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Abstract

Following exposure to DNA damaging agetitat block the progress of the

replication fork, mono-ubiquitination of PCNA mediates the switch from replicative
to translesion synthesis DNA polymeras®#ge show that in human cells, PCNA is
mono-ubiquitinated in response to methyltnamesulfonate and mitomycin C, as well
as UV light, albeit with dferent kinetics, but not inesponse to bleomycin or
camptothecin. Cyclobutane pyrimidine dimars responsible for most of the PCNA
ubiquitination events following UV-irradi@in. Failure to ubiquitinate PCNA results

in substantial sensitivity to UV and MM$ut not to camptothecin or bleomycin.
PCNA ubiquitination is dependent on RAAt independendf ATR-mediated
checkpoint activation. After UV-irradiation,ehe is a temporal correlation between
the disappearance of the de-ubiquitinating enzyme USP1 and the presence of PCNA
ubiquitination, but this correlation was rfound after chemical mutagen treatment.
Using cells expressing phoyeises, we are able to remove the UV lesions and we
show that PCNA ubiquitination persists for many hours after the damage has been
removed. We present a model of translesigmthesis behind the replication fork to

explain the persistence of ubiquitinated PCNA.



I ntroduction

The replication of damaged DNA is a topicmuch current interest following the
discovery of the specialised Y-family of DNA polymerases, which are able to bypass
lesions in DNA. There are four Y4faly members in mammalian cells, DNA
polymerase (pohy, poh, pol and Revl, each with a different substrate specificity (1-

3).

Genetic studies usirgaccharomyces cerevisiae have implicated ubiquitin-
conjugating systems in the replicationdaimaged DNA, and the ubiquitination target
is the DNA polymerase sliding clamp acceggarotein, PCNA (4). In response to
DNA damage, Rad6 and Rad18 mediate thagrbiquitination of PCNA on lysine-
164, and subsequent poly-ubiquitinatiotrsught about by Ubc13-Mms2 and Rad5.
Mono-ubiquitination appears tagger translesionymithesis (TLS) to bypass DNA
lesions, whereas polyubiquitination chanrtaks damage into a poorly understood

error-free damage-avoidance mechanism (4, 5).

In human fibroblasts, mono-ubiquitinati on lysine-164 is by far the major
modification of PCNA and is easily detedlon exposure of replicating cells to
DNA damage induced by ultraviolet ligfitV) or to replication arrest by
hydroxyurea (HU) (6). Polyubiquitination haceatly been detected at much lower
levels (7, 8). Monoubiquitination &fCNA increases its affinity for pg) poh and
Revl (6, 9-12). The increased affindfymono-ubiquitinated PCNA (Ub-PCNA) for
Y-family polymerases is mediated bpiquitin-binding domains that have been
identified in all the Y-family polymeras (10-13), and provides a mechanism for

bringing about the polymerase switch, whereby the blocked replicative DNA



polymerase is replaced by a TLS polymerase that can bypass the blocking lesion (1).
Ubiquitinated PCNA activates the witro damage-bypass activities of padnd Revl

(14).

Whereas ubiquitination of PCNA is brought about by the Rad6-Rad18 system, it is
kept in check in human cells by the de-ubiquitinating enzyme (DUB) USP1 (15).

Following high doses of UV, USRiisappears from the cell (15, 16).

In this paper we examine the respoasCNA ubiquitinaton to different DNA
damaging agents in human cells, we shioat mutation of PCNA-K164 confers UV
and MMS sensitivity to the cells, werdenstrate that PCNA ubiquitination and
activation of cell cycle checkpoints are ipgdadent events and we show that PCNA

ubiquitination persists even after removal of the lesions.

Results

PCNA ubiquitination following exposur e to different damaging treatments.

We previously showed that PCNA svenonoubiquitinated in response to UV-
irradiation or treatment with HU, but neith ionising radiain (6). In our earlier

work, PCNA ubiquitination remained elevatied at least 24 h after UV-irradiation,

and our data shown in Figure 1A and B (upmemels) indicate that this elevated level
persisted in MRC5V1 cells for more than 48 h after UV doses of 10 and20rim

all experiments shown, we loaded the samaportion of the total cell population in
each lane. Thus the intensity of the band corresponding to Ub-PCNA represents the

absolute level of ubiquitinated PCNA in thdtave rather than #gnamount relative to



unmodified PCNA or peng protein. We have analyseckttata in this way to avoid

any apparent loss of PCNA ubiquittrman by dilution whercells divide.

UV-irradiation generates two major pbptoducts in DNA, cyclobutane pyrimidine
dimers (CPD) and 6-4 photoproducts (6-4PP). To determine which of these lesions is
responsible for the ubiquitination of PCNwe used XP-A cells which express
photolyases specific for CPD, 6-4PP ortb(t7). When UV-irradiated cells are
exposed to visible light imnagately after UV-irradiationthe photolyases reverse the
cognate photoproducts in situ. More tte%6 of the lesions dappear from the DNA
on exposure to visible light f®0-120 min (Fig S6). Remolaf just the CPDs results
in a significant reduction d?CNA ubiquitination (Fig 1Gcompare lanes 3 and 4). In
contrast removal of 6-4PP has a barely dat#eteffect (lanes 7, 8), but this might be
expected as 6-4PP form only 20-30%athl photoproducts. Removal of both
photolesions prevents the ghitination completely (lanes 11 and 12). We conclude

that both photoproductse able to elicit uluitination of PCNA.

In an attempt to understand the trigggrstructure(s) for PCNA mono-ubiquitination,
we have exposed cells to different agents and measured PCNA ubiquitination for
extended periods of time after damagireatments. The monofunctional methylating
agent, methyl methanesulfonate (MMS) generates mainly 7-methylguanine and 3-
methyladenine in DNA together with a alnamount of O-6-methylguanine (18).
Figure 1D (upper panel) shows that UBNPA was detectable 3 h after a one-hour
MMS treatment and increased in intepsit 24 h and later times. With the

crosslinking agent mitomycin C, little UbGNA was detectable in the first few hours



after treatment, but as with MMS tream, a strong band appeared at 24 h and

increased in intensity up #8 h (Fig 1E, upper panel).

In contrast to these agents, which geteechemical alterations in DNA, bleomycin,
like ionising radiation, prodzes double-strand breaks. With this agent, minimal Ub-
PCNA was detected up to 48 h after treattr{€igure S7A). Similar results were
obtained with camptothecin, an inhibitirtopoisomerase | that generates double-
strand breaks in DNA during DNA replittan (data not shown). No PCNA
ubiquitination was detected following tte@ent with the microtubule spindle poison
nocodazole (not shown), confirming thakats that disrupt cell cycle progression

without affecting DNA replication daot induce the ubiquitination of PCNA.

Failureto ubiquitinate PCNA confers UV and MM S sensitivity

We have used SV40-transformed MRC5V Irfan fibroblasts to generate cell lines
expressing His-tagged PCNA, either wild-tygremutated at lysine-164, at levels
similar to those of endogenous PCNAdiie 2A, lanes 1 and 3). The cDNA for the
exogenous PCNA contained silent mutatiomsake it refractory to targeting by
siRNA directed against endogenous PCNANGsiRNA, we were able to deplete the
endogenous PCNA such that more than &%he PCNA is expressed from the
transfected cDNA (Figure 2A, lanes 2 and Zhe transfected Wd-type his-PCNA is
ubiquitinated following UV-irradiation (Fig@B, lane 2), whereas the K164R mutant
his-PCNA is not (Fig 2B, lane 4). Degion of the endogenous PCNA results in a
substantial sensitisation of cells expragsinutant PCNA to UV-irradiation (Fig 2C,
KR) compared to those expressing wijghe PCNA (Fig 2C, WT). Additional

depletion of paj in cells expressing wild-typeCNA results in only a modest



decrease in survival after UV-irradiati (Fig 2C, WT-h) and in cells expressing
mutant PCNA there is no further decreassurvival (Fig 2C, KR-h). These data
demonstrate the importance of PCNA ubiquitination for cell survival after UV

irradiation.

The cells expressing only PCNA-K164R arsoasensitive to MM$Fig 2D), but not
to camptothecin (Fig 2E) or bleomycin (F8g'B), consistent with the patterns of

ubiquitination of PCNA (Fig 1).

PCNA ubiquitination and cell cycle checkpoints

The spectrum of damaging agents givirggio PCNA ubiquitination, its dependence
on Rad18 and the single-stranded DNAeng properties of Rad18 lead to the
hypothesis that single-strardilBNA exposed at the site of stalled forks can trigger
Rad18-mediated ubiquitination of PCNA. Siegitranded regions are also the trigger
for cell-cycle checkpoints mediated bytATR protein kinase. To trigger the
checkpoint, single-stranded DNA need®éocoated witlthe single-strand DNA
binding protein, RPA (19). We depleted calfsRPA using the same conditions as
Zou and Elledge (19). In our initial experints, we obtained substantial depletion of
RPA without affecting the ubiquitination ®CNA following UV treatment (data not
shown). However, when we altered oansfection conditions, we were able to
reduce RPA to levels that were undetectall@Vestern blotting (Figure 3A, panel a).
Under these conditions phosphorylation kT was reduced as st&ibed previously
(19) (Figure 3A, panel b) and we foutitht Ub-PCNA formation was also reduced
substantially (Figure 3A, panel c). We weancerned that degtion of RPA might

deplete the S phase population of the caltsl that the decreased ubiquitination of



PCNA might be a secondary consequenca latk of S phase cells. We therefore
analysed the cell cycle status of theAREepleted population. Flow cytometry
showed that the cell cycledtiiibution of cells depeleteaf RPA was very similar to
that of undepleted cells (Table S&)ggesting that, tdough undetectable by
immunoblotting, residual RPA is sufficient p@rmit DNA replication to continue.

Our data suggest, therefore, that ubiquitination of PCNA is dependent on RPA.

To examine if Ub-PCNA formation depends checkpoint activation, we depleted
MRC5V1 cells of ATR using siRNA. (Bure 3B, panel a). This prevented the UV-
induced phosphorylation of Chkl1 (Fig 3@anel b), demonstrating that checkpoint
activation had been abrogated. However, 6 h after exposure to’20\dirradiation,
depletion of ATR had no effect on the levels of Ub-PCNA (Figure 3B, panéle)
also showed that the ubiquitination of PCNA in cells from a normal individual and
from a child with Seckel Syndme caused by a mutation in th€R gene and
deficient in ATR signallingZ0), were very similar (Figure 3C). We conclude that

ubiquitination of PCNA is not dependent archeckpoint response mediated by ATR.

Persistence of Ub-PCNA after removal of the damage.

The results of Figure 1 demonstrate tdatPCNA persists for a long time after
formation of the DNA damage. However many types of damage are known to persist
for long periods, and the apparent pdesise of Ub-PCNA may represent a dynamic
equilibrium between cycles of ubiquitinati and de-ubiquitination as the replication
machinery encounters successive lesions. Taftéss is the case, we again used the
XP-A cells that express both photolyaseg)(These cells were UV-irradiated (20°Jm

%) and then incubated for 6 h in the darlpemit replication forks to stall at damaged



sites and Ub-PCNA to accumulate. The ce#ge then exposed to visible light for
two hours. Samples were taken at varibones after photoreactiaion and analysed
for Ub-PCNA. Figure 4A (odd lanes) showstldespite the removal of nearly all the
damage, Ub-PCNA persisted for many hours. We obtained similar results after a
lower dose of 5 Jih(not shown). We considered thessibility that, after the damage
has been removed, the Ub-PCNA is reledsaah the chromatin into the PCNA pool.
In the photoreactivated cells, howevethalugh much of the unmodified PCNA was
extracted by triton, most of the Ub-PCNvas refractory to trdn extraction (Figure
4A, compare even with odd lanes), indingtthat it remained associated with

chromatin for many hours after removal of the damage.

Recently USP1 was identified as a DUB that de-ubiquitinates Ub-PCNA. Following
high doses of UV-irradiation, USP1 welgaved and this permitted Ub-PCNA to
accumulate (15). These data suggestedd@®1l might regulate the level of PCNA
ubiquitination. Given the existence of a DB Ub-PCNA, it seemed curious that
Ub-PCNA persisted in our experiments. Werefore measured the level of USP1

and Ub-PCNA in the same cell pellet unddfetent conditions. In agreement with

the report of Huang et al (15), we obsehtieat USP1 disappeared from cell extracts
after UV-irradiation of the cells. We found ththts occurred even after relatively low

UV doses (Figure 1A, B, lower panels). There was an approximately 70% reduction 8
h after 10 Jifand recovery at 72 h, whereas, after 2, Jas might be expected, the
response was more severe. USP1 became barely detectable after 8 h and did not
recover within the time of the experinmte After both doses, the ubiquitination of

PCNA (upper panels) correlated well with the disappearance of USP1. Furthermore in

the photolyase experiments described above, we found that USP1 remained at

10



undetectable levels for at least 24 twafter reversal of the damage by
photoreactivation (Figure 4Bop panel). The levels &#SP1 in these experiments
therefore show a good inversemdation with those of Ub-BNA, consistent with the

idea that USP1 is an importamtgulator of Ub-PCNA (15).

We also measured USP1 levels following treatments with MMS and MMC. In
striking contrast to the results with Uvfadiation, we were unable to detect any
significant loss of USP1 after treatment witiese chemicals (Figs 1D and E, lower
panels). Indeed there was an increase in USRdter times, more or less concomitant

with the increase in PCNA ubiquitination.

Discussion

Ubiquitination of PCNA is a central control point for mediating the replication of
damaged DNA, but many questions ren@incerning the ubiquitination process.
What is the trigger that turns it on and wisathe mechanism fdurning it off? We
and others have shown that PCNA is@étly ubiquitinated following exposure to
UV, MMS, MMC and HU, but not by ionisingadiation, bleomycin or camptothecin
(this paper and (21)) nor by daunomycirtjrmmycin D and neocarzinostatin (22).
The former agents all cause stalling & tieplication fork. A likely result of fork
stalling is either the dissociation of the iegtive helicase from the stalled replication
machinery and exposure of single-stranB&A ahead of the replication fork, or
uncoupling of the synthesis on leading #aghing strands, expax single-stranded
regions on the leading strand (23). Téiisgle-stranded DNA likely binds Rad18,
which together with either or both of tRad6 orthologs carriesut the ubiquitination

process (24, 25). lonisimadiation, bleomycin, neocarzinostatin and camptothecin

11



generate double strand brea&kihier directly or duringeplication and would not
therefore be expected torgrate regions of single-stranded DNA at the forks. MMC
produces interstrand DNA crosslinks. These mdult in stalling of the fork, but the
cross-links are likely to pwide physical barriers to unmding of the DNA ahead of
the stalled forks. This may account for thek of ubiquitination of PCNA at early
times after treatment. The accumulation ofRIBNA at much later times is likely to

be a result of secondaryqmesses involved in the rapaf the cross-links.

When we replaced PCNA with the K164R temot form that cannot be ubiquitinated,
the viability of the cells waunaffected. Consistent withis observation, Langerak et

al recently generated a knock-in PCNA-K16dRuse, which was viable (26). These
mice were infertile and had an altesaaatic hypermutation spectrum, but were
otherwise healthy. As in budding and fission yeast&{#and DT40 chicken cells

(28), therefore, the inability to ubiquitinate PCNA is compatible with life in mammals.
When treated with PCNA-specific sSiRNAur “K164R cells” are, like DT40 cells
expressing human PCNA-K164R as the sole source of PCNA (28), sensitive to UV-
irradiation. At first sight this may appeaot unexpected. Howevean response to UV,
Ub-PCNA has been hypothesizedfacilitate the switclrom replicative to TLS
polymerase to enable TLS past UV lesi@ds Interestingly, cells in which pglis
depleted (Figure 2C), like XP variant cells defective img@P), are barely sensitive

to killing by UV light. The PCNA-K164Reells, in contrast, show much more
pronounced UV sensitivity. This suggests timatdification of PCNA has roles other
than recruitment of pglin response to UV-irradiain. These roles could include
recruitment of other polymerases invedl in TLS past 6-4 photoproducts. For

example, Revl also binds to ubiquitinated\AJ12) as well as to other Y-family

12



polymerases and to @plsuggesting that it might act aplatform for recruiting other
polymerases (30, 31). Imddition polyubiquitination of PNA might facilitate an
error-free recombination-mediated procEssypassing lesions, as found in yeast (4,
5). A further possibility is that ubiquitination of PCNA has a role outside of S phase.
We have shown i pombe that PCNA is ubiquitinated in G2 cells in response to
DNA damage (27), and work by N Zlatanowdd?LK, to be published elsewhere, has
revealed that PCNA is ubiquitinatedresponse to DNA damage in quiescent human
fibroblasts. The PCNA-K164R cells are also sensitive to MMS, implying an
important role for ubiquitinated PCNA in recovery from MMS-induced damage.
Further studies will be required to determinthis role involves TLS, recombination,

or both.

Stalling of the replication fork also taates ATR-mediated cell cycle checkpoints
and mono-ubiquitination of FANCD2 (32)his raises the question as to whether
these processes are co-ordinated and iepenadent. We found that depletion of RPA
resulted in a reduction in PCNA ubiquitinatiom agreement with findings of Bi et al
(33), and with recent observationsSrcerevisiae (34). However, we found that
reduced levels of ATR hddtle effect on PCNA ubiquitination. These results are
somewhat at variance with those ofddial, who reported some reduction of
ubiquitination in ATR deficiencells (33), but agree with recent report showing no
effect of reduction of ATR (35). They aresalconsistent with owgarlier findings irS,
pombe, in which deletion of the checkpoint kinase gerael8 andtell (ATR and

ATM orthologs) had no effect on PCNA ubiquigition (27) and with similar results
in S cerevisiae (34) andXenopus laevis (24). We envisagtherefore that PCNA

ubiquitination and checkpoint activatiane independently and automatically
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triggered by a “state of emergency” indied by exposed single stranded DNA at the

replication fork.

Ubiquitination of PCNA is also regulatéy the DUB USP1, which is able to remove
ubiquitin from Ub-PCNA (15). This is atrfit sight difficult to reconcile with our
finding that Ub-PCNA persisted for many hewaven after replication blocks were
removed. However, we have extended theimaigobservations of Hang et al (15) to
demonstrate that, after UV-irradiation dRC5V1 cells, USP1 disappears and is
barely detectable during the periods wiRE€ENA ubiquitination persists, even when
the damage has been removed. In contrast, ubiquitination of PCNA following MMS
or MMC treatment was not accompanied bysslof USP1. This suggests that USP1
is an important regulator of PCNA ubiquidition in response to UV, whereas after
chemical treatments, the ubiquitinatedNCis refractory to USP1. One possible
explanation is that USP1 is sequesteredy from the Ub-PCNA. Alternatively,
USP1 is itself regulated and activateddsgociation with a partner protein, UAF1
(16), and this activation might be diféatially affected by different DNA damaging

treatments.

What is the explanation for the petsisce of Ub-PCNA following UV-irradiation,
even after UV damage has been removed® toli, DNA synthesised in UV-
irradiated cells containgaps opposite UV lesions and these gaps are subsequently
sealed (36). This led to a model in whibtle gaps were sealed behind the replication
fork so that the bypass past the lesion imndspendent of replication fork progression.
More recent models have hoves\assumed that TLS occurs at the stalled forks and

that fork progression and TLS are co-ordinated. This may not be the case and recent
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work in yeast has providedirect support for the oldenodel of gaps behind the
replication fork (23). Furthermore Helland Marians have shown, using a bacterial
in vitro system, that replication can res@ownstream of a replication block, even on
the leading strand (37). In addition, Watargl Walker found high levels of the Y-
family polymerase Revl in G2 cells in yeaad inferred that this was an indication
of a postreplicative gap-fitlg step (38). We develop this model to explain the
persistence of Ub-PCNA in UVradiated cells (Figure 5We propose that when the
replication fork stalls at a lesion, R@ becomes ubiquitinated (Figure 5A) and
shortly afterwards a new replication apgas is assembled beyond the lesion, with a
new molecule of PCNA (Figer5B). Synthesis continuep to the next lesion, where
another Ub-PCNA molecule is depositatt replication reatts again beyond the
lesion (Figure 5C). At some lateme, the gaps are sealed bywpahd/or maybe

other Y-family polymerases, depending on tia¢ure of the lesion (Figure 5D), and
the ubiquitinated PCNA is left on tH&NA, perhaps because there are no RFC
molecules in the vicinity to unload ithe net result is that Ub-PCNA molecules
remain on the DNA until they are disassembled at the next round of replication or, at
least in the case of UV damage, de-uldigaied when USP1 \els are restored.
Figure 5 displays the proposed situatiorttoleading strand, but a similar process

could occur on the lagging strand.

Might the persistence of Ub-PCNA after tiemage has been removed, together with
its affinity for error-prone Y-family polymeases, result in inappropriate recruitment
of these polymerases to treplication fork and an eleted mutation rate? This is
unlikely for two reasons. First, if theadel proposed above @®rrect, the Ub-PCNA

remaining on the chromatin will be bedithe replication fork on DNA that has
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already been replicatedh@will therefore be harmés. Second, the replicative
polymerases are much more efficient @anocessive than the Y-family members.
Once the replicative pgmerase is engaged and repting an undamaged stretch of
DNA, it is unlikely that a relatively ineffieint Y-family polymerase will be able to
compete effectively (39). It is only whgassage of the replication fork is blocked
and the replicative polymerases cannot peak; that engagement of the Y-family

polymerases becomes an issue.

Is the above model of TLS behind the fodwnpatible with the findings in several
reports that poh andt and Rev1 are localised in regdtion foci (40-42)? There is a
widely held misconception that forks andifare one and the same entity. In fact,
foci are quite large structurésat are thought toontain 5-20 replication forks. It is
therefore perfectly plausible that thapped structure, though behind the fork,

remains associated with the focus.

Materialsand M ethods

SV40-transformed human fibroblast lineR@5V1, grown in Eagle’s MEM with 10%
or 15% fetal calf serum, was used inghexperiments. For generation of cells
expressing exogenous PCNA, His-PCNA dansts were used that contained
mutations rendering them refractorysi®@NA knock-down. Transfection and siRNA
treatment used standard procedures. For photoreactivatiof,0éRs expressing
photolyases were exposed tgibie light at different time#llowing UVC irradiation.

Further details of Materiasnd Methods are presentedsapplementary information.

Acknowledgements

16



This work was supported by MRC research tgaan EU Integrated Project grant and
an ESF Eurodyna grant to ARL and a Unilesterdentship for SB. Ware grateful to
Tony Huang for the anti-USP1 antibody and to Mark O’Driscoll and Penny Jeggo for

the Seckel syndrome cells.

17



References

1.

Friedberg E C, Lehmann A R, Fuchs R P (2005) Trading places: how do
DNA polymerases switch duringaimslesion DNA synthesidol Cell 18:
499-505.

Prakash S, Johnson R E , PrakasBd0%) Eukaryotic translesion synthesis
DNA polymerases: specificityf structure and functioAnnu Rev Biochem 74
317-53.

Lehmann A R (2005) Repation of damaged DNA bydnslesion synthesis in
human cell=EBS Lett 579: 873-876.

Hoege C, Pfander B, Moldovan G-L, Pyrolowakis G , Jentsch S (RADH-
dependent DNA repair is linked modification of P@IA by ubiquitin and
SUMO Nature 419: 135-141.

Stelter P, Ulrich H D (2003) Contraf spontaneous and damage-induced
mutagenesis by SUMOnd ubiquitin conjugatiomature 425: 188-191.
Kannouche P L, Wing J , LehmanrRA2004) Interactin of Human DNA
Polymerasey with Monoubiquitinated PCNA; A Possible Mechanism for the
Polymerase Switch in Response to DNA Damisige Cell 14: 491-500.

Chiu R K, Brun J, Ramaekers C, Theys J, Werng L, Lambin P, Gray D A,
Wouters B G (2006) Lysine 63-polyubiguiation guards against translesion
synthesis-induced mutatioRPs OS Genet 2: e116.

Motegi A, Sood R, Moinova H, Markowitz S D, Liu P P , Myung K (2006)
Human SHPRH suppresses genomstability through PCNA

polyubiquitinationd Cell Biol 175: 703-708.

18



10.

11.

12.

13.

14.

15.

Watanabe K, Tateishi S, Kawasuji Wsurimoto T, Inoue H , Yamaizumi M
(2004) Rad18 guides poleta to replioa stalling sites through physical
interaction and PRA monoubiquitinatiorEmbo J 28: 3886-3896.

Bienko M, Green C M, Crosetto N, Ruide] Zapart G, Coull B, Kannouche P,
Wider G, Peter M, Lehmann A R, Hoann K, Dikic | (2005) Ubiquitin-
binding domains in transles synthesis polymerasé&sience 310: 1821-1824.
Plosky B S, Vidal A E, Fernandez ldenestrosa A R, McLenigan M P,
McDonald J P, Mead S , Woodgate R (2006) Controlling the subcellular
localization of DNA polymeaises iota and eta via interactions with ubiquitin
Embo J 25: 2847-55.

Guo C, Tang T S, Bienko M, Parkdr,Bielen A B, $noda E, Takeda S,
Ulrich H D, Dikic | , Friedberg E C (2006) Ubiquitin-Binding Motifs in REV1
Protein Are Required For Its Ralethe Tolerance of DNA Damagdsol Cell
Biol 26: 8892-8900.

Guo C, Tang T S, Bienko M, Dikicg Friedberg E C (2008) Requirements for
the interaction of mouse Polkapywéh ubiquitin, and its biological
significancel Biol Chem 283: 4658-4664.

Garg P, Burgers P M (2005) Ubiquitieatproliferating cell nuclear antigen
activates translesion DNA polymerases eta and Rt Natl Acad Sci U S

A 102: 18361-18366.

Huang T T, Nijman S M, MirchandaKiD, Galardy P J, Cohn M A, Haas W,
Gygi S P, Ploegh H L, Bernards,®'Andrea A D (2006) Regulation of

monoubiquitinated PCNA by DUB autocleavagat Cell Biol 8: 341-7.

19



16.

17.

18.

19.

20.

21.

22.

23.

24,

Cohn M A, Kowal P, Yang K, Haas \Muang T T, Gygi S P, D'Andrea A D
(2007) A UAF1-containing multisubunit protein complex regulates the
Fanconi anemia pathwayol Cell 28: 786-97.

Nakajima S, Lan L, Kanno S, Takao M, Yamamoto K, Eker A P, Yasui A
(2004) UV light-induced DNA damage atalerance for the survival of
nucleotide excision repadeficient human celld Biol Chem 279: 46674-7.
Friedberg E C, Walker G C, Siede Wood R D, Schultz R A, Ellenberger T
(2005)DNA Repair and Mutagenesis, second edition (ASM Press,
Washington DC).

Zou L , Elledge S J (2003) SeamgiDNA damage through ATRIP recognition
of RPA-ssDNA complexeScience 300: 1542-1548.

O'Driscoll M, Ruiz-Perez V L, Woods G, Jeggo P A, Goodship J A (2003)
A splicing mutation affecting expressiofhataxia-telangiectasia and Rad3-
related protein (ATR) results in Seckel syndraxature Genetics 33: 497-501.
Shiomi N, Mori M, Tsuji H, Imai Tinoue H, Tateishi S, Yamaizumi M ,
Shiomi T (2007) Human RAD18 is inwad in S phase-specific single-strand
break repair withouPCNA monoubiquitinatioMNucleic Acids Res 35: 9.

Soria G, Podhajcer O, Prives Gattifredi V (2006) P21(Cipl/WAF1)
downregulation is required for edfent PCNA ubiquitination after UV
irradiationOncogene 25: 2829-2838.

Lopes M, Foiani M, Sogo J M (28)0Multiple mechanisms control
chromosome integrity after replidah fork uncoupling and restart at
irreparable UV lesiondol Cell 21: 15-27.

Chang D J, Lupardus P J, Cimprich K A (2006) Monoubiquitination of

proliferating cell nuclear antigen induced by stalled replication requires

20



25.

26.

27.

28.

29.

30.

uncoupling of DNA polymerase and miclhromosome maintenance helicase
activitiesJ Biol Chem 281: 32081-8.

Tsuji Y, Watanabe K, Araki K, Shinohara M, Yamagata Y, Tsurimoto T,
Hanaoka F, Yamamura K, Yamaizumi M , Tateishi S (2008) Recognition of
forked and single-stranded DNA structs by human RAD18 complexed with
RADGB protein triggers its recruitemt to stalled replication forkSenes Cells
13: 343-54.

Langerak P, Nygren A O, Krijger P ¥#an den Berk P C , Jacobs H (2007)
A/T mutagenesis in hypermutated imnoglobulin genes strongly depends on
PCNAK164 modification] Exp Med 204: 1989-98.

Frampton J, Irmisch A, Green C M, B&iA, Trickey M, Ulrich H D, Furuya
K, Watts F Z, Carr A M, Lehmann R (2006) Postreplication repair and
PCNA modification in Sclmosaccharomyces pomb#ol Biol Cell 17: 2976-
85.

Simpson L J, Ross A L, Szuts D, Adwmi C A, Oestergaard V H, Patel K J,
Sale J E (2006) RAD18-independeiquitination of proliferating-cell
nuclear antigen in the avian cell line DTERIBO Rep 7: 927-932.

Arlett C F, Harcourt S A , Broughton®(1975) The influence of caffeine on
cell survival in excision- proficig and excision-deficient xeroderma
pigmentosum and normal human cell strains following ultraviolet light
irradiationMutation Research 33: 341-346.

Guo C, Fischhaber P L, Luk-Pas#dl, Masuda Y, Zhou J, Kamiya K,
Kisker C , Friedberg E C (2003) MouBeV1 protein interacts with multiple
DNA polymerases involved ittranslesion DNA synthesEmbo J 22: 6621-

6630.

21



31.

32.

33.

34.

35.

36.

37.

38.

39.

Ohashi E, Murakumo Y, Kanjo N, Akay Masutani C, Hanaoka F , Ohmori
H (2004) Interaction of hREV1 with three human Y-family DNA polymerases
Genes Cells 9: 523-531.

Kennedy R D, D'Andrea A D (2005he Fanconi Anemia/BRCA pathway:
new faces in the cron@enes Dev 19: 2925-40.

Bi X, Barkley L R, Slater D M, TatdisS, Yamaizumi M, Ohmori H , Vaziri

C (2006) Rad18 regulates DNA polymerasppgaand is required for recovery
from S-phase checkpoint-mediated ariMet Cell Biol 26: 3527-40.

Davies A A, Huttner D, Daigaku Y, €h S, Ulrich H D (2008) Activation of
ubiquitin-dependent DNA damage bypassiediated by replication protein A
Molecular Cell 29: 625-636.

Yang X H, Shiotani B, Classon Mou L (2008) Chk1 and Claspin potentiate
PCNA ubiquitinationGenes Dev 22: 1147-52.

Rupp W D , Howard-Flanders P968) Discontinuities in the DNA
synthesized in an excwsi-defective strain dEscherichia coli following
ultraviolet irradiationJournal of Molecular Biology 31: 291-304.

Heller R C , Marians K J (2006) Replicat fork reactivation downstream of a
blocked nascent leading straNdture 439: 557-62.

Waters L S, Walker G C (2006) & hritical mutagenic translesion DNA
polymerase Revl is highly expressedinigiG2/M phase rather than S phase
Proc Natl Acad Sci U SA 103: 8971-8976.

Zhuang Z, Johnson R E, Haracsk#®tagkash L, Prakash S , Benkovic S J
(2008) Regulation of polymerase exchabhgénveen Poleta and Poldelta by
monoubiquitination of PCNA and thmovement of DNA polymerase

holoenzyméProc Natl Acad Sci U SA 105: 5361-6.

22



40.

41.

42.

Kannouche P, Broughton B C, Volker M, Hanaoka F, Mullenders L H F
Lehmann A R (2001) Domain strucéyiocalization and function of DNA
polymerase,, defective in xerodermgigmentosum variant celfSenes Dev.

15: 158-172.

Kannouche P, Fernandez de Henes#oRaCoull B, Vidal A E, Gray C,
Zicha D, Woodgate R , LehmainR (2003) Localization of DNA
polymerases) and. to the replication machinery tightly co-ordinated in

human cell€mbo J 22: 1223-1233.

Tissier A, Kannouche P, Reck Miehmann A R, Fuchs R P P, Cordonnier

A (2004) Co-localization imeplication foci and intedion of human Y-fam

members, DNA polymerase ppand Revl proteiDNA repair 3: 1503-151

ily

4.

23



Figurelegends

Figure 1 PCNA ubiquitination after DNA damaging agents.

MRC5V1 cells were UV-irradiated with (A) 10 or (B) 20 3nincubated for the
indicated times and analysed by immunoblotting with anti-PCNA (upper panels) or
anti-USP1 antibody (lower palsg¢. - UV, mock-treated tls incubated for 6h; (C)
XP-A cells expressing the indicatetqiolyase were U\irradiated (10 Jif),

exposed or not to photoreactivating light 2oh (PR), incubated for a further 6 h and
analysed as in (A). Cells were tredtwith (D) 1 mMMMS for 1h, (E) 8ug/ml
mitomycin C for 30 min, followed by incubati for the indicated times prior to

harvesting and analysis by immunoblotting.

Figure 2 UV sengitivity of cellsexpressing PCNA-K164R

A, MRC5V1 cell clones expressing hsgged wild-type PCNA or PCNA-K164R

were either mock-transfected or treht@ith PCNA-specific SiRNA and PCNA levels
measured after 72h; B, After transfection with PCNA siRNA, the cells were UV-
irradiated (20 Jif), incubated for 5 h and analysked PCNA ubiquitination. C, D, E:
UV, MMS, and camptothecin stival curves of cells depleted for endogenous PCNA
and expressing wild-type (WT) or mutantRKhis-PCNA. Where indicated (-h), cells

were also depleted for pplError bars: SEM of 3-4 experiments.

Figure 3 PCNA ubiquitination in RPA or ATR knock down cells

A, MRC5V1 cells were transfected wiBPA70 siRNA. After 72h incubation, cells
were either irradiated or not with 10 3raV and incubated for 0.5 or 6 h. Cell
extracts were analysed by immunoblotting with (top to bottom) anti-RPA70, anti-

Chk1-P-Ser317, PC10 and anti-vimentin vy control) antibody. Lanes 1, 3, 5;
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non-targeting siRNA control. Lanes 2, 4 RPA siRNA transfected samples. B,
MRC5V1 cells were transfected with nongating or ATR siRNA, UV irradiated (20
Jmi?) 72 h later, incubated for 6 h and analyss in A. C, Normal or Seckel
Syndrome lymphoblastoid cells were UV-drated with the indicated doses and

incubated for 6 h priaio lysis and analysis.

Figure 4 Persistence of PCNA ubiquitination

PH-XPA cells were irradiated with 20 IV, incubated for 6h, and then
photoreactivated for 2h. After further incuioa for the indicated times, PCNA in cell
lysates was detected by immunoblotting. IrdAplicate samples were analysed either
with or without prior extractin with triton, as indicated. 1B, lysates were analysed

for both USP1 and PCNA ubiquitination.

Figure5 Model for persistence of Ub-PCNA

(A) On blocking of the replication fork atlesion (X), PCNA becomes ubiquitinated
(V) (Note that only one ubiquitin moleculessown for simplicity, buit is likely that
all three monomers of the homotrineering become ubiquitinated). (B) A new
replication apparatus is assembled beybiedesion, leaving a gap. (C) The process
is repeated at the next lesion. (D) Someetiater the gap opposite the first lesion is

filled, as indicated by the thick line.
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