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Abstract
First discovered as a structure-specific endonuclease that evolved to cut at the base of single-
stranded flaps, flap endonuclease (FEN1) is now recognized as a central component of cellular
DNA metabolism. Substrate specificity allows FEN1 to process intermediates of Okazaki
fragment maturation, long-patch base excision repair, telomere maintenance, and stalled
replication fork rescue. For Okazaki fragments, the RNA primer is displaced into a 5′ flap and
then cleaved off. FEN1 binds to the flap base and then threads the 5′ end of the flap through its
helical arch and active site to create a configuration for cleavage. The threading requirement
prevents this active nuclease from cutting the single-stranded template between Okazaki
fragments. FEN1 efficiency and specificity are critical to the maintenance of genome fidelity.
Overall, recent advances in our knowledge of FEN1 suggest that it was an ancient protein that has
been fine-tuned over eons to coordinate many essential DNA transactions.
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INTRODUCTION
Flap endonucleases are key components in the DNA transactions of cells in organisms from
bacteria to humans. A fitting tribute to these nucleases is that the first Nobel Prize in DNA
replication, awarded to Kornberg and Ochoa for characterization of Escherichia coli DNA
polymerase I, also honored the discoverers of flap endonuclease 1 (FEN1). In this review,
we attempt to summarize the new developments in the vast FEN1 literature since our last
review (1) and to bring into focus why these enzymes are so vital during various cellular
DNA transactions.

All cells have double-stranded DNA (dsDNA) genomes that need accurate replication and
repair. DNA replication begins at sites on the genome acting as origins and proceeds
bidirectionally by the creation of replication forks. As the antiparallel strands of the DNA
separate for duplication, one strand is copied in the direction of the fork opening to
synthesize the leading strand. The other strand is copied in the opposite direction and so is
made as RNA-primed discontinuous segments, or Okazaki fragments, that later join to form

Copyright © 2013 by Annual Reviews. All rights reserved

DISCLOSURE STATEMENT The authors are not aware of any affiliations, memberships, funding, or financial holdings that might
be perceived as affecting the objectivity of this review.

NIH Public Access
Author Manuscript
Annu Rev Biochem. Author manuscript; available in PMC 2013 December 02.

Published in final edited form as:
Annu Rev Biochem. 2013 June 2; 82: 119–138. doi:10.1146/annurev-biochem-072511-122603.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the lagging strand. In E. coli and other prokaryotes, the fork moves more than 1,000
nucleotides (nt) per second. The RNA primers must be removed from each 1,200-nt Okazaki
fragment, and the fragments must join to keep up this pace. In eukaryotes, the rate of
synthesis is slower, but the Okazaki fragments are only 150–200 nts long, with sizes
determined by nucleosome spacing (2). This means that each time the human genome is
replicated, 10–20 million fragments are processed.

FEN1 NUCLEASE IS CENTRAL TO ACCURATE EUKARYOTIC OKAZAKI
FRAGMENT MATURATION

Initial reconstitution of eukaryotic DNA replication using Simian virus 40 as a model system
revealed the many steps involved (3). Replication on both the leading and lagging strands is
initiated by DNA polymerase α/primase (Pol α), which synthesizes an RNA primer
approximately 12 nts long that is further extended with approximately 20 nts of DNA. This
initiator primer is made at low fidelity because Pol α lacks a proofreading 3′ nuclease. DNA
polymerases ε (Pol ε)and δ (Pol δ) then take over the synthesis of the leading and the
lagging strand, respectively. This polymerase switch is coordinated by ATP-dependent
replication factor C, the clamp loader, which attaches proliferating cell nuclear antigen
(PCNA), the processivity clamp, and either Pol ε or Pol δ. On the lagging strand, Pol δ
elongates the initiator primer and closes the gap between two Okazaki fragments. On
encountering the downstream Okazaki fragment, Pol δ commences strand-displacement
synthesis, whereby it unanneals the 5′ end of the preceding Okazaki fragment into a single-
stranded 5′ flap structure. FEN1 recognizes this structure, binds to the base of the flap, and
precisely cleaves it, removing the RNA and some portion of the initiator DNA to make a
nick. To complete the maturation process, DNA ligase I (Lig I) seals the nick. Okazaki
fragments processed in this manner undergo the short flap pathway for maturation.

Sometimes FEN1 can disengage from the core replication complex, allowing for the
displacement and creation of longer flaps (4). Additionally, helicases such as the 5′ helicase,
Pif1, can bind the displaced flap and lengthen it further (4). If the displaced flap contains
complementary sequences, it can fold back on itself, forming a hairpin, which is refractory
to proper loading of FEN1 for cleavage. Also, the single-strand binding protein, replication
protein A (RPA), can bind and coat a long flap, forming a complex, which also inhibits
cleavage by FEN1 (5–7). Dna2 nuclease/helicase is a binding and functional partner of
FEN1 in cells. Work from the Campbell laboratory (8) has shown that overexpression of
Dna2 compensates for catalytic defects in mutant forms of FEN1 in the cell and vice versa.
Additionally, double mutants of nuclease-defective Dna2 and 3′ nuclease–deficient Pol
δ,which cause greater strand-displacement activity, are lethal in Saccharomyces cerevisiae.
These results imply that Dna2 works with FEN1 to specifically process flaps.

Dna2 can displace RPA from the flap, cleaving periodically and leaving a terminal product
flap 5–6 nts in length. This flap is too short to rebind RPA and is readily available for
cleavage by FEN1. This is the long flap pathway. Based in part on the genetic evidence in S.
cerevisiae that whereas Dna2 is absolutely essential for cell survival, Rad27 (scFEN1) is not,
Seo and colleagues (5) proposed that Okazaki fragments generally achieve lengths that
require Dna2 for processing. However, recent reports from the Campbell laboratory (9)
suggest that whereas enzymes with similar functions (e.g., Exo1) can inefficiently back up
FEN1 for fragment processing, no other protein backs up Dna2's function in the double-
strand break (DSB) repair pathway. Dna2's absence, therefore, causes checkpoint activation
and ultimately cell death (9–11). Reconstitution experiments from our laboratory have
shown that although most of the flaps are processed through the short flap pathway, a few
mature via the long flap pathway (4). Additionally, posttranslational modification of the
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proteins appears to regulate the relative flow through these pathways, as discussed below
(12).

Flaps that contain a hairpin structure cannot be processed via either the short or the long flap
pathway and must use a different pathway. Biochemical reconstitutions from our laboratory
showed that when stable hairpins are created on the 5′ displaced flaps, they can be removed
with the help of Pif1, a 5′ helicase (13). Although we originally proposed that Pif1 would
unwind the hairpin, allowing for binding by RPA and processing of the flap through the long
flap pathway, our actual results suggest otherwise and agree with an original proposal by
Seo and colleagues (14). Pif1 unwinds the entire Okazaki segment in vitro when a stable
hairpin is created, allowing for resynthesis by Pol δ (14), although we do not know whether
this process occurs in cells.

BACTERIAL, ARCHAEAL, AND MAMMALIAN FEN1
The initial discovery of a replication-dependent 5′ exonuclease came from studies using
purified Pol I from E. coli and Thermus aquaticus, wherein the nuclease was found to be an
integral part of the polymerase complex (15, 16). Proteolysis of purified Pol I separated the
polymerase and 3′ –5′ exonuclease (large C-terminal fragment) and the 5′ –3′ exonuclease
(small N-terminal fragment), allowing for better characterization of the individual
components of the complex. (17). The polymerase and 5′ nuclease act together to carry out
a process called nick translation, in which the 5′ side of a nick in DNA is degraded while
the 3′ side is extended. Investigators found that the 5′ –3′ exonuclease produces mono- and
oligonucleotides as well as excises mismatched bases, revealing that the mechanism
involves short flap creation and cleavage (18, 19). In the late 1980s and early 1990s, various
research groups discovered many mammalian FEN1 homologs following the initial isolation
of a 5′ –3′ exonuclease from HeLa cell extracts (20, 21). Cloning and characterization of
the mouse nuclease by Lieber and colleagues (22) led to the naming of the 5′ –3′ nuclease
as a flap endonuclease because it specifically cleaved 5′ flaps. Following the isolation and
characterization of mammalian FEN1, researchers also identified archaeal, plant (23), and
Xenous laevis FEN1 (24).

RNase H
Ribonuclease H (RNase H) encompasses a class of enzymes that excise the RNA from
RNA/DNA hybrids. Because removal of both the initiator RNA during DNA replication and
misincorporated ribonucleotides during repair is vital for maintaining genome fidelity, these
enzymes are extremely important to normal cellular function. There are two distinct classes
of RNase H enzymes: type 1 (RNase HI in prokaryotes, RNase H1 in eukaryotes) and type 2
(RNase HII in prokaryotes, RNase H2 in eukaryotes). Whereas RNase H1 may primarily
function in mitochondrial DNA replication, RNase H2 finds its role in nuclear DNA
replication and repair. RNase H2 functions differently from RNase H1 by cleaving 5′ of
single ribonucleotides embedded in the DNA duplex (25). Our group termed RNase H2
(mistakenly called RNase H1 at the time) as a junction RNase H for its ability to hydrolyze
RNA primers during Okazaki fragment maturation (26) and the specific ability to cut
efficiently between the last two ribonucleotides before the DNA but not between the last
ribonucleotide and the first deoxynucleotide. Similar to Eder et al. (27), we showed that
RNase H2 leaves behind a terminal ribonucleotide that requires the activity of FEN1.
Although biochemical studies showed an important role for RNase H2 along with FEN1 in
the maturation of Okazaki fragments (26, 27), genetic studies in S. cerevisiae showed that
deletion of either RNase H1 or RNase H2 did not result in a significantly different
phenotype, suggesting that the RNase H pathway is redundant for the removal of RNA
during replication (28, 29). Recently, Bubeck et al. found that PCNA specifically directs
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RNase H2 and not RNase H1 to nuclear replication forks (30). PCNA also stimulates the
removal of RNA from Okazaki substrates and misincorporated ribonucleotides (30).
Although Pol δ can strand-displace the initiator primer and FEN1/Dna2 can efficiently
process these flaps, catalysis by RNase H2 before displacement and FEN1 after minimal
displacement appears to be the most efficient means of removing the RNA primer.

BIOCHEMICAL PROPERTIES AND SUBSTRATE PREFERENCE
Initial biochemical experiments showed that FEN1 is a sequence-independent, structure-
specific endonuclease that can cleave single-stranded flaps up to 200 nts in length (16). The
nuclease activity of FEN1 is functional only in the presence of magnesium (Mg2+) and
manganese (Mn2+) ions and is not supported by other cations such as zinc (Zn2+)and
calcium (Ca2+). Optimum cleavage by FEN1 occurs in a concentration range of 1 mM to 10
mM of Mg2+ (22). The presence of salts diminishes the nuclease activity of FEN1, with
cleavage greatly reduced at 50 mM of NaCl (22). FEN1 cleavage activity also functions over
a broad range of temperatures (from 25°C to 85°C), with mammalian FEN1 cleaving best at
37°C.

The most favored substrate configuration for FEN1 [bacterial (31), yeast (32), archae-
bacteria (33), and human (34, 35)] is a double flap with a characteristic single-nucleotide 3′
flap. Crystal structures revealed a closed chamber in FEN1 that fits the 3′ flap and helps
orient the nuclease on its substrate (36, 37). The need for the double-flap configuration
suggests the complexity of motions needed for eukaryotic nick translation. Pol δ carries out
strand-displacement synthesis by physically pushing away the encountered strand while
extending the primer. Because the protein and not the extending strand forces the
displacement, the steady-state structure of the substrate has a short gap between the primer
terminus and the first annealed nucleotide of the displaced strand. This structure must
reconfigure to a double flap before FEN1 can act. To allow for the required redistribution of
base pairs, the polymerase probably backs up and releases the substrate so the FEN1-
substrate complex can form. The term nick translation, which implies sequential addition
and removal of single nucleotides, is clearly an oversimplification of the actual process.

TRACKING VERSUS THREADING
Cleavage by FEN1 was inhibited in the presence of a secondary structure in the 5′ flap or
when a complementary oligonucleotide was annealed to the 5′ end of the flap. Later results
also revealed that a flap containing a biotin-conjugated streptavidin at its 5′ end, a branch or
bubble structure, or certain chemical adducts also inhibited cleavage activity in FEN1 (38).
These observations suggested that the nuclease activity of FEN1 depends on the presence of
a free 5′ flap end. This led to the proposal of a tracking mechanism in which FEN1 must
enter a free 5′ end and then move along the flap to its base for cleavage. The tracking
requirement is an attractive model because it ensures the protection of the genome. Because
FEN1 needs to track from the 5′ end and then cleave, the requirement would shield the
single-stranded region between the Okazaki fragments from indiscriminate nuclease activity.
Protection would occur even though the gap between Okazaki fragments presents a structure
that has elements of a FEN1-preferred substrate with junctions of single- and double-strand
regions. Dna2, the interacting partner of FEN1, displays the same tracking requirement as
FEN1.

In contrast to the popular tracking model, Joyce and colleagues (39) suggested that
eubacterial FEN1 first recognized the dsDNA junction and then threaded the flap through its
active site for cleavage. Giving credence to this model, recent biochemical and crystal
structure data have refined the sequence of events in the recognition, binding, and cleavage
steps of FEN1 (40, 41). Results show that FEN1 can still bind flap substrates blocked at the
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5′ end, indicating that the nuclease initially recognizes the flap base (40). FEN1 binding is
then further stabilized by a threading process in which the 5′ end and then the entire length
of the flap pass through the nuclease. Revisiting of the Dna2 mechanism showed that it has
the same elements (42). This threading requirement also applies to the helicase function,
making it one the few helicases that must enter its substrate from an end (43). The threading
mechanism is consistent with the interaction of FEN1 with PCNA, which strongly stimulates
nuclease activity, and with the myriad of FEN1 protein-binding partners. These interactions
portray FEN1 as part of larger functional protein complexes, consistent with the idea that it
stays at the flap base with a complex and does not wander to find the flap 5′ end.

Why is there a threading requirement? Substrate-binding analyses of FEN1 suggest that the
threading requirement slows FEN1 association and dissociation with its substrate. Moreover,
additional studies indicate that flaps shorter than 3 nts have no effect on binding stability or
dissociation kinetics (40). This suggests that FEN1 does not usually employ threading
because in most cases short flaps are created and removed. These properties are still
consistent with the interpretation that the threading requirement is a protective mechanism
that has evolved to prevent FEN1 and Dna2 from cleaving the single-stranded region
between Okazaki fragments. In that way, the slower tracking process is a necessary side
effect of the protective mechanism, employed only with the relatively few flaps that become
long.

FEN1 also has a gap cleavage or gap endonuclease (GEN) activity (44). This activity would
appear to be at odds with the threading requirement. Researchers have suggested that GEN
activity is regulated so that it is employed selectively to spare gapped regions that must
remain intact, but it can also participate in genome cleavage in apoptosis (44–46).

FEN1 CRYSTAL STRUCTURE
Human FEN1, a metallonuclease, is composed of a nuclease domain [made up of N-terminal
(N), intermediate (I), and C-terminal (C) sections] and an extended C-terminal region, which
is responsible for important interactions with proteins including PCNA and the Werner
protein (WRN) (44, 47–49). Early ideas about the structure of FEN1 emerged from analyses
of its bacteriophage homolog, T5 5′ exonuclease, a protein with a helical arch that allows
for passage of single-stranded DNA (ssDNA) (36). Consistent with the biochemical data,
subsequent crystal structure data from Archaeoglobus fulgidus showed that FEN1
preferentially binds to a 1-nt 3′ overhang and 5′ flap by forming a hydrophobic wedge
around the 3′ flap (37). This formation orients the enzyme to the base of the flap and guides
it in a manner that allows FEN1 to cleave precisely 1 nt into the downstream double-
stranded region, allowing the generation of a nick (37).

Further work by Sakurai and colleagues (50) on human FEN1 confirmed the primary
recognition of the 3′ flap by FEN1; however, because of the disordered structure of the
active site, they could not distinguish between the threading and tracking mechanisms.
Recent crystal structures of human FEN1 in complex with model substrates have allowed us
to visualize the structural features that correspond to the unique substrate interactions of the
FEN1 superfamily of proteins (41). The protein was shown to have a left-handed boxing
glove–like structure. On binding the preferred substrate with a 1-nt 3′ flap and longer 5′
flap, the enzyme interacts tightly through the palm and fingers with the double-stranded
regions on either side of the flaps, with a total interaction distance of more than 16 nt. The
active site bearing the dual Mg2+ atoms resides at the flap base and is sharply bent at 100°.
The structural results show two major protein-DNA interfaces on either side of the bend.
Binding occurs to both flaps, ensuring recognition of a true double-strand flap substrate. A
substantial number of DNA-protein contacts in the 3′ flap–binding pocket attest to why the
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3′ flap is so important for keeping the DNA in proper register with the protein for catalysis.
There are protein contacts to the 5′ flap only near its base; to the gateway structure, which is
present in superfamily members FEN1, EXO1, XPG, and GEN1; and to the cap, which is
present only in FEN1 and EXO1. The cap allows a strand end to have access to the gateway
but denies access to the middle of a strand or a double strand. The cap is part of a larger
structure called the helical arch, which changes from disordered to ordered upon substrate
binding. These features create the threading requirement for FEN1. The absence of the cap
in some nucleases possibly allows them to access DNA bubbles and recombination
intermediates. Figure 1 outlines the mechanism of FEN1 cleavage based on the crystal
structure data.

Amino acid residues in the putative active site are positioned to use an electrostatic
mechanism to promote endonucleolytic phosphodiester hydrolysis. Moreover, the structure
reveals how the downstream double strand is distorted out of B-form conformation so that
the active site can cleave 1 nt into the annealed downstream helix. The structural model
implicates tyrosine 40, lysine 93, and arginine 100 in catalysis, a conclusion confirmed by
mutational analysis. The mechanism is consistent with biochemical evidence that FEN1
binds first to the flap base and that specific amino acid-DNA interactions do not extend into
the 5′ flap (40). Because the flap is not bound directly but must pass through an opening, the
structural features also explain why some flap adducts are tolerated. The lack of specific flap
binding also explains why both DNA and RNA flaps are cleaved. Additionally, the affinity
for the downstream double strands provides a model for how FEN1 can be available at the
substrate site even before the polymerase relinquishes the DNA 3′ end and how the protein
can allow access for DNA ligase after flap cleavage.

FEN1 IN LONG-PATCH BASE EXCISION REPAIR
Cellular DNA is constantly exposed to physical and chemical damaging agents and naturally
occurring breakdowns, both of which structurally alter the DNA, resulting in genome
instability. By-products of metabolism in the form of reactive oxygen species modify
mammalian DNA structure at a very high rate, producing 1,000 to 100,000 lesions per cell
per day (51–53). The primary means for removing base lesions in mammals is base excision
repair (BER) (54, 55). This process involves two subpathways: single-nucleotide BER (SN-
BER) and long-patch BER (LP-BER). These differ in the size of the repair patch and in the
enzymes utilized to restore the lesion site (56, 57). Both subpathways are initiated by a DNA
glycosylase, which recognizes the damaged base and excises it by cleaving the glycosidic
bond between the altered base and the deoxyribose phosphate backbone, creating an abasic
[apurinic/apyrimidinic (AP)] site (58). In addition, the spontaneous hydrolytic loss of
purines creates~10,000 AP sites daily (59, 60). All AP sites are further processed by AP
endonuclease 1, which cleaves the phosphodiester backbone, leaving a 3′ hydroxyl (3′-OH)
and a 5′ deoxyribose phosphate (5′-dRP) moiety (61, 62). The cell then employs SN-BER.
SN-BER uses DNA polymerase β (Pol β), a multifunctional enzyme containing a synthesis
function in a core 30-kDa domain and a lyase activity in an 8-kDa domain (63, 64). The
lyase activity excises the dRP moiety, and the polymerase then replaces it with the correct
nucleotide complementary to the template, producing a nick that is sealed by DNA ligase III
(Lig III). However, if the dRP moiety is either oxidized or reduced, the lyase cannot
function (65). Alternatively, acetylation can posttranslationally modify Pol β, resulting in
inhibition of the lyase (66). When the lyase is unable to function, Pol β performs strand-
displacement synthesis, similar to Pol δ during Okazaki fragment maturation, and lifts the 5′
dRP moiety into a flap structure, initiating LP-BER. The flap is a substrate for FEN1.
Operating with the same specificity as with Okazaki fragment processing, FEN1 binds to the
base of the flap and cleaves off the displaced strand, creating a nick that is then sealed in by
Lig I or the XRCC1/Lig III complex (67).
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In S. cerevisiae and malaria parasites, SN-BER is absent, and LP-BER is the predominant
method of lesion correction (68, 69). However, in mammalian cells, SN-BER may be the
major repair subpathway, with a small percentage of damage corrected by LP-BER (70).
Although the LP-BER repair patch size is technically difficult to measure in vivo because of
the constant removal and repair of lesions, many indirect approaches using plasmid DNA
containing defined damage sequences suggest a repair patch length of 2–12 nt (71).

Experiments show that in both cells and reconstituted systems, FEN1 is a critical enzyme for
LP-BER. Although LP-BER functions in a PCNA-independent subpathway utilizing Pol β,
it can also operate in a PCNA-dependent subpathway that utilizes Pol δ/ε. For repair
purposes, FEN1 and Pol β employ a hit-and-run mechanism. After replacing the 1-nt base
lesion, if the lyase function of Pol β is inhibited, the system alternates polymerase and
nuclease binding with sequential single-nucleotide addition and cleavage for several
additional residues, a hallmark of LP-BER. Reconstitution experiments have verified that
Pol β and FEN1 influence each other by stimulating inherent enzymatic activities on their
cognate substrates. The heterotrimeric protein complex, Rad9, Rad1, and Hus1 (the 9-1-1
complex), also interacts with many of the BER proteins and, similar to its functional partner,
PCNA, stimulates the enzymatic activities of the BER proteins including FEN1.

FEN1 IN TRINUCLEOTIDE REPEATS
The genome contains many sections of repeated sequences that researchers have categorized
into minisatellite and microsatellite repeats according to their length. Regions containing
these repeats, termed fragile sites, are highly unstablebecause their replication could lead to
the formation of unprocessed intermediates that degenerate into DSBs and single-strand
breaks (SSBs) (72, 73). Mutations in both RAD27 and DNA2 in S. cerevisiae destabilize
minisatellite regions, suggesting that proper processing at Okazaki fragments is crucial for
genome maintenance (74). Trinucleotide repeats (TNRs), a category of minisatellite repeats
that includes GC trinucleotide repeats, have a tendency to expand rapidly, achieving
substantial lengths. The expansion of TNRs is the underlying cause of at least 20 severe
neuromuscular and neurodegenerative diseases, including Huntington's disease (HD) and
myotonic dystrophy (75).

Many models propose a mechanism for TNR expansion, all suggesting the formation of
looped DNA intermediates during both DNA repair and replication. Interestingly, large
expansions occur mostly during nondividing cellular conditions (75). Even though none of
the DSB repair pathways influence sequence expansion (76, 77), SSB repair has been
implicated in expansion. During BER, SSBs are generated by the excision of bases damaged
chemically, particularly through oxidation (78). Reports have indicated that in mouse
models for HD, TNR expansion occurs simultaneously with the increase of oxidized bases
(79). Additionally, the loss of 7,8-dihydro-8-oxoguanine DNA glycosylase, which removes
oxidized bases, causes a decrease in TNR lengths in the same mouse model (79). Once the
damaged base is removed, either a short or a long patch is resynthesized. When the long-
patch pathway is followed, the polymerase performs strand displacement, creating an
ssDNA 5′ flap. Although the flap is normally processed by FEN1 5′–3′ endonuclease
activity, in vitro studies have shown that when flaps form loops or hairpins, the 5' end may
become inaccessible for cleavage (80–82). These structures are particularly prone to form
when the flap sequence consists of TNR repeats (83). If these looped structured flaps were
ligated, an expanded product would result.

Smaller expansion events are observed in dividing cells (84). Polymerases pause upon
encountering TNR sequences, especially when the sequences are located on the lagging-
strand template (84–86). Polymerase slippage can result in misalignment of the daughter
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strand and the subsequent generation of an expanded sequence. Evidence in dividing yeast
suggests a replication restart model for TNR expansion in which the polymerase stalls at
long stretches of TNR sequences and causes the replication fork to back up (87). In this
case, misaligned TNR loops can cause the polymerase to reverse and utilize the daughter
strand as a template for synthesis, forming a four-way chicken-foot intermediate (88).

Although patients with HD do not have mutations in FEN1 that impair its function, other
evidence suggests that FEN1 has evolved to oppose the expansion of repeat sequences (89).
Analyses of substrates with overlapping TNR flaps exposed to DNA ligase I and FEN1
show that increasing the concentration of FEN1 prevents the formation of hairpin and
bubble intermediates that can be ligated into expanded products (90). Studies in S. cerevisiae
demonstrate that absence of FEN1 greatly increases TNR expansions, and genetic analysis
implicates the exonucleolytic and gap cleavage activities in the protective effects of FEN1
(91). Liu & Wilson (92) proposed that one mechanism of repeat expansion is the formation
of hairpins in the single-strand intermediates of LP-BER. These structures can produce
strand slippage, moving the flap base on the template so that FEN1 cuts in the wrong
location (Figure 2). This produces an extra length of repeat sequence than can be ligated into
the strand. A similar process can occur with Okazaki fragment intermediates. Mutations in
the mismatch-repair system have been known to suppress TNR expansions (93, 94). Recent
in vitro tests suggest that the mismatch-repair complex Msh2-Msh3 can stabilize bubble and
hairpin structures, promoting improper flap structure and incorrect FEN1 cuts (95). This
appears to be an undesirable side effect of the normal mismatch-repair system.

FEN1-INTERACTING PARTNERS
Eukaryotic FEN1 nucleases interact with many protein partners, as indicated by immuno-
precipitation and catalytic activity changes in FEN1 and sometimes in the partner. As many
as 20 protein partners have been described including PCNA, Dna2, replication protein A
(RPA), Bloom syndrome protein (BLM), and WRN. The number is so large, and the
molecular weight of FEN1 so small at an average of 42 kDa, that FEN1 is unlikely to bind
more than 2–3 partners at a time. This suggests that FEN1 participates in a sequential
handoff process in which its role in protein complexes continuously changes to match the
necessary sequence of reactions of the pathways in which it is participating.

A general feature of partner interaction is that it augments the nuclease activity of FEN1 by
as much as 50-fold. Most partners increase activity to near the maximum possible level
when multiple partners are present. This suggests that FEN1 can assume either high or very
low activity conformational states. A possible reason for this is that FEN1 has evolved to
work only in proper complexes for specific tasks and would display activity detrimental to
genome integrity if it were to act alone.

Interaction with PCNA (96–98) is consistent with the role of PCNA as not only a sliding
clamp for efficient processive actions of DNA replication and repair proteins but also an
exchange platform that coordinates the order of action of these proteins. Binding of FEN1
and Dna2 (99, 100) is consistent with the proposed sequential action of these nucleases in
processing long flaps. The interaction with BLM (101) implicates this hexameric helicase in
the DNA replication and repair pathways of FEN1. Taken together with the known role of
BLM in disrupting recombination intermediates, this interaction suggests that BLM frees
long flaps from forming troublesome structures by binding ectopic sites or having the flaps
fold back on themselves.
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POSTTRANSLATIONAL MODIFICATIONS OF FEN1
Considering FEN1's central role in DNA replication and repair, it is not surprising that its
activity is finely regulated by many posttranslational modifications (102). Human FEN1 can
be modified by phosphorylation, acetylation, methylation, and more recently by
ubiquitination and small ubiquitin-related modifier (SUMO)ylation (103–105).

Researchers first showed that human FEN1 is acetylated in vitro on the C-terminal domain
by the acetyltransferase p300 (105). Mass spectrometry analysis of FEN1 acetylated in vitro
identified four modified lysine (K) sites on the C-terminal domain (K354, K375, K377, and
K380). Recent characterization of the human acetylome analyzing three different cell types
by mass spectrometric techniques confirmed that FEN1 is also acetylated in vivo on sites
K80, K267, and K375 (106). Biochemical analysis of FEN1 acetylated to saturation reduced
catalytic activity by approximately 90% (105). This decreased activity coincided with
reduced binding to FEN1's substrate. Interestingly, more acetylation of FEN1 was observed
after UV damage to cells. For many years, it was unclear why the cell would intentionally
downregulate FEN1 catalytic activity because reduction of FEN1 expression by only 50% in
haploinsufficient cells led to genome instability (107). An initial speculative justification for
acetylation of FEN1 was that the decreased activity of the nuclease would prevent premature
maturation of Okazaki fragments (105). More recently, the rationale for this downregulation
has become more evident in the context of the complete pathways of Okazaki fragment
processing and LP-BER. Nearly every protein in these pathways is naturally modified by
acetylation. Acetylation strongly stimulates Dna2 nuclease, helicase, and ATPase activities
(108), in addition to stimulating Pif1 helicase activity (L. Balakrishnan & R. Bambara,
unpublished observation). Acetylation also augments RPA-binding activity to ssDNA (L.
Balakrishnan, M. Wold & R. Bambara, unpublished observation) and greatly increases the
efficiency of strand-displacement synthesis by DNA Pol δ (L. Balakrishnan, B. vanLoon, U.
Hubscher & R. Bambara, unpublished observation). The acetylated proteins should displace
flaps more efficiently during Okazaki fragment maturation and LP-BER. Acetylated Dna2
should act more efficiently on the flaps, keeping them short. However, acetyl-FEN1 should
create nicks for ligation less frequently than the unmodified nuclease does. The overall
effect is that a longer patch of the 5′ end region of Okazaki fragments and a longer patch of
damaged DNA in LP-BER are removed and replaced. Each Okazaki fragment is initiated by
DNA Pol α, which lays down a 9–14-nt RNA followed by approximately 20 nt of DNA. Pol
α does not have a 3′ proofreading nuclease and so is two orders of magnitude less accurate
than the Pol δ that completes synthesis of the fragment. Consequently, there is an increasing
gradient of probability from the 3′ to the 5′ end that an Okazaki fragment will contain a
mismatch error. Therefore, replacing a longer patch of Pol α product with Pol δ product
should increase the fidelity of DNA replication. Moreover, replacing a longer patch of
damaged DNA in LP-BER increases the probability that the damage will be fully removed.
In this manner, the cell employs an acetylation-based regulatory process that allows it to
trade efficiency of DNA repair for fidelity. The choice of which direction of trade is more
desirable may depend on nutritional or developmental states of the cell or on whether the
enzymes are acting on transcriptionally active DNA.

FEN1 was also phosphorylated at serine 187 in the late S phase by the cyclin A or Cdk2/
cyclin E complex (103). FEN1 phosphorylated in vitro bound to its substrate with a similar
affinity as the unmodified form; however, its endonuclease activity was inhibited (103).
Additionally, PCNA was unable to interact with the phosphorylated form of FEN1 (103).
Guo et al. (109) showed that phosphorylation of FEN1 regulates its localization to the
nucleolus and influences its role in ribosomal DNA replication and repair. Creation of
phosphorylation mutants (either constitutively phosphorylated or phosphorylation
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inhibitory) increased cellular UV damage sensitivity, UV repair capacity, and ultimately cell
survival (109).

Recently investigators showed the methylation of FEN1 at the arginine 192 residue (110).
Interestingly, methylation of FEN1 prevented its phosphorylation. Methylated FEN1
retained its interaction with PCNA. The Shen group (111) postulates that FEN1 is
dynamically methylated and phosphorylated to regulate its activity on the replication fork.
During Okazaki fragment processing, methylated FEN1 initially interacts with PCNA and
replaces Pol δ to gain access to the flap. Following flap removal, FEN1 is phosphorylated,
which causes it to lose its interaction with PCNA and leave the substrate to provide access
for DNA ligase I.

To determine the fate of FEN1 after completion of replication, Shen and colleagues (104)
analyzed the levels of FEN1 during different cell cycle phases and showed that it peaked
during the S phase and dramatically decreased during the G2/M phase. Because there was no
decrease in the FEN1 transcript level, they questioned whether the reduction in FEN1
expression was posttranslational-modification dependent. They determined that
ubiquitination and SUMOylation modify FEN1. The UBE1/UBE2M/PRP19 complex
ubiquitinated FEN1 at K354 (104). FEN1 was modified by SUMO3 at K168 (104).
Phosphorylation of FEN1 stimulated its ubiquitination, which in turn stimulated
SUMOlyation and degradation by the proteasome pathway (104). This cascade of
modifications alters the levels of FEN1 in the cell, potentially to decrease the risk of having
an active nuclease in the cell during phases when this activity is not required. Thus, the
activity and expression are tightly controlled in the cell by programmed regulation of
multiple posttranslational modifications (104).

FEN1 IN MITOCHONDRIA AND TELOMERES
Although FEN1 may have a predominantly nuclear localization, researchers have long
suspected its presence in mitochondria. In view of the highly oxidative environment of
mitochondria, BER in mitochondria should require a FEN1-like endonuclease. In 2008,
FEN1's level of involvement in the repair process was debated, with the Demple and Shen
groups (112) suggesting that FEN1 plays a central role in the LP-BER process in
mitochondria and the Mitra group (113) maintaining that other mitochondrial nucleases,
along with FEN1, effected repair. Irrespective of its level of involvement, both groups
established the presence of mammalian FEN1 in the mitochondria (112, 113). Construction
of a Rad27-green fluorescent protein fusion integrated into the yeast genome allowed
tracking of the cellular distribution of FEN1 by fluorescence microscopy and showed that
although most of the proteins concentrated in the nucleus, FEN1 also associates with the
mitochondria (114). The role of FEN1 in mitochondrial DNA replication has not been
confirmed (113).

FEN1 has also been implicated in maintaining telomere stability. Early studies in rad27
yeast strains showed that the lengths of the telomere repeats destabilized, specifically when
the cells were grown at 37°C (115, 116). These mutants also accumulated single-stranded G
overhangs at the lagging telomere ends, possibly contributing to telomere shortening and an
accelerated senescence phenotype (115, 116). During the S and G2 phases of the cell cycle,
human FEN1 localized to the telomere and associated with telomeric-repeat binding factor 2
(TRF2), a component of the shelterin complex (117, 118). FEN1 also forms a complex with
telomerase via telomeric DNA (119). Deficiency of FEN1 in mouse embryonic fibroblasts
caused an increase in telomere end-to-end fusions (119). Depletion of FEN1 in BJ
fibroblasts led to an increase in γ-H2AX foci and loss of sister telomeres replicated by
lagging-strand synthesis (120). Genetic rescue experiments revealed that the nuclease
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activity of FEN1 and its ability to interact with WRN and TRF2 are essential for it to
function at telomeres (120). Mutations affecting the GEN activity of FEN1 and the WRN
interaction sites promoted telomere instability, suggesting that both of these functions of
FEN1 are essential for its role at chromosome ends (121). FEN1 also processed flaps created
on substrates that form G4 quartets (122). Although the exact role of FEN1 at telomeres
needs clarification, taking into account its proposed interactions and functions, we infer that
FEN1 collaborates with other proteins at the telomeres to reinitiate stalled replication forks,
thereby contributing to higher genome stability.

NATURALLY OCCURRING FEN1 MUTANTS
Although FEN1 is not essential for the viability of S. cerevisiae and Schizosaccharomyces
pombe, it is required for normal cell growth and proliferation (123). Several mutations have
been made to the active site, localization site, and interaction sites of FEN1 to elucidate its
role in replication and repair. Naturally occurring mutations in FEN1 have also been helpful
in defining its role in DNA transactions. Two functional variants of FEN1 in germ line cells
(69G → A and 4150G → T) have been associated with an increased frequency of lung and
gastrointestinal cancers (124, 125). The 69G → A polymorphism resides in the promoter
region of the FEN1 transcript, and 4150G → T occurs in the 3′ untranslated region of the
FEN1 transcript. Both of these polymorphisms are linked to decreased mRNA expression of
FEN1 (125). These single-nucleotide polymorphisms may contribute to cancer risk, given
the role of FEN1 as a tumor suppressor (described in the section below), and could be used
as markers for detection of lung and gastrointestinal cancers.

Direct DNA sequencing of the FEN1 gene derived from tumors or tumor-derived cell lines
revealed mutations that alter the nuclease activity of FEN1 (126). Detection of in-frame
mutations in lung cancer tissues, a missense mutation in melanoma, and a silent mutation in
esophageal cancer, all of which are not present in the corresponding normal tissues, suggests
these mutations are somatic in nature (126). To further establish the etiological significance
of the somatic mutations, the Shen group (126) established the first mouse model that
contains an E160D mutation in the FEN1 gene that alters Mg2+ binding to FEN1 and also
specifically decreases the EXO and GEN activities of FEN1. Elimination of those nuclease
activities of FEN1 in this mouse model led to an increase in frequent spontaneous mutations
(126). Additionally, this model showed an increase in the accumulation of incompletely
digested DNA fragments in apoptotic cells (126). Furthermore, these mutant mice showed
signs of chronic inflammation and were predisposed to autoimmunity (126). Another
independent study confirmed that the E160D mutation in FEN1 indeed increased
susceptibility to cancer (127).

ROLE OF FEN1 IN CANCER
A reduction of FEN1 activity in haploinsufficient cells caused deleterious effects including
rapid tumor progression (107). Although FEN1 is generally thought of as a tumor suppressor
gene, many reports emphasize its role in supporting growth and proliferation in cancer cells.
Normally, FEN1 expression is proliferation dependent and silenced in terminally
differentiated cells (128, 129). Because cancer progression involves deregulation in the
expression of many proteins and FEN1 is central to DNA replication, FEN1 is
unsurprisingly overexpressed in multiple cancer types.

Using a cancer-profiling assay that compares tumor tissues with normal tissues, Singh et al.
(130) showed that FEN1 is overexpressed in breast cancer tissues. This overexpression was
linked to increased mRNA levels, most likely as a consequence of FEN1-promoter
hypomethylation (130). Additionally, Singh et al. (130) showed that the mRNA levels of
FEN1 were overexpressed in other types of cancer, including uterine, kidney, ovarian, and
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colon. Using global gene-profiling assays, FEN1 was also identified as a novel gene that
was upregulated in pancreatic adenocarcinoma (131). Comparison of normal lung cells with
small and nonsmall lung cancer cells showed an increased level of FEN1 gene expression in
the cancer cells (132). The level of FEN1 mRNA transcripts was also increased in gastric
cancer cells compared with normal cells (133). The FEN1 protein level was increased in
most but not all glioblastoma and astrocystoma tumors, suggesting that it could be
potentially used as a tumor marker (134).

The DNA of cancerous cells is constantly exposed to endogenous stress as a result of rapid
DNA synthesis and defects in DNA repair systems. Researchers previously reported that the
expression of FEN1 is upregulated in mouse fibroblasts undergoing genotoxic stress (135).
We currently do not know whether the levels of FEN1 are altered during chemotherapy or
radiation. Glioblastoma cell lines depleted of FEN1 showed increased damage sensitivity to
methylating agents such as methyl methanesulfonate and temozolomide. Considering how
integral FEN1 is to repair pathways, the high expression levels of FEN1 may contribute to
altered drug resistance. As proof of this concept, one study showed that breast cancer cells
having a lower FEN1 expression level were more susceptible to apoptosis compared with
cells with a high expression level (136). However, because FEN1 plays a role in DNA
replication, LP-BER, and the final steps of nucleotide excision repair, we must fully
understand how altered levels of FEN1 can confer resistance to anticancer drugs and
determine whether FEN1 can be used as a tumor marker.

Predictably, lack of FEN1 expression causes genome instability and cancer predisposition.
Homozygous knockout of FEN1 genes in mice causes embryonic lethality (137).
Heterozygous knockout of FEN1 along with heterozygous knockout of the Adenomatous
polyposis coli gene, a classic tumor suppressor, results in adenocarcinoma and decreased
survival rates (137). In cancer cells expressing a normal level of FEN1, the activity of the
nuclease may be downregulated by a variety of factors such as genetic mutations of the
active site, impairment in protein-protein interactions, improper cell localization, and effects
of posttranslational modifications. The mutation E160D, reported naturally in human
cancers, alters cation (Mg2+) binding in the active site, thereby resulting in altered substrate
binding and cleavage properties. The Shen group (126) created a mouse line harboring
E160D and showed that this mutation affected the EXO and GEN activities of the nuclease,
consistent with previously observed defects in apoptosis (126, 138). Additionally, they
observed that the mutant mice were susceptible to cancer and also to autoimmunity and
chronic inflammation (126). These findings strongly suggest the role of FEN1 as a tumor
suppressor as it is absolutely essential in the maintenance of genome fidelity.

CONCLUSIONS
FEN1 is one of the most ancient and centrally important proteins in the cell. Usually just
more than 40 kDa, it has evolved for efficient form and function. It has adapted to interact
with a succession of approximately 20 protein-binding partners and is regulated by
numerous posttranslational modifications. It is a guardian of genome integrity, but if
mutated or improperly regulated, it is key to cancer progression. Its structure-specific
substrate specificity and threading mechanism are marvels of protein machinery. FEN1 is a
testimony to the level of elegance that a protein can achieve after eons of strong
evolutionary pressure.
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FUTURE ISSUES

1. The role of posttranslational modification of FEN1 in important cellular
regulatory processes that preserve genome integrity deserves considerably more
investigation.

2. Functional interactions of FEN1 with telomere-binding proteins that act in
telomer-especific DNA replication and repair should be characterized.

3. The role of FEN1 in cancer progression is an important new topic.

4. Recent evidence suggests that properly functioning mismatch-repair proteins
interfere with FEN1 in a way that promotes triplet repeat expansion. The
potentially undesirable interactions of replication and repair proteins deserve
consideration.
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Figure 1.
Flap endonuclease 1 (FEN1) substrate recognition and cleavage. FEN1 (a) recognizes the
displaced flap, (b) binds to the base of the flap, (c) bends the substrate into a 100° angle to
arrange the one-nucleotide 3′ overhang and 5′ displaced flap in the active site, and (d)
precisely cleaves the flap, generating a nick. Based on structure information from Reference
41 and adapted with permission from Susan E. Tsutakawa, Lawrence Berkeley National
Laboratory, Berkeley, CA 94720.
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Figure 2.
Alternate FEN1 cleavage. Substrates with trinucleotide repeats or other self-complementary
sequences can equilibrate to contain (a) both 5′ and 3′flaps, (b)only a 5′ flap, or (c) a
configuration producing an expansion intermediate by creating a hairpin and a flap with an
alternate FEN1 cleavage site. The green arrows indicate the sites of FEN1 cleavage.
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