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1. Introduction

Because of the antiparallel structure of DNA, cells employ
significantly different mechanisms to replicate the two DNA
strands! Leading strand replication is the continuous exten-
sion of one strand in the'5o0 3 direction toward the
separating replication fork (Figure 1, I). Lagging strand
replication is the creation and joining of a series of segments,
designated Okazaki fragments (Figure 1). These small
stretches of DNA are extended away from the separation
point of the parental strands. In eukaryotes, Okazaki frag-
ments are initiated by RNA primers and subsequently
extended by DNA for a distance of about 100 nucleotides
(nts) in yeast and higher eukaryotesd up to 2000 nts in
some bacterid.In most eukaryotic cells, millions of these
segments must be made and joined to complete replication
of the genome. Cells have evolved an efficient group of
proteins to carry out this taskThe significance of these
proteins in maintaining the fidelity of the genome is twofold.
First, the joining process offers the opportunity for aberrant
intermediates to form that can lead to sequence duplications
or deletions, double or single strand breaks, and other lesions.
However, the lagging strand proteins have evolved to
suppress aberrant joinidd hese properties will be discussed
in this review. Second, the synthesis and cleavage to remove
the initiator RNA and the ligation of the Okazaki fragments
are similar to the excision of damage and resynthesis
reactions that must occur during repair of many types of
lesions. Therefore, many of the lagging strand proteins have
evolved dual roles in DNA replication and repaif.hese
roles and the mechanism by which cells distribute the lagging
strand proteins into repair functions will also be discussed.

2. Lagging Strand DNA Replication

2.1. Pathways for Short Flap Processing

To understand the dual roles of lagging strand replication
proteins in replication and repair and how they work to
maintain genome stability, it is necessary to understand their
activity during normal replication (Figure 1). On the lagging
strand, replication is primed by RNA/DNA primers synthe-
sized by the polymerase/primase (pola) complex. In

© 2006 American Chemical Society
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eukaryotes, the primers contain about 10 nts of RNA
followed by about 16-20 nts of DNA! Then, in a process
known as polymerase switching, poldissociates and DNA
polymerased (pol 6) binds and extends the Okazaki

fragments in the '5to 3 direction to their full length.

Processive synthesis by pélis facilitated by the sliding
clamp proliferating cell nuclear antigen (PCNA), which
tethers pob to the DNA, and the PCNA loading molecule

replication factor C (RFC). Upon encountering tHeebd

of a downstream Okazaki fragment, the patrand displaces
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tracking mechanism is necessary for endonucleolytic cleav-
age as it has been shown that cleavage is inhibited by
structures which block the 8nd of flap substrate’s} FEN1
prefers cleavage of a double flap substrate, a substrate
containing a 5flap with a 1 nt 3 flap overhang (Figure 2,
I1).1%12 Such structures presumably form transiently during

the primer into a single stranded flap (Figure 1, Il). The flap strand displacement synthesis. In addition, FENL1 is also a
is processed by flap endonuclease 1 (FEN1) to form a nick 5—3' exonuclease. Both its endonuclease and exonuclease

(Figure 1, 111)156

activities are stimulated by PCNA. PCNA tethers FEN1 to

Using in vitro DNA replication as a model, the mechanism its cleavage site at the base of fl&dsltimately, once a nick
of FEN1 activity has been elucidated. On oligonucleotide is generated by FEN1 endonucleolytic cleavage, it is sealed
substrates, it has been shown that FEN1 tracks from'the 5 by DNA ligase | to yield the continuous double stranded
end of the flap® and cleaves specifically at the base 6f 5 DNA (Figure 1, IV)! An interaction between DNA ligase |
flaps”21°(Various flap intermediate structures are outlined and PCNA also stimulates ligase activifylt has been
in Figure 2 and will be referred to throughout the text.) The proposed, then, that PCNA serves as a platform for the
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to about 12 nts in length, then FENL1 is able to readily cleave
and create a nick In vitro studies of lagging strand
processing inSaccharomyces cearsiae (S. cereisia€)
indicate that the pob 3'—5 exonuclease and Rad23.(
cerevisiaehomologue of FEN1) cooperate to maintain a short
displacement length, since reconstitutions with-38 exo-
nuclease deficient pob (pol —exo’) show increased
displacement synthesi&l” A synthetic lethal interaction
betweenrad27 null and pol 6—exo™ in double mutantS.
cerevisiae strains further supports this hypothe%isX°

2.2. Pathways for Long Flap Processing

If the displaced flap escapes cleavage by FEN1 and
achieves a length of 2680 nts, it will be bound by the single
stranded DNA binding protein replication protein A (RPA)
(Figure 1, V)22 The presence of RPA inhibits cleavage

& VII. FEN1 Cleaves *

y h-
5 Q 5 ;@

IV. Ligation &

by FEN1 yet stimulates cleavage by Drfd2¢ Dna2 is a
multifunctional enzyme with ATPase, single stranded DNA-
specific endonuclease, and helicase activities that is essential

5 @ @ (@) O in yeasts, botl$. cereisiaeandSchizosaccharomyces pombe
FEN1 Dna2 RPA DNA Ligase ! (S. pombg?27 Homologues of Dna2 have also been
Figure 1. Eukaryotic lagging strand synthesis mechanisms. (I) recently identified inXenopus lagis (X. laevis)?® and
Leading strand synthesis proceeds continuouslyo53 in the Caenorhabditis elegan&. elegany?®2°Like FEN1, Dna2
direction of the advancing replication fork, while lagging strand 3|50 requires the unique tracking mechanism for clea¥aie.
synthesis proceeds discontinuously via Okazaki fragments away However, unlike FEN1, the 'Snuclease activity of Dna2

from the separating fork. (I1) Pa) continues extension of theé 3 o4
end of the upstream Okazaki fragment until it displaces then8 favors cleavage of longer flaps @7 nts)™ Dna2 cleaves at

of the downstream fragment into a single stranded flap in a processthe single stranded region along flaps, but it does not cleave
termed strand displacement synthesis. (Ill) Short single strandedat the base of a'Slap to generate a nicK. Consequently,
flaps up to about 12 nts are readily cleaved by FEN1, resulting in Dna2 cleavage results in a shorter flap that is no longer bound
formation of a nick. (IV) The nick is sealed by DNA ligase | to  py RPA and can be cut by FEN1 to support the subsequent
generate the double stranded DNA. (V) Long flaps, about3D ligation reaction (Figure 1, VI and VIB23L1t is likely, then,

nts in length, that escape FEN1 cleavage are coated by RPA. (VI) .
RPA stimulates cleavage by Dna2, resulting in formation of a short that Dna2 and FENL act sequentially to process long fi&ps.

flap. (VII) The short flap, no longer bound by RPA, is cleaved by COPurification and genetic studies 81 cereisiae reveal a
FENL1, to generate the ligatable nick. synthetic lethal interaction betweama2 and rad27 mu-

tants33 In addition, overexpression of Rad273n cereisiae
dna2 mutant or deletion backgrounds partially rescues the
temperature sensitive growth phenotypét Although both
Dna2 and FEN1 are able to process long fl&g#3,it is
possible that long flaps form structures, such as foldbacks
or bubbles (Figure 2, IV and V), that are inhibitory to
- / - . \ s cleavage by both enzymes. Yet, the two enzymes may
cooperate to process long flaps forming structures inhibitory
to cleavage. Consistent with this possibility, the helicase
Iv. V. activity of Dna2 has been shown to help resolve structure-

\fr?ldmk/ Py taining flap%*3* and te FEN1 cleavade

, airpin , containing flaps***and promote cleavage.

° —— —f\—s Additional proteins may also be necessary to resolve some
Figure 2. Flap intermediates. (1) A nick flap intermediate contains flap structures into cleavable intermediates. It has been
a 8 flap, such that the junction between the upstream fragment proposed that the RecQ helicases participate in resolving
and the downstream fragment forms a nick. (I) A double flap DNA structures inhibitory to replicatioff.3” Both Bloom

intermediate contains d Hap with a 1 nt 3 flap overhang from syndrome protein (BLM) and Werner syndrome protein

the upstream fragment. (Ill) An equilibrating intermediate occurs : ;
when a region of the'3®nd of the upstream fragment and a region (WRN) are me”.‘bers of_the RecQ family of DNA helicases,
of the B end of the downstream fragment, which are complementary Mutated in patients with Bloom syndrome and Werner

to the template, equilibrate into various flap structures. (IV) A~ Syndrome, respectively. Bloom syndrome is characterized
foldback or hairpin intermediate may form due to complementarity by growth deficiency and skin lesions. Cells cultured from
in the sequence of the Sap. (V) A bubble intermediate occurs  Bloom syndrome patients display ultraviolet (UV) radiation
when a downstream fragment is bound to a template such that agensitivity and genome instabilities consistent with defects
unique sequence between theafid 3 ends remains unbound. in DNA replication. Similarly, Werner syndrome cells exhibit
recruitment of proteins to the lagging strand during replica- incomplete resolution of repair intermedia#és.
tion and mediates the sequential protein “handoffs” in the  Recent results demonstrate that both BLM and WRN
process:514 stimulate FEN1 cleavage activity on oligonucleotiddl&p

The process of strand displacement synthesis and flapsubstrated® 42 In the absence of ATP, BLM moderately
cleavage is necessary to remove the RNA/DNA primer that stimulates FEN1 cleavage on substrates containing a foldback
initiates the Okazaki fragmentsCurrent research suggests on the 5 flap and on bubble substrates (Figure 2, IV and
that if the length of the flap displaced by pdlis short, up V). Yet, in the presence of ATP, the stimulation of FEN1

L g IL. &

5 5
Vick flap \i’ouble flap
5 3' 5' 3'
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—_—

5




456 Chemical Reviews, 2006, Vol. 106, No. 2 Rossi et al.

activity by BLM increases, indicating that the ATP-depend- in some genetic backgrounds in yéastuggests that these
ent BLM helicase activity is allowing FEN1 access to the two enzymes have overlapping functions in the cell. Over-
structured substratédMoreover, immunoprecipitation and  expression oEXO1in rad27 null cells relieves the temper-
fluorescence localization studies in HelLa cells show an ature sensitivity, suggesting that, iad27 mutants, EXO1
interaction between FEN1 and BLM and FEN1 and WRN, can serve as a backup exonuclease for Rad27 in removal of
respectively’®4! The C-terminal region of BLM, which  the RNA primer during Okazaki fragment maturatf5ié-58
shares homology with the FEN1 interaction domain of WRN, In support of this, recombinant human EXO1 displays
mediates the functional and physical interaction between riboexonuclease activity on synthetic oligonucleotide sub-
BLM and FEN1% Together these results suggest that the strate$® Thus, the synthetic lethal interaction betwead27
RecQ helicases, specifically BLM and WRN, are important and exol mutants is presumably a replication defect.
in resolving replication and repair intermediates having However, exol mutants do not have impaired growth or
foldback and bubble structures that inhibit normal repli- sensitivity to UV radiation, yet they display a mutator
cation?~42 In support of this connection is the synthetic phenotype consistent with mismatch repair defects, indicating
lethal interaction betweesgs] theS. cereisiaehomologue a cellular role of EXOL1 in mismatch rep&f>¢ A physical

of BLM and WRN andrad27 mutants*344In addition, the interaction between EXO1 and MshZ8a mismatch repair
temperature sensitive growth defects and damage sensitivityprotein (discussed in section 3.3.3), supports this hypothesis.
of a S. cereisiae dna2helicase mutantdna2-1) were More recent studies reveal that EXOL is recruited to stalled
lessened by expression of human BEMperhaps due to  replication forks, indicating that it may also function in
BLM stimulation of Rad27. WRN has also been shown to pathways for replication fork restdit.

rescue thedna2-1 mutant phenotypes, via its C-terminal Thus, the genetic connections between FEN1 and repair
domain?6 proteins, in addition to highlighting the proteins’ roles in

23 Additional Genetic Connections between repair, also raise the possibility that unprocessed FEN1

. ) . substrates can accumulate and could be subsequently pro-
Lagging Strand Proteins and DNA Repair cessed by DNA damage repair pathways. Furthermore, there

Althoughrad27null is not lethal inS. cereisiae, deletion is some evidence that Dna2 is involved in damage repair
mutants are temperature sensitive and display phenotypepathways becausena2 mutants are sensitive to X-ray
consistent with defects in DNA replication and repair, mainly radiation and mildly sensitive to UV radiation, although the
sensitivity to alkylating agents and UV radiati6if Also, roles of Dna2 in repair processes are uncefain.

a deletion of FEN1 in chicken DT40 cells results in an

increased sensitivity to methylating agents and peroXide. 3. Complexities of Replicating Repeating

However, inC. elegansinactivation of FEN1 expression S'e Uences

by RNA interference (RNAI) results in embryonic lethalffy. q
Furthermpre, homozyg_ous deIetlonl%ENlln mice causes 5 1 \rinisatellite Instability
growth failure, suggesting an embryonic lethal mutatiom.

Primary cells cultured from homozygous null mouse blas- Many unstable regions of the genome contain repeated
tocysts failed to proliferate. The null cells underwent sequences of various lengths that present problems when they
extensive apoptosis when treated with radiation, indicating are replicated. One class of repeat, the minisatellite repeats,
that deletion oFFEN1disrupts both replication and response contain regions of DNA with tandemly repeated units-11

to radiation®! These results suggest that FEN1 is important 100 nts long. Minisatellites are polymorphic in repeat number
in both DNA replication and repair. and are prone to sequence expansions and contractions. They

Additionally, synthetic lethal screens 8 cereisiaehave are often characterized as fragile sites on chromosomes,
identified several proteins that possess essential interactiongneaning that unprocessed replication or repair intermediates
with RAD27 Some of these interactions are particularly can lead to single and double strand bre&@k%
relevant to the role of Rad27 in DNA repair. First, studies  Repeat sequences exhibit instability during both mitosis
identified synthetic lethal interactions betwesd27 null and meiosis. In fact, meiotic instability events may arise more
and mutants in most of thRAD52 group genesrads0, frequently than mitotic instability event$®* This review will
rad51, rad52 rad54, rad55 rad57 rad59 mrell and focus on mitotic instability because it is likely the result of
xrs2).4348TheRAD52group genes play roles in double strand aberrant lagging strand replication, whereas meiotic instabil-
break repair via homologous recombinati&aemonstrating ity of repeat sequences may rely more on faulty repair of
a significance oRAD27andRAD52genes in repair. Second, double strand breaf&® or other processes peculiar to

a synthetic lethal interactiéhin the double mutanbDC1 meiosis and gametogenesis. For a review of meiotic instabil-
and RAD27was also identifiedDDCL1 is the S. cereisiae ity of minisatellites, see ref 66.
homologue of both the human a&d pombe RAD§ene, a In 1997 Tishkoff et af’ reported that mutations RAD27

PCNA analogue with a role in the DNA damage checkpoint destabilize DNA sequences flanked by 3 to 12 nt direct
(discussed in section 8).The synthetic lethality between repeats. In addition, they reported that double null mutants
ddclandrad27 mutants highlights the role of both proteins of RAD27together with eitheRAD510or RAD52are inviable.
in recognizing and/or processing DNA damage. Furthermore, Given that Rad51 and Rad52 are involved in double strand
additional proteins, including. cereisiaeRad17 and Rad24  break repair, it can be inferred that the replication defects
damage response proteins (discussed in section 8), weraf therad27null mutants led directly or indirectly to double
identified to have synthetic sick interactions with mutant strand break&®This observation led the authors to propose
RAD274353 A majority of these interacting proteins are the following model to explain duplication of DNA se-
involved in DNA repair, once more highlighting the impor- quences flanked by direct repeats (see also reviews of the
tance of FENL1 in repair. Tishkoff paper by Kunkel et & and Gordenin et ab).
Moreover, a synthetic lethal interaction between mutants When Rad27 is delayed or prevented from cleaviniigps,
in FEN1and exonuclease EXOJ), a 3—3 exonucleasé’® the flap may grow longer as polymerases rebind and displace
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3 minisatellite sites that were not interrupted by random
5 sequences. They also reported thatdbi8-t mutation, which
L alters the pob catalytic domain, led primarily to sequence
5 deletions at the same sites. A plausible reason for the
deletions seen in th@ol3-t mutants is that a decreased
etrard , synthesis rate leads to accumulation of unannealed lagging
3 .
displacement 5 strand template DNA, which may form secondary structures
synthesis such as hairpins. Secondary structure in the template would
then necessitate bypass synthesis by DNA polymerases,
5 leading to contraction on the daughter strand.
IL. \ Other groups have examined the effecR#D27deletion
5’ e——- 3 on naturally occurring human minisatellite sequences inserted
5 into the S. cereisiae genome72Maleki and colleagués
Extended showed thatrad27 null mutant strains destabilize four
displacement different minisatellites to differing degrees. The repeating
synthesis units of the minisatellites chosen for analysis ranged from
10 to 50 base pairs per repeating unit with the repeat arrays
5 showing either strict sequence homogeneity or relatively high

\ sequence variability among repeats. The length of the repeat
-

array constructs ranged from 0.5 to 2.5 kilobases. Not
3 surprisingly, Maleki et al. found that the longer the repeat
5 tract and the more homogeneous the repeat sequence, the
higher the degree of instability. This observation correlates
with the premise that increases in either tract length or repeat
homogeneity increase the possibility of polymerase slipping
Iv. 3 or slip mispairing forming stable secondary structures.
: 3 Tracking the mitotic stability of the notoriously unstable
- 5 human CEB1 minisatellite, Lopes et’aldemonstrated that
mutations inRAD27 and DNA2 both destabilized CEB1
* Ligation, replication minisatellite fragments inserted into tBecereisiaegenome.
The rad27 null mutants led to greater CEB1 instability
compared to @na2temperature sensitive mutant, consistent
with the current model that Dna2 may only be necessary to
shorten long 5flaps whereas final cleavage at the base of
the flap is performed by Rad27 irrespective of flap length.
In accordance with the length-dependent instability reported

* Slip mispairing

5]
]

©
0

(53]
(]
ga

— 3
- 5

I_'_l
Duplicated region

Figure 3. Model for sequence duplication of minisatellite repeats by Maleki et al’2 noted above, a longer CEB1 fragment with
in rad27mutants. (I) Lagging strand replication requires the joining : ¥

of Okazaki fragments, which occurs most efficiently with wild- 42 repeats was destabilized to a g_re.ater degreeatig7

type FENL. (Il and Il) In the absence of FENY, flaps remain ~ Mutants than was a fragment containing 14 repeats. Lopes
uncleaved and polymerases may rebind and further lengthen theand colleagues suggest this is the result of increased
flap. (IV) If the flap lengthens to include two or more repeats, there probability that the junction between Okazaki fragments will
is a possibility of slip mispairing of the flap to the template DNA.  fa|l within the repeating regioft:

(V) If the flap reanneals in such a way as to present a ligatable

nick, DNA ligase | can seal the loop into the duplex. If the loop is : :

not excised by DNA repair enzymes, it will result in an expanded 3.2 !_ag_glng Strand Enzymes in Telomere

allele following replication. Adapted fror@ell, Vol. 88, Tishkoff Replication

et al., “A Novel Mutation Avoidance Mechanism Dependentn Okazaki f . h b imoli
cerevisiae RAD27Is Distinct from DNA Mismatch Repair”, pp azaki fragment processing enzymes have been impli-
253-263, 1997, with permission from Elsevier. cated in maintenance of telomeric structures found at the

end of linear chromosomes. Specifically, mutationsEN1,

more of the downstream primer (Figure 3, Il and Ill). If the DNA2 WRN and BLM each affect telomere maintenance
displaced flap contains two or more repeats, there is theand will be discussed below. Telomeric sequences consist
possibility of slip mispairing between the repeats on the flap of hundreds of nucleotides of tandemly repeated GT-rich
and the complementary sequences on the template. Thigepeats. Each time a linear chromosome is replicated, a
scenario would cause formation of a single stranded loop portion of the telomere is lost because of RNA primer
that if ligated into the daughter strand would lead to removal and other complexities of lagging strand synthesis
duplication of the sequence flanked by the repeats (refer toat chromosome endé’* Telomerase, a DNA polymerase
Figure 3, IV and V). Slip mispairing aside, long unprocessed with an embedded RNA primer complementary to the
flaps represent single strand breaks and may lead to doubldelomeric repeats, can add repeats to therdninated strand
strand breaks requiring repair through homologous recom-to increase the replication potential of a given éell.
bination or nonhomologous end joining. Either double strand Elongation of the G strand (the strand that is composed of
break repair process could also result in sequence duplicathe GT-rich telomeric repeats) by telomerase in concert with
tions when carried out amid repeat regions prone to degradation of the complementary C strand results inG 3
misalignment’ tail. The G tail is inserted back into the double stranded

After the Tishkoff model, Kokoska et &}.verified that telomeric DNA, forming a protein-stabilized loop structure
rad27 null mutants exhibited higher insertion rates at called a T-loop that protects the chromosome end from
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Replication fork G tail necessary for telomere stability. It was already known
advancing toward that Dna2 associates with telomeres at various stages of the
5 C strand the telomere 3 cell cycle®® Tomita et al. observed that mutatimNA2 in
3 oypre— thetazl-dbackground abrogates C strand resection. Tazl is
\ the S. pombehomologue of TRF2, a double stranded

telomere binding protein that participates in telomere stabi-
lization. Taz1-dstrains were required in order to increase
the detection sensitivity of G-rich overhangs in asynchronous
cell population$* The authors also indicated that mutating
RADS5Q even in the presence of wild-type Dna2, disables C
strand resection. This led them to speculate that Dna2

3
5 C strand /
3| —
G strand
Telomere employs its 5to 3 endonuclease activity to cleave the C

Figure 4. Replication of telomeres. Telomeres consist of hundreds strand in a Rad50-dependent fashidn.

of G-rich repeats and their complementary C-rich repeats, giving .
rise to the descriptors G strand and C strand, respectively. The single . B/00M syndrome and Werner syndrome patients show

stranded 3end of the G strand is the G tail that inserts back into Signs of early aging, a process also associated with telomere
the double stranded telomere (not depicted here) to protectdegradation. It is not surprising, therefore, that BLM and
chromosomes from end to end fusions or nuclease degradation. ThRe\/RN helicases have been linked to telomere processing
G strand always serves as the template for lagging strand replicationthrough a variety of mechanisms. For example, the helicase
of the telomere, and the C strand is always the leading strand activity of BLM and WRN is active on G tetraplex&s,

template. The telomere that results from replication of the parental L - .
C strand is called the leading strand telomere. The telomere structures that form in vitro amid G-rich sequences such as

replicated using the parental G strand is referred to as the laggingt€lomeric repeat: In addition, compounds that bind and
strand telomere. Adapted with permission from ref 78. Copyright Stabilize G tetraplex structures inhibit BLM and WRN

1999 American Society for Microbiology. helicase activity in vitréd” When the replication fork reaches
the end of a chromosome, the replicative helicase may be
nuclease activity or abnormal chromosome joinifighn unable to resolve tetraplex structures present within the

intriguing aspect of telomere replication is that the G strand telomere without the aid of either WRN or BLR® It is
always serves as the template for lagging strand synthesisalso possible that these helicases are required for dismantling
and the C strand always acts as the leading strand terfiplate the T-loop structure in advance of the replication fork. In

(Figure 4). addition, B!_M_and WRN are both stimulated by a resident
Parenteau and WellingérstudiedS. cereisiaetelomere  telomere binding protein, TRF2,and studies of mice that
processing in cells harboring a temperature sensitid@7 lack BLM and WRN show severely compromised telomere

mutation and found an accumulation of single stranded replication?* further validating the idea that they have a role
G-rich DNA at the restrictive temperature. The G-rich single in telomere processing.
stranded DNA was not a result of telomeric repeat addition Recently, Crabbe et &. reported that human cells
but rather the result of incomplete DNA replication of the expressing mutant forms of WRN also show lagging strand-
lagging, or C, strand. The authors suggest that the G-rich specific defects in telomere processing. Using chromosome
single stranded DNA observed may have been due to gapsorientation fluorescent in situ hybridization (CO-FISH), they
between unprocessed Okazaki fragments of the C strand omnoticed that when WRN helicase activity is defective, the
may have been exposed when entire Okazaki fragments werdluorescent signal corresponding to the lagging strand te-
removed by telomeric helicas€yad27mutant strains grown  lomere decreased more than 7-fold. Loss of signal indicated
at the restrictive temperature also displayed a wide range ofthat telomere replication by the lagging strand machinery
telomere lengths, indicating that expansions and contractionswas incomplete. Telomere replication by the leading strand
were common among the telomeric repeats due to themachinery was unaffected by the mutant WRN. As expected,
propensity of the single stranded DNA to form secondary lagging strand telomere loss was relieved by telomerase
structures. Overexpression BXO1 increased the growth  expression. This result underscores the concept that telomeres
rate ofrad27 cells to near normal at the otherwise restrictive replicated by the lagging strand machinery must overcome
temperature but did not reduce the appearance of singleunique challenges to be processed properly.
stranded DNA or telomere length heterogeneity. This finding  £\idence suggests that RecQ helicases, and BLM in
suggests that Exol can only partly compensate for the h5icylar, promote telomere extension even in the absence
absence of Rad27. of telomerase activit}? This novel means of avoiding
Further studies by the same autfi®showed that, inthe  senescence is used by a subset of tumor cells and some
absence of both Rad27 and telomerase, cells reachedmmortalized cell lines. It is referred to as alternate lengthen-
senescence earlier compared to the case of telomerase singl@g of telomeres (ALTP3 The ALT pathway does not occur
mutant strains, indicating that the absence of Rad27 hastensn rad52 deficient cells, suggesting that ALT proceeds via
telomere shortening. In summary, telomeres are processedome form of double strand break (DSB) refaitavropou-
differently depending on whether they are replicated by |os and colleagué&% report that human BLM localizes to
leading or lagging strand synthesis, and Rad27 deficiency ALT-specific foci in telomerase deficient cell types but not
affects only those telomeres that are replicated by the laggingin cell lines with active telomerase. In addition, co-immu-
strand machinery? noprecipitation and fluorescence resonance energy transfer
The overhanging G tail may be generated by telomerasestudies show that BLM interacts with TRF2, a double
adding repeats to the G strand or by nuclease resection thestranded telomere-binding protein required for formation of
C strand®®®! In the process of searching for the nuclease the protective T-loop. Overexpression of wild-type BLM
responsible for C strand resection$n pombgeTomita and leads to rapid increase of telomeric DNA content, whereas
colleague® reported that Dna2 is involved in producing the a BLM point mutant devoid of helicase activity did not
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stimulate ALT. They speculate that the helicase activity of increased rates of all three hallmarks of chromosome
BLM is involved in allowing the rolling circlelike replication  instability—chromosome breakage, sequence expansion, and,
of telomere$? In support of the above, Sgsl, the yeast to a lesser degree, sequence contractiap®117.118.120n

homologue of BLM, is required for ALT ii$. cereisiae® % addition, biopsied tumors of mice with a heterozygous
_ _ y knockout of FEN1andAPC], a gene mutated in colorectal
3.3. Microsatellite Instability cancer, show microsatellite instability, suggesting aberrant

Okazaki fragment maturation when FEN1 protein levels are
diminished?® Both thepol3—14'2! mutation isolated by Giot

et al’?2and also mutations in the active site of @o{pol3-
t)18120 destabilize TNRs. The most likely reason for the

Within this range the GC-rich trinucleotide repeats (TNR) °PServed destabilization is increased susceptibility to poly-
cause unigue consequences due to their ability to readily formMerase slippage, leading to contractions.
hairpin structures. Flap sequences capable of forming Schweitzer and Livingstdft reported that three distinct
secondary structures such as hairpins or bubbles are refracmutations inPOL3Q the gene that encodes for PCNA, led
tory to FEN1 cleavage because FEN1 is unable to track overto varying degrees of TNR destabilization. The PCNA
the structures to gain access to the base of th&fi&fFigure mutants wergol30—52, which prevents homotrimerization
2, IV and V). The sequence, purity, and length of the of PCNA/?3 pol30—79, a mutation which disrupts pa}
TNR %-101together with its orientation in the genor@ 13 binding;?* and pol30—90, which inhibits FEN1 binding to
all influence the likelihood that a hairpin will form with a  PCNAZ!?* Interpreting the effect of PCNA mutation is
melting temperature higher than physiological temperature. complicated due to the involvement of PCNA in leading and
In addition to hairpins, TNRs can form more complex lagging strand synthesis and a variety of repair pathways.
secondary structures including G tetraplexes and variousHowever, one plausible explanation is that in the absence
triplex structureg% of a functional interaction between PCNA and pa(i.e. in
TNR instability is the cause of a number of human the pol30—52 and pol30-79 strains) the synthesis rate or
neurodegenerative diseases including fragile X syndrome,processivity decreases to a point where polymerase slippage
Huntington’s disease, myotonic dystrophy, and a variety of contractions are more likely. Interestingly, tip@!30—90
ataxias'®#1%7 In each disease, the sequence and location of PCNA mutation, known to disrupt the FEN1/PCNA interac-
the TNR relative to the gene start site differ, but protein tion, led to increased tract expansions reminiscent of the
expression is inevitably perturbed. For example, TNR effect of FEN1 mutation on tract stability* In addition,
expansions are known in individual diseases to aberrantly mutations in pob, Dna2, and DNA ligase | each destabilize
recruit transcription repressors, inhibit pre-mRNA splicing, TNR sequences slightf#®125127 A number of models have
disrupt translation initiation, and even introduce repeated emerged to explain replication-dependent TNR instability.
amino acids into the gene produ€$.1°” For the most part, the models are not mutually exclusive,
There is evidence that pathological expansion of TNRs and it is possible that any combination of them is in play
occurs during gametogenedd, 1! although somatic insta-  depending on the repeat tract length, the level of repeat
bility in patients increases through time and varies between homogeneity, and the presence or absence of mutation in
tissuesit?-116 These observations imply that errors in DNA the enzymes involved. Henricksen and co-workérgro-
metabolism arise in TNR sequences during both meiotic and posed a model for TNR expansion based on characteristics
mitotic processes. It is not currently understood which of human proteins in vitro. Their model derives from
processes are most important etiologically to TNR human observation of FEN1 and DNA ligase | activity on a substrate
diseases, but as will be discussed below, DNA replication composed of 10 CTG repeats at tHeehd of a downstream
and repair processes are definitely involved. Our review will primer and the ‘3end of an upstream primer that can compete
focus on studies in yeast and human cell lines complementedfor annealing to 10 CAG repeats on a template strand (Figure
by in vitro experimentation that suggests how TNR instability 5, 1). Such a substrate mimics the junction of Okazaki
is affected by enzymes involved in lagging strand DNA fragments on the lagging strand in that it is capable of
replication and related repair processes. For more informationequilibrating between different 8aps, 3 flaps, and a variety
on how meiosis is involved in human TNR disease etiology, of bubble structures arising from slip mispairif§12°The

In addition to minisatellite repeats and telomeric repeats,
microsatellite repeats also expose both the vulnerabilities and
adaptations of lagging strand enzymes. Microsatellite repeats
are arbitrarily defined as repeating units- 10 nts long®

see Pearson et & majority of substrate conformations are inert to both FEN1
. . . R and DNA ligase I. However,'Slaps can be cleaved by FEN1
3.3.1. Lagging Strand Replication Is Implicated in Triplet to produce correct length products, and bubble structures that
Repeat Instability produce nicks between the upstream and downstream primers
Early observations ifs. cereisiae showed that perturba-  can be ligated to form expanded products (Figure SVI).
tion of Okazaki fragment processing enzymes, R#&D27 In these experiments there is a balance between FEN1
in particular, exacerbates TNR instabilis7.69.97.117119 activity and DNA ligase | activity: the former promoting

Accordingly, consensus has converged around the idea thatorrect length processing of the lagging strand and the latter
expression of wild-type FEN1 has a stabilizing effect on enabling expansion of the daughter strand. Henricksen and
TNRs. That said, even in wild-type yeast strains, tracts of colleague¥® suggest that tipping the balance toward FEN1
CTG repeats are prone to replication-dependent breakagegleavage would lead to sequence stability whereas tipping
contraction, and expansion, suggesting that the secondarythe balance in favor of ligation would promote sequence
structures that are likely to form within TNR sequences expansion. The balance could be influenced by mutation or
during lagging strand replication cannot be satisfactorily dealt modification of FEN23° or DNA ligase | as well as by
with even in a wild-type environme#¢2117.120 mutations in other proteins involved in Okazaki fragment

Mutations in many lagging strand proteins exhibit TNR processing such as PCNA, DNA polymerases, helicases, or
related phenotypes. . cereisiae rad27null mutants show  other nucleases.
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Cranckionon Previous work by researchers in the Livingston gfétip
also addressed the effect of DNA ligase | on TNR stability.

\ DNA They showed that two loss of function mutations $n
Ligase | cerevisiae DNA ligase | (€dc9-1 and cdc9-2 alleles)
" AN B IR actually led to higher TNR expansid# The model they
e 00T OO0 00 5
JOOC0000CK

Wt

X KK Rs—— propose to explain their observation involves extended nick
half-life due to defective DNA ligase | activity. Increased
availability of the unprocessed nick likely allows the DNA
polymerase to displace another flap. Consequently, the

3 enhanced need for flap cleavage and ligation leads to the
il increased possibility that the flap might form a bubble
J[‘ DNA Ligase | el creating a ligatable expansion intermediate. Evidently the
i absolute and relative levels of DNA ligase |, FEN1, and
. a @RB / PCNA relate in a complex manner to the stability of repeat
I R o— sequences.
Jr Another model for how wild-type FEN1 may protect TNR
sequences from expansion was proposed by Liu¥t ahd

involves the tracking requirement of FENL1. Liu and Bambara
initially showed?? that FEN1 utilizes its endonuclease
activity to resolve triplet repeats. A hairpin-containing TNR
-
g

flap is refractory to FEN1 processing but is free to equilibrate
\ into other structures such asfiaps. As this occurs, double
Jr it flap structures form with ‘3and 5 flaps of various lengths

d . - .
ptrrgc:éﬁ (refer to Figure 2, ). If the substrate equilibrates in such a

or DNA .
é Ligase | way as to present any amount of single strandeflap,
I / despite the presence of fiap DNA, FEN1 may bind that
V.r e structure and influence the re-equilibration of the flap into
Figure 5. Model for TNR expansion. (I) Schematic of the substrate the full length 5 flap, which is cleavable by FENL1. In such

used by Henricksen et al. Each white circle represents one CAG a case, the formation of a hairpin behind the advancing FEN1

repeat on the template strand. Gray and black circles represent CTGyoy|d serve to sequester FEN1 on the flap until it recognizes
repeats on the upstream and downstream primers, respectlvelythe flap base and cleavéd

Drawings below (l) show a small number of the possible intermedi-

ates that might form as the substrate equilibrates. If a cleavable 5 3.3 2 Dealing with Substrates That Compromise FEN1
flap forms, FEN1 can remove the flap (assuming a hairpin has not . . . .
formed on the flap), leaving a nick that can be ligated leading to ~ Secondary structures associated with minisatellite and

preservation of the correct length. (Il and IlI) If bubble structures Microsatellite repeat sequences impair the cleavage activity
form that present a nick between the upstream and downstreamof even wild-type FEN1. What backup mechanisms exist to

primers, DNA ligase | can seal the nick, leading to sequence augment correct processing or remedy faulty processing of
expansion. (IV and V) Many other intermediates can form that are TNRs? Compensatory mechanisms can be roughly grouped
inert to both FEN1 and DNA ligase | but could be substrates for into processes that facilitate correct flap brocessing and

other nucleases or helicases. Substrates IV and V could lead to P ; oo P P! 9 .

double strand breaks or illegitimate recombination if not resolved. Processes which detect expansion intermediates and repair
Adapted with permission from ref 128. Copyright 2002 American them before subsequent rounds of replication (the latter are
Society for Biochemistry and Molecular Biology. discussed in section 3.3.3).

Dna2 may play a role in processing long structure-
Two recently published works from the Amhé#hand ~ containing flaps that accumulate amid TNR sequefitieike
Livingstori?® groups highlight the importance of the levels FEN1, Dna2 must first recognize a freé énd® Unlike
of enzymes involved in flap processing and nick ligation. FEN1, however, Dna2 possesses ATP-dependent helicase

Subramanian and colleagd®showed that overexpression activity which allows it to unwind secondary structure
of wild-type DNA ligase | in'S. cereisiae destabilizes ~ concomitant with random cleavage evetft: Therefore,

o L . Dna2 seems well suited to unwind and remove segments of
replication of a (CTGp-containing reporter plasmid. Inter- e :
estingly, overexpression of catalytically dead ligase also hairpin flaps to a point where they are manageable by FENT.

o However, the single study that examines the effectRNA2
destabilizes CTG repeats. The authors suggest that the latte S . : ;
effect is due to the catalytically dead ligase binding to PCNA futation with partially defective helicase and nuclease

. . S i . activity on CTG repeat tract stability implied only minor
and disabling productive interactions between PCNA and its involvement of Dna220

other interacting partners, including FEN1. Refsland and RecQ helicases, such as WRN and BLM, may act on TNR

Livingston'® report that point mutations in the PCNA oheat Structures to prevent ligation of expansion intermedi-
interaction domains of Rad27 and DNA ligase | both lead 4teg. Wang and Bambdfashowed that, in vitro, BLM

to CAG tract in.stability'in yeast single mutants. When the pgjicase activity stimulates FEN1 cleavage of a bubble
RAD27mutant is combined with a PCNA mutargq|30— substrate wherein the Bnd of the bubble is complementary
90) that cannot bind to replication and repair proteins, there to the template (Figure 2, V). BLM is proposed to bind to

is a synergistic effect on CAG tract instability. The data from the single stranded bubble and transform the bubble to a flap
these two groups strongly suggest that PCNA plays anby unwinding in the 3to 5 direction. Assuming FEN1
important role in orchestrating the delicate balance betweeninteracts with the Sflap before it reanneals to its comple-
FEN1 and DNA ligase | activity during Okazaki fragment mentary sequence, the repeat-containing sequence could be
maturation. removed.

II. &
3

(5,17}

IV.s
2
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Despite the aforementioned in vitro evidence that BLM led researchers in the Lahue gréifpto examine LLR
stabilizes TNR tracts, mutational analysis shows that defec- proficiency on TNR-containing loops. Reminiscent of the
tive Sgsl, thes. cereisiae RecQ helicase, does not lead to inability of MMR to process secondary structure-containing
TNR expansion. Surprisingly, compromised Sgs1 either hashairpins, they found that large TNR-containing hairpins are
no effect on TNR stability or stabilizes TNR repe&tsin inhibitory to LLR. This result together with similar results
contrast, mutants of the’ 3o 5 helicase Srs2 strongly  showing that palindromic hairpins persist once forfieth3
destabilize TNR sequences, and purified Srs2 can unwind aunderscores the threat of TNR sequences. Additional research
CTG hairpin mimic in vitro'**In addition,RAD27andSRS2 is needed to gauge the relationship between LLR and TNR
double knockouts are synthetically leth&kuggesting that  instability.
they are involved in compensatory pathways. Evidently,
subtle differences in helicase specificity are important 4 Rescue of Stalled Replication Forks
determinants in genome stability.

As discussed in the previous section, efficient replication
3.3.3. Repair of TNR Expansion Intermediates of the genome is a fundamental process that is critical for
the maintenance of genome integrity. The concerted actions
of numerous proteins prevent aberrant DNA structures from
interfering with lagging strand synthesis. Additionally, many
repair mechanisms are in place to ensure efficient repair of
DNA lesions prior to encounter with the advancing replica-

It seems inevitable that DNA metabolism amid TNR
sequences leads to chromosomal instability. Fortunately, a
portion of these intermediates can be corrected by the
mismatch repair (MMR) machinery (reviewed by Lahue and

3
Slatef*) and perhaps to some degree by a more recentlytion fork. Despite these pathways, the replication fork

charactenzed. pathway, large loop repair (|_|_lpé)_. . encounters blocks to replication, such as DNA lesions or
The canonical substrate of the MMR machinery is a frozen protein/DNA complexes that cause the advancing fork
misincorporated base that evades théo35 proofreading 5 sta|l. It is estimated that $525% of replication forks in

activity of pol o and is recognized by the Msh2/Msh6 g cqirequire rescue from stalliig* Several recent reviews
heterodimet*” In addition, small unpaired loops up to about  yescrine the mechanisms involved in replication fork restart
15 nts are recognized by the Msh2/Msh3 heterodiffiand in prokaryote®5156and eukaryote&” 158 This section high-

to a lesser degree by the Msh2/Msh6 heterodimer. If 100ps |ighs the role of lagging strand proteins in mechanisms that
are free from intraloop hydrogen bonding, they are efficiently reqcye a stalled replication fork. These mechanisms are a
excised, but if secondary structure is present in the loop, thef,ngamental component of the arsenal designed to maintain

rate of excision and repair decreases dramatically. Indeed ayenome integrity, as failure to restart the stalled fork can
number of group$®1** have demonstrated that small TNR o5 10 jllegitimate recombination, genome instability, and
insertions and deletions increase when MMR is eliminated. .|| death.

In other words, small TNR loops, most likely caused by Stalled replication forks can regress (or collapse) to form

gggé?ﬁrglssgnﬂ'g?:?gcgvﬁigtga 2?1 dnroet ;Oi:gnd S;?ﬂi ng;all\;’(\)/lp tructures resembling a chicken foot. These structures are
9 P 9 ersions of Holliday junction (HJ) recombination intermedi-

It?i;;)lgfrfetéveeétsogrtgeliI?etzlhyertoheflg?rhl%%ﬁ)fpi%c;n?r:rgjlngeg:gpgg ates. InE. coli, regressed replication fork intermediates are
expansion or contraction precursétsOn the basis of the processe_d by RecQ he_llcase anq RecJ exo nudé?dé@The
observation that knocking out Msh2 activity stabilizes CAG mammalian proteins involved in resolving chicken foot
repeats in Huntington's disease mouse MoH&Is7 some structures are unidentified; however, several studies indicate
have suggested that Msh2 binding to TNR hairpin,s somehow-that helicases from the RecQ family play réfiMutations
; ; : in RecQ helicase family members WRN, BLM, and RecQ4
undermlngs completion of repa. ) . ) have been linked to human diseases that exhibit chromosomal
Interestingly, tract contractions decreas&stherichia coli instability3” These findings suggest that RecQ helicases help

(E. coli) when MMR is inhibited:*1%! Presumably this is  maintain genome integrity during replication, repair, or
because small unstructured loops excised by MMR enzymes,qcombination.

are removed together with adjacent DNA, thereby leaving
smglg stranded DNA exposed and at_)le to form hairpins. helicases unwind aberrant DNA structures that if left
Hairpins on the template strand are likely to cause poly- o ocessed could lead to deleterious events such as il-
merase slippage events th_at_ lead to tract contractions on thEfegitimate recombination. For example, disruption mutation
daughter strand. Not surprisingly, the observed contractions ¢ SGS1 the RecQ homologue i6 cer,@isiae enhanced

are more severe if the template strand contains CTG repeatsi’IIegitimate recombination that occurred via a homologous

which is the most stable hairpin forming TNf.Thus, in N ; :
. . . ' recombination pathway, suggesting that Sgs1 function sup-
chE/”glsch?rge of the|rdduty to Stab”g.? repeat Se%u?n(fde]s'presses hyper-recombinati&i Expression of BLM or WRN
proteins may under some conditions exacerbate the;, y,ese strains suppressed the hyper-recombinogenic effect

problems of TNR |nstap|l|ty, . of sgs1 suggesting that WRN and BLM function in human
LLR is another repair pathway that may take part in cg|is suppresses aberrant recombination as well.
controlling expansions at TNR loci. LLR was discovered as

an activity capable of repairing heteroduplexes that arise 4.1. Pathways for Processing Collapsed Forks

during meiotic recombination 5. cereisiae!*® Further o

characterization of LLR revealed that it is active in mitotic ~ Several models explain the pathways by which WRN or
cells!*® LLR is independent of MMR proteid®4° but another RecQ helicase can restart a stalled replication fork.
requires pobd, RFC, and PCNA3C A nick is not necessary  The intermediates shown in Figure 6 (adapted from ref 41)
for resolution of large loop&?! however, the presence of a illustrate the proposed mechanisms by which a replication
nick stimulates LLR machinery to remove the excess DNA fork can be rescued following encounter with a lesion on
from the nicked strané®'>'Emergence of the LLR pathway the leading strand template and generation of a regressed

Studies inS. cereisiae support the idea that RecQ
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Fork encounters damage and FEN1 form a complex at these fé€iThere is a growing
I =’\_IEL body of evidence suggesting that WRN, and WRN stimula-
_/— tion of FEN1 activity, are involved in the rescue of stalled

replication forks; however, the mechanism is unclear.
lDamage stops synthesis

4.2. Competing Models for WRN/FEN1 Roles at

II. :,K Collapsed Forks

— Nucleases resect 5' end Brosh and coll_eagué’s_have presented one model for
Rearession 1o chicken foot of lagging strand and FI_ENl and WRN interaction a} stalled repllca_tlon forks. In
l 9 orole sablaes tommate this model, WRN acts to recruit FEN1 to the site of a stalled
single strand. replication fork that has collapsed into a chicken foot
M. \_[D]_ VL —\I__ structure. Beginning at the crossover site, the helicase activity
E/— - _e@— of WRN unwinds the HJ and produces ‘aeghd onto which
FEN1 can load. FEN1 cleavage of thetérminus of the
Regressed lagging \/:1. lagging strand produces an intermediate that is stabilized by
Topiats for teading Fork cleavage by HJ single stranded DNA binding protein and can await repair
strand resolvase of the lesion on the leading strand. Evidence for WRN
Va @.@_ l\/b. recruitment of FEN1 to a Holliday junction structure comes
: _/— Generation of double strand from gel_shl_ft and immunoprecipitation assays that showed
Reverse branch break initiates homologous FEN; binding to .HJs only in the presence of WRN.
migration results in recombination. Additionally, experiments performed in vitro showed that
lesion bypass l structures resembling HJ intermediates can only be cleaved
_@x by FEN1 in the presence of WRN and ATP, suggesting that
IVb _— functional WRN helicase activity is required for stimulation

| ——f of FEN1 cleavagé!

Figure 6. Proposed mechanisms for restart of the replication fork. ~ Shen and colleagu¥s$ support an alternative model in
(I) The advancing replication fork encounters a lesion on the Which, at a stalled replication fork, WRN and FEN1 initiate
template for the leading strand. (Il) Leading and lagging strand the first step in break induced recombination (BIR). This
synthesis become uncoupled as leading strand synthesis is stalledmodel relies on the ability of FEN1 to generate a double
g”) The relplicatfiorr]]folrk %ollapseg 0 formachicléen f(OOt)S””Ctgre strand break at a replication fork via a novel activity
y annealing of the leading and lagging strands. (IVa) Leading :

strand synthesis is resumed using the nascent lagging strand agescnbed as gap endonuclease (GEN) actiéityhe authors
template. (IVb) Finally, a helicase facilitates reverse branch Showed that FEN1 can cleave the template strand of gapped
migration to reset the replication fork past the site of damage. (va) DNA fork and bubble substrates, providing evidence of the
The regressed fork is cleaved by a resolvase to generate a doubléSEN activity and its putative role in fork restart. This type
strand break. (Vb) This cleavage initiates homologous recombina- of cleavage at a stalled replication fork would create a double
tion and allows an undamaged strand to be used for leading strandstrand break, which is the first step in the recombination
synthesis. (V) Helicase unwinds the duplex arm of the chicken Jpathway that serves to restart the replication fork. In support

foot structure and stimulates cleavage of the nascent lagging stran - .
to create a region of single stranded DNA. This structure can be of the hypothesis that WRN/FEN1 processing of a stalled

stabilized by a single strand binding protein while the lesion is replication fork initiates homologous recombination, a
repaired. Adapted from Molecular Biology of the Cell (Sharma et complex between Rad52 and WRN has been visualized at
al. Mol. Biol. Cell 2004 15, 734; published online before printas  foci associated with stalled replication forks.
10.1091/mbc.E03-08-0567) with permission of the American Experiments employing E178A, a FEN1 mutant that has
Society for Cell Biology. flap endonuclease activity comparable to that of wild type
chicken foot structure. In the first pathway (Figure 6, 1V), but is deficient in GEN activity, support a role for GEN
the regressed lagging strand can serve as a template fomctivity in replication fork restart®* Null rad27 strains of
leading strand synthesis. Following synthesis, a helicaseS. cereisiaecomplemented with either human FEN1 or the
catalyzes reverse branch migration and resets the replicatiorE178A mutant showed comparable growth characteristics and
fork beyond the lesion, leaving it to be repaired by other spontaneous mutation rates. When the same strains were
repair pathways. Alternatively, the chicken foot structure is treated with chemical DNA damaging agents and UV
cleaved to generate a double strand break (Figure 6, V).irradiation, the strains complemented with human FEN1
Generation of a double strand break initiates the homologoussurvived at a rate comparable to that of wild-type cells with
recombination pathway and allows an undamaged homolo-functioning Rad27. However, cells complemented with the
gous strand to be used as a template for leading strandE178A mutant exhibited low survival rates similar to those
synthesis. In another mechanism (Figure 6, VI), helicase for the rad27 null strains. These observations suggest that
unwinding of the 5end of the lagging strand stimulates GEN activity, lacking in the E178A mutant, is required for
cleavage by a nuclease. The resected structure is stabilizednigh level survival following the types of DNA damage that
by a single stranded DNA binding protein while the lesion produce stalled replication fork&!
is repaired! In all likelihood, a stalled replication fork can be rescued
Preliminary evidence has highlighted a role for WRN in by several pathways. In fact, the proposed mechanisms by
the processing of collapsed replication forks. Stalled replica- which WRN and FEN1 process a stalled replication fork are
tion forks can be induced by treatment with a DNA damaging not mutually exclusive and both may be relevant. This area
agent such as mitomycin C. After treatment of this type, there of research promises to yield interesting information as
is evidence that WRN accumulates at foci associated with further experiments elucidate the mechanisms involved in
arrested replication fork$3 Further studies show that WRN  fork restart.
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5. Double Strand Break Repair recombination (SSR). Nulfad27 mutants displayed an
. _ increased level of SSR compared to that for wild-type cells.
Most cells employ two strategies for repair of a double Thg aythors show that addition of Rad27 or human FEN1
strand break: homologous reco(amblnatlon (HR) and non- 4 therad27null cells abrogates SSR. Furthermore, addition
homologous end joining (NHEJ)® A numblggr of reviews ot mytant Rad27 or mutant human FEN1 with reduced
are available which describe HR in detéif;*** however, a  gngonyclease activity and no exonuclease activity partially

brief review of eukaryotic HR is merited here. After damaged omplemented thead27 null phenotype. These studies
chromosome ends are discovered, nucleases degrade the §,jicate that the flap endonuclease activity and not exonu-
strand of each broken end, leaving single strandeits clease activity is responsible for the prevention of SSR. The

that are bound by Rad51. After end processing, an identical 5 ;1hors explain their observations by the following mecha-
sequence is sought out on a homologous chromosome or,

) X . o .~'nism. During recombination, Rad27 processes the ends of
sister chromatid that will act as a bridging template for repair

. ; the recombining fragments. “If unwinding is extensive,
synthesis. Once homology is found, the Rad51-codted® 4477 could remove enough DNA to terminate recombina-
invades the double helix, allowing the broken strands to

: tion. Decreasing the length of the sequences shared by the
anneal to their complements on the donor chromosome.

Then. DNA hesis fills in th q foll d recombination partners would increase the likelihood of
en, L synthesis fills In the resected segments followe complete heteroduplex unwinding, $lap cleavage, or
by ligation. The processes of strand invasion, DNA synthesis, ) 1, 76

and ligation lead to Holliday junctions that are resolved by o . . ) . L
structure-specific resolvases to generate two continuous 1he findings described in the previous section highlight
double helices. complex roles for Rad27 in recombination. The first example

HR is considered relatively error-free in contrast to NHEJ, SU9gests a role for Rad27 in NHEJ, an important repair
which by its nature is mutagenic. NHEJ is a pathway that pathway that increases genome stability. The second example

involves the connection of DNA ends possessing only small SU9gests a role for Rad27 in the suppression of short
regions (as little as 44 nts) of “adventitious” micro- sequence recombination, a pathway that is detrimental to the

homology™17In NHEJ, the ends of the DNA are brought stability of_ the genome. Recent work has implicated a role
together in a process called synapsis. Subsequently, the end@" FEN1 in the processing of divergent sequences at break
are aligned to exploit any homology. Finally, the aligned €nds during HR, another pathway that increases genome

ends are processed by nucleases or polymerases to Crea%gability.m These findings illustrate the extensive range of
intermediates that can be ligaté§:172 unctions that proteins involved in lagging strand replication

have in genome stability mechanisms.
5.1. Rad27 in Nonhomologous End Joining

Lieber and colleagué® present data indicating that Rad27
plays a role in NHEJ irS. cereisiae In this study they L :
examined the frequency of NHEJ in a series of substratesﬁ'l‘ Initial Damage Signal Cascade

with break ends that were predicted torfoa 2 base flap, a The DNA damage checkpoint exists to preserve genome
bluntend, 0 a 2 base gap when aligned. DeletiorRAD27  inteqrity and halt progression through the cell cycle upon
resulted in a_4.4-fo|d re_duct|on in NHEJ thz_it was pr_ed|cted recognition of DNA damag&® Recognition is mediated

to proceed via generatiorf @ 2 base 5flap intermediate.  hough DNA damage sensors, including ataxia telangiectasia
Ewdent!y, alignment of homologous ends results in the mutated (ATM) protein and the ATM and Rad3 related
production of flaps that are removed by Rad27 prior to (ATR) protein, both phosphoinositide 3-kinase related ki-
completion o_f joining. In contrast, NHEJ that was predicted 55eg (PIKKsY’® In response to DNA damage, ATM and
to proceed via generation of a blunt entac? base gapwas ~ ATR are activated, resulting in the phosphorylation of
not effected byrad27 deletion. Considered together, these qownstream protein targets. This process initiates a signal
findings suggest that Rad27 plays a role in a NHEJ pathway cascade that leads to arrest of the cell cycle and either repair
that proceeds via flap formation. of damage or apoptosis, if the damage is exten$RAs

In vertebrates, it appears that the dominant nuclease . .
involved in the processing of NHEJ intermediates is the daﬁil;dfsreha\c/)ﬁ Zhg)wgﬁg]ritnﬁ-rxo?gd'cA;llenrtnegé?jteerfgg
Artemis/DNA-PKcs comple%’3174 The gene encoding ge response 1o di genotoxic agents and endog-

enous lesion¥’® While ATM response is activated primarily

Artemis is mutated in patients with severe combined by ionizing radiation induced damage and double strand
. . e . ;
immunodeficiency (SCIDY?® In higher organisms, V(D)J breaksi®-1% the ATR signal cascade is triggered by UV

(variable(diversity)joining) recombination exploits the mu- radiation damage and stalled replication folés!8” Upon

tagenic nature of NHEJ to increase immune system diversity. .
This Artemis complex, present only in vertebrates, can cleave SENSING DNA damage, ATM and ATR phosphorylate check-
both 3 and 3 overhang substrates. It is unclear if another point k.|nas_es 2 and 1, respectively, which leads to growth
nuclease, such as FENL, is involved in NHEJ in mammals. 2T€St in either G1/S or G2/M phases of the cell cyéte.
However. given the ph,enotype of Artemis mutants in Additionally, it has been shown that RPA stimulates recruit-
humans, it is unlikely that other nucleases can fully com- ment of A.TR and ATijteractmg protein (ATRIP) to
pensate for lack of this compléf damage sites and mediates checkpoint activdfforOf
' particular relevance to this review, it appears that ATR and
ATRIP are involved in recognizing lesions resulting from
g.gém&%ﬂ%gppresses Short Sequence TNR instability. Lahiri et al® demonstrate tha¥lEC1 and
DDC2, the homologues of ATR and ATRIP B. cereisiae,
A related study by Negritto et al® supports the assign-  respectively, are important for detecting and mediating repair
ment of a role for Rad27 in maintaining genome stability in of TNR related lesions. They hypothesize that ATR mediates
S. cereisiag in this case, by suppression of short sequence upregulation or recruitment of repair proteins to the lesion.

6. Regulation during the Damage Response
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Maintenance of G1/S-phase arrest occurs following ATM-
and ATR-mediated phosphorylation and activation of p53,
a transcription factor. The activation of p53 leads to p21
induction, which holds the cell in G1/S arrest until damage
is repaired®® An intra-S-phase arrest can potentially occur
by two mechanisms. In one mechanism, ATM and ATR can
phosphorylate target proteins that inhibit firing of origins of
replicationt¢®178 A second mechanism could be mediated
through p21 inhibition of replicatio#f®

6.2. Effects of p21 on Replication and Repair

It has been shown that the C-terminal region of p21 can
bind to PCNA at the interdomain connector loop, the same
site that binds pab and other replication proteins, including
RFC, FEN1, and DNA ligase!f? 12 Likewise, a C-terminal
p21 peptide inhibits replication in vi¥e* and limits synthesis
by pol d in vitro.1%* Still, in vitro, p21 does not appear to
affect the loading or sliding of the RFC/PCNA complex on
DNA.1%51%Yet, hoth in vitro and in vivo evidence reveals
a competition between p21 and pblfor PCNA binding,
demonstrating that p21 can disrupt formation of #CNA
complexes1192195Therefore, the inhibition of synthesis by
pol 6 is most likely due to p21 disruption of the pPCNA
interaction, prohibiting processive synthesis by the poly-
merase. This is a mechanism for DNA replication to be
stalled to allow time for repair of DNA damage.

However, polé and PCNA have also been proposed to
have roles in repair, specifically nucleotide excision repair
(NER)'%°*°7and long patch base excision repair (described
in section 7), leading to the possibility that p21 inhibition
of pol 6 has implications for repair. Thus, although the effects
of p21 induction on inhibition of replication are fairly well
recognized, the effect of p21 on NER remains controversial.

The NER pathway is used for excision and repair of damage
that distorts the double helix, such as that caused by radiationy,

and chemical genotoxirt8 NER damage recognition, which
involves the lagging strand protein RPA, among other NER-
specific proteins, initiates' &nd 3 cleavage and removal of
a 20-30 nt region surrounding a lesion, followed by gap
filling by a DNA polymerasé®®197.1%8Both polymerases
ande (pol €) have been proposed to fulfill this rol&
Consequently, it is possible that p21 sequestration of
PCNA alters pold and pole roles in NER because PCNA
interacts with both pod and pole.1® Experiments in vitro
utilizing human cell extracts have shown that p21 does not
inhibit short gap filling synthesis by pdland pole.2® Podust
et al®® demonstrated, via extension of a prim¢emplate
substrate, that p21 limited pélsynthesis of longer products
but not short products, consistent with a p21 effect on
replication but not repair synthesis by pdl It has been
proposed, then, that p21 binding to PCNA prevents the
reassociation of pad with PCNA after a single stretch of
synthesis and dissociation from the DNA, inhibiting extended

synthesis during replication by the polymerase. Since in NER

the gap filling is short synthesis, there may only be one
turnover of the pob and no need for association with PCNA.
This would suggest that NER gap filling is not susceptible
to p21 inhibition!*>Yet, in work by Pan et aP* experiments
using full length p21 protein demonstrated inhibition of NER
that could be rescued by addition of PCNA. Moreover,
Cooper et at® found that both in vitro and in vivo p21
peptides limited NER. The effect of p21 on NER was also
observed in vivo using p21 null human fibroblag&wWhen

compared to p21 homozygous or heterozygous fibroblasts,

Rossi et al.

the p21 null cells displayed an increased sensitivity to UV
radiation, increased incidence of apoptosis, and a reduction
in efficiency of NER. Yet, PCNA recruitment at damage sites
was unaltered in the p21 null cells compared to wild type,
indicating that a component of p21 inhibition of NER is not
directly related to PCNA recruitment to the DN.In total,
these results give a clouded view of the regulation of NER
by p21.

In addition, p21 also affects the interaction between PCNA
and FEN1. Sequence conservation between species reveals
the importance of the interaction site between FEN1 and
PCNAZ2% Furthermore, yeast two-hybrid and immunopre-
cipitation experiments demonstrate a physical interaction
between PCNA and FEN® The interaction is mediated
through the C-terminal region of FEN1 and the C-terminal
site on PCNA, which also binds p23°2%Both in vitro and
in vivo evidence suggests that p21 disrupts the formation of
a FEN1/PCNA complex through a competition for the
binding site on PCNA&%2%5|n addition, in vitro reconstitu-
tion of repair reactions with recombinant human FEN1 and
human PCNA shows an inhibition of PCNA-stimulated
FEN1 cleavage with increasing amounts of pZ1nhibition
of FEN1 stimulation by PCNA during replication does not
pose a problem during the damage response because it is
important to halt replication. Yet, during the damage
response, sequestration of some of the cellular pool of PCNA
by p21 could potentially limit stimulation of FEN1, dimin-
ishing its activity in damage repair, although the extent of
the effect is not clear. It is possible that the lack of stimulation
by PCNA only partly attenuates FEN1 activity and that the
activity of FEN1 alone is sufficient to support DNA repair.

7. Base Excision Repair

Base excision repair is a major pathway for repair of DNA
ase damage caused by simple alkylating or oxidizing
agents% In the current model of BER, the first step is
initiated by recognition of a damaged base by a DNA
glycosylase and cleavage of its N-glycosidic bond to form
an apurinic/apyrimidinic (AP) sit&?”2°® Subsequently, AP
endonuclease (APE) cleaves the DNA backbone at the 5
side of the AP site, creatind-Bydroxyl and 5-deoxyribose
phosphate (dRP) termifi®21°At this point two pathways

of BER diverge depending on the oxidation state of the 5
terminal moiety. If it is unaltered, DNA polymerage(pol

p) inserts a single nucleotide and excises theP via a
B-elimination reactio?!*2%2 Finally, ligase seals the nick
to complete repa#'* This pathway, referred to as short patch
base excision repair (SP-BER), does not involve proteins
responsible for lagging strand synthesis. In mammalian
systems, this pathway appears to be the major pathway
involved in the repair of most lesions corrected by BER.

7.1. Long Patch Base Excision Repair

In contrast to SP-BER, which involves the removal and
replacement of a single nucleotide, long patch base excision
repair (LP-BER) involves the synthesis of a small segment
of DNA typically between 2 and 8 nts in length. LP-BER is
necessary in situations where tHedRP residue is oxidized
or reduced, so that it cannot be removed by fpeixcision.
Alternatively, LP-BER may occur if extension of thé 3
terminus takes place before gbhas removed the ferminal
dRP. In LP-BER, pop, pol 6, or pole incorporates several
nucleotides onto the'30H terminus generated by APE
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incision. This strand displacement synthesis creates a FEN1serves as a platform to coordinate their functions and
cleavable flap containing the dRP residue at theéetmi- facilitate efficient repair. However, there is evidence that
nus?1® Considering that the mechanism of LP-BER involves accessory proteins in the pathway also serve to coordinate
strand displacement synthesis and flap cleavage, it is notthe repair components.

surprising that several of the proteins involved in lagging  For example, WRN has been shown to have functional
strand synthesis play a role. Depending on the proteinsinteractions with many of the proteins involved in BER.
involved, LP-BER has been further subdivided into PCNA- WRN helicase activity has been shown to enhancefpol

dependent and pgl-dependent pathways. strand displacemert? WRN, the only RecQ helicase with
exonuclease activity that can removar8smatches, has been
7.2. PCNA-Dependent LP-BER proposed to act as a proofreader for faluring BER?28230.231

. WRN also stimulates pob synthesis past hairpin and
7
X I?a;?gi’o?y?éiunggiftofég f‘;‘é’&’l‘;ﬂ t,zgt’s;tne %gs(gséﬁ;_ tetraplex sequences that may arise during synthesis through
dé endent Moréover a series of experiments with Chineserepeat regions* Finally, st|m_ulat|on of FEN1 cleavage by

P : ! P “WRN may also be relevant in BER.
hamster and HelLa cell extracts showed that long patch repair Poly(ADP-ribose) polymerase | (PARP-1), an accessor
of a normal AP site was completely inhibited by the addition Y hat i P yd d ' has b Y
of a polyclonal antibody raised against human PCNg, ~ Protein that is activated upon DNA damage, has been

. S : o . suggested to coordinate steps in BER via protgirotein

These experiments indicate that PCNA is a critical protein interactiong332% A PARP-1 null mouse fibroblast line
involved in LP-BER. In the PCNA-dependent pathway, exhibits hypersensitivity to DNA alkylating agents and

PCNA stimulates polo (or pol ) to perform strand ndicates a role for the enzyme in BER. Recently, a

displacement synthesis creating a flap structure that is cleaveci P .
by the endonuclease activity of FEN1. Ligation of the physical interaction between WRN and PARP-1 was stighn.

remaining nick is carried out by DNA ligase 1. A role for Further studie®” indicate that unmodified PARP-1 inhibits

: : A WRN activity; however, upon auto-poly(ADP-ribosyl)ation,

RPA mlrz'fl pathway has also been implied by several the inhibition is abrogated. The authors propose a plausible
studies: Because PCNA stimulates several proteins in mechanism in which PARP-1 binds to a BER intermediate
this repair pathway, teasing apart its role is difficult. It may and poly(ADP-ribosyl)ation of nuclear proteins signals re air’
serve to facilitate strand displacement synthesis bydpm poly nosy P gnais rep

”» . . proteins to the site of damage. Upon auto-poly(ADP-ribosyl)-
pol €. Additionally, PCNA stimulation of FEN1 cleavage or ation. PARP-1 dissociates from the damaded site. havin
the DNA ligase | joining reaction may be critic&F In all ’ 9 ’ 9

likelihood, PCNA stimulates multiple steps in the pathway. pgggjilrted the proteins required for the subsequent steps of
3 ) In addition, APEL, has been shown to interact with Bol

7.3. Pol B-Dependent LP-BER FEN1, DNA ligase I, and PCNA%238239APE1 slightly

Several studies indicate that pplplays a central role in  stimulates the activities of FEN1 and DNA ligase | in LP-
a subpathway of LP-BER, often described as/pdependent ~ BER23%24°Bohr and colleagué¥ proposed a model in which
LP-BER. Klungland and LindaP® observed a 20-fold APE1 remains bound following cleavage of an AP site to
decrease in repair of a reduced AP site upon preincubationinhibit “promiscuous” unwinding by WRN. In the presence
with pol 8 neutralizing antibodies (not cross reactive with of pol 8, APEL is displaced, and WRN can stimulate gol
pol o, pol 0, pol €, or PCNA) in human cell extracts. In  strand displacement synthe&24! Additionally, APE1,
another study with human cell extracts, the LP excision which has exonuclease ability that removes mismatches more
product generated was attributed to the concerted action ofefficiently than matched nucleotid&;>**has been suggested
pol 5 and FEN122® Moreover, in cell extracts, pgt was to act as a proofreader for pBF* Moreover, a recent study
shown to be the major polymerase responsible for initiating indicates that the role of APE1 in BER may be somewhat
LP-BER on a substrate containing a reduced AP site thatcomplex, as its role is modulated by the other BER
could not be excised by pgl.??* proteins?4®

In the pols-dependent pathway of LP-BER, pblis the A surprising number of the proteins involved in BER have
sole polymerase that mediates repair synthesis. In thebeen shown to participate in physical interactions with each
model?'5> pol 3 performs strand displacement synthesis, other. Considered together, the impression that emerges is
creating a 5flap that FEN1 can cleave. Following this action, that repair of a lesion may be mediated by a “handing off”
a DNA ligase can complete the repair. Studies have shownof the substrate from one protein to another via interac-
that pol 3 and FEN1 can stimulate each others’ activities tion.?27:2%|n this sequential “passing the baton” mechanism,
and suggest a coordinated interaction between the twoafter completing a required step in BER, a BER protein is
proteins that would be relevant during gisdependent LP-  displaced by the next protein in the pathwayAs a result,

BER strand displacement and flap cleav&jé?® In this following repair initiation, the lesion site is always seques-
situation, polB could stimulate FEN1 activity and compen- tered by proteins involved in BER. This may serve to
sate for the absence of PCNA. enhance efficiency and protect the intermediates from

unintended, aberrant processing.

7.4. Coordination during LP-BER
The mechanism of BER involves generation of a single E.ERCOnsequences of the Damage Response on

strand break that if left unrepaired could be a precursor to

more harmful events such as double strand breaks. As a Itis estimated that, under normal physiological conditions,
result, coordination of proteins during BER is considered approximately 10,000 AP sites are generated in each mam-
crucial??’ The appeal of the PCNA-dependent model of LP- malian cell per day*¢ Considering the multitude of lesions
BER is that PCNA, which binds and stimulates many BER that need to be repaired, it is understandable that there are
proteins, such as pa), FEN1, and DNA ligase |, likely  redundant pathways. Understanding the dynamics between
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the competing pathways of BER is a challenge. At low levels complex?°®-261 The 9-1—-1 homologue inS. cereisiag,

of damage, signaling and relative protein concentrations Ddc1/Rad17/Mec3, also associates as a heterotfither.
controlled by the cell cycle stages may dictate a balance Although there is little sequence homology between the two,
between the competing pathways of BERHowever, at both molecular modelirt§?2%2 and electron microscopy
high levels of damage, induction of the damage responsestudied®*2%5reveal that 9-1—1 mimics PCNA in structure.
cascade may influence the normal balance between repaiiThe 9-1—1 complex also has a similar loading molecule,
pathways. Radl17/RFC (human an&. pombg or Rad24/RFC $.

As discussed in section 6, p21, which inhibits PCNA, is cerevisia€). The alternative clamp loaders Rad17/RFC and
induced in the DNA damage response cascades. It is possibléRad24/RFC contain four of the five subunits from RFC and
that, in response to DNA damage, the inhibition of PCNA are similar in structuré®* In a manner analogous to RFC
would influence the balance between the PCNA-dependentloading of PCNA, Rad17/RF&26” and Rad24/RF&826°
and polS-dependent pathways of LP-BER. However, other have been shown to load their respective heterotrimer clamps
coordination proteins, such as APE1, may serve to compen-onto DNA in an ATP-dependent manner. In addition, RPA
sate for PCNA inhibition by p212423°Studies using mouse interacts witd’® and stimulates loading of-91—1 onto 3
embryonic fibroblasts indicate that the effects may be more recessed primettemplate DNAZ%6 Similar to PCNA, 9-1—-1
complex. When these cells are treated with plumbagin, which also stimulates FEN1 cleavage in vitro on replication and
induces oxidative DNA damage, p21 levels are increased;repair substrate¥? However, unlike PCNA, 91—1 does
however, po}3 and PCNA levels remain unchang&dLP- not stimulate the processive synthesis ofqdl" 2" Together,
BER is inhibited in these treated cells although synthesis by these results further support the proposed role-6f-91 as
pol 5 is not inhibited by formation of the p21/PCNA an alternative repair-specific clamp.
complex. Studies with extracts obtained from cells exposed
to damaging agents show an accumulation of BER interme-8.3. Repair Platform
diates that require ligation upon p21 induction. This finding

suggests that p21 inhibition of PCNA affects PCNA stimula- /" @ddition to its roles in sensing DNA damage, it is
tion of DNA ligase | and may be relevant in both pol possible that 31—1, as an alternative clamp, serves a direct

B-dependent and PCNA-dependent pathw4§sh p21- role in the repair of damage through its interactions with
mediated disruption of the interaction between DNA ligase '€Palr proteins. BOEE pgB'®® and DNA glycosylase MutY
I/PCNA complexes is consistent with this hypotheéfs. homologue (MYHj}2 play roles in base excision repair.

Recent progress in the field of BER has led to the Through immunoprecipitation experiments, a direct interac-
identification of a variety of proteins involved in this 0N between poB and 9-1—1 was observed. The-d—1
pathway. Studies indicate that coordination of repair is likely COMPlex enhances the71eff_|CI_ency of primer usage and
to take place via a series of protein/protein interactions that Stimulates pop synthesis?’ Similarly, immunoprecipitation
serve to sequester the site of damage until repair is complete!n S- pomberevealed an association between MYH and
In addition, studies are beginning to address the consequencej_l_l, that was |3ncreased upon cellular exposure to DNA
of the damage response on the subpathways of BER. Futurél@maging agents? Together, these results suggest that, with
work in this area holds the promise of elucidating the roles PNA damage, 9-1—1 interacts directly to stimulate the
of the proteins involved in BER and the mechanisms by activity of repair proteins.

which they are regulated. Furthermore, the interactions between-19-1 and
FEN1?57274or DNA ligase P> support this idea. Recent in

8. Role of Rad9/Rad1/Hus1 in DNA Repair vitro results suggest that-9—1 stimulates FEN1 cleavage
on oligonucleotide substrates that mimic replication and

8.1. Damage Sensor repair intermediate¥’ 2’4 The stimulation by 9-1—1 does

not bypass the need for FENL1 tracking. FEN1 is unable to

The Rad9/Rad1/Hus1 {2 —1) complex acts as a damage  cleave bubble substrates even in the presence of-ttie-9
sensor in a damage response caségtféFollowing treat-  complex?s” Although stimulation by 9-1—1 is limited on
ment of cells with radiation or chemical genotoxic agents, some substrates that have no free ends fet-91 to slide
Rad9 and its partners Radl and Husl remain more firmly o257 FEN1 stimulation by 9 1—1 does not require loading
bound in nuclear extracts and associate with chromatin. Thisof the 9-1—1 complex onto the DNA (Rossi and Bambara,
indicates that 91—1 associates with DNA following dam-  ynpublished data). In addition, in vitro binding of DNA ligase
age?? Also, several studies utilizing immunofluorescence | tg a nick substrate is enhanced in the presence-af-9l
and microscopy have demonstrated localization of Rad9 t0 (ywang and Bambara, unpublished data). Consistent with this

sites of DNA damage, specifically to double strand break opservation, 91—1 stimulates the nick-sealing activity of
foci?>*"2*¢ These results indicate that@—1is animportant  pNA ligase 1275

component of damage response in the cell. In addition, 9-1—1 interaction with translesion poly-
. merases has implications for damage tolerance and re-
8.2. Alternative Clamp to PCNA pair 251276 Translesion polymerases, including polymerases
Initiation of the damage response cascade and induction andx (pol ¢ and polk, respectively), can replicate through
of p21 serve to limit replication while allowing repair to regions of DNA containing base lesions by inserting correct
continue. Although it is possible that the interaction with bases opposite damage si#&dn S. cereisiae, when polg
p21 limits PCNA roles in repair, as discussed previously, is mutated in cells having a defect in NER that leads to
recent reports suggest that, in addition to sensing DNA irreparable DNA damage, the cells display an increased
damage, the 91—1 complex also serves as an alternative sensitivity to DNA damage by UV radiation, suggesting that
to PCNA that can function during DNA repé&it’ pol ¢ has a role in damage tolerance by replicating through
Rad9, Rad1, and Hus1 are human 8agombeheckpoint the damage. The p@mediated damage tolerance in these
proteins found to associate as a heterotrimeric protein cells is dependent on Radl7, Rad24, and Mec3 damage



Lagging Strand Replication Proteins Chemical Reviews, 2006, Vol. 106, No. 2 467

checkpoint proteind’® and pol¢ has been shown to interact the degradatio®* DNasel and Exolll were shown to
with Mec3 and Ddc1 both in vitro and in viv&3? indicating stimulate EndoG degradation; however, FEN1 was not tested.
that polc is involved in the damage response. Similarly, in It would be interesting to determine whether a functional
S. pombeexposure of cells to a DNA damaging agent leads interaction between EndoG and FEN1 can be detected in
to an increase in the level of pelas a result of damage other organisms, such as humans.
checkpoint activation. Also, immunoprecipitation studies  An interesting aspect of the putative role of CRN-1 in
show that polx associates with Husl and Radl, and apoptosis involves regulation. That is, how can this protein
chromatin binding assays demonstrate that Rad17 mediateglay dual, almost contradictory roles in genome maintenance
pol « association with chromati#¥® Together these results and destruction? In human cells, EndoG is released from
suggest that paf and polx are involved in tolerance and  mitochondria upon stimulation of the apoptotic pathway. If
repair of damage mediated through the activation of damageCPS-6 is only sent to the nucleus upon apoptotic stimulation,
checkpoint protein$%.276.279 this translocation may provide a means by which FEN1 could
Stimulation of the activity of repair proteins, including pol switch roles from replication and repair to destruction.
B,2"* FEN125274and DNA ligase B® by 9—1-1, as well

as the interaction betweer-9—1 components and MY#3 10. Modifications of Lagging Strand Proteins
and the translesion polymerasé%?8°suggests that-91—1

is directly mediating repair reactions, aside from its role in 10.1. Modified Polymerases, Clamp, and Clamp

sensing damage. It is possible, then, that th&é-91 complex Loader

could serve as a platform onto which repair proteins are i i )

recruited, which is comparable to PCNA as a replication  Several of the lagging strand proteins are subject to post-

platform 281 translational modifications that potentially serve as regulation
points for roles in replication versus repair. First, immuno-
9. Role for FENZ in Apoptosis precipitation experiments reveal that phosphorylation of pol

o in humans,S. cereisiae andS. pombés dependent on

The proteins involved in lagging strand replication play cell cycle distributior?®-287 In humans, cyclin-dependent
an essential role in genome stability by the mechanisms kinase (Cdk)/Cyclin complexes phosphorylate both the p180
discussed above. Recent studies also suggest a role for FENlarge catalytic subunit and the p68 accessory subunit of pol
in apoptosis. This finding indicates that the role of FEN1 in o. 28528291 |n S, cereisiag the large catalytic subunit (p165)
controlling the integrity of DNA is more complex than is a substrate for Cdc7/Dbf4 kinase actiity,and the
previously considered. accessory subunit (p86) is phosphorylated in a Cdc28 kinase-

CPS6, theC. eleganshomologue of EndoG, a mitochon- dependent manné# In addition, the phosphorylation states
drial nuclease in vertebrates, has been implicated in theof the p180 and p68 subunits of pmlhave alternate effects
apoptotic pathway®? Recent work by Parrish et &#° has on in vitro initiation of SV40 replication, both inhibiting and
shown that CRN1 (cell death related nuclease 1),@he  stimulating replicatior#®®2% Together, these results suggest
eleganshomologue of FEN1, can cooperate with CPS6 to that, in the pola complex, the two largest subunits are
promote apoptotic DNA degradation. CRN1 was initially differentially phosphorylated, leading to regulation of pol
identified from an RNA interference-based screen designed activity.
to identify nucleases involved in apoptotic DNA degradation ~ Furthermore, the large p125 subunit of pblis phos-
in C. elegang® CRN1 was shown to possess characteristic phorylated in vive?®® Also, the p66 subunit of pob is
FEN1 properties such as flap endonuclease ahd3'5 phosphorylated by Cdk/Cyclin complexes in vitro, and
exonuclease activities. Additionally, this study revealed a phosphospecific antibodies react with p66 in vivbinter-
preference for an additional substrate-specific activity, GEN action between p66 and PCNA inhibits phosphorylation,
activity, not previously described in the literature. An indicating that the phosphorylation of pél may mediate
interaction between CRN1 and CPS6 was detected in a GSTinteractions between pdl and its accessory proteif¥.
pull-down assay. In vitro studies showed that CRN1 enhances PCNA is acetylated in vivo and immunoprecipitates with
CPS6 nuclease activity and, similarly, CPS6 enhances CRN1p300, a histone-acetyl-transferase, and histone deacetylase
GEN and exonuclease activities, suggesting that both proteing HDAC1). This suggests that PCNA is subject to acetylation
cooperate to stimulate DNA degradation. Xue and co- by p300 and deacetylation by HDAC¥. Analyses show
workers% propose a model by which the two nucleases work that acetylated PCNA binds more tightly to ppohand pols
in concert to degrade DNA during cell death. The expression and promotes pad and pols synthesis better than deacety-
of CRN1, CPS6, or NUC1, an additional nuclease implicated lated PCNAZ2% These results suggest that acetylation of
in apoptotic degradation, was inhibited by RNAIi. Decreased PCNA is a means of coordinating PCNA interaction with
levels of each protein produced the same defect in DNA other proteins. In addition, recent results demonstrated that
degradation during cell death, supporting the characterizationPCNA is both mono- and polyubiquitinated in response to
of CRN-1 as a cofactor involved in apoptotic DNA frag- DNA damage?® Sumoylation, or addition of a small
mentation. ubiquitin related modifier (SUMO3?¢ also occurs on PCNA

The interaction and costimulation of FEN1 and EndoG during the S-phase under normal cellular conditions and in
homologues irC. elegansaises the possibility that a similar  response to treatment with a genotoxic agent to induce large
mechanism is relevant in other organisms. In fact, CPS6 (in amounts of DNA damag®® Moreover, earlier studies
C. eleganghas 48% identity and 69% similarity with human demonstrated that PCNA can be phosphorylated, and it
and mouse EndoG. Moreover, mouse EndoG was shown toassociates with Cyclin A and Cyclin #72%Variations in
rescue the CPS6 phenotype in transgenic nematodes, sugthese modifications of PCNA might serve to mediate many
gesting that EndoG is a functional homologue of CP%36. roles of PCNA in replication and repair.
Because EndoG has been shown to be a weak endonuclease, The clamp loader RFC is also subject to phosphorylation.
there may be a requirement for other nucleases to mediateThe complex of PCNA/Cdk2/CyclinA phosphorylates RFC
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at a PCNA binding domain in vitr&® as does the calcium  Mec13'?3Y7 or ATM/ATR.313315316318 |n  addition, both

calmodulin-dependent protein kinase (CamK?P).Phos- Mec31731%and ATMP15316can phosphorylate RPA in vitro.
phorylation of RFC by CamKiIl inhibits PCNA binding, and Because Mecl and ATM/ATR are involved in the damage
the presence of CamKIll in vitro inhibits p@l and pole response cascade, it is possible that phosphorylation plays a

RFC-dependent synthesis. Yet a PCNA/RFC/DNA complex role in mediating RPA activity during DNA damage repair.
is resistant to CamKIl phosphorylatiff. These results It has also been shown that RPA can be phosphorylated
suggest that CamKIl may be involved in the inactivation of by the DNA-dependent protein kinase (DNA-PK) in
RFC until it is needed for replication. Similarly, when the vivo313318320 and in vitrgt0:318321.322and by Cdk/Cyclin
p145 subunit of human RFC is phosphorylated, it loses the complexes in vitrd?%323 Additionally, in vivo studies with
association with two other subunits, p40 and pB7This apoptosis-induced human T-lymphocytes revealed that in-
implies that the interaction of RFC subunits is mediated hibitors of DNA-PK and Cdk’s limit RPA phosphorylatic#:
through phosphorylation status, which may regulate RFC Taken together, the numerous varied mechanisms of RPA
activity. In addition, when the p145 RFC subunit is phos- phosphorylation suggest that it is an important point of
phorylated, it loses its ability to bind to PCN#2 Therefore, regulation for RPA. In support of this assertion, phospho-
the state of phosphorylation is presumably affecting both rylation of RPA results in a disruption of intersubunit binding
RFC intersubunit interactions and interactions with other of RPA3?2 and binding with associated proteins, ATM and
lagging strand replication proteins and may have implications DNA-PK .32
for both replication and repair.

10.4. Modified Helicases and Ligase

10.2. Modified FEN1 The RecQ helicases, BLM and WRN, are also subject to

Recent work by Hasan et #8 has demonstrated FEN1 ~ Mmodifications. BLM phosphorylation or dephosphorylation
acetylation by p300 at C-terminal lysines. The C-terminal iN response to ionizing radiation is dependent on cell cycle
lysines appear to be important determinants of FEN1 distribution?2¢2” Moreover, immunoprecipitation studies
cleavage efficiency, as mutations in these residues decreasg@monstrate physical interactions between BLM and the
cleavage activity? Immunoprecipitation experiments re- damage sensors ATKf and ATR??® Both in vitro and in
vealed a physical interaction between FEN1 and p300. VIVO experlments'also reveal partial ATM- orATR-depend—
Analysis of human embryonic kidney cell extracts for €ntphosphorylation of BLM?®<2%%2%hat does not result in
acetylated FEN1 shows an increase in acetylation with 0SS of BLM helicase activity?® These results suggest that
overexpression of p300, indicating that p300 is at least in BLM is affected in the damage response, and it is likely
part responsible for FEN1 acetylation. The acetylation that the status of phosphorylation plays a role in regulation
inhibits nuclease activity and decreases substrate binding,0f BLM during repair.

yet it does not alter FEN1/PCNA bindi#f§ or inhibit PCNA Phosphorylation also presumably plays a role in the
stimulation of FEN1 cleavage activi®j* However, p300 regulation of WRN. Recent results demonstrate a physical
acetylation eliminates stimulation of FEN1 by the B-1 interaction between WRN and DNA-PR?3*%!Both in vitro

damage checkpoint complex, indicating that acetylation may and in vivo, WRN is phosphorylated by a DNA-PK/Ku
be important for modulating FEN1 interaction with replica-  protein complex®®33*In addition, the phosphorylation of
tion and repair proteing* In addition to acetylation, FEN1 ~ WRN negatively regulates its exonuclease and helicase
is also subject to phosphorylation, and this could regulate activities?*! The association between DNA-PK and WRN
its activity_ Pull-down assays and immunoprecipitations inhibits the WRN exonuclease and helicase activfﬁ‘éand
reveal an interaction with both Cdk1 and Cyclin A. More- removal of WRN phosphorylation removes the inhibition of
over, in vitro and in vivo analyses show that Cdk1/Cyclin its helicase activity3! Moreover, an association between
A can phosphorylate FEN1. As cells progress through the WRN and the cAbl kinase also results in WRN phosphory-
S-phase, the level of FEN1 phosphorylation increases.lation both in vitro and in vivé®? Upon exposure to DNA
Although the phosphorylation does not alter substrate bind- damaging agents, WRN is phosphorylated and loses the
ing, it inhibits both FEN1 cleavage and association with association with cAbt?It has been proposed that the cAbl
PCNAZ3% Taken together, these results suggest a possiblePhosphorylation may target WRN to a repair pathway such
role for modification in distributing FEN1 activity between that WRN could be recruited to repair sit€sIn addition,

replication and repair functions. recent studies demonstrate that there is ATM- and ATR-
dependent phosphorylation of WRN in response to DNA
10.3. Modified RPA damage®® Besides phosphorylation, experiments revealing

WRN acetylatio* and modification by SUME&? indicate

Although RPA does not have catalytic activity in lagging a variety of post-translation modifications regulating WRN.
strand synthesis or in repair, it is present both at the Finally, experimental results show that DNA ligase | is
replication fork and at damage sites and is modified by phosphorylated in vivo in a cell cycle-dependent man-
phosphorylatiorf13®>RPA phosphorylation is dependent on  ner336:337 A complex of Cdk2/CyclinA can phosphorylate
cell cycle distributior?®-3%°in response to both interruption  DNA ligase | in vitro?%%33The phosphorylation reaction is
of DNA replicatior?'® and DNA damagé!®-316 Studies in enhanced in the presence of PCNA, suggesting that PCNA
S. cereisiae demonstrate that the large subunit of RPA is is a link between Cdk2 and its substrat®dn addition, DNA
phosphorylated conditionally with damade while the ligase | can be phosphorylated by casein kinasé®This
middle subunit is phosphorylated normally with the cell cycle phosphorylation does not significantly alter the ligase activity,
and following exposure to ionizing radiatiH.312 These although it eliminates PCNA stimulatidf. Furthermore,
results indicate that there are different mechanisms for RPA induction of damage or apoptosis results in a dephosphory-
phosphorylation. However, in bofh cereisiaeand humans,  lation of DNA ligase 133%34°Thus, although the mechanisms
some RPA phosphorylation is dependent on the PIKKs of phosphorylation may vary, results suggest that phospho-
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rylation is also involved in regulation of DNA ligase | CRN1

activity. C. elegans
Altogether, it is likely that a variety of modifications, Dna2

including phosphorylatiof* acetylation, ubiquitination, and (?QPA'PK

sumoylation, coordinate lagging strand protein interactions
with each other and other cellular proteins to maintain g
genome stability through replication and repair processes.gxo1
FEN1
GEN
HDAC1
Maintenance of genome integrity is a crucial component HJ
in the survival of an organism. As a result, a myriad of HR
pathways function in concert for this purpose. These LLR
pathways can be classified into two distinct areas, ones that-P-BER
exist to prevent the accumulation of mutations during 'l\\lAI';AFI?
replication of the genome and others that repair damage tONHEJ
the genome. In this review we highlight the role of lagging nt(s)
strand proteins in both of these areas. PCNA
Eukaryotic lagging strand synthesis is a complex processpikKs
that requires the generation and joining of millions of pola
Okazaki fragments. Lagging strand replication of repeat pol S
sequences is particularly problematic because of the natureol 6
of equilibrating flap intermediates that are generated. How- POl €
ever, the lagging strand proteins have evolved multiple pol «
mechanisms and pathways to prevent mutation under thes 2(1@27
circumstances. The rescue of a stalled replication fork is g
another mechanism that is critical to genome maintenancegpa
because, if left unrepaired, it can serve as a precursor to moresgs1
harmful events. It is not surprising that several lagging strand Sp-BER
proteins, already present at the replication fork, participate SSR
in the restart process. Lagging strand proteins have also beelsUMO

11. Summary and Outlook

implicated in DNA damage repair pathways such as BER S. cereisiae

and NER. These pathways employ mechanisms of endS: pombe
processing and ligation reminiscent of those used in OkazakiTNR
fragment maturation. This similarity suggests how these TRF2
proteins have evolved dual roles in replication and repair. \yon
FENL1 is an intriguing example of a lagging strand protein x |aais
that is implicated in diverse pathways involving genome

integrity including replication, repair, and even apoptosis.
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