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ABSTRACT

Pif1 family 5 — 3" DNA helicases are important for
replication fork progression and genome stability.
The budding yeast Saccharomyces cerevisiae en-
codes two Pif1 family helicases, Rrm3 and Pif1, both
of which are multi-functional. Here we describe novel
functions for Rrm3 in promoting mutation avoidance
during DNA replication. We show that loss of RRM3
results in elevated spontaneous mutations made by
DNA polymerases Pols € and &, which are subject
to DNA mismatch repair. The absence of RRM3 also
causes higher mutagenesis by the fourth B-family
DNA polymerase Pol {. By genome-wide analysis, we
show that the mutational consequences due to loss
of RRM3vary depending on the genomic locus. Rrm3
promotes the accuracy of DNA replication by Pols ¢
and & across the genome, and it is particularly impor-
tant for preventing Pol {-dependent mutagenesis at
tRNA genes. In addition, mutation avoidance by Rrm3
depends on its helicase activity, and Pif1 serves as
a backup for Rrm3 in suppressing mutagenesis. We
present evidence that the sole human Pif1 family heli-
case in human cells likely also promotes replication
fidelity, suggesting that a role for Pif1 family heli-
cases in mutation avoidance may be evolutionarily
conserved, a possible underlying mechanism for its
potential tumor-suppressor function.

INTRODUCTION

Duplication of eukaryotic genomes by DNA replication is
a challenging undertaking. A variety of mechanisms en-
sure that DNA replication is faithful. For instance, mul-
tiple DNA repair pathways, such as nucleotide excision
repair, base excision repair, and DNA break repair con-
tribute to maintaining the integrity of DNA. Three ma-
jor processes are responsible for mutation avoidance dur-

ing and immediately after replication of the undamaged nu-
clear DNA genome (1,2). First, the replicative DNA poly-
merases (Pols «, € and d), also known as replicases, strongly
select correct rather than incorrect nucleotides for incorpo-
ration (1,2). Second, Pols € and & possess 3" — 5" exonucle-
ase activity that conducts mismatch correction in a process
called proofreading (3). Proofreading occurs during ongo-
ing replication, when occasional misinserted bases at the 3°
DNA terminus are excised before DNA synthesis resumes.
Pol a, along with primase, synthesizes RNA-DNA primers
that initiate both leading strand synthesis and Okazaki frag-
ment synthesis, but it does not contain proofreading activ-
ity (4). Because mismatches pose kinetic barriers to poly-
merase activity (5-7), Pol « likely dissociates from the 3’
terminus when it is unable to extend a mismatch, allowing
Pol & to excise the mismatch in a process we call extrin-
sic proofreading (8). We recently demonstrated that Pol &
can also extrinsically proofread errors by Pol € and by itself
(9), thereby contributing to the high fidelity of DNA repli-
cation. Finally, mismatches that are erroneously extended
can be recognized and repaired by DNA mismatch repair
(MMR) (3,10).

During DNA synthesis in vitro, yeast and human Pols «,
e and 8 were found to have error rates between 10~ and
107 (11-17). These values are on average ~100 times higher
than our in vivo estimates using proofreading and MMR-
defective yeast strains (~2 x 10~ for both Pols € and 3) (9).
The discrepancy between in vitro and in vivo values suggests
that there are additional factors that operate in vivo to pro-
mote polymerase fidelity, and/or that there are unknown re-
pair processes that correct errors that escape proofreading
and MMR.

Pif1 family DNA helicases are conserved from yeast to
humans (18,19). The budding yeast Saccharomyces cere-
visiae genome encodes two closely related Pifl family mem-
bers, Rrm3 and Pifl. In contrast, most eukaryotes have only
one. Rrm3 promotes replication through over 1000 pro-
tein associated sites, including telomeric DNA, RNA poly-
merase I1I-transcribed genes such as tRNA genes, and cen-
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tromeres (20). At tRNA genes, Rrm3 also suppresses R-
loop mediated DNA damage (20-23). The related Pif1 he-
licase shares these functions by acting as a backup heli-
case for Rrm3 during replication at tRNA genes and cen-
tromeres (21,22,24). In addition, Pifl negatively regulates
telomere length by inhibiting telomerase activity, promotes
replication through G-quadruplex DNA structures, has a
key role in replication termination (25) and is required for
maintenance of mitochondrial DNA (18,23,26).

The budding yeast Pifl has 5" to 3" DNA helicase activ-
ity. This activity can unwind both DNA duplexes and G-
quadruplexes and can displace RNA from RNA-DNA hy-
brids (27-30). Pif1 also displaces proteins from DNA (29).
The S. pombe Pif1 family helicase, called Pfhl, has activi-
ties similar to those of Pif1(31). Like Pifl and Pfhl, Rrm3
1s a 5 to 37 helicase, but detailed biochemical studies of
Rrm3 are lacking, due to difficulties in purifying active pro-
tein. However, Rrm3 is predicted to have similar activities
as Pifl, based both on its in vivo functions and its binding
to G-quadruplexes and R-loops (20,21,32).

Rrm3 associates with DNA polymerase € and travels
with the replication fork (33), suggesting an unidentified,
genome-wide function for Rrm3 throughout DNA replica-
tion. Mutations in human PIFI (hPIF1) are found in some
high-risk breast cancer families, suggesting that it may have
a tumor suppressor function (34). Here we reveal a novel
function of yeast Rrm3 and human PIF1 in promoting mu-
tation avoidance during DNA replication.

MATERIALS AND METHODS
Yeast strains

All S. cerevisiae strains were derived from Al(—2)I-7B-
YUNI300 (MATa CANI his7-2 leu2 A:kan M X ura3 A trpl-
289 ade2-1 lys2 AGG2899-2900) (35), known as A7 back-
ground. Yeast strains used for this study is listed in Supple-
mentary Table S2.

Measuring mutation rates of reporter genes

Mutation rates of reporter genes URA3 and CANI genes
were measured using fluctuation assays. As previously de-
scribed (36), at least 20 independent colonies were inocu-
lated in 5 ml YPDA yeast media supplemented with 100
wg/ml of adenine. The liquid cultures were rotated at 30°C
for about 3 days till saturation. The cells were washed with
sterile water and and diluted for plating on non-selective
and selective media. For selection of ura3 or canl mutants,
the cells were plated on 5-fluoroorotic acid or canavanine
containing media respectively. The mutation rates are calcu-
lated from the individual culture’s mutation frequency using
Drake’s formula (37).

Mutation accumulation

Diploid yeast strains were passaged for mutation accumula-
tion as previously described (38). For each passaging each
single clone was allowed to grow into a 2 mm colony on
YPDA solid media with 100 pwg/ml of adenine supple-
mented, which was estimated to equal 30 cell divisions. For
each genotype, multiple isolates were passaged up to 30
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times to accumulate sufficient mutations (summarized in
Supplementary Table S1).

Genome sequencing and mutation analysis

Yeast DNA was isolated using the Lucigen MasterPure
Yeast DNA Purification kit (MPY80200). Sequencing li-
braries were prepared using the KAPA HyperPrep kit
(KK8504) with low amplification cycles (~6 cycles). The li-
braries were sequenced using Illumina HiSeq 2500 or 4000
for paired-end 150 bp reads. Sequencing reads were mapped
on to the LO3 reference genome built for the A7 back-
ground (39). Mutation calling was performed using the mu-
ver pipeline which does so by comparing the endpoint to the
timepoint 0 genome from the mutation accumulation exper-
iment (40). Per basepair per generation mutation rates were
calculated by dividing number of mutations by number of
generations and by number of queryable bases. Mutation
counts of each isolate for mutations analysed for Figures 5
and 6 are provided in Supplementary Table S3.

Statistical comparison of mutation rates

In all cases where comparisons are made between two
strains (e.g. rates in Figures 4 and 5), P-values were calcu-
lated using Welch’s ¢-test (41). The null-hypothesis is that
the two data sets have equivalent means. This test assumes
normality but allows for data sets with unequal variance.
Normality is expected for mutation accumulation in the
absence of selection so long as no novel mutator or sup-
pressor phenotypes emerge during the experiment. A null-
hypothesis of normality could not be rejected for any strain
reported here (overall mutation rates, Shapiro-Wilk test
(42) for non-normality P > Siddk corrected threshold (43)
0f 0.00516 for a family-wise error rate of 0.05), except for the
previously published msh6A strain. That strain contained
one outlier (3.3 standard deviations above the mean). Re-
moval of that outlier drove the Shapiro-Wilk P-value to
0.272. The outlier caused the average msh6A error rate to
increase by only 6%, insufficient to change any of our con-
clusions. The outlier was therefore retained in order to re-
main consistent with previous publications.

Construction of PIF1 truncation mutant HCT116 cell lines

HCT116 cells grown in McCoys 5A media supplemented
with 10% FBS with 1% L-glutamine and 1% Pen/Strep
were transfected with CRISPR67 gRNA vector and
Cas9 vector. Simultaneously, the cells were infected with
rAAV-Pifl-CondKO-SEPT-Neo viruses. rAAV viruses
were produced using AAV Helper-free system (Stratagene,
240071). On the next day, cells were trypsinized and
plated into 96 well plates at a concentration of 2000 cells
per well, in medium containing G418 selection medium
(0.5 mg/ml). After approximately two weeks, single
colonies were expanded to 24-well plates. Once the cells
were confluent enough some cells were collected to screen
for positive clones by PCR using different pairs of primers
(control primers: Fwd-TACCCTCAGGAGCAAGCA,
Rev-TCATCCTGGTGGGTGCAGAG;
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insertion primers (SEPT-seq): Fwd-
CCAAATTTTAAGGTACCACTGTGCA, Rev-
TCATCCTGGTGGGTGCAGAGQG). Sequencing showed
that the CRISPR67 target site contains insertion of a
neomycin expressing cassettes (Supplementary Figure
S3a, b). RT-PCR shows that the insertion interrupted
hPIF1 transcription (Supplementary Figure S3c). Pos-
itive clones were also confirmed by Southern blot that
both alleles were modified (Supplementary Figure S3d).
Modification at the site of the CRISPR67 gRNA target
was verified by PCR-sequencing using the following
primers: 5-CTTCTATCCACTTGCCTCCTAC-3" and
5-CGGTTCTGCTTCCAGGTATTA-3".

Plasmids used for CRISPR mutagenesis

PAAV-Pif1-CondKO-SEPT-Neo was built using the vector
PAAV-MCS from AAV Helper-free system (Stratagene,
240071). The PIF1-CondKO-SEPT cassette containing the
conditional cassette with 3 LoxP sites and the Neomycin
resistant marker was introduced between the two Notl
sites. CRISPR67 gRNA vector was built using the gRNA
vector backbone vector (Addgene plasmid #41824) (44).
The gRNA sequence GGAAAGGACGAAACACCGAC
CTTCATCTCTCTACTGCGTTTTAGAGCTAGAAAT
AGCAAGTTAAAATAAGGCTAGTCTTTCTTGGCTT
TATATATCTTGT was introduced into the vector using
Gibson Assembly kit (NEB E2611S). Cas9 vector was also
from Addgene (#41815) (44).

Southern blot

Genomic DNA was extracted using the QIAgene Dneasy
Blood and Tissue kit and digested by BstEIl and EcoRI.
DNA was run on a 0.8% agarose gel, gently washed in
HCI 0.25 N for 20 min, rinsed with diH20, washed with
NaOH 0.4 M and finally transferred overnight in NaOH
0.4M to Zeta-Probe GT Genomic Tested Blotting Mem-
branes. The blot was then probed using either a genomic
probe (CATTGCACATGGGCCAAGAA) or a neomycin
probe (GGTGGAAAATGGCCGCTTTT).

Measuring HPRT mutation rates

To prepare for fluctuation assays, HPRT mutants were
purged by culturing the HCT116 cell lines in 1x HAT
(sodium hypoxanthine, aminopterin and thymidine,
Thermo Fisher 21060017) containing DMEM with high
glucose media for five passages. As previously described,
for fluctuation analysis of each cell line, 500 cells were
seeded in each well of two six-well plates for a total of
12 cultures. After cells were grown into confluence, cells
harvested from each well were counted. Five hundred
cells were plated in each of a triplicate 10 cm dishes. After
about 7-10 days, colonies were stained with crystal violet
and counted for estimation of viable cells plated. On
the other hand, 1 million cells were seeded in each of a
triplicate 10 cm dishes containing 5 pwg/ml 6-thioguanine
(Sigma Aldrich, A4882). After about 14 days, colonies were
stained with crystal violet and counted for estimation of
viable cells plated. The mutation rates were estimated by

Ma-Sandri-Sarkar Maximum method using the FALCOR
web tool (45). FALCOR is currently maintained by the
Ping Liang lab at https://lianglab.brocku.ca/FALCORY/.

DATA AVAILABILITY

All whole genome sequencing data is available through Se-
quence Read Archive accession number PRINA689775.

Code availability

Muver suite is available via GitHub (40) or upon request.

RESULTS
Elevated spontaneous mutations in rrm3 A cells

Because Rrm3 moves with the nuclear DNA replication
fork and interacts with DNA polymerase € in vivo (33), we
considered that it might affect replication fidelity. To test
this idea, we determined the effects of its deletion on spon-
taneous mutation rates using the URA3 and CANI reporter
genes for forward mutation assays. The results showed 2—
3-fold increases in mutation rates in the absence of RRM3
(P < 0.01 for both URA3 and CANI, Figure 1). A previ-
ous study found that spontaneous mutations at the CAN/
locus were increased in rrm3 A cells (46). To determine if
these mutations result from DNA synthesis by the replica-
tive DNA polymerases, we tested the genetic interaction of
RRM3 with variants of Pols € and & that themselves have
reduced fidelity. We used polymerase alleles that contain ac-
tive site mutations (pol2-M644G and pol3-L612G for Pols €
and d, respectively) that show reduced fidelity but otherwise
support relatively normal cell growth (47,48). Both rrm3 A
pol2-M644G and rrm3 A pol3-L612G double mutants had
synergistic increases in mutation rates over the correspond-
ing single mutants (P < 0.01 for both reporters, Figure 1).
These synergistic increases are higher than expected from
the additive effects of the corresponding two single mutants.
These increases suggest that the mutations generated in the
absence of Rrm3 are likely introduced during DNA repli-
cation by Pols € and 8.

Mutations in rrm3A cells are subject to proofreading and
MMR

We reasoned that if the mutations in rrm3 A cells are indeed
replication errors, they should be subject to correction by
proofreading by Pols € and & and should also be substrates
for MMR. Therefore, we tested the genetic interactions be-
tween RRM3 and the exonuclease activities of Pols € or 3,
and between RRM3 and MMR. We found that mutations in
rrm3 A cells were synergistically higher in the absence of ex-
onuclease activity of Pol € or Pol & (pol2-exo™ or pol3-exo™)
(P < 0.01 for both reporters, Figure 2). MSH6 encodes a
subunit of the MutSa heterodimer, deletion of which abol-
ishes the repair of base-base mismatches and reduces the re-
pair of small misalignments (49). Similarly, rrm3 A was also
synergistic with msh6 A (P < 0.01 for both reporters, Figure
2). These data suggest that at least some of the mutations
made in rrm3 A strains are due to replication errors made
by Pols € and Pol 8.
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Figure 1. Mutational effect of rrm3A and genetic interaction of replicase mutators. Mutation rates of reporter genes (URA3 and CANI) measured in
forward mutation assays. Data are presented as median £95% confidence interval. n > 20 independent cultures were used for fluctuation analysis for each

genotype.

Elevated mutations in rrm3 A cells are due partly to Pol {

One well-characterized function of Rrm3 is to pro-
mote replication progression through hard-to-replicate sites
(20,21,33). For example, actively transcribed genes are of-
ten obstacles for the replisome (50). The fourth B-family
DNA polymerase, Pol {, is a translesion DNA polymerase
that contributes to 40-85% of spontaneous mutations in
normal cycling cells (35,51-54). It affects mutagenesis in-
duced by replication stress and DNA damaging agents, and
during DNA repair (55-58). Therefore, we asked whether
Pol { contributes to mutagenesis in rrm3A cells. By delet-
ing REV3, which encodes the catalytic subunit of Pol ¢, we
found that Pol{ is responsible for 40-50% of the mutations
in both WT and rrm3 A cells (P < 0.05 for all pairwise com-
parisons, Figure 3). Since rrm3 A cells have higher sponta-
neous mutation rates than WT, this result suggests that Pol
causes more mutations in rrm3 A cells. The fact that rrm3 A
rev3A cells had >2-fold higher mutation rate than rev3A
(P < 0.01 for both URA3 and CANI, Figure 3) suggests
that not all of the mutations are due to Pol {. This interpre-
tation is consistent with the idea that some of the mutations
in rrm3 A cells are dependent on the replicases Pols € and
3. Pol { is not a significant source of mutations in rrm3A
pol2-M644G cells (P > 0.05, Figure 3).

Genome-wide mutation rates in rrm3 A mutant cells

Replication of most of the genome does not appear to be
Rrm3-sensitive (20,50). Rather it promotes replication at
specific sites such as tRNA genes. Particularly, Rrm3 is not
required for normal replication progression through RNA
Pol II-transcribed protein-coding genes. Yet, Rrm3 is re-
quired for mutation avoidance at reporter genes URA3 and

CANI. To better understand mutagenic events in rrm3A
cells across the genome, we performed genome mutation ac-
cumulation in rrm3 A cells. Briefly, diploid yeast cells were
passaged a number of times on solid media to allow mu-
tation accumulation (38). The accumulated mutations were
identified by comparing the genomes sequenced before and
after the passagings. As shown in Figure 4A, deletion of
RRM3 resulted in a 2.4-fold increase (P < 0.001) in the
genome-wide average mutation rate, similar to the increase
in mutations at the two reporter genes in this same genetic
background (Figure 1). Also similar to the reporter genes,
mutation rates in rrm3A cells were synergistic with poly-
merase mutants and with msh6A (P < 0.001, Figure 4A),
while deletion of REV3 resulted in reduced mutations in
rrm3 A cells. Mutation rates are elevated across different
substitution types and insertion/deletion (indel) mutations
in rrm3 A cells (Figure 5A). Thus, the presence of Rrm3 sup-
presses mutagenesis genome-wide.

Different sources of mutagenesis in rrm3 A mutant cells

Next, we analyzed the mutational effect of rrm3 A in differ-
ent regions of the genome. We found that the mutational
rate within coding regions in rrm3A cells was similar to
the genome-wide average (Figure 4A). These genic regions
account for ~70% of the S. cerevisiae genome. Moreover,
rrm3 A cells had a similar increase in mutation rate in in-
tergenic regions, and this increase was synergistic with mu-
tants in DNA polymerases or MMR (P < 0.001, Figure 4B).
However, deletion of REV3 resulted in no significant reduc-
tion in mutation rate in intergenic regions in rrm3A cells
(P = 0.22, Figure 4A). This result suggests that mutations
in inter-genic regions may be due mostly to replication by
the replicases, not Pol (.
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In WT cells, replication pauses at tRNA genes, espe-
cially in genes where replication and transcription moves in
the opposite directions through the gene. This pausing de-
pends on the pre-initiation transcription complex and was
increased dramatically in rrm3 A cells (22,59). Likewise, in
WT cells, the spontaneous mutation rate at tRNA genes was
significantly higher than the genome average (P < 0.01),
and this rate was even higher (~3-fold) in rrm3A cells
(P < 0.05, Figure 4B). In contrast to other sites, mutations
at tRNA genes were reduced by ~3-fold in rev3A rrm3A
cells (P = 0.08). These results suggest a particularly im-
portant role for RRM3 in preventing Pol {-related muta-
genesis at tRNA genes. Notably, although not statistically
significant due to low mutation counts (Supplementary Ta-
ble S3), in rrm3A rev3A cells, the mutation rate at tRNA
genes (92 x 10~'!) is higher than that of the genome average
(33 x 107!, P =0.14) or protein-coding genes (26 x 10!,
P = 0.12) (Figure 4A). In contrast, in rrm3A pol2-M644G
or rrm3 A pol3-L612G, the mutation rate at tRNA genes is
similar to the genome average (Figure 4B). These findings

suggest that, in addition to the replicases and Pol {, there
may be additional, as yet unidentified, sources of mutagen-
esis at tRNA genes.

In addition, rrm3 A cells had a 5-fold increase in muta-
tion rate in genomic regions surrounding replication ori-
gins (1 kb windows), with mutation rates even higher than
genome average (82 x 107! versus 49 x 10~'! for the
genome average, P < 0.0001, Figure 4A). In contrast to
tRNA genes, rev3A caused no significant decrease in mu-
tation rate at these regions in rrm3A cells (P > 0.05, Fig-
ure 4A). However, the polymerase mutators do not con-
tribute to more mutagenesis in these regions compared to
genome average (Figure 4B, see Supplementary Table S3
for all pairwise comparisons). Consistently, in rrm3 A pol2-
M644G, the mutation rate in these regions is also lower
compared to the genome-wide average (P < 0.01, Fig-
ure 4B). The rrm3A msh6A double mutant behaves sim-
ilarly in these regions compared to the genome-wide av-
erage (Figure 4A, B). Therefore, mutagenic proceses that
are independent of the replicases and Pol { may also
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contribute to mutations at replication origins in rrm3A
cells.

Mutation spectra in rrm3 A mutant cells

We also examined the mutational effect of rrm3 A across dif-
ferent substitution types and indels. We found that most
substitutions except for AeT to CeG and GeC to CeG
transversions were elevated in rrm3 A cells compared to WT
(Figure 5A), as were indels, particularly so for single base
pair insertions. Deletion of REV3 reduced the mutations
rate of different substitution types to varying degrees. Par-
ticularly significant were AeT to TeA and GeC to CeG
transversions (P < 0.01, Figure 5A) which are preferred Pol
{-dependent mutations observed in WT cells, although the
GeC to CeG mutation rate is not elevated in rrm3A cells
(53). GeC to AeT is reduced to a similar extent with rev3 A
(P < 0.01, Figure 5A), which was not a preferred mutation
type by Pol ¢ in WT cells (53). Furthermore, the dramatic
increase in single base insertions does not depend on Pol ¢
(Figure 5A). These findings suggests that Pol {-dependent
mutagenesis is somehow different in rrm3A than in WT
cells.

Pol € carrying the pol2-M644G variant mostly makes
AeT to TeA transversions via TeT mispair (11,47). We ob-
served a strong synergy between pol2-M644G and rrm3 A
for AeT to TeA mutations (p < 0.01, Figure 5B). Simi-
larly, we observed synergy between pol3-L612G and rrm3 A
across most mutation types (P < 0.01, except for >1 bp in-
dels, Figure 5C), with different specificity compared to pol2-
M644G, suggesting that the two replicases respond differ-
ently to the loss of RRM3. Moreover, we observed strong
synergy between rrm3 A and msh6 A (P < 0.01, except for > 1
bp deletion, Figure 5D), further highlighting the interpre-
tation that mutations made in rrm3 A cells are replication
errors that are subject to MMR.

Rrm3 promotes replication fidelity via its helicase activity and
independently of replication checkpoint

Like all Pif1 family helicases, Rrm3 is an ATP-dependent 5°
to 3" helicase (60). To determine if its helicase activity is re-
quired for its role in suppressing mutagenesis, we introduced
a plasmid borne copy of either wild type RRM3 or rrm3-
K260A into rrm3 A cells. The K260A4 mutation is a Walker
A box mutation that eliminates the ATPase activity of Rrm3
(61). While WT RRM3 fully suppressed the increased mu-
tation rate in rrm3 A cells, rrm3-K260A behaved similarly to
rrm3A (Supplementary Figure S1). Thus, the helicase ac-
tivity of Rrm3 is essential for its role in mutation avoidance
during replication. Suppression of spontaneous mutations
in the CANI gene also requires the helicase activity of Rrm3
(46).

The DNA damage checkpoint is moderately activated in
rrm3 A cells (20). Checkpoint activation causes changes in
cell cycle and nucleotide pool (62). To test whether the mu-
tagenic consequences of RRM3 loss is due to checkpoint ac-
tivation, we measure mutation rates in cells lacking Rad53
checkpoint kinase with or without Rrm3. Shown in Supple-
mentary Figure S2, we found that the elevated mutagenesis
in rrm3 A cells is not dependent on checkpoint activation.
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Pifl may serve a backup role in mutation avoidance for Rrm3

In addition to Rrm3, S. cerevisiae encodes a second Pifl
family helicase called Pifl. Although Pifl has several dis-
tinct functions, in some cases, it also acts as a backup for
Rrm3 during DNA replication, for example, at tRNA genes
and centromeres (21,22,24). Because PIFI is required for
maintenance of mitochondrial function (18,23,26), we used
the pifi-m2 allele which is defective only for the nuclear
functions of Pif1, even though it is not a null in some in vivo
assays (63). Although pif1-m2 cells had a normal mutation
rate, pif1-m2 exacerbated the mutational effects of rrm3 A at
both CANI and URAS3 (Figure 6A, B). We observed similar
effects of pifi-m2 in a MMR-defective background (Figure
6A, B). These data are consistent with a backup role for Pif1
in mutation avoidance.

Human PIF1 (hPIF1) suppresses mutations

In humans, hPIF1 is the sole Pifl family helicase. To test
whether the function we observed for Rrm3 and Pifl is
conserved in mammalian cells, we introduced mutations in
both copies of the ~PIFI gene using CRISPR-Cas9 in hu-
man HCT116 cells. We obtained two independent clones
carrying a neomycin expressing casette insertion in the
hPIFI gene induced by CRISPR-Cas9 (Supplementary Fig-
ure S3A-C). RT-PCR confirmed that the insertion inter-
rupted 2 PIF] transcription in both strains (Supplementary
Figure S3D). We then carried out fluctuation assays to mea-
sure the mutation rate of the HPRT gene in both WT and
the two mutant hPIF cells lines. We found a 2.6-3-fold
increase in the APRT mutation rate in the P/F/ mutant
cell lines (Figure 6C, P < 0.001). The fact that HCT116 is
MMR -defective, likely due to lack of the MLHI gene (64),
further suggests that these mutations are at least in part
replication errors that are substrates for MMR.

DISCUSSION

We show that RRM3 promotes the fidelity of the two major
DNA replicases, Pols € and 8. In addition, RRM3 has locus
specific functions in preventing Pol {-dependent mutagene-
sis (Figures 3 and 4), particularly at tRNA genes, but also, to
a lesser extent, at replication origins. The evidence also sug-
gests that RRM3 prevents other unknown mutagenic pro-
cesses, at least at tRINA genes and at regions surrounding
origins, which could involve DNA break repair, replication
fork — initiated recombination or synthesis by other muta-
genic polymerases such as Pol .

Rrm3 and the S. pombe Pfhl are both required for effi-
cient replication through hard to replicate sites, such as sta-
ble protein complexes and R-loops, as deterimined by both
2D gels and DNA polymerase occupancy assays (20,21,33).
However, replication fork progression through most of the
genome is not affected by reduced Rrm3 or Pfhl, perhaps
because Rrm3 acts only rarely at other sites. Unlike S. cere-
visiae Pifl, Rrm3 and S. pome Pfhl are stably associated
with replication forks (33,65) (Pifl is recruited to its sites
of action (66)). These results suggest a genome-wide role
for Rrm3 and Pfh1 in DNA replication, in addition to their
more specific functions at hard-to-replicate loci.
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Figure 6. Evolutionary conservation of Rrm3 function. (A, B) mutation rates of reporter genes (URA3 and CANI) in pifl-m2 cells and the genetic
interaction between rrm3 A and pifi-m2. Data are presented as median + 95% confidence interval. (C) Mutation rate of HPRT reporter gene in HCT116
cells with or without PIF1. Data are presented as median & 95% confidence interval. Twelve independent cultures were used for the fluctuation experiment.

Here, we demonstrate that Rrm3 has an unanticipated
function in the fidelity of DNA replication. That is, the mu-
tation rates throughout the genome, at both Rrm3-sensitive
and insensitive sites, were elevated in the absence of Rrm3.
Our data do not allow us to determine the mechanism by
which Rrm3 increases replication fidelity, which will re-
quire future experiments. However, we speculate that Rrm3
suppression of mutations is linked to its role in fork pro-
gression. It is possible that replication forks are constantly

dealing with minor impediments that may require frequent
engagement of Rrm3 helicase function during replication.
Without Rrm3, the replication template or the fork envi-
ronment could become less than ideal for accurate poly-
merase action. For instance, Rrm3 could facilitate move-
ment of replicases by displacing DNA-binding proteins or
RNA-DNA hybrids, or unwinding secondary DNA struc-
tures. These actions may affect the fidelity of the replicases.
Another possibility is that Rrm3 facilitates error removal.



Our data clearly shows that Rrm3 does not participate in
the base-base mismatch removel by the MutSa pathway. It
is also possible that Rrm3 may play a role in an uncharacter-
ized repair pathway that corrects mismatchs and/or poly-
merase slippage loops.

In addition to influencing the fidelity of Pols € and 8,
Rrm3 also suppresses Pol {-dependent mutagenesis. We
propose that increased replication fork stalling in rrm3 cells
increases the chance that Pol { engages in DNA synthesis,
thereby increasing mutagenesis owing to its fidelity being
lower than that of the replicative polymerases. This model
is supported by our finding that tRNA genes, which are
among the strongest replication pause sites, are also mu-
tation hotspots, even in WT cells. Fork slowing/stalling is
exacerbated in rrm3 A cells, which could facilitate Pol { en-
gagement and result in even higher mutagenesis. Pol { en-
gagement at these sites could help extend leading strands or
fill in gaps on the lagging strand that arise from incomplete
Okazaki fragments. In addition, Pol { also contributes to
a significant portion of mutagenesis in the protein-coding
genes in contrast to intergenic regions, consistent with the
idea that RNA Pol II-transcribed gene are also replication
impediments (50,67). Moreover, our data suggest additional
mutagenic processes in rrm3 A cells at certain genomic loci.
For instance, the mutation rate in regions surrounding repli-
cation origins increased by ~5-fold in rrm3A compared to
WT cells, which were not due to Pol { (Figure 4). However,
in rrm3 A and polymerase mutators or msh6 A double mu-
tants, the mutations in these regions were not higher than
elsewhere, suggesting that many of the additional mutations
in rrm3 A are not due to replicase errors. These mutations
could come from other error-prone polymerases and/or
DNA repair processes.

Unlike most other eukaryotes, S. cerevisiae encodes two
Pif1 family helicases, making the functional similarity and
divergence of Rrm3 and Pifl interesting. Our data suggest
that Pif1 acts as a backup for Rrm3 in mutation avoidance
as it does for several other Rrm3 functions, such as replica-
tion of tRNA genes and centromeres (21,22,24). Likewise,
Rrm3 is a backup for Pifl for unwinding G-quadruplexes
but only in Pifl-deficient cells (21). The S. pombe Pthl com-
bines many of the functions of Pif1 and Rrm3 (18). We note
that the pifl-m2 allele used in our analyses is a nuclear-null
in some functional assays (30,68). However, there are cur-
rently no PIF] alleles that are a null for all of Pif1’s nuclear
activities that do not also eliminate its mitochondrial func-
tions. Mitochondrial deficient cells are hard to work with
because of their slow growth., and nuclear defects seen in
pifl A cells could be a secondary consequence of loss of mi-
tochondrial function.

Pfhl, the sole Pif1 family helicase in fission yeast has most
of the functions of Pifl and Rrm3 (ref a review). Thus, we
anticipate that the human PIF1 may also be a functional
homolog for both Rrm3 and Pifl in suppressing sponta-
neous mutations. To test this idea, we monitored the mu-
tation rates for HPRT in HCT116 human cell lines. Indeed,
the HPRT mutation rates in HCT116 cells with disrupted
hPIF1 were ~3-fold higher than in cells expressing WT
hPIF1. These data suggest that at least some functions of
Pif1 family helicases may be widely conserved. Interestingly,
a mutation disrupting P/FI function was found in certain
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breast cancer families, suggesting hPIF1 might be a tumor
suppressor gene (34). We propose that human PIFI’s role in
mutation avoidance provides a possible and novel explana-
tion for its potential tumor suppressor function.

We began this endeavor to examine whether certain non-
essential replication fork-associated factors promote repli-
cation fidelity. This issue stems partly from the observation
that the apparent fidelities of the replicases are 10—-100 times
higher in vivo than in vitro (9). The data on Rrm3 support
this hypothesis. The question now is how many additional,
as yet unknown, factors are involved in replication fidelity.
As genes involved in mutation avoidance are likely also tu-
mor suppressors, future endeavors in identifying additional
such factors may discover novel tumor suppressor genes or
provide mechanistic insight into the functions of known tu-
mor Suppressor genes.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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