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Completion of lagging strand DNA synthesis requires processing of up to 50 million Okazaki fragments per cell cycle in mammalian
cells. Even in yeast, the Okazaki fragment maturation happens approximately a million times during a single round of DNA replica-
tion. Therefore, efficient processing of Okazaki fragments is vital for DNA replication and cell proliferation. During this process,
primase-synthesized RNA/DNA primers are removed, and Okazaki fragments are joined into an intact lagging strand DNA. The pro-
cessing of RNA/DNA primers requires a group of structure-specific nucleases typified by flap endonuclease 1 (FEN1). Here, we sum-
marize the distinct roles of these nucleases in different pathways for removal of RNA/DNA primers. Recent findings reveal that
Okazaki fragment maturation is highly coordinated. The dynamic interactions of polymerase &, FEN1 and DNA ligase | with prolif-
erating cell nuclear antigen allow these enzymes to act sequentially during Okazaki fragment maturation. Such protein-protein
interactions may be regulated by post-translational modifications. We also discuss studies using mutant mouse models that
suggest two distinct cancer etiological mechanisms arising from defects in different steps of Okazaki fragment maturation.
Mutations that affect the efficiency of RNA primer removal may result in accumulation of unligated nicks and DNA double-strand
breaks. These DNA strand breaks can cause varying forms of chromosome aberrations, contributing to development of cancer
that associates with aneuploidy and gross chromosomal rearrangement. On the other hand, mutations that impair editing out of

polymerase « incorporation errors result in cancer displaying a strong mutator phenotype.
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Introduction

Replication of double-stranded DNA is the central process in cell
proliferation. In eukaryotic cells, DNA replication initiates at mul-
tiple origins on each chromosome and proceeds bi-directionally
from each origin into the flanking DNA, forming a DNA replication
fork (Figure 1). As the replication machinery moves along the
DNA, the synthesis of both new strands occurs simultaneously.
To achieve this, replication is semi-discontinuous: the leading
strand is synthesized continuously by polymerase & (Pol ¢),
from a single initiation event at the replication origin, whereas
the lagging strand is initiated by the primase [a hetero-tetramer
of RNA polymerase and DNA polymerase a (Pol o) that syn-
thesizes the RNA primer and a short portion of DNA (termed the
a-segment)] and is extended by polymerase & (Pol 8) as a
series of discrete Okazaki fragments (Pursell et al.,, 2007;
Kunkel and Burgers, 2008; Nick McElhinny et al., 2008; Burgers,
2009). Primase synthesizes primers to initiate both leading and
lagging strand synthesis. On the leading strand, Pol « is displaced
by the combined action of replication factor C (RFC), proliferating
cell nuclear antigen (PCNA) and Pol & (Lovett, 2007; Kunkel and
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Burgers, 2008; Burgers, 2009). As a result, a highly processive
polymerization complex is assembled, which carries out the
leading strand DNA synthesis (Lovett, 2007; Kunkel and
Burgers, 2008; Burgers, 2009). On the other hand, the DNA Pol
a/primase complex places frequent RNA primers, 7—14 nucleo-
tides (nt) in length, on the lagging strand and elongates them
by addition of 10-20 deoxyribonucleotides. Subsequently, Pol
a is displaced by Pol & via an RFC/PCNA-dependent polymerase
switching mechanism, which initiates a processive DNA synthesis
of segments of nascent lagging strand DNA, ~200 nt in length
(Waga and Stillman, 1994; Bambara et al., 1997; Burgers,
2009). The RNA primers in these nascent segments, or Okazaki
fragments, must be removed, and the Okazaki fragments are
joined into an intact lagging DNA strand. This process is depen-
dent on the actions of nucleases. Over the last two decades,
several nucleases, including RNase H, flap endonuclease 1
(FEN1) and Dna2, have been implicated as being involved in pro-
cessing of Okazaki fragments (Turchi et al.,, 1994; Waga and
Stillman, 1994; Bae et al., 2001; MacNeill, 2001). Here, we
review recent advances in elucidating the roles of FEN1 and
other nucleases in the Okazaki fragment maturation process.
We also discuss insights into how nucleases and other enzymes
are regulated in this highly ordered process and the biological
consequences of impairing one of these steps.
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Figure 1 Enzymes and reactions in the DNA replication fork. Major
proteins factors present in a typical replication fork include: (i) mini-
chromosome maintenance (MCM) proteins (six homo-subunits),
which are helicases for opening up the DNA duplex to initiate a
DNA replication fork; (ii) RPA, a single-stranded DNA binding
protein to protect the DNA template from nuclease cleavage; (iii)
primase (a complex of RNA polymerase and Pol o), which synthesizes
RNA primers and a short DNA fragment to initiate Okazaki fragments;
(iv) Pol 6, the DNA polymerase responsible for synthesizing the major
portion of Okazaki fragments; (v) Pol &, the DNA polymerase respon-
sible for leading strand DNA synthesis; (vi) PCNA, which is the DNA
clamp for the processivity of DNA polymerase and coordination of
Okazaki fragment maturation processes; (vii) RFC, which is the
clamp loader for PCNA to load onto DNA duplex; (viii) nucleases,
including RNase H, DNA2 and FEN1 for removal of RNA primers and
(ix) DNA Lig I, which joins processed Okazaki fragments into an
intact DNA lagging strand. Black lines represent the DNA template,
while pink ones are the newly synthesized DNA and light pink ones
are the RNA primers.

FEN1-dependent cleavage of the
short primer flap

Three distinct pathways have been proposed to elucidate how
RNA/DNA primers are removed by nucleases during Okazaki frag-
ment maturation (Figure 2). RNase H, which degrades ribonucleo-
tides on RNA-DNA hybrid duplex, was initially identified as an
important enzyme for RNA primer removal (Turchi and Bambara,
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1993; Turchi et al.,, 1994; Waga and Stillman, 1994; Waga
et al., 1994). The biochemical property of RNase H makes it a
perfect candidate for the nuclease involved in RNA primer
removal. It has been hypothesized that RNase H cleaves all ribo-
nucleotides of the RNA primer except the last one, which is
removed by the 5’ exonuclease activity of FEN1 (Figure 2)
(Turchi and Bambara, 1993; Turchi et al., 1994; Waga and
Stillman, 1994; Waga et al., 1994). However, in yeast, deletion
of individual genes encoding RNase H1 or RNase H2, or combi-
nations of these null mutations, does not cause an obvious phe-
notype (Frank et al., 1998; Qiu et al., 1999), suggesting that this
pathway is not the primary mechanism for RNA primer removal
and other pathways may be responsible for processing of RNA/
DNA primers.

It has been indicated that during lagging strand DNA syn-
thesis, the replicating DNA polymerase/PCNA complex encoun-
ters and displaces the RNA primer of the previous Okazaki
fragment, resulting in a 5’ single-stranded flap structure
(Bambara et al., 1997; Liu et al., 2004; Burgers, 2009). There
are two distinct mechanisms for processing the displaced RNA
primer in eukaryotic cells, depending on the length of the RNA
primer flap (Figure 2). In the first model, Pol & displaces the
RNA primer to create a predominantly short flap of 2-10nt
(Bambara et al.,, 1997; Liu et al.,, 2004). Cleavage of such
short flap structures is mediated by FEN1, which recognizes
branched nucleic acid structures that contain a single-stranded
5 flap and threads through or slides down the single-stranded
DNA and cleaves the DNA substrate at the junction between
double-stranded and single-stranded DNA, precisely producing
a ligatable DNA end (Figure 2) (Harrington and Lieber, 1994,
1995; Murante et al.,, 1994; Nolan et al., 1996; Bambara
et al., 1997; Zhu et al.,, 1997; Hosfield et al., 1998; Shen
et al., 2005). More recently, Burger’s group has further proposed
a model to elucidate the highly coordinated actions of Pol & and
FEN1 in removal of short RNA primer flaps (Garg et al., 2004;
Stith et al., 2008). They revealed that in most cases the inter-
action between the 3’ exonuclease and the polymerase activities
of Pol & limits the forward movement of Pol §, allowing the
addition of only 1-2nt in the strand displacement DNA
synthesis. In addition, after gap-filling, Pol & is replaced by
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Figure 2 Distinct roles of nucleases in sequential processing of RNA/DNA primers (a-segment). Upper panels show three different pathways
involved in processing RNA primers: (i) FEN1-mediated short flap cleavage (middle); (ii) long flap degradation by sequential actions of DNA2
and FEN1 (right) and (iii) RNA primer removal by RNase H/FEN1 exonuclease (left). The bottom panel indicates the action of FEN1 or exonu-
clease to edit out incorporation errors of Pol «. Yellow circles represent ribonucleotides and cyan squares represent mismatched deoxyribo-
nucleotides. Black lines correspond to DNA templates and pink lines correspond to newly synthesized DNA. Blue arrows indicate cleavage

by RNase H or the exonuclease activity of FEN1 or exo-1.



Okazaki fragment maturation: nucleases take central stage

FEN1 via a hand-off mechanism to cleave the mono- or
di-ribonucleotide flap. If the RNA primer remains present, Pol &
returns. The Pol 8-driven gap filling and FEN1-mediated short
flap cleavage continue for several cycles until all ribonucleotides
are removed, leading to DNA-DNA ends that are sealed by DNA
ligase | (Lig I).

The FEN1-dependent short flap pathway has been shown to be
the dominant pathway in the removal of RNA primers. This is sup-
ported by several in vivo studies using yeast and mouse models.
FEN1 deficiency in mice causes defects in DNA replication, failure
of cell proliferation and embryonic lethality (Kucherlapati et al.,
2002; Larsen et al., 2003; Zheng et al., 2007a). In yeast, deletion
of Rad27 (FEN1 yeast homolog) causes slow growth at the per-
missive temperature (30°C) and cell death at the stringent temp-
erature (37°C). Furthermore, rad27A mutant yeast cells display a
unique duplication mutator phenotype, which is likely due to the
ligation of an un-removed flap with the downstream Okazaki frag-
ment. However, the observation that rad27A mutations are, sur-
prisingly, not lethal suggests that redundant nucleases are
involved in RNA primer removal in yeast. One such nuclease is
the 5 exonuclease 1 (Exo1), which also displays 5’ flap endonu-
clease activity, albeit at a much lower level than FEN1 (Lee and
Wilson, 1999). Deletion of both RAD27 and EXO1 in yeast
causes synthetic lethality, suggesting a role for Exol in backing
up the function of FEN1 in RNA primer removal and/or DNA
recombination (Tishkoff et al., 1997a). DNA recombination pro-
vides an alternative pathway to process RNA primers when
FEN1 is deficient (Tishkoff et al., 1997a). On the other hand,
long flap structures may form in the absence of RAD27, and the
RNA primers may be removed by the alternative long flap
pathway.

Sequential actions of DNA2 and
FEN1 in removal of long primer flap

The existence of the long flap pathway during Okazaki fragment
maturation was revealed by studies of Dna2 mutant yeast
strains, indicating that DNA2 is essential for DNA replication in
yeast. Dna2 proteins, members of the nuclease/helicase family
(Budd et al., 1995), are present in numerous organisms and
have distinct nuclease, ATPase and helicase domains (Budd
et al., 1995; Bae and Seo, 2000). Biochemical studies revealed
that DNA2 nucleases preferentially recognized and cleaved 5
long flap DNA structures (Bae et al., 1998; Bae and Seo, 2000;
Bae et al., 2001; Kim et al., 2006; Masuda-Sasa et al., 2006;
Zheng et al., 2008). However, unlike the typical FEN1, which
cleaves single-stranded flap DNA substrates at the junction
between single-stranded and double-stranded DNA, DNA2
nucleases remove a portion of DNA in the middle of the long
single-stranded DNA flap, generating a short flap (Bae et al.,
1998; Bae and Seo, 2000; Bae et al.,, 2001; Kim et al., 2006;
Masuda-Sasa et al., 2006; Zheng et al., 2008). Single-stranded
RNA/DNA flaps longer than 30 nt may attract the single-stranded
DNA binding protein, replication protein A (RPA), which inhibits
the flap endonuclease activity of FEN1 (Bae et al., 2001; Chai
et al., 2003). Seo’s group first proposed that the binding of RPA
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to the single-stranded RNA primer recruits Dna2 and stimulates
its nuclease activity to cleave a large portion of the long RNA/
DNA primer flap, as Dna2 can clamp onto the site (Figure 2)
(Bae et al., 2001). This generates a short flap (~5-7 nt) that
resists binding by RPA and cleavage by Dna2. The remaining
flap is removed by FEN1 to produce a substrate for ligation
(Figure 2). In addition, in FEN1-deficient yeast, the short flap
can be processed by the 3’ exonuclease activity of Pol 8 via a
5" and 3’ flap equilibrium mechanism, in which the 5 flap is
converted into a 3’ flap (Jin et al., 2001, 2003).

Yeast genetic studies have offered supporting evidence for the
formation of the long flap structure in vivo and mechanistic
insights into the long flap pathway. rad27A mutant yeast cells
contain duplication mutations that may be as long as 100 nt, indi-
cating that the flap can be up to 100 nt long (Tishkoff et al.,
1997b). In addition, compromising the 3’ exonuclease activity of
Pol & and FEN1 in yeast causes synthetic lethality; however, over-
expression of Dna2 can rescue these double mutant cells (Jin
et al., 2001, 2003). More recently, a study on Pif1, a DNA helicase
important for DNA replication and telomere stability, suggested
that the helicase promotes the generation of long flaps (Rossi
et al., 2008; Pike et al., 2009). Supporting this hypothesis, del-
etion of Pifl can suppress the lethal phenotype of the dna2A
mutant yeast strain, in which processing of the long flap fails
(Rossi et al., 2008; Pike et al., 2009). Although Pol 8 predomi-
nantly displaces the short DNA flap, long flaps may occur due
to the presence of robust helicase activity such as Pifl and/or
dysfunction of Pol 8 and FEN1.

Despite evidence suggesting its role in yeast, the alternative
long flap pathway may not be important in mammalian Okazaki
fragment maturation. In human cells, DNA2, unlike its yeast
homolog, predominantly migrates into the mitochondria (Zheng
et al., 2008) and the residual nuclear DNA2 is not associated
with DNA replication foci (Zheng et al.,, 2008; Duxin et al.,
2009), indicating that human DNA2 is not a primary component
in human DNA replication machinery. This finding suggests that
the DNA2-mediated long flap pathway is critical for RNA primer
removal only in yeast and other lower eukaryotic organisms.

Editing out Pol « errors

At first glance, the processing of Okazaki fragments might appear
to only remove the short RNA primers, replace them with DNA and
join DNA fragments. However, primase lacks a proofreading
function (Foiani et al., 1997; Pavlov et al., 2006); therefore, the
initial deoxyribonucleotides in the Okazaki fragment contain
mis-incorporated bases (Figure 2), which are highly mutagenic
and must be removed. Otherwise, these initiation regions of
Okazaki fragments would be mutation hotspots, leading to dra-
matic elevation of mutation rates. Three mechanisms may be
involved in suppressing DNA mutations resulting from the
incorporation errors of Pol «. First, the 3’ exonuclease activity
of Pol 3 may form a complex with Pol o and help to proofread
Pol « errors during Pol «-driven RNA-DNA primer synthesis.
Supporting this hypothesis, mutant yeast cells carrying the
L868M Pol a mutation, which reduces its DNA polymerase fidelity,
displayed a 6-fold increase in mutation rate and the proofreading-
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defective Pol 8 mutant yeast (exo-Pol 8) had a 7-fold increase in
mutation rate. However, the L868M Pol o and exo-Pol & double
mutant displayed a 70-fold elevation of the mutation rate
(Pavlov et al., 2006), suggesting the two polymerases may func-
tionally interact with each other and the 3’ exonuclease of Pol 3
may proofread mis-incorporation errors of Pol a. Second, if the
mis-incorporation escapes proofreading, it may be edited out by
FEN1 during RNA primer removal (Figure 2). The mis-paired
nucleotide could be displaced in the 5 flap and removed by
FEN1 through the short flap pathway or by the concerted action
of DNA2 and FEN1 in the long flap pathway (Figure 2). On the
other hand, if the mis-paired nucleotide is not displaced into
the flap, the 5" exonuclease activity of FEN1 may remove a few
nucleotides from the 5 end of the nick, followed by Pol
d-driven gap-filling (nick-translation) to edit out the incorporation
error (Figure 2). Consistent with this view, we observed that
mouse embryonic fibroblasts or yeast cells carrying the FEN1
exonuclease-defective mutation E160D (or E158D in yeast) had
a 25-fold increase in rates of base substitution (Zheng et al.,
2007b). Last, the incorporation error may be repaired via the
DNA mismatch repair pathway, in which the MSH2/MLH1
complex recognizes the mismatched base and recruits EXO1 to
remove it from either the 5’3’ or the 3'-5’ direction (Figure 2)
(Kolodner and Marsischky, 1999; Sun et al., 2002; Wei et al.,
2003). These multiple mechanisms ensure the accuracy of
lagging strand DNA synthesis.

Regulation of Okazaki fragment
maturation processes

Completion of lagging strand DNA synthesis requires processing
of up to 50 million Okazaki fragments per cell cycle in mammalian
cells. Even in yeast, the Okazaki fragment maturation happens
~1 x 10° times during a single round of DNA replication.
Therefore, efficient processing of Okazaki fragments is vital for
DNA replication and cell proliferation. Because Okazaki fragment
maturation involves multiple enzymatic reactions, including Pol
d-driven gap-filling, FEN1-mediated flap cleavage and Lig
I-catalyzed DNA ligation, these enzymes must be effectively
recruited to the replication site to execute their function.
However, they also need to promptly dissociate from DNA sub-
strates, allowing downstream enzymes to access DNA substrates.
Thus, different enzymes will not compete for DNA substrates and
ensure efficient completion of Okazaki fragment maturation pro-
cesses. Recent studies from our and other groups have shed
light onto how cells achieve highly ordered Okazaki fragment
maturation processes (Chapados et al., 2004; Sporbert et al.,
2005; Dore et al., 2006; Zheng et al., 2007a). PCNA has been
implicated as a platform for recruiting different enzymes to the
replication sites and coordinating the sequential actions of poly-
merase, FEN1 and DNA Lig | at DNA replication forks (Figure 3)
(Chapados et al.,, 2004; Sporbert et al.,, 2005; Dore et al.,
2006). Pol 3, FEN1 and Lig | share the same PCNA-binding
motif, Qxx(L/NxxF(F/Y) (Gary et al,, 1997; Levin et al., 2000;
Frank et al., 2001), and both the motif QRSIESFFK in Lig | and
the motif QGRLDDFFK in FEN1 can bind to a subunit of PCNA.
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Figure 3 Model for post-translational modifications that mediate the
interaction between FEN1 and PCNA, and thus regulate the dynamic
actions of FEN1 in processing of Okazaki fragment maturation. The
Pol 3/PCNA complex drives the gap filling and formation of the flap
structure in Okazaki fragment mutation. Methylated FEN1 is recruited
to the replication fork by interacting with PCNA, replacing Pol 3.
Methylation of FEN1 ensures its interaction with and stimulation
by PCNA to remove the flap structure. After DNA flap cleavage,
FEN1 undergoes de-methylation and subsequent phosphorylation,
leading to FEN1 dissociation from the DNA nick. DNA Lig | is then
recruited by interaction with PCNA and seals the nicks between the
two Okazaki fragments.

This physical interaction is critical for coordinating FEN1 and Lig
| during DNA replication (Chapados et al., 2004; Refsland and
Livingston, 2005; Sporbert et al.,, 2005; Subramanian et al.,
2005; Dore et al., 2006). Two models have been proposed to elu-
cidate how PCNA coordinates the actions of FEN1 and Lig |
(Chapados et al.,, 2004; Refsland and Livingston, 2005;
Subramanian et al., 2005; Dore et al., 2006). In the first model,
rotary-handoff (Chapados et al., 2004; Dore et al., 2006), both
FEN1 and Lig | recognize the PCNA-bound DNA substrate, which
can rotate at the PCNA site. The rotation allows FEN1 and Lig I,
which are bound to one of three binding sites on PCNA, to
sequentially access intermediate DNA substrates. The second
model proposes that the binding of PCNA by FEN1 and by Lig |
is mutually exclusive. The competition between Lig | and FEN1
for PCNA binding is crucial for the sequential loading of FEN1
and Lig | onto the DNA replication fork (Subramanian et al.,
2005). Supporting this model, the co-crystal of the human Lig
I-DNA complex indicates that Lig | encircles the DNA substrate
with a similar ring size and shape to that of PCNA, and that
PCNA binding of FEN1 or Lig | excludes the other from interacting
with PCNA (Pascal et al., 2004). In either situation, the interaction
of PCNA with FEN1 and Lig | is critical for efficient transition from
the FEN1 cleavage reaction to Lig I-mediated DNA ligation. In fact,
a mutation in FEN1, which disrupts the physical interaction with
PCNA, resulted in retarded processing of «a-segments and
severe pathological consequences (Zheng et al., 2007a).

One critical question is how FEN1 and other enzymes can effi-
ciently bind to PCNA and DNA substrates, and then dissociate
once the nuclease reaction is complete to avoid blocking the
Ligl reaction during DNA replication. Our recent discovery
about FEN1 offers an exemplary case in solving this puzzle (Guo
et al.,, 2010). We demonstrated that FEN1 was methylated at
residue R192, which prevented FEN1 phosphorylation S187. In
late S or G2 phase, the amount of methylated FEN1 decreased,
which coincided with an increase in phosphorylated FEN1.
Furthermore, we showed that methylated FEN1 effectively
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interacted with PCNA (Guo et al., 2010), but phosphorylated FEN1
promptly dissociated from PCNA (Henneke et al., 2003; Guo et al.,
2010). Thus, the interplay between FEN1 methylation and phos-
phorylation provides a mechanism for the nuclease to dynami-
cally associate and dissociate with PCNA and thus the DNA
substrate (Guo et al., 2010). Therefore, we propose the following
model to illuminate how PCNA coordinates FEN1 and other
enzymes during the processing of Okazaki fragments (Figure 3).
In the early stage of Okazaki fragment maturation, FEN1 exists
in a methylated form, which enables it to replace Pol 3 and
access PCNA and the flap structure. Upon cleavage of the RNA
primer flap, FEN1 is demethylated, which allows the nuclease
to be phosphorylated by cell cycle-dependent kinases.
Phosphorylation of FEN1 causes the nuclease to fall off PCNA
and the DNA nicks, leading to recruitment of Lig | and DNA lig-
ation. In addition, we postulate that similar to methylation and
phosphorylation of FEN1, post-translational modifications may
occur in other Okazaki fragment maturation proteins and play
important roles in regulating the actions of these proteins
during processing of Okazaki fragments. Determining the
dynamic modifications and corresponding protein—protein inter-
actions of these enzymes at different stages of the Okazaki frag-
ment maturation process will eventually provide a high-resolution
picture of how different DNA replication enzymes and accessory
proteins are able to process millions of Okazaki fragments
within hours.

RNA primer processing in
mitochondria

Each cell contains hundreds to thousands of mitochondria and
each mitochondrion contains several copies of the mitochondrial
DNA (mtDNA) genome (Shadel and Clayton, 1997). Mammalian
mtDNA is a circular molecule of approximately 16 kb and is typi-
cally replicated via a strand-displacement mode (Shadel and
Clayton, 1997). DNA synthesis is initiated at the replication origin
of the H-strand (Oy) to replicate the single-stranded H-strand,
which results in a D-loop structure. The expansion of the D-loop
structure exposes the replication origin of the L-strand, leading
to DNA synthesis of the L-strand in the opposite direction. Thus,
unlike nuclear DNA replication, mtDNA replication by the strand
displacement mode only involves leading strand DNA synthesis
and requires only one primer for synthesis of one copy of mtDNA
(Shadel and Clayton, 1997). Recently, using two-dimensional gel
electrophoresis of the replication intermediates, Holt’s group
observed that mitochondrial replication forks were similar to
those in nuclear DNA replication. This observation suggests that
the strand-coupled DNA replication mechanism is also used to
replicate mtDNA (Holt et al., 2000; Yang et al., 2002). Other
studies showed that both mechanisms were employed to replicate
mtDNA in eukaryotic cells (Fish et al., 2004).

It is generally accepted that RNA primers are removed during
a maturation process in mtDNA replication, regardless of
which replication mode is used (Shadel and Clayton, 1997;
Bogenhagen and Clayton, 2003). However, the molecular mech-
anisms by which RNA primers are removed in mitochondria
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remain unclear. A study has shown that RNase H1 is critical for
mitochondrial biosynthesis (Cerritelli et al., 2003). More recently,
we and others have found that FEN1 and DNA2, which are
involved in nuclear Okazaki fragment maturation, migrate into
mitochondria (Copeland and Longley, 2008; Liu et al., 2008;
Zheng et al., 2008; Duxin et al., 2009). Therefore, we hypothesize
that all three mechanistic pathways for nuclear Okazaki fragment
maturation may also be critical in mtDNA replication (Figure 2). (i)
RNase H cleaves the RNA portion, and FEN1 then removes the last
ribonucleotide and a portion of the deoxyribonucleotides, gener-
ating a ligatable DNA end. (i) During DNA synthesis, the RNA
primer can be displaced into a flap shorter than 10 nt, which is
cleaved by FEN1. A nick-translation reaction coupling the
nuclease-driven flap cleavage and polymerase-driven displace-
ment gap-filling may efficiently remove the whole RNA primer.
(iif) Extensive displacement may occur and result in a long flap
structure, which is not an optimal substrate for FEN1.
Mitochondrial single-stranded DNA binding protein binds to the
single-stranded flap and further suppresses the flap endonu-
clease activity. In such a case, the DNA2 nuclease/helicase is
required to cleave the long flap, producing a short flap for FEN1
to cut.

Defects in Okazaki fragment
maturation and cancer

Failure in Okazaki fragment maturation in yeast has been linked
to increases in DNA strand breaks, mutator phenotypes and
other genome instabilities, which suggests that defects in
Okazaki fragment maturation may contribute to cancer initiation
and/or progression. Severe defects in Okazaki fragment matu-
ration may halt DNA replication and induce cell death.
Therefore, we postulate that mutations or deletions that eliminate
the functions of the genes essential for this process are rare in
human populations, but those causing subtle functional altera-
tions in this process may exist. These subtle defects in Okazaki
fragment maturation processes do not affect growth and develop-
ment, but result in accumulation of varying forms of genome
instabilities, leading to early onset of cancer.

Supporting this hypothesis, homozygous knockout mutant
mice for genes such as FEN1 and Lig 1 exhibit failure of cell pro-
liferation and early embryonic lethality (Bentley et al., 2002;
Kucherlapati et al., 2002; Larsen et al., 2003). In addition, we
have recently identified an FEN1 mutation F343A/F344A (FFAA),
which disrupts the interaction between FEN1 and PCNA (Zheng
et al., 2007a). Consequently, the FFAA FEN1 mutant proteins fail
to localize to replication sites to execute FEN1’s function in
Okazaki fragment maturation. The FFAA/FFAA MEF cells grow
slower than wild-type cells and mice homozygous for the FFAA
FEN1 mutation die immediately after birth due to pancytopenia
and pulmonary hypoplasia (Zheng et al., 2007a). Interestingly,
the FFAA FEN1 mutation displayed partial defects in Okazaki frag-
ment maturation, which allowed heterozygous mutant mice to
survive although they accumulated unligated nicks in the
genome. These single-stranded DNA breaks collapse DNA replica-
tion forks in the next round of DNA replication, resulting in
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double-strand breaks, which subsequently cause chromosome
breaks and/or gross chromosomal rearrangements (GCR). In
addition, the mutant cells are more likely to become polyploid
and aneuploid. These chromosomal aberrations, commonly
observed in human cancers, have been thought to promote
cancer development (Zheng et al., unpublished data).

Another group of genetic mutations may affect non-essential
processes for editing out Pol « errors, thus increasing the
mutation rate but not affecting cell proliferation. As a conse-
quence, cells have an elevated chance of activating oncogenes
or inactivating tumor suppressor genes due to somatic DNA
mutations. A previous study showed a point mutation D400A at
the 3’ exonuclease domain of Pol 8, which may be responsible
for proofreading Pol « errors, increased the DNA mutation fre-
quency and cancer incidence (Goldsby et al., 2001). More
recently, we identified a group of exonuclease-defective FEN1
mutations in human cancer (Zheng et al., 2007b). We modeled
these human FEN1 mutations in mice by introducing the E160D
FEN1 mutation into the mouse genome. The E160D FEN1
mutation eliminates 90% of the exonuclease activity, which is
likely important for editing out the incorporation errors of Pol «,
but retains the flap endonuclease activity critical for RNA primer
removal (Zheng et al., 2007b). Thus, E160D MEF cells have a
DNA replication and proliferation rate similar to wild-type cells
but display high rates of base substitution. Mutant mice
bearing the E160D FEN1 mutation grow and develop normally
like their wild-type littermates, but develop mutator phenotype-
associated lung cancer at relatively early stages (Zheng et al.,
2007b). These mouse studies provide convincing evidence sup-
porting the concept that defects in Okazaki fragment maturation
cause cancer. We further suggest that there are two distinct
molecular mechanisms in cancer development due to defects
in different processes during Okazaki fragment maturation.
Mutations that affect the efficiency of RNA primer removal are
likely to result in DNA strand breaks, which cause GCR and/or
chromosome instabilities and subsequently cancer that associ-
ates with the chromosomal aberrations. On the other hand,
mutations that affect the editing out of Pol « incorporation
errors may lead to cancer displaying a strong mutator phenotype.

Concluding remarks

Recent studies have provided compelling evidence indicating the
distinct roles of nucleases in Okazaki fragment maturation. In
yeast, FEN1-mediated cleavage of short RNA primer flaps and
degradation of long flaps by the sequential actions of DNA2/
FEN1 are both critical for RNA primer removal and DNA replication.
However, recent biochemical studies have suggested that DNA2
may not localize to the replication sites and play an important
role in RNA primer removal in mammals. Studies using DNA2 knock-
out mutant mice will clarify this issue. Moreover, characterization of
FEN1 and DNA2 mutant mouse models will provide high resolution
pictures elucidating the role of these nucleases in mammalian cells.

Several lines of evidence have emerged to support the hypoth-
esis that Okazaki fragment maturation is a highly ordered process
and that PCNA plays a vital role in coordinating different enzymes
in this process. An exciting observation is that the interplay
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between methylation and phosphorylation of FEN1 modulates
its dynamic interactions with PCNA, providing insights into how
a nuclease is able to access DNA substrates when needed and
promptly dissociate from them when its job is done. However,
many other questions remain, including: (i) how methylated
FEN1 actively binds PCNA, while phosphorylated FEN1 separates
from PCNA; (ii) what enzyme demethylates FEN1; (iii) whether
post-translational modifications of Pol & and Lig1, similar to
those of FEN1, regulate the dynamic interactions with PCNA and
DNA substrates; and (iv) whether genetic or environmental
factors that change the post-translational modifications of these
enzymes disrupt the highly ordered Okazaki fragment maturation
processes and cause cancer. Future studies using a combination
of biochemical, structural and mouse genetic approaches will fill
these knowledge gaps.

Acknowledgements

We thank Keely Walker for editorial assistance. The authors regret
that this article could not cite all the pertinent papers due to
space limitations.

Conflict of interest: none declared.

Funding

Work in the Shen laboratory is supported by the National Cancer
Institute grants RO1CA073764 and RO1CA085344.

References

Bae, S.H., and Seo, Y.S. (2000). Characterization of the enzymatic properties of
the yeast Dna2 helicase/endonuclease suggests a new model for Okazaki
fragment processing. ). Biol. Chem. 275, 38022-38031.

Bae, S.H., Choi, E., Lee, K.H., et al. (1998). Dna2 of Saccharomyces cerevisiae
possesses a single-stranded DNA-specific endonuclease activity that is able
to act on double-stranded DNA in the presence of ATP. J. Biol. Chem. 273,
26880-26890.

Bae, S.H., Bae, K.H., Kim, J.A., et al. (2001). RPA governs endonuclease switch-
ing during processing of Okazaki fragments in eukaryotes. Nature 412,
456-461.

Bambara, R.A., Murante, R.S., and Henricksen, L.A. (1997). Enzymes and reac-
tions at the eukaryotic DNA replication fork. J. Biol. Chem. 272, 4647 -4650.

Bentley, D.J., Harrison, C., Ketchen, A.M., et al. (2002). DNA ligase | null mouse
cells show normal DNA repair activity but altered DNA replication and
reduced genome stability. J. Cell Sci. 115, 1551-1561.

Bogenhagen, D.F., and Clayton, D.A. (2003). The mitochondrial DNA replication
bubble has not burst. Trends Biochem. Sci. 28, 357-360.

Budd, M.E., Choe, W.C., and Campbell, J.L. (1995). DNA2 encodes a DNA heli-
case essential for replication of eukaryotic chromosomes. J. Biol. Chem. 270,
26766-26769.

Burgers, P.M. (2009). Polymerase dynamics at the eukaryotic DNA replication
fork. J. Biol. Chem. 284, 4041-4045.

Cerritelli, S.M., Frolova, E.G., Feng, C., et al. (2003). Failure to produce mito-
chondrial DNA results in embryonic lethality in Rnaseh1 null mice. Mol.
Cell 11, 807-815.

Chai, Q., Zheng, L., Zhou, M., et al. (2003). Interaction and stimulation of
human FEN-1 nuclease activities by heterogeneous nuclear ribonucleopro-
tein Al in alpha-segment processing during Okazaki fragment maturation.
Biochemistry 42, 15045-15052.

Chapados, B.R., Hosfield, D.J., Han, S., et al. (2004). Structural basis for FEN-1
substrate specificity and PCNA-mediated activation in DNA replication and
repair. Cell 116, 39-50.



Okazaki fragment maturation: nucleases take central stage

Copeland, W.C., and Longley, M.). (2008). DNA2 resolves expanding flap in
mitochondrial base excision repair. Mol. Cell 32, 457-458.

Dore, A.S., Kilkenny, M.L., Jones, S.A., et al. (2006). Structure of an archaeal
PCNA1-PCNA2-FEN1 complex: elucidating PCNA subunit and client enzyme
specificity. Nucleic Acids Res. 34, 4515-4526.

Duxin, J.P., Dao, B., Martinsson, P., et al. (2009). Human Dna2 is a nuclear and
mitochondrial DNA maintenance protein. Mol. Cell. Biol. 29, 4274-4282.
Fish, J., Raule, N., and Attardi, G. (2004). Discovery of a major D-loop replica-
tion origin reveals two modes of human mtDNA synthesis. Science 306,

2098-2101.

Foiani, M., Lucchini, G., and Plevani, P. (1997). The DNA polymerase alpha-
primase complex couples DNA replication, cell-cycle progression and
DNA-damage response. Trends Biochem. Sci. 22, 424-427.

Frank, G., Qiu, J., Somsouk, M., et al. (1998). Partial functional deficiency of
E160D flap endonuclease-1 mutant in vitro and in vivo is due to defective
cleavage of DNA substrates. ). Biol. Chem. 273, 33064—-33072.

Frank, G., Qiu, J., Zheng, L., et al. (2001). Stimulation of eukaryotic flap
endonuclease-1 activities by proliferating cell nuclear antigen (PCNA) is
independent of its in vitro interaction via a consensus PCNA binding
region. J. Biol. Chem. 276, 36295-36302.

Garg, P., Stith, C.M., Sabouri, N., et al. (2004). Idling by DNA polymerase delta
maintains a ligatable nick during lagging-strand DNA replication. Genes Dev.
18, 2764-2773.

Gary, R., Ludwig, D.L., Cornelius, H.L., et al. (1997). The DNA repair endonu-
clease XPG binds to proliferating cell nuclear antigen (PCNA) and shares
sequence elements with the PCNA-binding regions of FEN-1 and cyclin-
dependent kinase inhibitor p21. J. Biol. Chem. 272, 24522-24529.

Goldshy, R.E., Lawrence, N.A., Hays, L.E., et al. (2001). Defective DNA
polymerase-delta proofreading causes cancer susceptibility in mice.
Nat. Med. 7, 638-639.

Guo, Z., Zheng, L., Xu, H., et al. (2010). Methylation of FEN1 suppresses nearby
phosphorylation and facilitates PCNA binding. Nat. Chem. Biol. 6, 766—773.

Harrington, J.J., and Lieber, M.R. (1994). Functional domains within FEN-1 and
RAD2 define a family of structure-specific endonucleases: implications for
nucleotide excision repair. Genes Dev. 8, 1344-1355.

Harrington, J.J., and Lieber, M.R. (1995). DNA structural elements required for
FEN-1 binding. J. Biol. Chem. 270, 4503-4508.

Henneke, G., Koundrioukoff, S., and Hubscher, U. (2003). Phosphorylation of
human Fen1 by cyclin-dependent kinase modulates its role in replication
fork regulation. Oncogene 22, 4301-4313.

Holt, I.J., Lorimer, H.E., and Jacobs, H.T. (2000). Coupled leading- and
lagging-strand synthesis of mammalian mitochondrial DNA. Cell 100,
515-524.

Hosfield, D.)., Mol, C.D., Shen, B., et al. (1998). Structure of the DNA repair and
replication endonuclease and exonuclease FEN-1: coupling DNA and PCNA
binding to FEN-1 activity. Cell 95, 135-146.

Jin, Y.H., Obert, R., Burgers, P.M., et al. (2001). The 3'— 5" exonuclease of DNA
polymerase delta can substitute for the 5" flap endonuclease Rad27/Fen1 in
processing Okazaki fragments and preventing genome instability. Proc. Natl.
Acad. Sci. USA 98, 5122-5127.

Jin, Y.H., Ayyagari, R., Resnick, M.A., et al. (2003). Okazaki fragment matu-
ration in yeast. Il. Cooperation between the polymerase and
3’-5’-exonuclease activities of Pol delta in the creation of a ligatable nick.
J. Biol. Chem. 278, 1626—-1633.

Kim, J.H., Kim, H.D., Ryu, G.H., et al. (2006). Isolation of human Dna2 endonu-
clease and characterization of its enzymatic properties. Nucleic Acids Res.
34, 1854-1864.

Kolodner, R.D., and Marsischky, G.T. (1999). Eukaryotic DNA mismatch repair.
Curr. Opin. Genet. Dev. 9, 89-96.

Kucherlapati, M., Yang, K., Kuraguchi, M., et al. (2002). Haploinsufficiency of
flap endonuclease (Fenl) leads to rapid tumor progression. Proc. Natl.
Acad. Sci. USA 99, 9924-9929.

Kunkel, T.A., and Burgers, P.M. (2008). Dividing the workload at a eukaryotic
replication fork. Trends Cell. Biol. 18, 521-527.

Larsen, E., Gran, C., Saether, B.E., et al. (2003). Proliferation failure and gamma
radiation sensitivity of Fen1 null mutant mice at the blastocyst stage. Mol.
Cell. Biol. 23, 5346—-5353.

Journal of Molecular Cell Biology | 29

Lee, B.l., and Wilson, D.M., 3rd (1999). The RAD2 domain of human exonu-
clease 1 exhibits 5’ to 3’ exonuclease and flap structure-specific endonu-
clease activities. ). Biol. Chem. 274, 37763-37769.

Levin, D.S., McKenna, A.E., Motycka, T.A., et al. (2000). Interaction between
PCNA and DNA ligase | is critical for joining of Okazaki fragments and long-
patch base-excision repair. Curr. Biol. 10, 919-922.

Liu, Y., Kao, H.l., and Bambara, R.A. (2004). Flap endonuclease 1: a central
component of DNA metabolism. Annu. Rev. Biochem. 73, 589-615.

Liu, P., Qian, L., Sung, J.S., et al. (2008). Removal of oxidative DNA damage via
FEN1-dependent long-patch base excision repair in human cell mitochon-
dria. Mol. Cell. Biol. 28, 4975-4987.

Lovett, S.T. (2007). Polymerase switching in DNA replication. Mol. Cell 27,
523-526.

MacNeill, S.A. (2001). DNA replication: partners in the Okazaki two-step. Curr.
Biol. 11, R842—-R844.

Masuda-Sasa, T., Imamura, 0., and Campbell, J.L. (2006). Biochemical analysis
of human Dna2. Nucleic Acids Res. 34, 1865-1875.

Murante, R.S., Huang, L., Turchi, J.J., et al. (1994). The calf 5'- to 3’-exonuclease
is also an endonuclease with both activities dependent on primers annealed
upstream of the point of cleavage. ). Biol. Chem. 269, 1191-1196.

Nick McElhinny, S.A., Gordenin, D.A., Stith, C.M., et al. (2008). Division of labor
at the eukaryotic replication fork. Mol. Cell 30, 137-144.

Nolan, J.P., Shen, B., Park, M.S., et al. (1996). Kinetic analysis of human flap
endonuclease-1 by flow cytometry. Biochemistry 35, 11668-11676.

Pascal, J.M., O’Brien, P.J., Tomkinson, A.E., et al. (2004). Human DNA ligase |
completely encircles and partially unwinds nicked DNA. Nature 432,
473-478.

Pavlov, Y.l., Frahm, C., Nick McElhinny, S.A., et al. (2006). Evidence that errors
made by DNA polymerase alpha are corrected by DNA polymerase delta.
Curr. Biol. 16, 202-207.

Pike, J.E., Burgers, P.M., Campbell, J.L., et al. (2009). Pif1 helicase lengthens
some Okazaki fragment flaps necessitating Dna2 nuclease/helicase action
in the two-nuclease processing pathway. J. Biol. Chem. 284, 25170-25180.

Pursell, Z.F., Isoz, I., Lundstrom, E.B., et al. (2007). Yeast DNA polymerase
epsilon participates in leading-strand DNA replication. Science 317,
127-130.

Qiu, J., Qian, Y., Frank, P., et al. (1999). Saccharomyces cerevisiae RNase H(35)
functions in RNA primer removal during lagging-strand DNA synthesis, most
efficiently in cooperation with Rad27 nuclease. Mol. Cell. Biol. 19,
8361-8371.

Refsland, E.W., and Livingston, D.M. (2005). Interactions among DNA ligase |,
the flap endonuclease and proliferating cell nuclear antigen in the
expansion and contraction of CAG repeat tracts in yeast. Genetics 171,
923-934.

Rossi, M.L., Pike, J.E., Wang, W., et al. (2008). Pif1 helicase directs eukaryotic
Okazaki fragments toward the two-nuclease cleavage pathway for primer
removal. J. Biol. Chem. 283, 27483-27493.

Shadel, G.S., and Clayton, D.A. (1997). Mitochondrial DNA maintenance in
vertebrates. Annu. Rev. Biochem. 66, 409-435.

Shen, B., Singh, P., Liu, R., et al. (2005). Multiple but dissectible functions of
FEN-1 nucleases in nucleic acid processing, genome stability and diseases.
Bioessays 27, 717-729.

Sporbert, A., Domaing, P., Leonhardt, H., et al. (2005). PCNA acts as a station-
ary loading platform for transiently interacting Okazaki fragment maturation
proteins. Nucleic Acids Res. 33, 3521-3528.

Stith, C.M., Sterling, J., Resnick, M.A., et al. (2008). Flexibility of eukaryotic
Okazaki fragment maturation through regulated strand displacement syn-
thesis. J. Biol. Chem. 283, 34129-34140.

Subramanian, )., Vijayakumar, S., Tomkinson, A.E., et al. (2005). Genetic
instability induced by overexpression of DNA ligase | in budding yeast.
Genetics 171, 427-441.

Sun, X., Zheng, L., and Shen, B. (2002). Functional alterations of human exo-
nuclease 1 mutants identified in atypical hereditary nonpolyposis colorectal
cancer syndrome. Cancer Res. 62, 6026-6030.

Tishkoff, D.X., Boerger, A.L., Bertrand, P., et al. (1997a). Identification and
characterization of Saccharomyces cerevisiae EXO1, a gene encoding an exo-
nuclease that interacts with MSH2. Proc. Natl. Acad. Sci. USA 94, 7487-7492.



30 | Journal of Molecular Cell Biology

Tishkoff, D.X., Filosi, N., Gaida, G.M., et al. (1997b). A novel mutation avoid-
ance mechanism dependent on S. cerevisiae RAD27 is distinct from DNA
mismatch repair. Cell 88, 253-263.

Turchi, J.J., and Bambara, R.A. (1993). Completion of mammalian lagging strand
DNA replication using purified proteins. J. Biol. Chem. 268, 15136-15141.
Turchi, J.)., Huang, L., Murante, R.S., et al. (1994). Enzymatic completion of
mammalian lagging-strand DNA replication. Proc. Natl. Acad. Sci. USA 91,

9803-9807.

Waga, S., and Stillman, B. (1994). Anatomy of a DNA replication fork revealed
by reconstitution of SV40 DNA replication in vitro. Nature 369, 207-212.
Waga, S., Bauer, G., and Stillman, B. (1994). Reconstitution of complete SV40
DNA replication with purified replication factors. J. Biol. Chem. 269,

10923-10934.

Wei, K., Clark, A.B., Wong, E., et al. (2003). Inactivation of exonuclease 1 in
mice results in DNA mismatch repair defects, increased cancer suscepti-
bility, and male and female sterility. Genes Dev. 17, 603—-614.

Zheng and Shen

Yang, M.Y., Bowmaker, M., Reyes, A., et al. (2002). Biased incorporation of
ribonucleotides on the mitochondrial L-strand accounts for apparent
strand-asymmetric DNA replication. Cell 111, 495-505.

Zheng, L., Dai, H., Qiu, J., et al. (2007a). Disruption of the FEN-1/PCNA
interaction results in DNA replication defects, pulmonary hypoplasia,
pancytopenia, and newborn lethality in mice. Mol. Cell. Biol. 27,
3176-3186.

Zheng, L., Dai, H., Zhou, M., et al. (2007b). Fen1 mutations result in autoimmu-
nity, chronic inflammation, and cancers. Nat. Med. 13, 812-819.

Zheng, L., Zhou, M., Guo, Z., et al. (2008). Human DNA2 is a mitochondrial
nuclease/helicase for efficient processing of DNA replication and repair
intermediates. Mol. Cell 32, 325-336.

Zhu, F.X., Biswas, E.E., and Biswas, S.B. (1997). Purification and characteriz-
ation of the DNA polymerase alpha associated exonuclease: the RTH1
gene product. Biochemistry 36, 5947—-5954.



