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One ring to rule them all? Another cellular respondility for PCNA

Catherine M. Green
Genome Damage and Stability Centre, University of &sex, Brighton, BN19RQ
Abstract

In order to prevent duplication or loss of genonaigions during DNA replication it is
essential that the entire genome is copied prgciseie every S phase. Cells achieve
this by mutually exclusive regulation of originifig and licensing. A crucial protein
involved in origin licensing is Cdtl, and therefaivity of this protein must be
strictly controlled. Four recent papers demonstitaae PCNA, an essential sliding
clamp used in replication and DNA repair, playswci@l role in this process by
mediating the proteasomal degradation of Cdt1.

Regulation of replication origin firing

Control of DNA replication is vital to maintenanceégenome stability as too little
replication during S phase would result in losge@fetic information whereas too
much would result in duplication of some loci. Thaslls have robust mechanisms to
ensure DNA is replicated exactly once per cell ey@rucial for this is the process of
origin licensing. During G1 phase of the cell cyddefore DNA synthesis begins,
each origin is licensed by the formation of a p@-R/hen a cell enters S phase the
licensed origins fire, recruiting the replicatiomchinery, and the ability to form such
pre-RCs is turned off. Hence only origins that ware-licensed, and not those that
have just been replicated, can become active. @hoeplication has finished, cells
inactivate their replication initiation activity dme-activate the licensing machinery,
ensuring an oscillation between licensing and cegilng states [1].

This oscillation is under the overall control oétharious CDKs that regulate the cell
cycle. In G1 phase, when CDK activity is low, lisamg proteins such as Cdc6 and
Cdtl are active and initiation proteins such as®dbf4 are inactive. In S phase and
G2 when CDK activity is high the opposite scen&ienacted (Figure 1). This
temporal regulation of activity/inactivity is brolbigabout by a number of cellular
events controlled directly or indirectly by the CBKIhese vary between species but
include protein activation or inactivation by phbepylation, sequestration of
nuclear-acting proteins in the cytoplasm, protambition (by the binding of
inhibitory partners) and specific protein degraaoiatjFigure 2)[2].

The licensing protein Cdtl

Cdtl is essential for licensing in yeasts and higlukaryotes. Cellular control of
Cdtl activity is complex, involving association e regulatory partner (geminin) in
metazoans and nuclear exclusion in yeast [3]. Eamibre, Cdtl is also degraded by
the proteasome both in S and G2 phases as wdteadNA damage induced by UV
and gamma irradiation, and this degradation regugignals in the N-terminus of the
protein. Both the SCF-Skp2 and the Cul4-DDB1 E3juibin ligases have been
implicated in this degradation [4-7]. Recent stedieovide evidence that PCNA is a
crucial component of this destruction pathway [$-11



The replication protein PCNA

PCNA has roles in many fundamental cellular proegeshis homotrimeric ring
encircles duplex DNA and slides along it, tethef@NA-interacting proteins to
DNA. The most crucial role of PCNA is during reptimn where it is an essential co-
factor for DNA polymerases. After origin firing, wh the two parental DNA strands
have been separated by the replicative helicasd AHE loaded onto both leading
and lagging strands. Many of the key steps in ceibn, including DNA
polymerisation, Okazaki fragment processing anatiign, DNA methylation,
mismatch repair and chromatin assembly are mediatgufoteins that interact with
PCNA at the replication forks (plpok, Fenl, Ligl, DNMT1, MSH2, CAF-1 to
name but a few) [12]. PCNA is also implicated in ®kepair pathways that operate
outside of S phase such as nucleotide and bass@xcepair [12]. Many proteins
that interact with PCNA do so via a conserved PON&raction protein (PIP) motif
[13].

Connecting Cdtl and PCNA

A recent study using denopus laevisell-free replication system showed that the S
phase-dependent ubiquitination and degradatiordtf Goth required replication and
took place on the chromatin [14]. In an extensibths work this has now been
shown to require an interaction between Cdtl andA@ediated by a PIP motif in
the N terminus of Cdtl [8]. This PIP motif was nesary and sufficient for Cdt1-
PCNA binding. Mutation of this motif, or PCNA defitn, or prevention of the Cdt1-
PCNA interaction using a competitor peptide, preésdrihe replication-dependent
ubiquitination and subsequent degradation of Catpoktantly addition of excess
Cdtl with a mutated PIP motif was sufficient toucd re-replication in this system,
highlighting the importance of this degradation genome stability. The Cul4-DDB1
ubiquitin ligase was responsible for this ubiquation as depletion of DDB1
prevented Cdtl degradation. Interestingly, DDB1 @dtll. co-immunoprecipitated
even in non-replicating extracts but the E3 ligastkvity of the complex became
activated upon Cdtl binding to chromatin-associ®€A [8]. Hence it seems that
in Xenopuseggs, replication-dependent degradation of Cdidrgely controlled by a
PCNA and Cul4-DDB1 mediated ubiquitination. This fivith data fronC. elegans
showing that Cul4 removal induces re-replication [7

In contrast, in human cells although Cul4-DDB1 $gdnas been implicated in the
degradation of Cdtl after DNA damage [4, 15] (selew), the control of its
degradation in S phase has remained mysteriou&.dodtains a cyclin E/A
interaction domain which recruits cyclin-CDK anduds in CDK-dependent
phosphorylation of threonine 29 of Cdtl [16-18]isTimodification allows the
recruitment of the E3 ubiquitin ligase SCF-Skp2isThight reasonably be expected
to result in Cdtl degradation, but abrogation ¢f gathway is not sufficient to
completely prevent Cdtl destruction in human délls.6-18]. Two recent studies
[10, 11] provide an explanation for this observatibat ties in perfectly with the data
from XenopusAs well as by the SCF-Skp2 pathway, human Cdid feand to be
degraded by Cul4-DDB1 in a PCNA-dependent manr@&ri1]. Thus, redundancy
between the SCF-Skp2 and the Cul4-DDB1-dependeaqtitibation pathways
explains why inhibition of either separately isufficient to prevent Cdtl destruction,



and indeed, co-inhibition of both these pathwaysiBNA is sufficient to stabilise
Cdtl in S-phase [10].

Cdtl degradation after DNA damage

The degradation of Cdtl in response to DNA damagebleen proposed to act as a
checkpoint preventing continued origin licensingg @éhus replication initiation, until
repair is complete [15]. This is mediated by CulB®H1 [4, 15]. As with the S-phase
degradation, this ubiquitination and subsequentgetson is now also shown to
require an interaction between Cdtl and PCNA, botiuman cells and i8. pombe
[9-11]. PCNA is essential for DNA synthesis durihg tepair of UV damage and
becomes associated with chromatin during this p®cso the biochemical
mechanism of these degradation events is likebeteimilar.

Concluding remarks

Although these studies are in general complemeritene are some discrepancies
between them that may be the result of speciesrdiites or experimental set-ups,
but which need to be resolved. For example thaesud human cells suggests that
Cdtl and PCNA constitutively interact [9-11], aasé when Cdtl is over expressed, a
conclusion which is not supported by tkenopusiata [8]. Importantly however, the
Arias and Walter paper demonstrated that only chatombound PCNA is capable of
triggering the Cdtl destruction [8]. This is ess#rib ensure that the licensing
activity is destroyed only at those origins thaténfired, and that the degradation of
Cdtl is spatially limited within the cell. Verifidan that the same holds in human
cells, as well as identification of the mechaniseventing activation of Cdtl
destruction by soluble PCNA remain crucial aimstfa future.

Over expression of Cdtl is found in some non-sp#llllung carcinomas and cancer
cell lines [19, 20], and it has oncogenic poterifidl, 22]. Hence it is likely that in
some tumour types the balance between origin lingrend firing is perturbed. While
this may contribute to genomic instability that ¢ena driving force for tumour
development, it could also be seen as an “Achilegl” for these cells. The multiple
redundant methods evolved by cells to ensure lingreontrol suggests that it is
crucial for the cell to properly regulate licensigivity. It may be possible to
develop strategies that target the remaining licgnsontrol mechanisms in these
Cdtl-dysregulated tumours. While the normal cdilhe patient would be resistant to
such treatment due to their unperturbed contr@difl, the tumours would then have
lost all control of licensing activity, presumablyeghal event. This hypothesis could
be initially tested in tissue culture systems usiNA technology and, if successful,
efforts to identify small molecules that interfavih, for example, Cdc6 activity or
regulation, would be justified.

Figure legends

Figure 1 — A simplified view of the control of orign licensing and origin firing
throughout the cell cycle.

Cells are either in a licensing state, charactérgethe association of inactive
MCM2-7 proteins with the origin recognition compésx(ORC) at origins, or a firing
state, characterised by active replications fonkshich MCM2-7 has moved away



from the origin and DNA synthesis can occur. Theually exclusive nature of these
states is ultimately regulated by the CDK actigtiehich control key licensing and
firing components such as Cdc6 and Cdtl or Cdc7Ddoid, respectively, by a
variety of mechanisms — see text and Figure 2 dtaits.

Figure 2 — Multiple mechanisms to prevent origin icensing activity during origin
firing stages.

Cdc6 and Cdtl are two crucial regulators of orlgiansing as they enable the
binding of the helicase MCM2-7 to ORC at origins.okder to prevent re-replication
licensing activity and origin firing activity mubte tightly regulated. This is achieved
by a variety of mechanisms. Four recent papers tawenstrated that PCNA is
essential to mediate one of these (the proteastegahdation of Cdtl) — see text for
details.

References

1. Blow, J.J. and A. Dutt&reventing re-replication of chromosomal DNyat
Rev Mol Cell Biol, 20056(6): p. 476-486.

2. Diffley, J.F.,Regulation of early events in chromosome replicat@urr Biol,
2004.14(18): p. R778-786.

3. Saxena, S. and A. Dutt@eminin-Cdtl balance is critical for genetic statyil

Mutat Res, 200%5691-2): p. 111-121.

4. Hu, J., et al.Targeted ubiquitination of CDT1 by the DDB1-CULAB®RL
ligase in response to DNA damad#at Cell Biol, 20046(10): p. 1003-1009.

5. Kondo, T., et alRapid degradation of Cdtl upon UV-induced DNA dagnag
is mediated by SCFSkp2 compl&Biol Chem, 200427926): p. 27315-
27319.

6. Li, X., et al.,The SCF(Skp2) ubiquitin ligase complex interacth wie
human replication licensing factor Cdtl and regeltCdt1l degradationl.
Biol Chem, 200327833): p. 30854-30858.

7. Zhong, W., et alCUL-4 ubiquitin ligase maintains genome stability b
restraining DNA-replication licensindNature, 20034236942): p. 885-889.

8. Arias, E.E. and J.C. Waltd?CNA functions as a molecular platform to
trigger Cdtl destruction and prevent re-replicatiddat Cell Biol, 20068(1):
p. 84-90.

9. Hu, J. and Y. XiongAn evolutionarily conserved function of proliferagicell

nuclear antigen for Cdtl degradation by the Culdbdibiquitin ligase in
response to DNA damagéBiol Chem, 2006281(7): p. 3753-3756.

10. Nishitani, H., et al.Two E3 ubiquitin ligases, SCF-Skp2 and DDB1-Cul4,
target human Cdtl for proteolysiSmbo J, 200625(5): p. 1126-1136.

11. Senga, T., et aPCNA is a cofactor for Cdtl degradation by CUL4/DDDB
mediated N-terminal ubiquitinatiod. Biol Chem, 2006281(10): p. 6246-
6252.

12. Maga, G. and U. Hubschéxoliferating cell nuclear antigen (PCNA): a
dancer with many partnerd.Cell Sci, 20031L16Pt 15): p. 3051-3060.

13.  Warbrick, E.The puzzle of PCNA's many partndd®essays, 200@2(11):
p. 997-1006.

14.  Arias, E.E. and J.C. Walt&eplication-dependent destruction of Cdtl limits
DNA replication to a single round per cell cycleXenopus egg extracts.
Genes Dev, 2009.9(1): p. 114-126.



15.

16.

17.

18.

19.

20.

21.

22.

Higa, L.A., et al.Radiation-mediated proteolysis of CDT1 by CUL4-ROC1
and CSN complexes constitutes a new checkpdatCell Biol, 20035(11):
p. 1008-1015.

Liu, E., et al.Cyclin-dependent kinases phosphorylate human Quil a
induce its degradationl Biol Chem, 200427917): p. 17283-17288.
Sugimoto, N., et alGdtl phosphorylation by cyclin A-dependent kinases
negatively regulates its function without affectgeminin bindingJ Biol
Chem, 200427919): p. 19691-19697.

Takeda, D.Y., J.D. Parvin, and A. Duffegradation of Cdtl during S phase
is Skp2-independent and is required for efficiengpession of mammalian
cells through S phasé.Biol Chem, 20053280(24): p. 23416-23423.

Xouri, G., et al.Cdtl and geminin are down-regulated upon cell cycie
and are over-expressed in cancer-derived cell likes J Biochem, 2004.
271(16): p. 3368-3378.

Karakaidos, P., et aDverexpression of the replication licensing regotat
hCdtl and hCdc6 characterizes a subset of non-steéllung carcinomas:
synergistic effect with mutant p53 on tumor growtd ahromosomal
instability--evidence of E2F-1 transcriptional casitover hCdt1Am J
Pathol, 20041654): p. 1351-1365.

Seo, J., et alCdtl transgenic mice develop lymphoblastic lymphonthae
absence of p53ncogene, 20024(55): p. 8176-8186.

Arentson, E., et alQncogenic potential of the DNA replication licergsin
protein CDT1.0ncogene, 20021(8): p. 1150-1158.



Glossary

Replication origin
A genomic locus at which DNA replication can initiate. In S. cerevisiae replication
origins have specific sequence requirements but to date the determinants of
replication origins in higher eukaryotes remains unclear.

Pre-replication complex (Pre-RC)
The protein-DNA complex that assembles on a replication origin and serves to
mark the places where replication can commence.

Licensing
The process of assembling pre-RCs at replication origins and priming them to a
state competent to fire.

Re-replication
The result of loss of control of licensing and firing activities that results in some or
all of the genome being replicated multiple times in the same S phase.

Cyclin dependent kinases (CDKs)
The various protein kinases that control progression through the cell cycle and
are activated by association with specific cyclin partners.

Proteasome
A multi protein proteolysis complex that recognises and degrades poly-
ubiquitinated target proteins.

Ubiquitin ligase
An enzyme that covalently attaches ubiquitin to substrate proteins, in the cases
described here resulting in their recognition and degradation by the proteasome.
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