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ABSTRACT

Overexpression of the flap endonuclease FEN1 has
been observed in a variety of cancer types and is
a marker for poor prognosis. To better understand
the cellular consequences of FEN1 overexpression
we utilized a model of its Saccharomyces cerevisiae
homolog, RAD27. In this system, we discovered that
flap endonuclease overexpression impedes replica-
tion fork progression and leads to an accumulation
of cells in mid-S phase. This was accompanied by
increased phosphorylation of the checkpoint kinase
Rad53 and histone H2A-S129. RAD27 overexpress-
ing cells were hypersensitive to treatment with DNA
damaging agents, and defective in ubiquitinating the
replication clamp proliferating cell nuclear antigen
(PCNA) at lysine 164. These effects were reversed
when the interaction between overexpressed Rad27
and PCNA was ablated, suggesting that the observed
phenotypes were linked to problems in DNA replica-
tion. RAD27 overexpressing cells also exhibited an
unexpected dependence on the SUMO ligases SIZ1
and MMS21 for viability. Importantly, we found that
overexpression of FEN1 in human cells also led to
phosphorylation of CHK1, CHK2, RPA32 and histone
H2AX, all markers of genome instability. Our data
indicate that flap endonuclease overexpression is a
driver of genome instability in yeast and human cells
that impairs DNA replication in a manner dependent
on its interaction with PCNA.

INTRODUCTION

Complete replication of the genome before cell division is a
fundamental requirement for the multigenerational viabil-
ity of all cellular organisms. Evolution has provided a highly
conserved set of replication factors, which carry out an in-
tricately coordinated array of activities. In the event of dif-
ficulty or error, a network of repair and checkpoint path-
ways has arisen to facilitate the completion of replication
with a minimum of inheritable mutations. The high level of
conservation in these replication-, repair- and checkpoint
pathways has allowed us to utilize relatively simpler model
organisms, such as Saccharomyces cerevisiae, to better un-
derstand how these processes are carried out in more com-
plex metazoan systems. In this study, we started with the
observation that the replication factor flap endonuclease 1
(FEN1) is frequently overexpressed in human cancer tis-
sues and attempted to understand the effect that this has
on DNA replication and genome stability in the simple or-
ganism S. cerevisiae.

FEN1 and its yeast homolog radiation sensitive 27
(RAD27) have a conserved function in DNA replication
to process 5′ flaps, which are generated at the junction of
Okazaki fragments on the lagging strand (1–3). Synthesis
of the lagging strand is carried out primarily by polymerase
(pol-) � in conjunction with the homotrimeric replication
clamp and processivity factor proliferating cell nuclear anti-
gen (PCNA). Synthesis continues until the polymerase col-
lides with the 5′ end of the preceding Okazaki fragment and
displaces it into a 5′ flap (4). PCNA then coordinates the
processing of this flap in a manner that is dependent on a
conserved interaction between the PCNA interacting pep-
tide (PIP) box of Rad27/FEN1 and the interdomain con-
nector loop of PCNA (5–7). Flap cleavage results in a lig-
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atable nick, which is sealed by DNA ligase I, completing
Okazaki fragment maturation (4). In addition to its well
described function in DNA replication, Rad27/FEN1 has
also been implicated in 5′-deoxyribophosphate removal at
abasic sites during base excision repair (BER) (8).

Deletion mutants of RAD27 in yeast are viable but
exhibit temperature sensitive growth, increased mutation
rate, hyper-recombination, repeat tract instability and DNA
damage sensitivity (9–12). Conversely, FEN1 overexpres-
sion has been observed in a wide variety of cancer types
including gastric, prostate, testis, brain, lung, breast, ovar-
ian and prostate and is a marker for poor prognosis (13–
21). Despite the prevalence of overexpression in cancer, re-
markably little is understood as to the effect of FEN1 over-
abundance on DNA replication, cell-cycle progression or
genome stability. We hypothesized that overexpression of an
enzyme capable of cleaving DNA strands that also interacts
with PCNA and plays a crucial function in DNA replication
could lead to negative effects on genome stability through
the deregulation of any of these functions.

In addition to its coordinating role in unperturbed
replication, PCNA is also subject to a number of post-
translational modifications which endow it with the ability
to coordinate cellular responses to replication stress (22).
Ubiquitination of PCNA at the residue of lysine (K)164
by Rad6–Rad18 is an evolutionarily conserved response to
replication stress triggered by persistent regions of repli-
cation protein A (RPA) coated single stranded (ss)DNA
(23,24). This modification can activate two potential post-
replicative repair (PRR) pathways dependent on the length
of the ubiquitin chain (23). Mono-ubiquitin facilitates a
switch from the processive replicative polymerases to spe-
cialized translesion polymerases that are able to toler-
ate replication over damaged DNA, albeit with an in-
creased rate of nucleotide misincorporation (25). Alterna-
tively, poly-ubiquitination facilitates an error-free template
switching pathway of PRR capable of bypassing damaged
sites and filling in ssDNA gaps (26). The mechanistic details
of this pathway are not yet well understood. K164 is also
a conserved target for attachment of a small ubiquitin-like
modifier (SUMO). Unlike ubiquitination, this modification
occurs during unperturbed S phase and serves to inhibit il-
legitimate recombination between nascent sister chromatids
by recruiting the helicase/anti-recombinase suppressor of
rad six 2 (Srs2) (27,28). Srs2 is thought to inhibit recombi-
nation at replication forks by disrupting the formation of
Rad51 nucleoprotein filaments (29,30). Conversely, recent
reports have pointed to a pro-recombination role for Srs2
that is independent of its interaction with PCNA (31,32).

In the present study, we have used an inducible overex-
pression system to modulate RAD27 expression levels. Our
findings indicate that overexpression causes marked impair-
ment of DNA replication leading to delayed S phase pro-
gression and accumulation of DNA damage in a manner
that is dependent on its interaction with PCNA. Unexpect-
edly, overexpression also dramatically increases DNA dam-
age sensitivity that is linked to an inability to transfer ubiq-
uitin onto PCNA. Instead, PCNA is heavily sumoylated
and SUMO-dependent pathways – including those target-
ing PCNA – promote viability under these conditions. At
last, we demonstrate that transient overexpression of FEN1

in human cell culture leads to an elevation of markers for
genome instability. We conclude that overexpression of flap
endonuclease is a potent driver of genome instability and
mutation, both enabling characteristics of cancer and that
this widespread phenomenon has the potential to be an ac-
tive contributor to cancer formation and evolution.

MATERIALS AND METHODS

Yeast strains and culture conditions

All yeast strains were derived from E133 wild-type cells
(Supplementary Table S1) (33). Cultures carrying plasmid-
borne galactose inducible constructs were grown in syn-
thetic medium lacking uracil and containing 2% raffinose
as a sugar source. Induction of gene expression was ac-
complished by adding galactose to a final concentration
of 2% once cultures had reached an OD600 of ∼0.600. All
genetic knockouts were generated by polymerase chain re-
action (PCR)-mediated gene disruption (34). The mms21-
CH allele was introduced via a two-fragment PCR method
that has been described previously (35). Briefly, one frag-
ment containing mms21-CH was generated from genomic
DNA using a 5′ primer upstream of the mms21-CH lo-
cus and a downstream 3′ primer with a region complemen-
tary to the 5′ end of a second PCR fragment containing a
LEU2 marker. Equal molar ratios of the two fragments were
mixed, denatured at 95◦C for 5 min and allowed to anneal
at room temperature for 30 min before being transformed
into competent yeast cells.

Plasmids

Overexpression of RAD27, rad27-n and rad27-FFAA was
under control of an inducible GAL1-10 promoter in a
YEp195SPGAL plasmid backbone (36). These constructs
were obtained from D. Gordenin and have been described
(5). His6-PCNA strains were constructed using Yip128-
P30-POL30 (a gift from H.D. Ulrich, IMB Mainz). This
construct was linearized with AflII and integrated at the
genomic LEU2 locus. Expression was analyzed by west-
ern blot to ensure similar protein levels to endogenous un-
tagged PCNA. Endogenous POL30 was then knocked out
via PCR-mediated gene disruption.

Strains with a PCNA-K164R mutation were generated
by transformation of a single PCR fragment amplified
from pCH1654 (a gift from L. Prakash, UTMB) or deriva-
tives with additional lysine mutations introduced using the
QuikChange Lightning Site-Directed Mutagenesis kit (Ag-
ilent). The resulting fragment was composed of the PCNA
coding sequence and a LEU2 marker flanked by homology
arms targeting it for integration at the endogenous PCNA
locus. Integration and incorporation of the mutant allele
were confirmed by PCR and sequencing.

The 3xFLAG-FEN1 was transiently overexpressed in
293T cells from a pShuttle-3xFLAG-FEN1 vector under
the control of a cytomegalovirus (CMV) promoter (S. Stew-
art, Washington U).

His6-PCNA purification

Purification of His6-PCNA was performed as previously
described (12,37). Briefly, cultures were grown to OD600
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∼0.600 in medium containing 2% raffinose. Galactose was
then added to a final concentration of 2% to induce RAD27
overexpression. In experiments with UV treatment, induc-
tion was carried out for 2 h before treatment with 100 J/m2

of 254 nm light using a UV cross-linker (CL-1000, UVP).
After collection, cell pellets were stored at −80◦C overnight
before processing. The pellets were then subjected to lysis
under denaturing conditions and protein extracts were pre-
pared in 8 M urea buffer. His6-PCNA was bound to Ni-
NTA conjugated agarose overnight at room temperature
before washing with buffers of decreasing pH to succes-
sively increase stringency. Bound His6-PCNA was eluted
with ethylenediaminetetraacetic acid (EDTA)-containing
buffer and the eluates were fractionated by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
for western blot analysis with antibodies raised against
PCNA, ubiquitin and SUMO.

Protein extraction and western blotting

Protein extracts were isolated by lysing cells under de-
naturing conditions, precipitating protein with trichlo-
racetic acid, and resuspending the precipitated protein pel-
let in SDS loading buffer (38). Extracts were fractionated
by SDS-PAGE, transferred to a polyvinylidene difluoride
(PVDF) membrane and analyzed by western blot with the
following antibodies as indicated in each figure; anti-FEN1
(ab2619, Abcam) at a 1:1000 dilution in 5% blocking solu-
tion overnight, anti-Rad53 (a gift from JFX Diffley, LRI)
at a 1:1000 dilution in 5% blocking solution for 1 h. This
antibody was tested in rad53 mutants (39). Anti-phospho-
S129 H2A (ab15083, Abcam) was used at a 1:500 dilu-
tion in blocking solution overnight, anti-tubulin (MMS-
407R, Covance) at a 1:5000 dilution in 5% blocking solu-
tion overnight, anti-PCNA (a gift from B. Stillman, CSHL)
at a 1:4000 dilution in TBST for 2 h, anti-ubiquitin (P4D1,
Covance) at a 1:1000 dilution in 5% blocking solution
overnight, anti-SUMO (a gift from X. Zhao, MSKCC) at a
1:3000 dilution in TBST for 1 h, anti-phospho-S4/8 RPA32
(A300-245A, Bethyl Laboratories) at a 1:2000 dilution in
5% blocking solution overnight, and anti-�H2AX (A300-
081A, Bethyl Laboratories) at a 1:2000 dilution in 5% block-
ing solution overnight. The anti-FEN1 antibody was raised
against human FEN1 and only cross-reacted with yeast
Rad27 sufficiently to visualize by western blot when Rad27
was overexpressed.

Mutation rate estimation

Mutation rates were estimated using the forward rate of mu-
tations at the CAN1 locus that conferred resistance to cana-
vanine. Individual colonies were inoculated in medium lack-
ing uracil and containing 2% raffinose as well as 2% galac-
tose. Under these conditions the cultures required 8 days of
growth at 25◦C to reach saturation. Saturated cultures were
washed and appropriate dilutions were plated on medium
lacking arginine and containing canavanine (60 mg/l) or on
rich medium to obtain a viable cell count. Mutation rates
were calculated using Drake’s formula and significance was
determined using a two-sided Mann–Whitney U-test (40–
42). Determinations were made from at least 16 indepen-
dent cultures for each strain.

Cell cycle analysis

DNA content in yeast cells was measured by flow cytometry
using a BD Accuri C6 flow cytometer and Sytox Green (In-
vitrogen) DNA dye. Measurement of DNA content in 293T
cells was carried out using the same machine with propid-
ium iodide (Sigma-Aldrich) as the DNA stain.

Viability analysis

The relative viability of yeast strains was examined in a
‘spotting’ assay. We began by inoculating 10 ml cultures
in medium lacking uracil and containing 2% glucose as a
sugar source. These cultures were grown to saturation for 4
days at 25◦C, harvested, washed with 10 ml water and resus-
pended in 5 ml water. The cells in the resulting suspension
were quantified and 10-fold serial dilutions were then pre-
pared in a 96-well plate from a starting cell count of 2 ×
107. The spots were then plated using a multi-pronged plat-
ing instrument on medium lacking uracil and containing ei-
ther 2% glucose or 2% galactose. Images were taken after 4
days growth at 25◦C. Strains containing the mms21-CH al-
lele had an inherent growth defect made direct comparison
with other strains difficult to visualize. To account for this,
5-fold more cells (108) were used as the starting cell count
for all mms21-CH strains.

Molecular combing

DGY174 (Empty vector), DGY173 (GAL1pr-RAD27) and
DGY175 (GAL1pr-rad27FFAA) were grown at 25◦C in
medium lacking uracil to mid-logarithmic phase and
treated with 150 ng/ml �-factor for 2 h to induce G1 cell-
cycle arrest. The 2% w/v galactose was added to induce ex-
pression of GAL1/10 promoter regulated genes, with an ad-
ditional aliquot of 150 ng/ml �-factor to maintain G1 ar-
rest for an additional 2 h after the addition of galactose.
Cells were harvested by centrifugation, washed in ddH2O
and re-suspended in fresh SRG-Ura containing 400 �g/ml
BrdU. A total of 100 �g/ml pronase was added to release
cells from the �-factor block and cells were harvested after
40 min. Plug preparation, DNA extraction and immunoflu-
orescence were carried out as previously described (43).
For each sample at least 50 images of well-dispersed DNA
fibers were taken at 63× magnification using an AxioIm-
ager.ZI epifluorescence microscope and Axiovision soft-
ware (Zeiss). Image and data analysis were carried out as
previously described (43). The distributions of track lengths
and inter-origin distances from two independent experi-
ments were combined.

Human cell culture

The 293T cells were cultured in Dulbecco’s modified eagle
medium. Transient transfection was carried out with Lipo-
fectamine LTX (Thermo Fisher). In these experiments 25
�g of circular plasmid DNA was transfected into 293T cells
at ∼60% confluency on a 10 cm plate. Cells were harvested
at 24 and 48 h for protein extraction and DNA content anal-
ysis by flow cytometry. For preparation of whole cell ex-
tracts, cells were lysed in NETN (20 mM Tris–HCl at pH
8.0, 100 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40 and
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protease inhibitors) for 10 min and then centrifuged at 16
000 g for 10 min. Cleared lysates were collected, mixed with
SDS loading buffer and boiled before fractionation by SDS-
PAGE and analysis by western blot with the indicated anti-
bodies. Chromatin fractions were isolated as previously de-
scribed (44). Briefly, extracts were prepared by lysis in Buffer
A (10 mM HEPES pH 7.9, 10 mM KCl, 1.5 mM MgCl2,
0.34 M sucrose, 10% glycerol, 0.1% triton X-100 and pro-
tease inhibitors). Insoluble nuclear proteins were isolated
by centrifugation and chromatin bound proteins were sub-
sequently released by sonication. Remaining insoluble fac-
tors were cleared by centrifugation before fractionation by
SDS-PAGE and western blot analysis using the indicated
antibodies.

RNA expression analysis

Level 3 RNASeq V2 FPKM files for lung adenocarcinoma
patients were downloaded from The Cancer Genome At-
las (TCGA) (https://portal.gdc.cancer.gov). We extracted
FEN1 FPKM counts from patient files with matching tu-
mor and normal samples using a custom perl script.

Drug sensitivity analysis of lung cancer cell lines

FEN1 expression levels were obtained from the Cancer Cell
Line Encyclopedia (https://portals.broadinstitute.org/ccle)
from RNA seq experiments and sorted based on small cell
or non-small cell lung cancers from their TCGA classifi-
cation. Expression levels were then correlated with drug
resistance and sensitivity data by cell line from the Ge-
nomics of Drug Sensitivity in Cancer database (http://www.
cancerrxgene.org/). FEN1 expression levels were sorted into
low and high expressing according to their variation from
the median log2 value, 5.96 for non-small cell lung cancer
and 6.56 for small cell lung cancer (SCLC). For each com-
pound and cell type, the lowest and highest 30% of FEN1
expressers were plotted and differences in the mean of the
two populations were analyzed by a Student’s t-test with a
Welch’s correction. The z-score denotes the number of stan-
dard deviations from zero, which reflects the untreated con-
trol. FEN1 expression values and z-scores for selected cell
lines are listed in Supplementary Table S2.

RESULTS

RAD27 overexpression promotes genome instability

Overexpression of the Rad27 homolog FEN1 has been ob-
served in a variety of different cancers originating from
varying tissue types (13–21). We hypothesized that FEN1
overexpression may impact a fundamental enabling charac-
teristic of cancer, such as genome instability. Although this
upregulation may simply reflect an increased demand for
FEN1 in rapidly dividing cells, we reasoned that the over-
abundance of a PCNA-binding enzyme with DNA process-
ing activity could also promote genome instability by dis-
rupting normal replication kinetics.

To investigate this possibility, we utilized a galactose in-
ducible overexpression system in S. cerevisiae, which al-
lowed us to rapidly overexpress RAD27 and track the ef-
fect on cell-cycle progression and genome maintenance.

Asynchronous cultures with a plasmid-borne, galactose in-
ducible copy of RAD27 (gal-RAD27) or an empty control
vector (gal-EV) were grown to log phase before addition of
galactose. Upon galactose addition, we observed increased
accumulation of cells in G1 in all cultures (Figure 1A and
B). Importantly, only upon RAD27 overexpression did we
detect a significant accumulation of cells in S phase, indi-
cating difficulty in completing DNA replication (Figure 1A
and B). Overexpression of RAD27 was rapidly observable
and coincided with increased phosphorylation of histone
H2A at serine (S) 129, a mitosis entry checkpoint 1 (Mec1)
target and marker for ssDNA gaps and/or double-strand
breaks (DSBs) (Figure 1C) (45–47). We also observed in-
creased phosphorylation of the checkpoint kinase Rad53,
further indicating replication stress or DNA damage (Fig-
ure 1C) (48). Whereas a baseline level of a high molecu-
lar weight form of Rad53 was present in both gal-EV and
gal-RAD27 containing cultures, we noted that only RAD27
overexpressing cells exhibited a progressive shift of the fast
migrating unphosphorylated form to a slower migrating
phosphorylated form (marked by arrow heads in Figure
1C). The persistent high-molecular weight form (marked
by an asterisk in Figure 1C) likely resulted from culturing
cells in the sub-optimal carbon sources raffinose and galac-
tose. There is evidence that culture in sub-optimal carbon
sources leads to metabolic stress and a slower transition
from G1 into S phase (49). It is therefore possible that the
high-molecular weight form of Rad53 represents a modifi-
cation due to metabolic stress. Taken together, these obser-
vations suggested that RAD27/FEN1 overexpression inter-
feres with normal replication progression and causes check-
point activation.

In agreement with the presence of DNA damage mark-
ers, we also observed reduced viability upon deletion of
the homologous recombination (HR) gene RAD52 (Fig-
ure 1D). In contrast, there was no such requirement for the
non-homologous end joining (NHEJ) factor DNA ligase 4
(Dnl4). If anything, growth was moderately more robust in
dnl4Δ mutants (Figure 1D). The requirement for RAD52
but not DNL4 to tolerate RAD27 overexpression suggests
that overexpression may lead to replication stress and even-
tually DSBs that require HR but not NHEJ for efficient re-
pair.

PCNA ubiquitination is impaired in RAD27 overexpressing
cells

The finding that RAD27 overexpressing cells accumulated
in S phase with phosphorylated histone H2A-S129 and
Rad53 prompted us to further investigate the relationship
between flap endonuclease overexpression and replication
stress. We examined ubiquitination of PCNA as a marker of
replication stress that indicates the presence of ssDNA gaps
(24). We purified His6-tagged PCNA (His6-PCNA) from
RAD27 overexpressing cells and analyzed its ubiquitination
and sumoylation status by western blot (Figure 2A). Treat-
ment with UV light, which is known to induce PCNA ubiq-
uitination was included as a positive control (24). Unexpect-
edly, RAD27 overexpression did not trigger PCNA ubiquiti-
nation, and it drastically reduced the level of ubiquitination
in response to UV light (Figure 2A). In contrast, PCNA

https://portal.gdc.cancer.gov
https://portals.broadinstitute.org/ccle
http://www.cancerrxgene.org/
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Figure 1. RAD27 overexpression causes genome instability and impairs S phase progression. (A) Strains containing either gal-EV or gal-RAD27 expression
vectors were grown to OD600 ∼0.600 in synthetic medium lacking uracil and containing 2% raffinose as a sugar source. Galactose was then added to a final
concentration of 2% and samples were collected at the indicated time points for analysis by western blot and flow cytometry. DNA content was measured
by flow cytometry on a BD Accuri C6 flow cytometer. (B) Quantification of the cell-cycle distribution of the profiles in panel B. Quantification was carried
out using the BD Accuri C6 software. This result is representative of three independent experiments. (C) Samples from the same cultures described above
were harvested at the indicated time points and protein extracts were prepared by TCA precipitation. Extracts were fractionated by SDS-PAGE for western
blot analysis with anti-Rad27, anti-Rad53, anti-phospho-S129 H2A and anti-tubulin antibodies. The open arrowhead marks unphosphorylated Rad53,
the black arrowhead marks phosphorylated Rad53 and the asterisk marks a high-molecular weight form of Rad53 that is induced upon galactose addition.
(D) The 10-fold serial dilutions of the indicated strains were plated on medium lacking uracil and containing either 2% glucose to suppress gal-RAD27 or
2% galactose to induce RAD27 overexpression. Plates were incubated at 25◦C for 4 days before imaging.
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Figure 2. RAD27 overexpression inhibits PCNA ubiquitination. (A) Strains with either untagged PCNA, His6-PCNA or His6-PCNA-K164R and all
carrying gal-RAD27 were grown to OD600∼0.600 in medium lacking uracil. Overexpression of RAD27 was then induced by the addition of galactose to
a final concentration of 2%. UV treatment was applied 2 h after addition of galactose and the cultures were harvested 1 h later. His6-PCNA was purified
under denaturing conditions and analyzed by western blot with antibodies against PCNA, ubiquitin and SUMO. (B) The mutation rate at the CAN1 locus
was measured in the indicated strains after growth to saturation in galactose containing medium. Each bar represents the median of at least 16 independent
determinations. Significance was determined using a two-sided Mann–Whitney U-test. (C) The indicated strains were grown to OD600∼0.600 in complete
medium with 2% raffinose before addition of galactose to a final concentration of 2%. Cells were harvested after 3 h and His6-PCNA was purified under
denaturing conditions before analysis by western blot with antibodies against PCNA, ubiquitin and SUMO. (D) The mutation rate at the CAN1 locus
was measured as in (B). (E) A strain with His6-PCNA and carrying gal-RAD27 was grown to OD600∼0.600 in medium lacking uracil and containing 2%
raffinose. The culture was then split in half with one half receiving an additional 2% raffinose and the other having galactose added to a final concentration
of 2%. Both cultures were treated with 100 J/m2 UV after 2 h. Samples were analyzed as in (A).
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sumoylation was strongly enhanced when RAD27 was over-
expressed (Figure 2A). This was likely due to the increase of
cells in S phase during which PCNA is sumoylated to recruit
Srs2 and inhibit illegitimate recombination between sister
chromatids (27,28). We also measured a higher mutation
rate at the CAN1 locus in RAD27 overexpressing compared
to wild-type cells (Figure 2B). As expected, this was inde-
pendent of PCNA-K164, consistent with the observation
that PCNA was not ubiquitinated (Figure 2A). Thus, muta-
genesis was operating outside of ubiquitination-dependent
translesion synthesis (TLS) (Figure 2B).

We considered the possibility that overexpression of
RAD27 per se may decrease ubiquitination by occluding
PCNA binding surfaces and sterically hindering access for
the Rad6–Rad18 ubiquitination complex. To evaluate this
hypothesis, we overexpressed another form of Rad27 en-
coded by the nuclease-dead allele rad27-n (D179A). Rad27-
n is a dominant negative mutant, which retains the abil-
ity to bind PCNA, but is catalytically dead and causes
acute growth arrest (5). Overexpression of mutant Rad27
led to robust ubiquitination in the absence of UV, arguing
against a model of steric hindrance (Figure 2C). In addition,
we also observed increased phosphorylation of H2A-S129
upon rad27-n induction (Supplementary Figure S2). This
result suggested that the occurrence of DNA damage mark-
ers following RAD27 overexpression was not dependent on
the nuclease activity of the enzyme.

Interestingly, in rad27-n overexpressing cells we observed
ubiquitination of PCNA not only at K164 but at an alter-
nate site, which we mapped to K242 by systematically mu-
tating individual lysines to arginine (Figure 2C). Although
K242 was dispensable for normal growth (Supplementary
Figure S1), the mutation rate in rad27-n expressing cells was
significantly increased in a manner that was dependent on
both K164 and K242 (Figure 2D). These findings support
that TLS was primarily responsible for the increase in the
mutation rate under these conditions.

To understand whether ubiquitination of PCNA may
have simply been delayed in RAD27 overexpressing cells due
to slowed S phase progression, we analyzed PCNA over the
course of 120 min after UV exposure and found that the
level of ubiquitination was only minimally enhanced (Fig-
ure 2E). From these observations, we concluded that high
abundance of catalytically active flap endonuclease inter-
feres with the ubiquitination of PCNA, but that this phe-
nomenon is not due to steric hindrance.

At last, we hypothesized that the drastic increase
in sumoylation of PCNA-K164 upon overexpression of
RAD27 may have competitively inhibited ubiquitination at
the same residue (Figure 2A). However, a siz1Δ mutant
strain lacking the E3 SUMO ligase that targets PCNA-
K164 was similarly impaired in UV-induced K164 ubiqui-
tination when RAD27 was overexpressed (Supplementary
Figure S3), arguing against this scenario.

Sumoylation enhances viability of RAD27 overexpressing
cells

Since overexpression of RAD27 did not lead to PCNA ubiq-
uitination and in fact suppressed ubiquitination in response
to UV treatment, we predicted that there would not be

any genetic interaction between overexpressed RAD27 and
a PCNA-K164R mutation. However, the double mutant
gal-RAD27 pol30-K164R displayed a very mild but repro-
ducible growth defect (Figure 3A). In contrast, the deletion
of PRR pathway components REV3 and RAD5 had no ef-
fect on viability (Figure 3A). To investigate whether the ob-
served genetic interaction between the pol30-K164R allele
and RAD27 overexpression was due to the loss of sumoyla-
tion at this residue, we induced flap endonuclease in siz1Δ
mutants deficient for the E3 SUMO ligase which targets
PCNA at K164 (27). Interestingly, the loss of SIZ1 had a
more severe effect on viability than the pol30-K164R mu-
tation alone, suggesting that sumoylation of K164 and ad-
ditional targets of Siz1 may be necessary to fully counter-
act the genotoxic effects of RAD27 overexpression (Figure
3B). We also observed a significant reduction in viability
in strains carrying a catalytically inactive allele of the E3
SUMO ligase MMS21 (mms21-CH) (Figure 3B). Deletion
of siz2Δ had no impact on viability. Together, these find-
ings indicate that sumoylation by Siz1 and Mms21 enhances
growth under conditions of RAD27 overexpression.

Sumoylation of PCNA at K164 is thought to primarily
act to recruit the helicase/anti-recombinase Srs2 which sup-
presses illegitimate HR between nascent sister chromatids
at the replication fork (27,28). Deletion of SRS2 resulted
in a very mild growth defect, similar to that observed in
K164R mutants (Figure 3C). Combination of the two al-
leles revealed an additive effect in reducing viability, indi-
cating that PCNA-K164 and Srs2 have independent func-
tions under these conditions (Figure 3C). This, in turn, is
consistent with Srs2 having a pro-recombination role that
is independent of its interaction with PCNA and promotes
cell viability (31,32). It may be that Srs2 is required at repli-
cation forks in RAD27 overexpressing cells to inhibit illegit-
imate recombination, but facilitates HR at DSB sites. pol30-
K164R siz1Δ mutants on the other hand behaved similarly
to siz1Δ mutants, further supporting the notion that Siz1
dependent sumoylation, including that of PCNA at K164,
is promoting the ability of RAD27 overexpressing cells to
proliferate (Figure 3C).

We next sought to determine whether the pol30-K164R,
siz1Δ, mms21-CH or rad52Δ alleles led to increased DNA
damage sensitivity. Consistent with previous reports, pol30-
K164R, mms21-CH and rad52Δ mutants all exhibited en-
hanced sensitivity to DNA damage even in the absence
of RAD27 overexpression (Figure 4A and B) (50–52). Re-
markably, when combined with RAD27 overexpression, the
sensitivity to 4-nitoquinoline 1-oxide (4-NQO), the alkylat-
ing drug methyl methanesulfonate (MMS) or replication in-
hibitor hydroxyurea (HU) was dramatically enhanced (Fig-
ure 4A–C). RAD27 overexpression was sufficient to acutely
sensitize cells to 4-NQO, MMS and HU at concentrations
that had a minimal effect on the control (gal-EV) strain. For
example, rad52Δ mutants are moderately sensitive to 0.01%
MMS. Overexpression of Rad27 enhanced this sensitivity
by three orders of magnitude (Figure 4B). Similarly, siz1Δ
mutants are relatively insensitive to 4-NQO and MMS, but
become highly sensitive when Rad27 is overexpressed (Fig-
ure 4A and B). These results suggested that elevated levels
of Rad27 simulate DNA repair or DNA damage tolerance
pathway deficiencies. This is compounded by our observa-
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Figure 3. Sumoylation aids in the proliferation of RAD27 overexpressing cells. (A–C) 10-fold serial dilutions of the indicated strains were plated on medium
lacking uracil and containing either 2% glucose to suppress gal-RAD27 or 2% galactose to induce RAD27 overexpression. Plates were incubated at 25◦C
for 4 days before imaging.

tion that RAD27 overexpression impeded normal ubiqui-
tination of PCNA and this may provide a mechanistic ex-
planation for the observed sensitivity to DNA damaging
agents.

DNA damage in RAD27 overexpressing cells is dependent on
its interaction with PCNA

We demonstrated that overexpression of RAD27 causes
S phase delay, Rad53 checkpoint activation, induction of
DNA damage markers and mutation. To better understand
whether these effects are dependent on the ability to inter-
act with PCNA, we generated a variant of the overexpres-
sion construct carrying a rad27-FFAA allele in which two
crucial phenylalanine residues (F346, F347) located in the
PIP box of Rad27 were mutated to alanines to ablate PCNA
binding (5). Remarkably, we found that overexpression of
this PCNA binding mutant did not result in any observ-
able increase in phosphorylation of H2A-S129 or Rad53
over that observed in an empty vector control (Figure 5A).
Additionally, the severe S-phase delay observed in RAD27
overexpressing cells was absent when rad27-FFAA was over-
expressed (Figure 5B and C). We detected a slight increase
in G2/M compared to the empty vector controls, which
was likely a reflection of the mutant having some problems
finishing replication (Figure 5B and C). Furthermore, ex-
pression of this mutant in combination with pol30-K164R,
siz1Δ, mms21-CH or rad52Δ, which all displayed negative
genetic interactions with RAD27 overexpression, did not re-
sult in growth inhibition (Figure 5D and E). In fact, the
rad27-FFAA mutation rescued the proliferation defect and
the other observed genome instability phenotypes inherent
to RAD27 overexpression (Figure 5D and E; Supplemen-
tary Figure S4). Furthermore, single-molecule analysis of

replicating fibers by DNA combing revealed a significantly
shorter track length in RAD27 overexpressing cells com-
pared to the empty vector control (Figure 6A–C and Sup-
plementary Figure S5). RAD27 overexpressing cells also ex-
hibited a reduction in inter-origin distance, consistent with
the notion that dormant origins are activated at an elevated
level (Figure 6D). Both effects were ameliorated by the
rad27-FFAA allele (Figure 6C and D). Together, these re-
sults suggested that RAD27 overexpression interfered with
normal progression of active replication forks and that this
interference is dependent on the interaction of Rad27 with
PCNA.

Overexpression of FEN1 in 293T cells causes DNA damage

Overexpression of flap endonuclease in yeast impaired
DNA replication and promoted checkpoint activation as
well as a notable increase in markers for DNA damage.
To investigate whether the same held true for overexpres-
sion of the human Rad27 homolog FEN1, we transiently
transfected 293T cells with a vector encoding FLAG-tagged
FEN1 under control of a CMV promoter. We selected this
cell line because it is known for its capacity to produce
significant amounts of protein from transgenes. Transient
overexpression of FLAG-FEN1 led to a slight elevation in
PCNA ubiquitination and a more significant increase in
the phosphorylation of RPA32-S4/S8, an ataxia telangiec-
tasia mutated (ATM) target and marker for DSB process-
ing (Figure 7A) (53,54). Levels of �H2AX, a marker for
DSB formation were also increased at the 24 and 48 h time
points (55). These findings are indicative of DNA damage
induction upon FLAG-FEN1 expression. This was accom-
panied by increased phosphorylation of the checkpoint ki-
nases Chk1 (S345) and Chk2 (T68), ATR and ATM targets,
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Figure 4. RAD27 overexpressing cells are acutely sensitive to DNA damage. (A) The 10-fold serial dilutions of the indicated strains were plated on medium
lacking uracil and containing either 2% glucose to suppress gal-RAD27 or 2% galactose to induce RAD27 overexpression. The medium contained 0.05,
0.10 or 0.20 �g/ml 4-NQO as indicated. Plates were incubated at 25◦C for 4 days before imaging. (B) The 10-fold serial dilutions of the indicated strains
were plated on medium lacking uracil and containing either 2% glucose to suppress gene expression or 2% galactose to induce overexpression. The medium
contained 0.005, 0.01 or 0.02% MMS as indicated. Plates were incubated at 25◦C for 4 days before imaging. (C) The 10-fold serial dilutions of the indicated
strains were plated on medium lacking uracil and containing either 2% glucose to suppress gene expression or 2% galactose to induce overexpression. The
medium contained 25, 50 or 100 mM MMS as indicated. Plates were incubated at 25◦C for 4 days before imaging.
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Figure 5. Rad27–PCNA interaction mediates the effects of RAD27 overexpression. (A) Strains containing gal-EV, gal-RAD27 or gal-rad27-FFAA expres-
sion vectors were grown to OD600 ∼0.600 in synthetic medium lacking uracil and containing 2% raffinose as a sugar source. Galactose was then added
to a final concentration of 2% and samples were collected at the indicated time points for analysis by western blot and flow cytometry. Protein extracts
were prepared by TCA precipitation and fractionated by SDS-PAGE for western blot analysis with anti-Rad27, anti-Rad53, anti-phospho-S129 H2A and
anti-tubulin antibodies. The open arrowhead marks unphosphorylated Rad53, the black arrowhead marks phosphorylated Rad53 and the asterisk marks
a high-molecular weight form of Rad53 that is induced upon galactose addition. (B) Samples from the same cultures described above were harvested
at the indicated time points and DNA content was measured by flow cytometry on a BD Accuri C6 flow cytometer. (C) Quantification of the cell-cycle
distribution of the profiles in panel B. Quantification was carried out using the BD Accuri C6 software. (D and E) The 10-fold serial dilutions of the
indicated strains were plated on medium lacking uracil and containing either 2% glucose to suppress overexpression or 2% galactose to induce RAD27 or
rad27-FFAA overexpression. Plates were incubated at 25◦C for 4 days before imaging.
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Figure 6. Overexpression of RAD27 causes defects in replication fork progression. (A) Cells carrying RAD27 or rad27-FFAA under the control of the
GAL1/10 promoter, or carrying the empty vector, were arrested in G1 phase and released into S phase in the presence of galactose. DNA contents were
measured by flow cytometry of logarithmic phase cells (Asy), G1 arrested cells (�F+Gal) and cells released into S phase for 40 min (40 min+Gal). The 1C
and 2C DNA content peaks are indicated. (B) Representative chromosome fibers from DNA combing analysis used for BrdU track length and inter-origin
distance analysis are shown. Individual fibers were extracted from different micrographs and assembled using Photoshop. The scale bar is 50 kbp. (C)
Distribution of BrdU track lengths, and (D) inter-origin distances, for cells overexpressing RAD27, rad27FFAA and control cells (empty vector) sampled
40 min after release into S phase are presented as boxplots. The horizontal bars indicate median BrdU tract lengths (in pink) and inter-origin distances,
which are also indicated below the graph. The boxes span the first through third quartiles, the whiskers extend to the last data points within 1.5× the
interquartile range and outliers are plotted as circles. P-values were determined using a two-sided Mann–Whitney U-test.

respectively. In contrast to our findings in yeast, we did not
observe any significant alterations in the cell-cycle distribu-
tion of these cultures as measured by DNA content (Figure
7B), similar to what has been reported previously (56).

Overexpression of FEN1 has recently been associated
with enhanced proliferation and poor prognosis in non-
small-cell lung cancers (NSCLC) (57). Another study of
FEN1 overexpressing NSCLCs demonstrated that FEN1
inhibition impaired tumor growth and increased therapeu-
tic response in murine xenograft models (58). As a result,
we wanted to independently confirm that overexpression
of FEN1 was broadly observable in lung adenocarcinomas,
a subtype of NSCLC. Relative expression levels of FEN1
mRNA in 18 matched normal and tumor tissues from
lung adenocarcinoma patients were obtained from TCGA
(https://cancergenome.nih.gov/). In accordance with what
has been previously reported, we found overexpression of
FEN1 to be prevalent in the vast majority of tumor samples
(Figure 7C) (16,57–60). The median level of overexpression
was ∼5-fold with individual samples and ranged as high as
10-fold over normal tissue.

Overexpression of FEN1 alters drug sensitivity in small cell
lung cancer cell lines

It appears that increased expression of flap endonuclease
has a conserved effect between yeast and human cell sys-
tems marked by a significant increase in factors that trigger
genome instability. Because overexpression of RAD27 ren-

dered yeast cells hypersensitive to HU and loss of RAD52,
we asked whether high expression of FEN1 mRNA in lung
cancer cell lines affected their sensitivity to drugs known to
interfere with the DNA damage response or DNA replica-
tion. We analyzed both NSCLC and SCLC cell lines. We
compared the lowest to the highest FEN1 expressers (bot-
tom 30% versus top 30%) and determined their sensitivities
to the ATM inhibitor CP466722, the replication inhibitor
methotrexate and the DNA protein kinase (DNA-PK) in-
hibitor NU7441 by mining the Genomics of Drug Sensi-
tivity in Cancer database (http://www.cancerrxgene.org/). A
positive z-score indicates drug resistance, whereas a nega-
tive z-score indicates drug sensitivity. Although the response
among NSCLC cell lines did not show a significant differ-
ence between low and high FEN1 expressers, SCLC cells
displayed a significant difference in their sensitivity to the
ATM inhibitor CP466722 (Figure 8). High FEN1 expres-
sion levels correlated with a higher sensitivity to CP466722,
but not to the DNA-PK inhibitor NU7441 (Figure 8). Since
ATM is required to trigger DSB repair by HR (61), and
DNA-PK is necessary for NHEJ (62), these results argue
that the overexpression of FEN1 in SCLC cells is associated
with an increased dependence on HR, but not NHEJ, simi-
lar to our results in RAD27 overexpressing yeast cells (Fig-
ure 1D). SCLC cells that express high levels of FEN1 also
seemed to be more sensitive to methotrexate, an inhibitor of
dihydrofolate reductase that is required for thymidylate syn-
thesis (63), although the P-value for this comparison was

https://cancergenome.nih.gov/
http://www.cancerrxgene.org/
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Figure 7. FEN1 overexpression promotes genome instability. (A) 293T cells were either mock transfected or transiently transfected with FLAG-FEN1
under control of a CMV promoter and collected 24 or 48 h after transfection. Treatment with 10 J/m2 UV was included as a positive control for DNA
damage. UV-treated cultures were harvested 24 h after irradiation. Whole cell extracts were isolated and fractionated by SDS-PAGE for western blot
analysis with anti-phospho-S4/8 RPA32, anti-PCNA, anti-phospho-S345 Chk1, anti-phospho-T68 Chk2, anti-�H2AX, anti-H2AX, anti-FEN1 and anti-
GAPDH. (B) A portion of the cells collected from the experiment described in (A) were fixed in ethanol and DNA content was measured by flow cytometry
on a BD Accuri C6 flow cytometer. (C) FEN1 reads per kilobase of transcript per million mapped reads (RPKM) from lung adenocarcinoma and matched
normal tissue were compared. Of the 162 RNA seq datasets available, these 50 were paired tumor/normal samples from 25 patients. Lines indicate mean
values and bars represent standard deviations. Source: TCGA: http://cancergenome.nih.gov/.

slightly above 0.05 (Figure 8). These findings suggest that
overexpression of FEN1 can be linked to altered drug sen-
sitivities in specific cancers, but that the impact is cell type
dependent.

DISCUSSION

Here, we have demonstrated that overexpression of the
FEN1 homolog Rad27 in yeast impairs DNA replication in
a manner that is dependent on its interaction with PCNA.
We interpret the presence of DNA damage markers, the
activation of Rad53 as well as the accumulation of TLS-
independent mutations as clear indicators of genome insta-

bility. This is consistent with a previous report by Aguilera
and colleagues, however, the authors did not attempt to un-
cover the underlying mechanisms (64), which was the focus
of our study. Overexpression of FEN1 has been observed in
cancers derived from a variety of tissue types at levels ap-
proaching 50-fold greater than matched normal tissues in
some cases (16). With this in mind, we modeled FEN1 over-
expression using the strong GAL1/10 promoter to enforce
overexpression of its counterpart in yeast. This promoter
has the dual advantage of inducible control and driving ex-
pression at sufficiently high levels to recapitulate what has
been observed in human cancers.

http://cancergenome.nih.gov/
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Figure 8. Sensitivity to CP466722, methotrexate and NU7441 in selected NSCLC and SCLC cell lines that either display low or high mRNA expression of
FEN1. The Cancer Cell Line Encyclopedia (https://portals.broadinstitute.org/ccle) was analyzed for FEN1 mRNA expression of NSCLC (top) and SCLC
(bottom) cell lines according to TCGA classification. Low expression constitutes the bottom 30%, whereas high expression constitutes the top 30% of all
identified cell lines in each group. Sensitivity to CP466722, methotrexate and NU7441 was extracted from the Genomics of Drug Sensitivity in Cancer
database (http://www.cancerrxgene.org/). For each compound and cell type, the lowest and highest FEN1 expressers were plotted and differences in the
mean of the two populations were analyzed by a Student’s t-test with a Welch’s correction. P-values are indicated on top of each panel. z-scores represent
increasing drug resistance (above zero) or sensitivity (below zero).

https://portals.broadinstitute.org/ccle
http://www.cancerrxgene.org/
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Sumoylation suppresses the effects of RAD27 overexpression

Work over the past two decades has vastly increased our un-
derstanding of the complex networks of posttranslational
modifications in response to replication stress and DNA
damage (52,65). Among these, the ubiquitination of PCNA
at the conserved residue K164 plays a crucial role in coordi-
nating PRR pathways (23). Because the appearance of this
modification is a sensitive marker for replication stress, we
were surprised that RAD27 overexpression not only failed
to elicit this response, but suppressed it following UV treat-
ment. This may, at least partly, be explained by the find-
ing that replication fork progression is impaired when cells
overexpress wild-type Rad27. Since the detection of UV le-
sions in S phase is dependent on their active encounter with
a replication fork, it is possible that reduced fork progres-
sion significantly decreased the probability of such encoun-
ters. Although net nucleotide incorporation was only ∼2-
fold diminished in RAD27 overexpressing cells under other-
wise unperturbed conditions, we do not know whether ori-
gin activation and/or fork progression might have been al-
tered in these cells following UV radiation. It is conceivable
that other, as-of-yet unidentified mechanisms were respon-
sible for the observed lack of PCNA ubiquitination.

The observation that sumoylation, but not ubiquitination
of PCNA at K164 enhanced the viability of RAD27 over-
expressing cells prompted us to investigate the role of the
three yeast SUMO ligases under these conditions. Genetic
interaction studies with mutant alleles of SIZ1, SIZ2 and
MMS21 revealed a significant decrease in viability in com-
bination with siz1Δ and mms21-CH, but not siz2Δ, sugges-
tive of broader applications for sumoylation beyond the at-
tachment to PCNA. Although our analysis of RAD27 over-
expressing cells identified PCNA as an abundant SUMO
target, it is possible that additional Siz1 and Mms21 tar-
gets of importance remain unidentified. More sensitive and
quantitative techniques will be necessary to identify these
targets. It is also possible that multiple targets of low indi-
vidual importance have an additive effect on viability. Addi-
tional studies will be necessary to fully understand the role
of SUMO in mediating Rad27-induced replication stress.

Interaction with PCNA mediates RAD27 overexpression ef-
fects

Our finding that mutation of the RAD27 PIP box in rad27-
FFAA mutants abrogates the negative impacts of RAD27
overexpression suggests two possible mechanisms by which
expression of the wild-type enzyme imperils genome stabil-
ity. First, overabundance of Rad27 as a PCNA interacting
protein might ‘passively’ disrupt the kinetics of replication
by impeding the ability of other PCNA binding replication
factors to be appropriately localized. Such a model has been
proposed to explain the detrimental effects of DNA ligase I
overexpression on genome stability and is also thought to be
one of the mechanisms by which p21 regulates DNA repli-
cation (66,67).

In addition, the catalytic activity of Rad27 might an-
tagonize Okazaki fragment maturation in an ‘active’ man-
ner by enhanced resection of nascent DNA on the lagging
strand. Unfortunately, we were not able to directly test this
model as a catalytically dead mutant of RAD27 (rad27-n)

displays a dominant negative phenotype (5). Interestingly,
upon Rad27-n overexpression, we observed ubiquitination
of PCNA at the previously unreported site of K242. It is no-
table that this modification appeared to promote TLS. The
dominant negative phenotype of Rad27-n is thought to be
the result of sustained substrate binding by the catalytically
dead enzyme, which is unable to complete its catalytic cy-
cle and will not release (5). The enzyme substrate complex
therefore acts as an impediment to processing by alternative
enzymes, severely disrupting Okazaki fragment processing
and delaying the completion of DNA replication. As shown
previously, a mutation in the PIP box of Rad27-n alleviates
the dominant negative phenotype of the mutant (5). This
demonstrates that the PIP box mutation not only abrogates
the Rad27:PCNA physical interaction, but it also must im-
pair substrate binding and processing in vivo (68).

The fact that all observed growth and genome instabil-
ity phenotypes upon RAD27 overexpression are completely
dependent on the interaction between Rad27 and PCNA
and result in a severe S phase delay argues that the effect
is directly linked to the process of DNA replication. We
can speculate that due to the well described role of Rad27
in Okazaki fragment processing, disruption of this process
is a likely side-effect of overexpression. It is possible that
too much flap endonuclease present during Okazaki frag-
ment processing interferes with RNA primer removal, fill-
in DNA synthesis and eventual ligation, leading to unli-
gated nicks (1,2,69). If left unrepaired, these nicks would
form DSBs during the next round of replication, explain-
ing the observed dependence on HR of RAD27 overexpress-
ing cells. This is consistent with a recent study by Aguilera
and colleagues that demonstrated an increase in recombi-
nation frequency and Rad52 foci formation when RAD27
is overexpressed (64). However, where we observed severe
growth inhibition in rad52Δ mutants when overexpressing
RAD27, Aguilera and colleagues reported no such growth
defect. It is possible that this discrepancy results from a
strain-specific effect, but the origin of any such effect is un-
clear. We have further expanded on this study by identifying
that the DNA damage sensitivity observed by both labora-
tories is likely due to a suppression of PRR resulting from
inhibited PCNA-K164 ubiquitination. We have also identi-
fied that the genotoxic effects of Rad27 overexpression are
dependent on its ability to physically interact with PCNA,
firmly linking these effects to replication dysfunction.

RAD27 overexpression causes DNA damage sensitivity

One of the more striking phenotypes that we observed upon
Rad27 overexpression was an acute sensitivity to DNA
damage. High abundance of flap endonuclease rendered
multiple strains uniformly sensitive to both 4-NQO and
MMS treatment at concentrations that failed to impact the
growth of control cells that harbored an empty vector. Con-
sidering that Rad27 is involved in long patch BER, which is
the primary pathway for removal of MMS-induced lesions,
it is somewhat counterintuitive that overexpression would
sensitize cells to this type of damage (8,70). Nevertheless,
we propose two reasons that may explain why this is the
case. First, our data suggests that RAD27 overexpression
leads to genome instability and impaired DNA replication.
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If these cells are already experiencing considerable difficulty
with replication they may be unable to tolerate additional
damage and easily succumb to drug treatment. Second, we
observed that ubiquitination of PCNA in response to DNA
damage was severely reduced. It has been well established
that both 4-NQO and MMS treatment lead to an increased
dependence on PRR for viability (23,50). It is therefore pos-
sible that the inability to ubiquitinate PCNA and activate
PRR renders these cells highly sensitive to DNA damaging
agents. If this relationship between flap endonuclease over-
expression and genotoxic sensitivity is conserved in human
cancer cells, it may offer an effective therapeutic target for
cancers with high levels of FEN1. Because the mode of ac-
tion for many clinical chemotherapeutics relies on causing
damage to DNA or otherwise inducing replication stress,
this would be a highly implementable strategy with a read-
ily identifiable marker in FEN1. Indeed, we show here that
SCLC cell lines that highly overexpress FEN1 are signifi-
cantly more sensitive to the ATM inhibitor CP466722 than
those with low FEN1 expression. Importantly, our data also
demonstrates that differences in drug response are not al-
ways associated with FEN1 expression levels, but may vary
from cell type to cell type.

FEN1 overexpression and cancer

Overexpression of FEN1 in cancers from multiple tissues
may suggest simply that dividing cancer cells require ele-
vated levels of this replication factor to enable prolifera-
tion. However, our finding that overexpression of flap en-
donuclease in both yeast and human systems is a potent
source of genome instability raises the possibility that over-
abundance of FEN1 presents an active mechanism to drive
cancer evolution irrespective of tissue type. Based solely
on the results presented in this study, it is impossible to
determine whether FEN1 overexpression is a driving fac-
tor in carcinogenesis, a promoter of cancer progression or
a combination of the two. For example, methylation of
FEN1 at K377 by the methyltransferase SET7 during S
phase has been implicated in defying replication stress (71).
It is currently unknown if all of FEN1 is properly modi-
fied when overexpressed, but a lack thereof could directly
contribute to an increase in DNA damage. Similarly, the
cell cycle-specific turnover of FEN1 by SUMO-dependent
ubiquitination-mediated degradation may no longer func-
tion properly when the enzyme is highly overexpressed (56).
Not surprisingly, inhibition of FEN1 has already been in-
vestigated as a potential chemotherapeutic strategy with
promising results, although none of these studies have suffi-
ciently analyzed the effect of FEN1 inhibitors specifically in
cancers with elevated expression levels (72–74). Such stud-
ies will be necessary to determine whether some cancers be-
come ‘addicted’ to overexpression and whether this is ex-
ploitable as a therapeutic strategy.

In summary, we report that overexpression of flap en-
donuclease impairs DNA replication leading to S phase de-
lay, DNA damage and mutation in a manner that is de-
pendent on its interaction with PCNA. Furthermore, over-
abundance of Rad27 impairs ubiquitination of PCNA in
response to DNA damaging agents and renders these cells
acutely sensitive to DNA damage. Our findings provide ev-

idence that this common occurrence in cancer cells may not
be simply a passenger effect but must be considered as a
driver of genome instability.
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