyThe critical issue is whether such DSBs can be repai@dately. One
important consideration is whether coding informaticst &t the DSB can be accurately
regenerated. This will be further discussed below as p#neddSB repair pathways
Modelling studies of radiation damage suggest that both hightoaa lesser extent, low LET
radiation generate complex DNA lesions at which codingimé&tion will be lost either as a
consequence of damaged bases arising at the same posit@h strands or from sequences
being lost from both strands (Nikjoo et al. 198likjoo et al. 1999; Nikjoo et al. 2000;

Nikjoo et al. 2001; Nikjoo et al. 2002Although this can also likely arise from endogenous



damage, the higher complexity of radiation induced DSBs likedylts in a higher frequency
of lesions associated with loss of coding informatiag.(E). This is a critical issue in
assessing the fidelity of DSB repair. A second importatamsideration is whether DSBs
that arise in close proximity but on distinct chromosoh®ese the potential to rejoin to each
other (i.e., to misrejoin), thereby generating genomic aegements (Fig. 1). This may occur
frequently following high LET radiation. Since a cellyrfaarbour endogenous DSBs at any
given time, even low dose/dose rate exposure inducing ow than a single DSB/cell may
have the potential to enhance genomic rearrangement elvaritser, the slower rate of
repair of complex DSBs compared with less complex DSBsatsayimpact upon the fidelity
of repair: slow repair may provide the opportunity for end aléggion and a greater
probability for a radiation induced DSB to encounter a closeted endogenous break.

It is perhaps also important to consider the impact of Didkage that can create a
DSB upon replication. As mentioned above endogenous dandg=ed by reactive oxygen
species generates predominantly base damage and hencer®@88oh. Such damage is
efficiently and rapidly repaired and there is only a smvaldow allowing such damage to be
present at a replication fork. Radiation, however, cam@lsate non-DSB clustered damage,
which may be more slowly repaired than the single Issioduced by ROS. Thus, there may
be a greater chance of non-DSB clustered damage being &renlat a replication fork.
Further, the complexity of such damage may enhancekiddbod of DSB generation at a

collapsed replication fork.

DNA damage response mechanisms.
Cells exploit two damage response strategies to liminpact of DSBs; the damage
can be repaired using DSB repair pathways and/or can irstgatal transduction pathways

that raise the alert to the presence of DSBs (Fig. 2 .signal transduction process can



activate a range of mechanisms of which the most signifiare cell cycle checkpoint arrest

and apoptosis. The signalling process also influences DSB edgbmiugh most DSB repair

occurs independently of the DSB signalling response. Firstemiew the DSB repair

processes will be presented, focusing particularly on aspegtstant for evaluating their

ability to accurately repair low levels of DSBs inducetieritendogenously or by ionizing

radiation.

A. Mechanisms of DSB repair:

Core NHEJ.

The major pathway that repairs radiation induced DSBs is Ddli#&xhomologous
end-joining (NHEJ) (for reviews see Hefferin and Tomkinson 208§go and
Lobrich 2006b; Wyman and Kanaar 2006; van Gent and van der Burg db@7fjrst
step of NHEJ is the binding of a heterodimeric protein, Kalotable stranded (ds)
DNA ends. Ku is a basket shaped molecule with a camdtalof sufficient diameter
to allow the threading of dsDNA (Walker et al. 200@)rthermore, this structure
endows Ku with the ability to translocate along the DNAVdes et al. 1989, Blier
et al. 1993, Smith and Jackson 1999)e presence of Ku on the DNA end inhibits
exonucleolytic digestion, thereby helping to protect thie(&mang and Jasin 1996)
When DNA bound, Ku recruits the large catalytic subunthefDNA dependent
protein kinase complex, termed DNA-PKcs, thereby geimgréte intact DNA-PK
complex (Dvir et al. 1992, Gottlieb and Jackson 1993). The préaaiction of the
DNA-PK complex is still unknown but increasing evidence pdmis having a
regulatory function in NHEJ. Most importantly, DNA-PK appeto regulate
processing of the DNA ends to generate the 3’0OH and 5°P ends needed for ligation

(Cui et al. 2005Meek et al. 2007)Finally, a complex of DNA ligase IV, XRCC4 and



XLF promotes the rejoining step. Strong data has showmNtHEt is the major DSB
rejoining pathway in GO, G1 and G2 and indirect evidence suggasisalso has an
important role in S phase (Fig. 1, 2 and 3) (Riballo €2@04; Deckbar et al. 2007
Krempler et al. 2007). Consistent with this, cells lagkNHEJ are exquisitely
radiation sensitive (Jeggo 1990). NHEJ effectively rejoins [2Nés without using
any significant homology and, most importantly, withoutuke of an undamaged
template. Thus, it is difficult to see how any sequenfagmation lost of the break
site can be accurately reconstituted. NHEJ is, thusn oéiferred to as an error prone
repair mechanism but this phraseology is misleading. NldEJHe potential to rejoin
DSBs accurately provided bases are not lost or damaged aibesge on both
strands. Whilst most DSBs induced by high LET IR may be assacwith loss of
coding information, it is likely that this is not the edsr most endogenously
generated DSBs, even though they may frequently harbougédnharmini. Our
current understanding of how broken ends remain tetheretgdMHEJ is still sparse.
However, it is likely that NHEJ will have the potential #use translocations by

rejoining DSB ends generated in close proximity (Fig. 1).

Homologous Recombination (HR)

HR represents a second DSB rejoining process (for reviewkbkeson and Jasin
2001; West 2003; Thorslund and West 2007). Whereas NHEJ ukeegrlitio
homology to effect rejoining, HR is an elegant processdtfiattively usesa
homologous chromosome as a template for rejoining.iéf, Ibhe process involves
the generation of single stranded DNA by 5’ to 3’ resection at the DSB, which
becomes coated by RPA, a single stranded DNA binding pr&ebsequently,

Rad51, aided by BRCAZ2, replaces RPA and promotes invasitwe aftact



homologous DNA strand. The displaced strand can form a “D-loop” to act as a
template for repair of the other broken strand. Henee, DNA can be synthezised
using the invading DNA as a template, aindiy resolution of the “heteroduplex”
molecule occurs followed by ligation of the DNA ends. phacess is complex but
has the potential to allow for large repair tracts amtée¢he ability to recover coding
information lost at the site of the DSB. Although HR représ the major mechanism
for DSB repair in lower organisms and yeast mutants lackinguteRextremely
radiosensitive, it has a less significant impact in mafian cells. One reason for this
is that in mammalian cells, HR only functions during lal®@ Sphase when a sister
chromatid is available as the source of homology (Johasd Jasin 2000). Indeed,
homologous chromosomes are rarely used for HR in marmedills. Although it

has been argued that HR functions to repair the mapirDEBs in G2 phase, in
contrast to NHEJ, which functions in G1, emerging evidence stgjgeat HR only
has a modest impact on DSB rejoining even in G2, rejoiningpat 80 % of x- oy-
ray induced DSBs (Wu et al. 2008) (Beucher, manuscript submitted)3)Findeed,
the major role of HR appears to be to repair one-sided Di@Bsatise when a
replication fork encounters a lesion that blocks repbeoatn line with this, HR
defective cell lines show only modest radiation sensitivityist NHEJ defective
mutants are dramatically radiation sensitive in all cedle phases (Jeggo 1990,
Thacker and Zdzienicka 2003). The use of an undamaged templatetstitute
genetic information lost at the break site provides HR thie ability to repair even
complex DSBs accurately. It is, thus, curious that despite HR is used infrequently
to repair DSBs in G2 phase, when such an undamaged temgataladble. This may
reflect the fact that endogenously generated DSBs aregidy lsomplex and hence

there has not been selective pressure to optimize isel@dtthe repair processes.



Additionally, DSBs repaired by HR can lead to genomic rearraegés (Fig. 1)
(Weinstock et al. 2006). Hence, it appears possible that HRraergo template
switching providing a route for misrejoining. It should alsappreciated that HR
can also potentially cause base changes following syataepersistent, miscoding

base damage.

Back-up NHEJ (B-NHEJ)

B-NHEJ has been described as a further DSB repair patha@yntolves PARP and
XRCC1, two proteins that function in single strand breakirépay. 3) (Perrault et al.
2004; Wang et al. 2006; Windhofer et al. 2007; Wu et al. 2008)ever, B-NHEJ is
effectively a process that functions opportunistically wiRétEJ does not function
due to a lack of one of the core NHEJ proteins. Since tpigems rarely in human
patients, it will not be considered in detail here. Wwasth noting, however, that B-
NHEJ likely exploits microhomology at the DSB junctioffeeting rejoining by
limited resection at the break sites, pairing of the sisgiianded regions that harbour
microhomologies followed by two single strand repair evdhttherefore, represents

a low fidelity rejoining mechanism.

A sub-component of NHEJ that rejoinsthe sow component of DSBs.

Classical studies on DSB rejoining using a range of techniquesdesmonstrated
that cells rejoin DSBs with biphasic kinetics with appnaiely 80 % of the DSBs
being rejoined with fast kinetics whilst a smaller fraotare rejoined with much
slower kinetics (DiBiase et al. 2000). Interestinglyyds recently demonstrated that
in GO/G1 phase the fast component of DSB requires the coEs WkHbteins whilst a

10-20 % sub-fraction of X- orray induced DSBs requires additional proteins as well
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as the core NHEJ proteins (Riballo et al. 2004). Theseiawfliproteins include
ataxia telengiectasia mutated (ATM), the nuclease Asteitme mediator protein,
53BP1, and-H2AX. These additional proteins appear to be required uniquetiador
slow component of DSB repair. Interestingly, the fracbb@®SBs repaired in an
ATM/Artemis dependent manner appears to relate, at lealt, parthe complexity of
the DNA damage, raising the possibility the cells might Essaespecific end-
processing pathway to repair “complex” DSBs or lesions with dirty ends. However,
more recently studies have suggested that although endecatppnay represent an
aspect of the story, the requirement for additional faatever exceeds 25 % of the
induced DSBs even for radiation qualities which generate highityplex DSBs and
for chemical agents that induce a homogenous class of Di&Bg&lue is similar to
the 10 % faction observed after x-yarays (Goodarzi et al, 2008hstead, it has been
suggested that the additional factors are required to fagithatrepair of DSBs
located at specific DNA regions such as those in hetevo@tic DNA. Thus, whilst
this aspect of DSB repair is important to consider, thecariently little direct
evidence that cells have a specific pathway to faciliteeepair of highly complex

DSB lesions.

In summary, NHEJ represents the major DSB rejoining patim@®, G1 and G2,

and likely rejoins most DSBs that are not directly egilon associated during S phase.

Therefore, the critical issue is the accuracy with WINEHEJ rejoins radiation induced DSBs

(Fig. 1). Although cells have an impressive ability to remowveatged termini and generate

ends suitable for ligation, our current understandingp@firocess makes it difficult to see

how NHEJ can accurately regenerate sequence informatiomitjat be lost at a DSB site.

Surprisingly, although HR represents an elegant mechanispad the highly complex
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DSBs induced by IR, and particularly high LET IR, theretitelevidence that it plays a
major role in repairing such DSBs. One possibility that requugher examination is
whether HR plays a greater role in the repair of DSBadad by high LET radiation. Since
HR appears to function in G2 to repair the slow component of @8&r, and since high
LET-induced DSBs are repaired more slowly, it is possitde R will contribute to a

higher percentage of DSB repair (Lobrich, unpublished finding&)netheless, the current
evidence suggests that NHEJ remains the major DSB repaiisprexen in G2 phase.
Finally, a critical issue for carcinogenesis is likelyo#a translocation event which can arise
when two previously unconnected DNA ends are rejoined. Our ¢tlmewledge, would

suggest that both NHEJ and HR have the potential to causetatish events (Fig. 2).

Repair of high LET DNA DSBs.

In the section above, an evaluation was performed whtta&known DSB repair
mechanisms are likely to be able to repair complex DSBs atetyr Studies to assess DSB
repair of x-rayy ray or alpha particle irradiation using pulsed field gJectrophoresis (PFGE)
and, more recently, the enumeration of centres of EEpBir (called-H2AX foci), which
can be visualized by microscopy, have provided strong evidencB $igs generated
following exposure to all these forms of radiation camdpaired albeit with differing
kinetics (Kuhne et al. 2000; Riballo et al. 2004). Interestjreells lacking the NHEJ protein,
Ku, (Xrs cells) show a markedly reduced ability to repair DSBs iedilxyx andy rays and
are highly sensitive to both forms of radiation compareatarol cells (Kemp et al. 1984
Jeggo 1990)They are also impaired in the rejoining of DSBs induced byaajgarticle
irradiation compared to control cells, yet their levieswrvival is only slightly reduced

compared to control cells (Thacker and Stretch 1985; Hill. 004; Riballo et al. 2004)
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This strongly suggests that although the complex DSBs induceddys and by alpha
particle irradiation are repaired by NHEJ, the rejoininglpha particle induced DSBS,
which may involve multiple DSBs in close proximity, impartssléenefit on survival. This,
in turn, strongly suggests that rejoining of the complex ®®Huced by such irradiation
might frequently be misrepaired, generating either sequess®l rearrangements, which
may arise due to the close proximity of multiple DSBs (E)g.This implies further that, at
least a reasonable fraction of the DSBs induced by xfays are repaired correctly, or any

small deletions generated are tolerated.

Damage Response Signalling.

Cells exploit two major signal transduction pathwayssponse to DNA damage
(Shiloh 2003; Abraham 2004; Kurz and Lees-Miller 2004). Thesegeptr®verlapping
pathways each activated by a distinct but related phaspitol 3-kinase like kinase (PIKK).
Ataxia telangiectasia mutated (ATM) is a PIKK activabydDSBs and hence represents the
most significant kinase activating signalling following raidia exposure (Kurz and Lees-
Miller 2004). AT and Rad3-related (ATR) is a related kinaswated by single stranded
regions of DNA, which can occur following the stalling gblieation forks or during the
processing of bulky lesions such as a pyrimidine dimerté2caet al. 2001; Zou et al. 2002;
Zou and Elledge 2003; Zou et al. 2008TR can be activated by IR in S phase cells if the
induced lesions cause a replication blockage. ATM and ATR sheerlapping substrates
although substrates specific for one or the other kihage been described. Activation of
ATM or ATR can result in cell cycle checkpoint arrasd/or apoptosis (Abraham 2001)
ATM activation can also influence the DNA repair procasg likely also impacts upon
chromatin structure (Riballo et al. 2004; Ziv et al. 2006 Tequirement of ATM signalling

for a component of DSB repair has been discussed abbigesdction will focus on the
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process of cell cycle checkpoint arrest and its relevemamonsidering the impact of low
dose/dose rate exposure to IR

Cell cycle checkpoint arrest occurs at defined positiotisarcell cycle, which
include the transition between G1 and S phase (G1/S checkpmuitnt) into mitosis (the
G2/M checkpoint) and during S phase (the intra-S phase chetkfigladge 1996, Caspari
and Carr 2002). One important function of these checkpaititsprevent cells progressing
through important steps in DNA metabolism, such as regic or mitosis, in the presence of
DNA damage. Hence the cell is provided with additional tiomeepair (Deckbar et al. 20Q7)
At least one of these checkpoints in mammalian cebsGYS checkpoint, can also serve to
permanently prevent the proliferation of damaged céliss providing an alternative to
apoptosis (Linke et al. 19974piven that ATM, as described above, is required for thaire
of DSBs that are rejaed with slow kinetics, checkpoint arrest provides “added value” of
ATM signalling allowing additional time to repair those DSBswhich it is uniquely
required (Lobrich and Jeggo 2005). Attempts to replicate or peratosis and cytokinesis
in the presence of unrepaired DSBs will very likely resulb$s of genomic material or
elevated misrepair. Hence cell cycle checkpoint ardeslylrepresents a critical damage
response mechanism that is important for the maintenaingenomic stability, although it
may be less important for survival (Lobrich and Jeggo 2005, Jagtjbobrich 2008;

Lobrich and Jeggo 2007).

An important aspect in considering the impact of low doses/dates of IR is the
sensitivity of the signal transduction process in detgdiiNA damage and signalling to the
cell cycle checkpoint machinerBased on studies in yeast and the sensitivity of aaiivatf
ATM signalling, it was anticipated that the checkpointhiaery would be activated by a
single DSB and maintain arrest until the completion of D&tair. However, recent studies

have demonstrated that doses of IR which introduce lagsli®+20 DSBs/cell fail to activate

14



G2/M checkpoint arrest and that, when arrest is initiatedvalip exposure to higher IR
doses, it is not maintained until the completion of irelpat is released when 10-20
DSBs/cell remain (Deckbar et al. 200lf)deed, chromosome breaks can be observed in cells
released from checkpoint arrest and, in fact, the ntgjofichromosome breaks arise via this
route rather than in cells that escape checkpoinstattew dose hypersensitivity is a
phenomenon in which cells appear to be relatively morgitsento very low doses of IR (<
0.3 Gy) compared to slightly higher doses, generating a digiaurvival curve at doses of
0.1-0.3 Gy (Marples et al. 2004 vidence has suggested that this can be attributed to the G2
population of cells and it is highly likely that this sendyi can be attributed to a failure to
activate G2/M checkpoint arrest at low doses (Short et al. 2008) lack of sensitivity of
the G2/M checkpoint implies firstly that low doses of rdmhave a finite possibility of
inducing chromosome breakage and/or causing cell death. $emmbsure to doses that
activate checkpoint arrest will also fail to fully proteeti€ from entering mitosis with
chromosome breaks.

To date the sensitivity of the G1/S checkpoint has not heemrately determined
The available evidence suggests that two distinct G1/S checkpmagtexist of which one, a
p53 dependent process, may have greater sensitivity th&®2thMecheckpoint, and may
indeed be sensitive to a single DSB (Huang et al. 19963 critical question needs to be
addressed applying the more sensitive monitors of DSB induatioantly available.

Apoptosis represents a distinct process to checkpoint &orpetvent the
proliferation of cells with DNA damage. The activatiorapbptosis appears to be highly cell
type dependent with some cells, such as skin fibroblas&dy randergoing apoptosis in
response to IR, whilst others, such as cells of lymphaganpreadily exploit apoptosis to

remove damaged cells. Currently, there is little datdadla to assess the sensitivity of the
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apoptotic machinery to DSB induction although it is likely thaisgesity will be highly
tissue dependent.

In summary, cell cycle checkpoint arrest representsporitant aspect of the
response to DNA damage, which has a major impact on tilkemance of genomic stability
by providing additional time for DSB repair prior to progresstmough critical metabolic
steps such as replication or mitosis. It appears to ddegser impact on survival.
Surprisingly, the G2/M checkpoint is relatively insensitive had a threshold of 10-20 DSBs
(Deckbar et al. 2007). Further, low doses of IR fail to abtvG2/M arrest. Strikingly, cells
appear able to progress through mitosis with DSBs and @éetsubsequent G1 phase
(Lobrich, unpublished observations). If acentric fragtaeme lost, then the probability of
accurate DSB repair will be much diminished. Nonetheless, B&Bs may well be
misrepaired in G1, thereby providing a window by which genomicaegements or loss of

genetic material can occur

Damage response mechanisms functioning in stem cells.

Important recent evidence has demonstrated the stemig@ll @f many cancer cells
(Lee and Herlyn 2007). The importance of the maintenangerafmic stability for stem
cells has been considered previously and one route by Wtigchay be achieved is by a non
replicated master strand being maintained by a processrofratyic division (Cairns 2006)
Whilst such a mechanism will serve to prevent the propagatisegoience errors generated
during replication, it will not prevent the impact of DNlamage incurred from agents such
as radiationFor this reason, it has been proposed that stem celtg prigfer to die following
DNA damage rather than attempt repair and, consequentlhtiatepair processes might
be down regulated (Hong et al. 200Vhis raises the important question as to how the DSB

repair processes function in stem cells. Some stdmaggbear to be extremely sensitive to

1€



IR raising the possibility that they might indeed undergo apaptather than risk erroneous
repair. Thus, it is important to assess the operatidineolamage responses processes in stem
cells by evaluating which DSB repair pathways are functighalthreshold of the cell cycle
checkpoints and sensitivity of induction of apoptosis.rRammalian cells, it is highly likely
that altering the threshold for apoptosis provides anieffi means to remove cells that have

incurred damage.

Conclusions and future questionsto be addressed.

Our current understanding of the mechanisms of DSB repasatedthat NHEJ, the
predominant mechanism that rejoins radiation induced DSB8sJiiely to be able to
accurately restore the genomic sequence at DSBs in whiigcmformation is lost. This
may well represent a high percentage of DSBs induced by highradiation. Given the
spectrum of lesions induced by x- andays, complex DSBs are also predicted to be induced
at a reasonable frequency by low LET radiation. HR, mtrest, since it exploits an
undamaged template to repair DSBs, has the potential to achl@gher level of fidelity
Curiously, however, HR only functions in late S and G2 phadesgen in G2 phase, only
accounts for a low percentage (maybe 10 to 20 %) of DSB répaither route by which
erroneous DSB repair can occur is via the joining of ir@i®DSB ends generating genomic
rearrangements. The occurrence of several correlated DSBose proximity along the path
of a single high LET radiation particle makes this a pn@mt mechanism for this type of
radiation. Moreover, even x- anpday induced DSBs, occurring as single DSBs after low
dose/dose rate exposure, will have the potential to inteitcendogenously induced DSBs
and thus are likely to enhance the level of rearrangtantt is likely that both the HR and
NHEJ machinery have the potential to generate rearrangeetitis route. Collectively,

based on our current knowledge of the DSB repair mecharlisvosi/d suggest that a
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mammalian cell will be unable to ensure faithful repair ob&Bs induced by even low
doses of IR.

Two other processes that are important in the mainter@rgenomic stability are
cell cycle checkpoint arrest and apoptosis. Current evidmaicates that the G2/M
checkpoint allows the generation of chromosome breakaberateed, that most
chromosome breaks arise from cells released fronkpbet arrest. Such cells can traverse
mitosis and enter G1 with chromosome DSBs, but having losh@mtric fragments
generated. There is abundant evidence suggesting thgtasdisss mechanisms to heal or
repair such DSBs, including telomere fusion events. Thisetiminate the presence of a
DSB allowing such cells, which may well harbour translocetior rearrangements, to
propagate. Although the sensitivity of the G1/S checkpoinhbabeen fully assessed, the
fact that chromosome breaks arise in Artemis daficcells following irradiation in G1 phase,
provides strong evidence that the G1/S checkpoint fails to penthaaerest cells with low
levels of DSBs. In conclusion, our current understandiripeoprocess of cell cycle
checkpoint arrest suggests that the G2 phase of the mamueelliagicle may represent a
particularly sensitive window for the generation of reagements. Clearly, it is critical to
evaluate the level of fidelity achieved during the rephiow LET induced DSBs as well as
to assess the sensitivity of the G1/S checkpoint. Recenestodiadditional endpoints
activated by ATM signalling have raised the possibility thether events need to be
evaluated. There is mounting evidence that an importpetaef ATM signalling is to alter
the chromatin structure of DNA in the vicinity of the D&AV et al. 2006) There is
evidence that DSBs induced within heterochromatic DNA aricplarly difficult to repair
and may require some “opening” of heterochromatic DNA. Since DNA compaction is one

factor that inhibits transcription, it is important to assess how much “opening” of compacted
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DNA occurs after radiation damage and whether this esultrin normally inactive genes
being erroneously activated.

In summary, an understanding of the damage resporg®niems has provided
important insight that is informative in evaluating tik@lly impact of radiation damage.
Without any consideration of such phenomena as the bystaffieler or delayed genetic
instability, the current knowledge of the damage responsbanesms suggests that low
levels of radiation have the potential to cause genbtages that underlie cancer induction,

and thus even a low level of radiation exposure hapdtential to cause cancer.

Acknowledgements—I would like to thank Dr. M. Lobrich for wonderful discusssoand

input into this manuscript.

Support—The PAJ laboratory is supported by the Medical Researahcllpthe

Association for International Cancer Research, theaBenent of Health and EU gran

(FIGH-CT-200200207) (DNA repair) and FI6BT-2003-508842 (RiscRad).

1¢



FOOTNOTES

Genome Damage and Stability Centre, University of Susseghton BN1 9RQ; phone: 0044 1273 678482,

fax: 0044 1273 678121.

For correspondence contact Penny Jeggo at the above amtoeessil ap.a.jeggo@sussex.ac.uk

Dr. Markus Laobrich, a long term close collaborator who et unpublished information, is located at

Darmstadt University of Technology, Radiation Biology &MA Repair, 64287 Darmstadt, Germany.

2C


mailto:p.a.jeggo@sussex.ac.uk

References.

Abraham RT. Cell cycle checkpoint signaling through the ATid ATR kinases. Genes
Dev 15: 217#2196.; 2001.

Abraham RT. PI 3-kinase related kinases: 'big’ playessr@ss-induced signaling pathways.
DNA Repair (Amst) 3: 883387; 2004.

Barnes DE, Lindahl T. Repair and genetic consequencasdogenous DNA base damage in
mammalian cells. Annu Rev Genet 38: 44%6; 2004.

Blier PR, Griffith AJ, Craft J, Hardin JA. Binding of Karotein to DNA. Measurement of
affinity for ends and demonstration of binding to nicks. daliof Biological
Chemistry 268: 75947601; 1993.

Cairns J. Cancer and the immortal strand hypothesis.tiGed&4: 10691072; 2006.

Caspari T, Carr AM. Checkpoints: how to flag up double-straedKks. Curr Biol. 12: R165
R107; 2002.

Cortez D, Guntuku S, Qin J, Elledge SJ. ATR and ATRIP: perinecheckpoint signaling.
Science 294: 1713716.; 2001.

Cui X, Yu Y, Gupta S, Cho YM, Lees-Miller SP, Meek K. Autophasptation of DNA-
dependent protein kinase regulates DNA end processing andlsoagiter double-
strand break repair pathway choice. Mol Cell Biol 25: 1684852; 2005.

de Vries E, van Driel W, Bergsma WG, Arnberg AC, van dert\Hi€. HeLa nuclear protein
recognizing DNA termini and translocating on DNA forming guiar DNA-
multimeric protein complex. Journal of Molecular Bigjo208: 65-78; 1989.

Deckbar D, Birraux J, Krempler A, Tchouandong L, Beuchewalker S, Stiff T, Jeggo PA,
Lobrich M. Chromosome breakage after G2 checkpoinaseleJournal of Cell

Biology 176: 748755; 2007.

21



DiBiase SJ, Zeng ZC, Chen R, Hyslop T, Curran WJJlizkis G. DNA-dependent protein
kinase stimulates an independently active, nonhomologndsjoining apparatus.
Cancer Res 60: 1245253; 2000.

Dvir A, Peterson SR, Knuth MW, Lu H, Dynan WS. Ku autoamtigethe regulatory
component of a template-associated protein kinasghuasphorylates RNA
polymerase Il. Proceedings of the National Academy ofifSeiof the United States
of America 89: 1192011924; 1992.

Elledge SJ. Cell cycle checkpoints: preventing an identigysc Science 274: 1664-1672;
1996.

Goodarzi AA, Noon AT, Deckbar D, Ziv Y, Shiloh Y, Lobrich Mgém PA. ATM signaling
facilitates repair of DNA double-strand breaks associaitddhgterochromatin. Mol.
Cell 31 167-177; 2009

Gottlieb TM, Jackson SP. The DNA-dependent protein kinase:rezgemt of DNA ends and
association with Ku Antigen. Cell 72: 1:3142; 1993.

Hefferin ML, Tomkinson AE. Mechanism of DNA double-stranddk repair by non-
homologous end joining. DNA Repair (Amst) 4: 68¢8; 2005.

Hill MA, Herdman MT, Stevens DL, Jones NJ, Thacker J, Goad®T. Relative
sensitivities of repair-deficient mammalian cells famdgenic survival after alpha-
particle irradiation. Radiat Res 162: 666; 2004.

Hong Y, Cervantes RB, Tichy E, Tischfield JA, StambrookHA?dtecting genomic integrity
in somatic cells and embryonic stem cells. Mutat Res 61465%8007.

Huang LC, Clarkin KC, Wahl GM. Sensitivity and selectiatf the DNA damage sensor
responsible for activating p53-dependent G1 arrest. ProAsiatl Sci U S A 93:

4827-4832; 1996.

22



Jeggo PA. Studies on mammalian mutants defective in rejoinimglelstrand breaks in
DNA. Mutat Res 239:-116; 1990.

Jeggo PA, Lobrich M. Contribution of DNA repair and asitle checkpoint arrest to the
maintenance of genomic stability. DNA Repair (Amst) 5: 111988; 2006a.

Jeggo PA, Lobrich M. Radiation induced DNA damage respoRseBation Protection
Dosimetry 122: 124127; 2006b.

Johnson RD, Jasin M. Sister chromatid gene conversmpreminent double-strand break
repair pathway in mammalian cells. Embo J 19: 33487.; 2000.

Johnson RD, Jasin M. Double-strand-break-induced homologocosbation in
mammalian cells. Biochem Soc Trans 29:-18#l.; 2001.

Kemp LM, Sedgwick SG, Jeggo PA. X-ray sensitive mutants ai€3lei hamster ovary cells
defective in double-strand break rejoining. Mutat Res 132199 1984.

Krempler A, Deckbar D, Jeggo PA, Lobrich M. An Imperfec2YA(I Checkpoint
Contributes to Chromosome Instability Following Irradiatadrs and G(2) Phase
Cells. Cell Cycle 6: 1682.686; 2007.

Kuhne M, Rothkamm K, Lobrich M. No dose-dependence of DNébtstrand break
misrejoining following alpha-particle irradiation. Int &déRat Biol 76: 891900.; 2000.

Kurz EU, Lees-Miller SP. DNA damage-induced activation of Adii ATM-dependent
signaling pathways. DNA Repair (Amst) 3: 8880; 2004.

Lee JT, Herlyn M. Old disease, new culprit: tumor stensdrlcancer. J Cell Physiol 213:
603-609; 2007.

Liang F, Jasin M. Ku80-deficient cells exhibit excess diagian of extrachromosomal DNA.
Journal of Biological Chemistry 271: 144a051411; 1996.

Lindahl T. Instability and decay of the primary structur®bIA. Nature 362: 709714; 1993.

23



Linke SP, Clarkin KC, Wahl GM. p53 mediates permanemsaover multiple cell cycles in
response to gamma-irradiation. Cancer Research 57:-1179; 1997.

Lobrich M, Jeggo PA. Harmonising the response to DSBs: a meg 8t the ATM bow.
DNA Repair (Amst) 4: 749759; 2005.

Lobrich M, Jeggo PA. The two edges of the ATM sword: Coraten between repair and
checkpoint functions. Radiother Oncol 76: 1128; 2005.

Lobrich M, Jeggo PA. The impact of a negligent G2/M cheakipmn genomic instability and
cancer induction. Nat Rev Cancer 7: 88@9; 2007.

Marples B, Wouters BG, Collis SJ, Chalmers AJ, Jdin€r Low-dose hyper-
radiosensitivity: a consequence of ineffective cell cgetest of radiation-damaged
G2-phase cells. Radiat Res 161: 24%5; 2004.

Meek K, Douglas P, Cui X, Ding Q, Lees-Miller SP. trans Autophosylation at DNA-
dependent protein kinase's two major autophosphorylationlsgters facilitates end
processing but not end joining. Mol Cell Biol 27: 388890; 2007.

Nikjoo H, Bolton CE, Watanabe R, Terrissol M, O'Neill&®odhead DT. Modelling of
DNA damage induced by energetic electrons (100 eV to 100 keV). Raaliat Pr
Dosimetry 99: 7780.; 2002.

Nikjoo H, Munson RJ, Bridges BA. RBE-LET relationshipsnutagenesis by ionizing
radiation. Radiation Research 40 Suppl+8%b; 2000.

Nikjoo H, O'Neill P, Goodhead DT, Terrissol M. Computationadeiling of low-energy
electron-induced DNA damage by early physical and chemieaitgvint J Radiat
Biol 71: 467-483; 1997.

Nikjoo H, O'Neill P, Terrissol M, Goodhead DT. Quantitativedalting of DNA damage

using Monte Carlo track structure method. Radiat EnvirepBys 38: 3138; 1999.

24



Nikjoo H, O'Neill P, Wilson WE, Goodhead DT. Computational apgihdar determining
the spectrum of DNA damage induced by ionizing radiation. R&dia 156: 577
583.; 2001.

Perrault R, Wang H, Wang M, Rosidi B, lliakis G. Backup patys of NHEJ are suppressed
by DNA-PK. J Cell Biochem 92: 78%94; 2004.

Riballo E, Kuhne M, Rief N, Doherty A, Smith GC, Recio,NReis C, Dahm K, Fricke A,
Krempler A, Parker AR, Jackson SP, Gennery A, Jeggd.Biich M. A pathway of
double-strand break rejoining dependent upon ATM, Artemis, andipsdbcating to
gamma-H2AX foci. Mol Cell 16: 71524; 2004.

Shiloh Y. ATM and related protein kinases: safeguarding geniot@grity. Nat Rev Cancer
3: 155-168; 2003.

Short SC, Woodcock M, Marples B, Joiner MC. Effectsalf cycle phase on low-dose
hyper-radiosensitivity. Int J Radiat Biol 79:-9D5; 2003.

Smith GC, Jackson SP. The DNA-dependent protein kinases@®@ae 13: 916934; 1999.

Thacker J, Stretch A. Responses of 4 X-ray-sensitive €&llOnutants to different radiation
and to irrradiation conditions promoting cellular reagvélutation Research 146:
99-108; 1985.

Thacker J, Zdzienicka MZ. The mammalian XRCC genes: tbleis in DNA repair and
genetic stability. DNA Repair (Amst) 2: 65672; 2003.

Thorslund T, West SC. BRCA2: a universal recombinase regul@hcogene 26: 772@730;
2007.

van Gent DC, van der Burg M. Non-homologous end-joiningickysaffair. Oncogene 26:
7731-7740; 2007.

Walker JR, Corpina RA, Goldberg J. Structure of the Ku betarer bound to DNA and its

implications for double-strand break repair. Nature 412:-604.; 2001.

25



Wang M, Wu W, Rosidi B, Zhang L, Wang H, lliakis G. PARRNd Ku compete for repair

of DNA double strand breaks by distinct NHEJ pathways. Nuéleids Res 34:
6170-6182; 2006.

Weinstock DM, Richardson CA, Elliott B, Jasin M. Modelimgcogenic translocations:

distinct roles for double-strand break repair pathwaysaimslocation formation in

mammalian cells. DNA Repair (Amst) 5: 108%74; 2006.
West SC. Molecular views of recombination proteins aed ttontrol. Nat Rev Mol Cell
Biol 4: 435-445.; 20083.
Windhofer F, Wu W, Wang M, Singh SK, Saha J, RosidiiBkis G. Marked dependence on
growth state of backup pathways of NHEJ. Int J Radiat CBicbPhys 68: 1462
1470; 2007.
Wu W, Wang M, Singh SK, Mussfeldt T, lliakis G. Repdiradiation induced DNA double

strand breaks by backup NHEJ is enhanced in G2. DNA Repair Y Ar329-338;
2008.

Wyman C, Kanaar R. DNA double-strand break repair: all's watleéhds well. Annu Rev
Genet 40: 363383; 2006.

Ziv Y, Bielopolski D, Galanty Y, Lukas C, Taya Y, SchulRZ, Lukas J, Bekker-Jensen S,
Bartek J, Shiloh Y. Chromatin relaxation in response t@ADINuble-strand breaks is
modulated by a novel ATM- and KAP-1 dependent pathway. Nat @dIBB870-
876; 2006.

Zou L, Cortez D, Elledge SJ. Regulation of ATR substsatection by Rad17-dependent
loading of Rad9 complexes onto chromatin. Genes Dev. 1620882002.

Zou L, Elledge SJ. Sensing DNA damage through ATRIP recogmifi®@iPA-ssDNA

complexes. Science 300: 154548.; 2003.

26



Zou L, Liu D, Elledge SJ. Replication protein A-mediatectuément and activation of
Rad17 complexes. Proc Natl Acad Sci U S A 100: 13832832. Epub 2003 Nov 6;

2003.

27



Figure Legends.

Figure 1. Misrepair eventsthat can be generated following exposureto IR.

lonizing radiation can result in damaged bases at the saenin both strands or multiple
lesions in close proximity on one DNA molecule. Both gitres have the potential to result
in loss of coding information. NHEJ will be unable to restdnte any sequence information
lost in this way whilst HR can restore the original DNA same by using an undamaged
sister homologue as a template for resynth@sanslocations can also arise when DSBs are
generated in close proximity of distinct chromosomes. BiiRhand NHEJ appear able to

generate translocations via this mechanism.

Figure 2. Features of the damage response mechanismsimportant for the maintenance

of genomic stability in responseto low doses/dose rates.

DNA damage response mechanisms that function in respoi»®Bs encompass pathways
of DSB repair and signal transduction pathways. HR and NHiEdsent the major DSB
repair pathways and ATM signalling is activated by DSBs. idddity by which the DSB
repair pathways rejoin DSBs is a critical issue for @ering low dose exposure. This
includes whether sequences lost at the junction can beerecband whether translocations
are generated if two erroneous DNA ends are rejo&W signalling activates cell cycle
checkpoint arrest and apoptosis. The critical issue heheisensitivity of these processes.
Current evidence suggests that the G2/M checkpoint has awgriteshold of 10-20

DSBs and that chromosome breakage can arise in celfsesl from checkpoint arrest.
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Figure 3. Pathways of double strand break repair.

NHEJ represents the most significant DSB repair pathwagjoining radiation induced
DSBs. HR represents another important pathway but it onlyiéunscin late S/G2 phase and
then only rejoins a minor fraction of DSBs in G2. B-NHEpPresents a pathway that has
been described to function in the absence of NHEJtHitleness of the arrows above

represent their importance for repairing DSBs generatedidbgdses of ionizing radiation.
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Pathways of double strand break repair
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» The most significant pathway
repairing radiation-induced DSBs in
mammalian cells

* Functions in G1, G2 and possibly S
phase

* No requirement for homology.

* Fidelity unknown but no obvious
ability to repair DSBs involving
sequence loss and can potentially
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* Only functions in the absence of
NHEJ proteins

* likely utilizes microhomology
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Defective mutants are dramatically
radiation sensitive - little evidence
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radiation sensitivity unless
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* Only functions in late S and G2 phase.

* In G2 repairs maximally 20 % of IR
induced DSBs.

» Main function is to facilitate recovery
from replication fork stalling

* |s able to repair DSBs with significant
sequence loss at the junctions.

» Can generate translocation events

Defective mutants show mild
radiation sensitivity
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fork to promote recovery from
blocked replication
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Features of the damage response mechanisms important for the
maintenance of genomic stability in response to low doses/dose
rates
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Misrepair eventsthat can be generated following exposureto IR.

Loss of coding sequences
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DNA molecule leading to fraying of the ends
and loss of DNA sequence information
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