Science

AVAAAS

Supplementary Materials for

Error-prone, stress-induced 3’ flap—based Okazaki fragment maturation supports
cell survival

Haitao Sun et al.

Corresponding authors: Li Zheng, Izheng@coh.org; Binghui Shen, bshen@coh.org

Science 374, 1252 (2021)
DOI: 10.1126/science.abj1013

The PDF file includes:

Materials and Methods
Supplementary Text
Figs. S1to S20

Tables S1 to S6
References

Other Supplementary Material for this manuscript includes the following:

MDAR Reproducibility Checklist



Materials and Methods

Yeast strains and plasmids

All yeast strains (see Table S4 for sources) used for genetic studies were derivatives of three
Saccharomyces cerevisiae yeast strains: the WT control strain (RDKY2672: MATa, his3A200,
ura3-52, leu2Al, trplA63, ade2Al, ade8, hom3-10, lys2ABgl; RDKY2669: MATa, his3A200,
ura3-52, leu2Al, trplA63, ade2Al, ade8, hom3-10, lys2ABgl), the rad27A strain (RDKY2608:
MATa, his3A200, ura3-52, leu2A1l, trp1A63, ade2A1, ade8, hom3-10, lys2ABgl, rad27A::URA3)
(12), and dna2-1 mutant strain, which carries the nuclease abolishing P504S dna2 mutation
(4x154-9A: MATa, his3A200, leu2A1l, trp1-289). All derived yeast strains are listed in Table S4.
The genotypes of these yeast strains were verified using PCR-based genotyping. The pol3 knock-
in mutant yeast strain was generated using a previously published two-step approach for knock-
in of point mutations in yeast (25). A PCR-amplified DNA fragment encoding the Pol3 mutation
and the selection marker HIS3 was transfected into rad27A yeast cells. Stably transfected cells,
as indicated by growth on synthetic complete (SC)-His nutrient-deficient plates, were selected
and knock-in of the pol3 mutation was confirmed by PCR-based Sanger DNA sequencing. The
rad27A or rad27A pol3 ITD knock-in yeast cells were transfected with a PCR-amplified DNA
fragment encoding the Flag tag and the hygromycin B selection marker. The PCR fragment was
also flanked by two 39 bp fragments (Upstream: 5’
AAAGAGCTGCAGGAGAAAGTAGAACAATTAAGCAAATGG 3’, Downstream: 5’
TATCTATTTATATATACATATATATCCACCAACATGCAA 3’), corresponding to the C-
terminus and 3’UTR of the POL3 gene. Flag-tagged Pol3 colonies were selected in yeast extract
peptone dextrose (YPD) medium containing hygromycin B. Expression of Flag-tagged WT or
ITD Pol3 in WT or rad27A was verified by western blot analysis using the anti-Flag tag antibody
(Cat# F1804-200UG, SIGMA).

DUNL1 or SML1 gene knock-out cells were constructed using a recombination-based approach.
WT or rad27A yeast cells were transfected with a PCR-amplified DNA fragment containing the
HIS3 or TRP1 gene, which was flanked by two 39 bp fragments (DUN1 upstream: 5’
TAGTCGAGAGTAACAAGTAAAGGGGCTTAACATACAGTA 3°, DUN1 downstream: 5’
TGCATGTTGGTGGATATATATGTATATATAAATAGATAC 3°, SML1 upstream: 5’
CTCACTAACCTCTCTTCAACTGCTCAATAATTTCCCGCT3’, SML1 downstream: 5’
GGAAATGGAAAGAGAAAAGAAAAGAGTATGAAAGGAACTS’), corresponding to the 5’
or the 3’end of the DUN1 or SML1 gene, respectively, for recombination. Knock-out of DUN1
or SML1 (dunlA or sml1A) in the transformant colonies, which were selected in SC-His or SC-
Trp growth medium, was verified using PCR-based Sanger DNA sequencing. The protease-
deficient S. cerevisiae yeast strain YRP654 (a gift of Dr. Satya Prakash) was used to express
Pold and Pols-ITD mutant complexes.

Genetic crosses

Previous studies showed synthetic lethality of rad27A with exolA or of rad27A with the
nuclease activity-abolishing dna2 mutation P504S (dna2-1 mutant allele) (26, 27). To assess if



double mutation of rad27A and pol3 ITD could rescue this synthetic lethality at 30°C, diploid
yeast mutant cells were created by genetic crosses of the rad27A::LEU2 pol3 ITD::HIS3 mutant
strain with the exol1A::URAS strain or with the dna2-1 strain. Ascospores from the diploid mutant
cells were isolated as previously described (28, 29). The haploids, carrying either the MATa or
the MATa allele, were confirmed by PCR analysis using the primers: MATa forward primer: 5’
ACTCCACTTCAAGTAAGAGTTTG 3’, MATa forward primer: 5’
GCACGGAATATGGGACTACTTCG 3’, and MAT reverse primer: 5’
AGTCACATCAAGATCGTTTATGG 3’. The isolated spores germinated and grew into colonies
on nutrient-deficient medium plates to select spores that carried a specific combination of mutant
alleles (Table S2, S3). In genetic crosses of the rad27A::LEU2 pol3 ITD::HIS3 strain with the
exolA::URA3 strain, the viability of spores carrying the rad27A::LEU2 pol3 ITD::HIS3 and
exolA::URA3 alleles were assessed by the capacity to grow and form colonies on SC-Leu-His-
Ura plates, which selected for rad27A pol3 ITD exolA cells. In genetic crosses of the
rad27A::LEU2 pol3 ITD::HIS3 strain with the dna2-1 strain, which has no linked selection
marker, the presence of viable spores carrying rad27A::LEU2 pol3 ITD::HIS3 dna2-1 alleles was
determined using PCR-based DNA sequencing of the DNA2 allele from independent colonies
formed on SC-Leu-His plates, which selected for rad27A pol3 ITD cells.

Canavanine resistance assays

Canavanine resistance (Can") assays were used to measure mutation rates and mutation spectra.
The Can'-based forward mutation rate in the yeast strains was determined as previously
described (12, 30). Briefly, single colonies (n=10) were picked and cultured in YPD medium
overnight at 30°C. For restrictive temperature stress conditions, yeast cells were transferred into
fresh medium and incubated at 37°C for 4 h. Cells from each independent colony were then
diluted into sterile water and plated onto YPD plates or plates with arginine-deficient selective
medium containing 60 pg/mL canavanine (Sigma-Aldrich, C9758). Numbers of Can" colonies
were counted and the data were analyzed using the method of Lea and Coulson (31). In this
method, the average number of Can" mutations per culture M is calculated based on the equation:
r0 =M (1.24 + In M), in which r0 is the median number of Can" colony-forming units per
culture. The mutation rate is calculated using the equation r = M/N, where N is the average
number of viable cells per plating. To define the mutation spectra of the yeast strains, ~20 single
Can" colonies were picked from canavanine plates (one colony was picked per plate) and grown
in YPD medium. The total genomic DNA was extracted and purified. The CAN1 gene was PCR-
amplified for each Can' colony and CAN1 gene mutations were detected using Sanger
sequencing.

Generation of revertant lines

To produce rad27A revertants for mutation analysis, a single rad27A colony was cultured in
YPD medium at 30°C. The cultured cells were then diluted into fresh YPD medium and
incubated at 37°C. Cells were diluted into fresh YPD medium every 4 days for 20 days. The cells
were then plated onto YPD plates and incubated at 37°C for 48 h. Any viable colonies were
considered revertants. The revertant phenotype was verified by conducting spot assays at various
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temperatures. Briefly, yeast cells [optical density (ODsoo) = ~0.4] of the indicated genetic
backgrounds were serially diluted at a 1:5 ratio. The diluted cells were spotted onto YPD plates,
and incubated at 30°C (optimal temperature), 25°C (sub-optimal temperature), or 37°C
(restrictive temperature) for 48 h.

To evaluate the revertant frequency, rad27A or rad27A dunlA cells from a single colony were
cultured in YPD medium overnight at 30°C. The same number of yeast cells (0.1-1 million;
quantified by hemacytometer) was then cultured in fresh YPD and incubated at 37°C for 0, 2, 4,
8, or 24 h (n=3). The cell culture was then plated onto YPD plates and incubated at 37°C for 48
h. The number of colonies was scored and the revertant frequency (%) was calculated by
dividing the number of colonies by the number of viable cells before incubation at 37°C.

MMS sensitivity assay

To assay the MMS sensitivity of different yeast strains, 0.005%, 0.01%, 0.015% or 0.02% MMS
was added to YPD plates after autoclaving, and plates were used the same day. Yeast cells were
serially diluted and spotted on YPD plates containing different levels of MMS. The plates were
incubated at 30°C for 48 h.

Animal studies

FEN1 F343A/F344A (FFAA) heterozygous mice (WT/FFAA, 129S1 genetic background),
which develop lung adenoma or adenocarcinoma at a high frequency (32), were in-line bred and
housed in the Animal Resource Center at City of Hope. All experimental protocols involving
animals were approved by the Institutional Animal Care and Use Committee of City of Hope in
compliance with the Public Health Service policies of the United States. To determine the extent
to which inhibiting Chk1 suppressed cancer development in FEN1 FFAA mutant mice, randomly
selected WT or WT/FFAA male or female mice (6 months old) were treated with 0.025 mg/kg
body weight SB218078 (Chk1 inhibitor) in DMSO via intraperitoneal injection once per week
for four weeks. Untreated control mice were injected with the same volume of DMSO (vehicle).
All mice were euthanized at 16 months of age. The presence of lung tumors was determined
using anatomic and histopathological analysis in blinding fashion. For whole exome sequencing
(WES) studies, WT or FEN1 A159V/WT mice (33) were euthanized at 16 months, and normal
lung or lung tumors were dissected for total genomic DNA extraction and purification.

Protein expression and purification

Recombinant Pol3, Pol31, and Pol32 were co-expressed in yeast cells and purification of the
Pold complex was performed as described previously (34-36). All of the following purification
steps were performed at 4°C. Briefly, ~10 g of frozen yeast cells expressing WT Pols (Pol3,
Pol31, and Pol32 subunits) or Pold-1TD (pol3 ITD, Pol31, and Pol32 subunits) were re-
suspended in 3 volumes of 1 x CBB (50 mM Tris—HCI, pH 7.5, 10% sucrose, 1 mM EDTA)
containing 500 mM NaCl and protease inhibitor cocktail (Thermo Scientific, 78429) and then



disrupted in a Bullet Blender Gold (Next Advance, Inc) with cooling (dry ice). Cell debris was
removed by centrifugation (20,000 x g, 10 min), after which the clarified whole cell extract was
prepared by further centrifugation (20,000 x g, 120 min). Ammonium sulfate (0.28 g/mL) was
added to the whole cell extract to precipitate the proteins. The resulting pellet was re-suspended
in 10 mL of 1 x GBB (50 mM Tris—HCI, pH 7.5, 10% glycerol, 1 mM EDTA) containing 200
mM NaCl (GBB200) and protease inhibitor cocktail and dialyzed overnight against 100 volumes
of 1 x GBB. The dialyzed sample was then passed slowly over a 2-mL Glutathione Sepharose
4B column (GE Healthcare, 17-0756-01), washed with 10 volumes of 1 x GBB250, and
equilibrated in 1 x GBB150. Proteins were eluted by incubation with 1 x GBB150 containing 40
mM glutathione and 0.01% Nonidet P-40 and subsequently mixed with 0.5 mL anti-FLAG M2
agarose (Sigma-Aldrich, A2220) and rocked overnight, washed with 1 x GBB250, and
equilibrated in 1 x GBB150 containing 0.01% Nonidet P-40. The Pold proteins were eluted by
treatment with 20 units of PreScission protease (GE Healthcare, GE27-0843-01) overnight at
4°C. The eluted recombinant Pold protein was then incubated with 100 pL of Glutathione
Sepharose 4B to remove residual PreScission protease and GST-tag. The purity of the final Pold
complex was evaluated using SDS-PAGE (fig. S20A).

Recombinant 6His-tagged yeast DNA Lig | (Cdc9) or PCNA (Pol30) was expressed in the E.
coli strain BL21 (DE3) and purified using Ni**-NTA agarose as previously described (37). The
6His-tagged DNA Lig I was further purified using heparin chromatography. Protein bound to the
heparin column was eluted using a linear gradient of 50-500 mM KCI in buffer containing 20
mM K-POg4, pH 7.5, 0.1 mM EDTA, and 10% glycerol. The eluted peak fraction was subjected
to buffer exchange with storage buffer (10 mM Tris-HCI, pH7.5, 50 mM NaCl, 10% glycerol)
and concentrated using a centrifugal filter unit. The purity of the final Lig | or PCNA protein was
evaluated using SDS-PAGE (fig. S20B, S20C).

Nuclease and polymerase activity and reconstitution assays

The nuclease and polymerase activities of WT yeast Pold and Pols-ITD were assayed using 5’
32p-labeled DNA substrates, which were prepared as previously described (38). The 5 32P-
labeled DNA substrates for primer extension or strand displacement DNA synthesis were
prepared using the synthetic oligonucleotides listed in Tables S5 and S6. Purified recombinant
WT Pol3 or Pol3-1TD (20 nM) was incubated with yeast PCNA (100 nM) and *?P-labeled DNA
substrate (100 nM) in reaction buffer (20 mM Tris-HCL, pH 7.8, 1 mM DTT, 100 pg/mL BSA, 8
mM MgOAc2, and 1 mM spermidine) with or without each of the four deoxyribonucleotides
(100 uM each) and ATP (1 mM), at 30°C for 2.5, 5, 10, 20, or 40 min. The reactions were
stopped by addition of 2 x loading buffer (25 mM EDTA, 0.2% bromophenol blue, and 0.2%
xylene cyanol) followed by boiling for 10 min. The reaction was resolved using 15% denaturing
PAGE and visualized using radioautography.

To reconstitute the sequential reactions of 3” flap cleavage, gap filling, and DNA ligation, a 3’
flap DNA substrate (100 nM) was incubated with Pold (20 nM) in reaction buffer (20 mM Tris-
HCI, pH 7.8, 1 mM DTT, 100 pg/mL BSA, 8 mM MgOAc,, and 1 mM spermidine) with or
without each of the four deoxyribonucleotides (100 uM each) and ATP (1 mM), at 30°C for 10
min. Purified recombinant yeast DNA Lig | (75 nM) was added to the reaction, and DNA



ligation was allowed to proceed during a 10 min incubation (30°C) or the reaction was
immediately stopped by addition of 2 x loading buffer to serve as an unligated control. Ligation
reactions were also stopped by addition of 2 x loading buffer and all samples were boiled for 10
min. Reactions were then resolved using 15% denaturing PAGE and visualized using
radioautography. The 5’ 3?P-labeled 3’ flap DNA substrates S1-S8 were prepared using the
synthetic oligonucleotides listed in Tables S5 and S6.

Western blot analysis of chromatin-associated Dunl and Flag-tagged Pol3

Chromatin-associated proteins were isolated from yeast cells as previously described (39).
Briefly, harvested yeast cells were suspended in a buffer containing 0.1 M K-EDTA, pH 8.0, 10
mM DTT and incubated at 30°C for 10 min. After centrifugation, the cell pellet was resuspended
in YPD medium containing 1 M sorbitol, 10 U/mL Zymolyase (AMSBIO, 120491-1) and
incubated at 37°C for 1 h. After centrifugation, the pellet was resuspended in extraction buffer
(50 mM HEPES/KOH pH7.5, 150 mM KGlu, 2.5 mM MgOAc», 0.1 mM ZnOAc., 1 mM DTT, 1
mM PMSF, protein inhibitor, phosphatase inhibitor, 0.25% Triton X-100) and incubated on ice
for 10 min. The whole cell extract was then loaded onto extraction buffer containing 30%
sucrose. After centrifugation (15,000 x g, 10 min) at 4°C, the pellet (chromatin fraction) was
dissolved in SDS-PAGE loading buffer and resolved using 8% SDS-PAGE. Immunoblot was
conducted to analyze the chromatin-associated Dunl using a polyclonal anti-yeast Dunl
antibody (from Wolf-Dietrich Heyer lab). Histone H2B, which was detected by immunoblot
using a polyclonal anti-yeast Histone H2B (Ab18829, Abcam), was used as a chromatin marker
and loading control.

To detect Flag-tagged WT or ITD Pol3, the whole cell extract was prepared and dissolved SDS-
PAGE loading buffer and resolved using 8% SDS-PAGE. Immunoblot was conducted to analyze
the Flag-tagged WT or ITD Pol3 using the monoclonal anti-Flag tag antibody. Ponceau S
staining of total proteins was used as a loading control.

3’ flap labeling of genomic DNA

3’ flaps in yeast genomic DNA were labeled using an approach that was modified from protocols
for labeling single-strand DNA (ssDNA) breaks in the genome (40, 41). High molecular weight
genomic DNA from WT or rad27A cells grown at 30°C with or without exposure to 37°C (4 h)
was isolated following the protocol for isolating yeast genomic DNA for detection of SSDNA
breaks by sequencing (GLOE-Seq) (41). Following the protocol for nick sequencing (Nick-seq)
(40), genomic DNA was fragmented by incubation with the restriction enzymes Hind 111, Xba I,
and Xho I, which generates 4 nt 5’ overhangs at the DNA ends. The 3’ OH at DNA nicks/gaps or
at DNA ends was blocked with dideoxyribonucleotides by incubation with the 3 exonuclease-
deficient Klenow fragment (37°C, 1 h). The free 3° OH at the 3’ flap, which was not blocked by
the 3’ exonuclease-deficient Klenow fragment, was labeled with 32P-deoxyribonucleotides by
terminal DNA transferase (37°C, 1 h). The 32P-labeled genomic DNA was denatured using 2 x
denaturing PAGE loading buffer, resolved using 5% denaturing PAGE, and visualized using



radioautography. The total input DNA prior to 3P labeling was resolved using gel
electrophoresis (1% agarose) and visualized using SYBR green staining.

Gene expression profiling by RNA-seq and enrichment analysis

Total RNA from WT or rad27A cells grown at 30°C with or without exposure to 37°C (4 h) was
isolated using the RNeasy Mini kit (Qiagen). Two independent biological replicates were used
for each group. Sequencing libraries were prepared using the TruSeq RNA Sample Prep Kit V2
(Mumina) according to the manufacturer's protocol. The cDNA libraries were prepared for
sequencing using the cBot cluster generation system with the HiSeq SR Cluster Kit V4
(Mumina). Sequencing was performed in single-read mode for 51 cycles of read 1 and 7 cycles
of index read using the HiSeq 2500 platform with the HiSeq SBS Kit V4 (Illumina). The real-
time analysis 2.2.38 software package was used to process the image analysis and base calling.
RNA-seq reads were trimmed to remove sequencing adapters by using Trimmomatic and to
remove polyA tails by using FASTP. The processed reads were mapped back to the S. cerevisiae
S288C genome assembly R64 (SacCer3) using STAR software v. 020201. HTSeq v.0.6.0 was
applied to generate the count matrix of refSeq genes with default parameters. Differential
expression analysis was conducted after normalizing the raw counts using the TMM (Trimmed
Mean of M-values) normalization method in the “edgeR” package (42). Genes with a false
discovery rate less than 0.05, a p value less than 0.05, and a fold-change greater than 1.5 or less
than 0.67 were considered significantly up- or down-regulated, respectively. The sets of genes
that were categorized as Dunl-, Mecl-, Rad53-, or Tell-dependent were retrieved from a
previous study (43). The hypergeometric test (44) was used to determine if the set of up-
regulated or down-regulated genes in rad27A or/and due to heat stress were Dunl-, Mec1-,
Rad53-, or Tell-dependent.

WGS and WES analysis

Total DNA from WT and rad27A yeast cells with or without knock-in of a pol3 mutation and
grown at 30°C or 37°C was isolated using the YeaStar Genomic DNA kit (ZYMO Research,
D2002). For sequencing library preparation, 40 ng of yeast genomic DNA from each sample was
fragmented using a Covaris LE220-plus with a peak size setting of 250 bp. The libraries were
prepared using the Kapa DNA HyperPrep Kit (Kapa, Cat KK 8700) according to the
manufacturer’s protocol with 4-cycles of PCR. Libraries were sequenced on an Illumina
HiSeq2500 using a paired end mode of 2 x 101 cycles. Two independent biological replicates
were used for each group. Reads were filtered using Cutadapt v1.18 to remove low-quality reads
and sequencing adapters and were aligned to the SacCer3 reference genome using NovoAlign
v3.02.07. Only reads that aligned to unique genome locations were kept for variant calling.
Samtools v1.10 and VarScan v.2.3.9 (45) were used to identify somatic single nucleotide
variants and small indels. Structural variants such as classic or alternative duplications were
detected by Pindel (46) using default parameters. To calculate the mutation frequency, germline
mutations that were detected in both WT and rad27A or in both rad27A and rad27A pol3 knock-
in double mutants were filtered out, and the counts of each type of mutation were divided by the
number of base pairs in the yeast genome.



Duplications in normal lung and lung tumors from WT or A159V/WT mice and in human B cell
acute lymphoblastic leukemia (ALL) were analyzed in WES data using the Pindel program (46).
WES data from three human B cell ALL patients (#121, #798, and #985) were randomly selected
from a published WES dataset of paired tumor vs. normal tissues (peripheral blood samples
collected after complete remission) (47). WES was conducted on genomic DNA isolated from
normal lung and lung tumors from WT or A159V/WT mice as previously described (48).
Duplications were scored if at least three supporting tracks were detected. The intervening spacer
DNA sequences detected in the mouse or human specimens were mapped to the mouse or human
genome, respectively, using the BLAT function of the UCSC genome browser (49). The
frequencies of the duplications were estimated by dividing the number of duplications by the size
of the mouse exome (~30 million base pairs) or human exome (~30 million base pairs).

Statistical analysis

Two-tailed student’s t-test was used to determine significance in differences in mutation rate
assays and the hypergeometric test was used to determine the significance in the enrichment of a
signaling pathway. Fisher exact test was used to determine the significance of cancer incidence
between the treated and untreated groups.

Supplementary Text

S1. Mapping the Pol3 mutations detected in the revertants to the functional domains of
Pol3

An in-frame internal tandem duplication ([ITD]; 458-477) and four point mutations (R470G,
R4751, A484V, and H495Q) occurred within the Pol3 nuclease domain near the Exo 1l
(Nx3F/YD), Exo Il (Yx3D), and Pol IV motifs (Fig. 1B). We also identified an in-frame ITD
(591-598) within the Pol 1l motif, an S847Y mutation within the Pol VV motif, and a P965T
mutation in motif 3 of the C-terminal domain (CT3) (Fig. 1B).

S2. Genetic crosses of the rad27A pol3 ITD strain with the exolA or the dna2-1 strain.

rad27A cells display synthetic lethality with exol or dna2 deficiency (26, 27). To determine if
pol3 ITD could suppress such lethality, we conducted genetic crosses to create spores carrying
rad27A pol3 ITD exolA or rad27A pol3 ITD dna2-1 triple-mutant alleles. In the cross between
rad27A::LEU2 pol3 ITD::HIS3 and exo1A::URA3 strains, 2788 colonies grew on YPD plates,
but only 18 colonies grew on SC-Leu-His-Ura selection plates (Table S2). The viable spore ratio
(0.006) of rad27A pol3 ITD exolA was markedly less than the expected spore ratio (0.125),
indicating the triple-mutant was lethal. Similarly, in the control cross between rad27A::LEU2
and exolA::URAS3 strains, 2865 colonies grew on YPD plates, but only 26 colonies grew on SC-
Leu-Ura selection plates (Table S2). The viable spore ratio (0.009) of rad27A exolA was
markedly less than the expected spore ratio (0.25), indicating the double-mutant was lethal. This



is consistent with a previous study showing that rad27A exolA cells are inviable (27). In
contrast, in the cross between pol3 ITD::HIS3 and exol1A::URA3 strains, 2288 and 610 colonies
grew in the YPD and SC-His-Ura plates, respectively (Table S2). The viable spore ratio (0.27) of
pol3 ITD exolA was close to the expected pol3 ITD exolA spore ratio (0.25), indicating that
pol3 ITD in combination with exolA results in viable spores.

The dna2-1 allele (P504S) has no selection marker. Therefore, we used PCR-based DNA
sequencing to genotype the DNA2 mutation in the yeast cells. In the cross between
rad27A::LEU2 pol3 ITD::HIS3 and dna2-1 strains, rad27A pol3 ITD cells grown on the SC-Leu-
His plate were genotyped. Of 60 independent rad27A pol3 ITD colonies sequenced, no dna2-1
allele was detected (Table S3). In the control cross between rad27A::LEU2 and dna2-1 strains,
no dna2-1 allele was detected in 40 independent rad27A colonies (Table S3). This is consistent
with a previous study showing that rad27A dna2-1 cells are inviable (26), However, 18 out of 38
independent colonies carried the dna2-1 allele from the cross between pol3 ITD::HIS3 and dna2-
1 strains (Table S3). The viable spore ratio (0.47) agreed with the expected pol3 ITD dna2-1
ratio (0.5), indicating that pol3 ITD in combination with dna2-1 results in viable spores.

S3. Three types of hairpin-forming alternative duplications in rad27A cells grown at 37°C.

We observed three types of alternative duplications based on hairpin structure-forming sequence
features. In type 1 alternative duplications, the 5 DNA sequence of the downstream duplication
unit could form a 5’ fold-back structure (Fig. 2D, fig. S4A), while the 3’ end of the upstream
duplication unit was complementary to nearby downstream DNA sequences (orange highlighted
segment, fig. S4A), allowing potential invasion and extension into the downstream DNA duplex.
The DNA sequence of the spacer (green segment) corresponded to the predicted extended DNA
sequence of the 3’ end of the upstream duplication unit (Fig. 2D, fig. S4A, S4B). In type 2
alternative duplications, the 3’ sequence of the duplication unit could form a 3’ fold-back
structure and the predicted extension of this 3’ fold-back corresponded to the spacer (green
segment, fig. S4A, S4C). The 5’ sequence of the downstream duplication unit was
complementary to the nearby upstream DNA sequences (orange highlighted segment, fig. S4A),
allowing strand exchange and producing a ligatable nick (Fig. 2D, fig. S4A, fig. S4C). Similar to
the type 2 alternative duplications, type 3 duplications also had a 3’ fold-back structure-forming
DNA sequence and the spacer corresponded to the predicted extended DNA sequence of the 3’
fold-back (Fig. 2D, fig. S4A, S4D). However, the 3’ end of the spacer was complementary to the
DNA sequence on the template strand near the 5° end of the upstream duplication unit (orange
highlighted segment, fig. S4A). This sequence feature allowed strand exchange to generate a
ligatable DNA nick (Fig. 2D, fig. S4D).

S4. Reconstitution of 3’ flap-based OFM

To define 3’ flap-based OFM and the formation of alternative duplications, we reconstituted the
sequential reactions of 3’ flap cleavage, DNA synthesis, and ligation of oligo-based DNA
substrates with 3’ flaps of 10 or 20 nt to represent 3’ flaps that were converted from short 5’
flaps (S2 and S3, fig. S5B). We found that Pold could effectively cleave a 3’ flap of 10 or 20 nt



and stop at the junction of the 3’ flap and DNA duplex in the presence of deoxyribonucleotides,
generating ligatable DNA nicks for DNA Lig | (Fig. 2H and fig. S5). The ssDNA binding protein
RPA did not block Pold-mediated 3’ flap cleavage or subsequent nick ligation (Fig. 2H). To
determine if formation of a hairpin structure from the 3’ flap could lead to alternative
duplications, we reconstituted 3’ flap-based OFM using the DNA substrates S4 and S5, which
resemble type I or type Il alternative duplication, respectively (Fig. 21). In the absence of
deoxyribonucleotides, Polo cleaved the 3’ flap in S4, producing a gapped DNA duplex (Fig. 21).
However, in the presence of deoxyribonucleotides, an extended unligated product of ~85 nt was
produced, which was ligated with the fold-back 5’ flap by Lig I to form a ligated extended
product (~160 nt, Fig. 21). We found that the 3’ flap fold-back structure in S5 was resistant to
cleavage by the 3’ nuclease activity of Pold even in the absence of deoxyribonucleotides.
Addition of deoxyribonucleotides to the reaction led to extension of the 3” flap fold-back into a
~95 nt product, which was ligated into a product of ~160 nt (Fig. 2I). RPA slightly enhanced
formation of the ligated extended products (Fig. 21). These data suggest that 3’ flap-based OFM
may result in alternative duplications, including mutations with features similar to pol3 458-477
ITD. However, we also found that when extension of the annealed 3’ flap could not generate
ligatable nicks, only unligated extended products were produced (fig. S6A-6D), leading to failure
of 3’ flap-based OFM. The reconstitution assays showed that the 3’ nuclease activities of Pold
and Lig I are sufficient to complete 3° flap processing for OFM.

S5. 3’ flap cleavage patterns by recombinant Polé and NE

The 3’ flap cleavage pattern produced using purified recombinant Pold for a simple 3’ flap was
similar to that produced by NE from WT cells (fig. S7A). Both could remove a 3” flap at the
sSDNA-dsDNA junction. However, purified recombinant Pold but not NE further effectively
cleaved the intermediate DNA nick, producing DNA gaps. Purified Pold failed to cleave hairpin-
forming 3’ flaps, but NE from WT cells effectively cleaved hairpin-forming 3’ flaps around the
dsDNA-ssDNA junction (fig. S7B). However, NE from rad27A cells, especially those grown at
37°C, showed greatly reduced activity in processing simple or hairpin-forming 3’ flaps (fig. S7A,
S7B).

S6. Revertant frequency in rad27A and rad27A dunlA cells

To determine the impact of Dunl signaling on the generation of rad274 revertants, we measured
the revertant frequency in rad27A and rad27A dunlA cells following increasing periods of
exposure to the restrictive temperature (37°C). Prior to incubation at 37°C, both rad27A and
rad27A dunlA cells had similarly low revertant frequencies (~0.02%, Fig. 4E). Incubation of
rad27A cells at 37°C for 2-8 h led to a more than 15-fold increase in the revertant frequency to
~0.3%. In contrast, incubation of rad27A dunlA cells at 37°C for 2-8 h had little effect on the
revertant frequency (Fig. 4E). Both rad27A and rad27A dunlA cells exposed to heat stress for 24
h showed increased revertant frequencies of ~1.0% or ~0.2%, respectively (Fig. 4E). This
marked increase in revertant frequency at 24 h was likely mainly due to amplification of selected
revertants rather than the generation of new revertants.



S7. Impact of Chk1 inhibition on cancer development in FEN1 mutant mice

Functional deficiency due to FEN1 (the mammalian homolog of Rad27) mutations promotes
DNA mutations and chromosome arrangements, leading to a high frequency of cancer in mice
(50). This suggests that FEN1 mutant tumor-initiating cells can overcome OFM defects and
replication stress. We previously observed that the FEN1 F343A/F344A (FFAA) mutation,
which disrupts the FEN1/PCNA interaction and recruitment of FENL1 to replication forks,
resulted in unligated Okazaki fragments and activation of the Chk1 signaling pathway (32).
Heterozygous FFAA mutant mice develop lung adenoma and adenocarcinoma at high
frequencies (32). To determine if cancer development in FEN1 FFAA mutant mice depends on
activation of the Dun1 functional analogue, Chk1, we treated WT and FFAA mice with the Chk1
inhibitor SB218078 (51). This treatment significantly inhibited spontaneous lung cancer
development in WT/FFAA mice but not in WT mice (Fig. S15). These results suggest that
suppression of stress-induced DNA damage response signaling is an effective approach for
chemoprevention and may provide a new way to inhibit drug resistance.

S8. Impact of deoxyribonucleotides on 3’ flap processing and mutations

Restrictive temperature stress activates Dunl, which up-regulates expression of HUG1, RNR2,
RNR3, and RNR4 for de novo production of deoxyribonucleotides. We determined that impact of
deoxyribonucleotides on processing of 3’ flaps by Pold in vitro. In the absence of
deoxyribonucleotides, Pold effectively cleaved the 3’ flap as well as intermediate DNA nicks
(fig. S5). Deoxyribonucleotides did not affect Pold 3’ flap cleavage activity but did inhibit the 3’
exonuclease activity of Pold to cleave the intermediate DNA nick, and switched the function of
Pold to gap-filling DNA synthesis (fig. S5). Increasing the deoxyribonucleotide concentration
did not affect 3’ flap processing but promoted 3’ flap extension and increased levels of unligated
and ligated extended products in reconstitution assays (fig. SI6A-C). In addition, it has been
suggested that the 3° exonuclease activity of Pold could degrade the upstream Okazaki fragment
from the 3’ end to create a gap (16, 23). The 5’ flap could re-anneal into the gap and be resolved
if this process occurred during OFM. However, we discovered that in the presence of
deoxyribonucleotides, creation of such a gap by the 3 exonuclease activity of Pold on a nicked
DNA substrate with no 3’ flap (S1) or with a 1 nt 3’ flap (S8), representing 3’ end fraying (23),
was greatly inhibited (fig. S17). Thus, an increase in deoxyribonucleotide production due to
Dunl activation suppresses gap formation by the 3’ exonuclease activity of Pold and pushes the
process toward 3’ flap-based OFM and generation of pol3 458-477 ITD, which leads to revertant
development.

We further tested whether up-regulation of deoxyribonucleotides promotes DNA mutations in
vivo. We found that SML1 deletion, which results in increased dNTP pools but does not affect
other Dunl-mediated cellular processes (19), did not increase mutation rate in either WT or
rad27A cells (fig. S18), suggesting that up-regulation of dNTP levels alone is not sufficient to
promote mutations.

S9. 3° flap OFM-related alternative duplications in mouse and human cancers.
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We sought to determine the human cancer relevance of 3’ flap-based OFM and the related
alternative duplications. We noticed that the alternative duplications observed in rad27A cells
grown at 37°C consisted of a duplication unit (less than 100 bp in length) and a short intervening
spacer sequence that could be mapped to the nearby DNA sequence (usually no farther than 100
bp). Such alternative duplications may be produced through the 3’ flap-based OFM pathway,
therefore we defined them as 3’ flap OFM-related alternative duplications. To evaluate the status
of these duplications in human cancers, we re-analyzed a published WES dataset of paired tumor
vs. normal tissue (peripheral blood samples collected during complete remission) (47). WES data
from three randomly selected B cell ALL patients were analyzed using the Pindel program to
define the duplications in these cancer specimens. We found that the frequencies of germline
alternative duplications in the peripheral blood of patients #121 and #985 were relatively low,
but the frequencies of somatic alternative duplications in the cancer samples were remarkably
higher than the corresponding germline duplications (fig. S19A). Frequencies of both the
germline and somatic alternative duplications in patient #798 were relatively low (fig. S19A).
The lengths of spacers in the alternative duplications in the three ALL specimens ranged from 1
nt to 70 nt (fig. S19B). This was similar to the spacer lengths we observed for stress temperature-
induced alternative duplications in rad27A yeast (Fig. 2B). To further define the origin of these
spacer sequences and evaluate the frequency of 3” flap OFM-related alternative duplications, we
mapped the spacer DNA sequences across the human genome. We detected 0.6, 0.2, and 0.9 3’
flap OFM-related alternative duplications per million bases in patients #121, #798, and #985
respectively (fig. S19C).

FEN1 mutations have been detected in human cancers and functional deficiency in FEN1 has
been linked to cancer initiation and progression and to development of resistance to cancer
therapies (20, 33, 50). Therefore, FEN1 mutations in human cancers may lead to 3’ flap-based
OFM, and thus play crucial roles in cancer cell evolution, tumor growth, and resistance to cancer
therapy. To determine if FEN1 mutations had a positive correlation with 3’ flap OFM-related
alternative duplications, we conducted WES on normal lung and lung tumor tissues from WT
and FEN1 A159V/WT mice, which are an appropriate model for human lung cancer patients
carrying the A159V FEN1 mutation (20,33). We observed that normal lung tissues from the
A159V/WT mouse but not normal lung tissues from the WT mouse had somatic 3° flap OFM-
related alternative duplications (fig. S19D). We also found that both A159V/WT and WT lung
tumor tissues had considerably more 3’ flap OFM-related alternative duplications than the
corresponding normal lung tissues, but that the alternative duplication frequency in the
A159V/WT lung tumors was considerably higher than in the WT tumors (fig. S19D). These
findings suggest that FEN1 deficiency promotes 3’ flap OFM-related alternative duplications,
which have a positive correlation with cancer development, even in the WT FEN1 genetic
background.
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Fig. S1.
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Fig. S1. Knock-in of pol3 mutations in rad27A cells reverses conditional lethality at 37°C.
Viability of WT, rad27A, and rad27A cells carrying the WT or the pol3 mutant allele (ITD,
R470G, R475I1, or A484V) was analyzed using spot assays. Yeast cells of the indicated genetic
backgrounds were serially diluted, spotted onto YPD plates, and incubated at 30°C, 25°C, or
37°C for 48 h. rad27A::URA3 or rad27A::LEU2 represent the rad27A allele with a linked URA3

or LEU2 selection marker gene, respectively.
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Fig. S2.
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MMS: 0% 0.005% 0.01% 0.015% 0.02%

Fig. S2. pol3 ITD-bearing rad27A revertant mutations or pol3 ITD knock-in of rad27A cells
partially reverse MMS-induced lethality. Viability of WT, pol3 ITD knock-in, rad27A,
rad27A with the pol3 ITD knock-in mutation, and a rad27A revertant carrying a pol3 ITD
mutation was analyzed using spot assays. Yeast cells of the indicated genetic backgrounds were
serially diluted and spotted on YPD plates containing the indicated level of MMS. The plates
were incubated at 30°C for 48 h.
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Fig. S3.
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Fig. S3. pol3 ITD mutations that occurred in rad27A DNA sequences. (A) Red, DNA and amino acid (a.a.)
sequences of the classic duplication: pol3 591-598 ITD; yellow highlights, three repeat DNA sequence for
duplication formation via 5’ annealing as illustrated in panel B. (B) The predicted loop structure that results in the
pol3 591-598 ITD. The repeat sequence (yellow highlight) at the 5 end of the downstream duplication unit
anneals to its complementary sequence of the repeat sequence (yellow highlight) at the 3’ end of the upstream
duplication unit, producing a nick. Ligation of the DNA nick produces the classic duplication, pol3 591-598 ITD.
(C) Red, DNA and amino acid (a.a.) sequences comprising the duplication unit of the alternative duplication, the
pol3 458-477 ITD; green, DNA and a.a. sequences comprising the spacer between the duplication units; orange
highlights, DNA sequences that are complementary elements that can anneal for extension and formation of
repairable nicks/gaps as shown in panel D. (D) The predicted secondary structure that results in the pol3 458-477
ITD. The 3’ end of the upstream duplication unit (orange highlights) anneals to its complementary sequence
(orange highlights) at the downstream duplication unit. Extension of the annealed 3’ end produces the spacer DNA
sequence (green). Secondary structure predication was carried out using the RNAFold program.
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Fig. S4.
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Fig. S4. Representative DNA sequences (A) and predicted hairpin structure (B-D) of the
three types of alterative duplications detected in rad27A cells (37°C, 4 h). Red, DNA
sequences comprising the duplication unit; green, DNA sequences comprising the spacers
between the duplication units; orange highlights, DNA sequences that are complementary
elements (with or without a mismatch) that can anneal for extension and formation of repairable
nicks/gaps. Predicted hairpin structures of three representative alternative duplications. Panels B,
C, and D show the predicted Type 1, Type 2, and Type 3 alternative duplications, respectively.
Secondary structure predication was carried out using the RNAFold program.
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Fig. Sb.
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Fig. S5. Reconstitution assays using 3’P-labeled 3’ flap substrate. (A) Schematic of sequential
reconstitution of Pold-mediated OFM involving 3’ flap cleavage, gap filling, and DNA ligation.
(B) Reconstitution assays (30°C). Top panels: Diagrams of DNA substrates with a 1 nt gap and a
3’ flap of 0 (S1), 10 (S2), or 20 nt (S3) that were used for the assays. Bottom panel:
Representative PAGE image of the assay. DNA substrates (S1, S2, S3), cleavage products
(Cleaved S1, S2, S3), and ligated products (Ligated P1, P2, P3) are indicated.
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Fig. S6.

A
3 S6 580t N\ 37 S7
40nt
2p 40m\ " zont_, P 25nt nt__5
3 80nt 5 3 65nt 5
B C
S6 S7
-+ + ++ - F F FF Pold 40t
ST LT awp ‘£ aont | \ 3
M + -+ - - - Ligl
150 —-. 3 80t 5
100 — ww &% ss— unligatable extended 87 -
80 _ - T e — unligatable extended S6 ¢
60 — == -
S6 or 87
_ 40nt
50 .. - orLigated P6 .
0 -—- - @ P 0mt 150t
=+  Unligatable extended 56
30 - 3’ 80nt 5
D
20 — - 3°
58nt
L ; 32
3 65 nt 5
= ;
- }
9 — - -
- 58 nt 31nt
S -® ’ PP ospt 3ont 3
nt * Unligatable extended 57

3 65nt 5

Fig. S6. Reconstituted 3’ flap-based OFM on DNA substrates with long 3’ flaps. (A)
Diagrams of DNA substrates with a 1 nt gap and a 3’ flap of 40 nt (S6) or a fold-back forming 3’
flap (S7) that were used for the assays shown in panel B. (B) Representative reconstitution
assays (30°C) for 3’ flap-based OFM on DNA substrates S6 and S7. DNA substrate, cleavage
products, unligated, and extended products (unligatable extended S6 or S7) are indicated.
Substrates and products were analyzed using 15% denaturing PAGE. (C) Schematic elucidating
formation of unligatable extended products in reactions using the 3’ flap substrate S6. Mis-
alignment of the 3’ flap with the template via a 4 nt microhomology sequence (red), which is 15
nt from the 5’ end of the template, prevented its degradation by the 3° exonuclease activity of
Pold. Extension of this structure (green) resulted in a 95 nt unligatable extended product
(unligatable extended S6). (D) Formation of fold-back secondary structure in a 3’ flap via the
homology sequence (red) prevented its degradation, and extension of this structure (green)
resulted in a 114 nt unligatable extended product (unligatable extended S7).
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Fig. S7. 3’ flap processing by nuclear extract (NE) from WT or rad27A yeast cells grown at
30°C or 37°C. The 3’ flap substrate S6 (A) or the fold-back forming 3’ flap substrate S7 (B) was
incubated with purified recombinant Pold (100 ng) or NE (1 pg each reaction) from the indicated
yeast cell culture at 37°C for 15 min. Substrates and products were analyzed using 15%
denaturing PAGE.
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Fig. S8.
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Fig. S8. Relative gene expression levels of representative 3’ nucleases in WT or rad27A
cells. Gene expression profiling of WT or rad27A cells grown at 30°C or 37°C was conducted
using RNA-seq. The relative expression levels were calculated by normalizing the fragments per
kilobase of transcript per million mapped reads (FPKM) of a specific gene with the FPKM of
ACT1 in a sample. Values shown are averages of two biological replicates. Error bars indicate
s.d.
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Fig. S9. Levels of WT Pol3 and ITD Pol3 at 30°C or 37°C. A DNA fragment encoding a flag
tag was knocked into rad27A yeast cell bearing a WT POL3 or pol3 ITD gene, to express Flag-
tagged WT Pol3 (Flag-Pol3) or Flag-tagged Pol3 ITD (Flag-ITD). (A) Western blot verifying
knock-in of the Flag tag-encoding sequence at the WT POL3 or pol3 ITD gene in the rad27A
strain using anti-Flag antibody. (B) Western blot for protein expression of Flag-tagged WT Pol3
(WT) and ITD Pol3 (ITD) in rad27A cells at 30°C or 37°C using anti-Flag antibody. Ponceau S
staining of total proteins was used as a loading control in both panels.
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Fig. S10. Nuclease activity of WT Pold and Pols-1TD. Recombinant WT Pold or Pols-1TD
protein (20 nM) was incubated with 32P-labeled DNA substrates (100 nM, top panels) that were
identical to the substrates for primer extension (panel A) and displacement DNA synthesis (panel
B) assays (Tables S5, S6). The reactions were carried out at 30°C for 2.5, 5, 10, 20, 40 min and
analyzed using 15% denaturing PAGE.
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Fig. S11.
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Fig. S11. 3’ flap processing and 3’ flap-based OFM by recombinant WT Pold, nuclease-
dead Polo D520E, and Polo-1TD. (A) 3’ flap cleavage and subsequent 3’ exonuclease cleavage
of 32P-labeled 3’ flap DNA substrate by WT Pol8, nuclease-dead Pold D520E, and Pols-ITD.
Top, diagram of 32P-labeled substrate with a 40 nt 3’ flap (S6) (Tables S5, S6). Middle,
representative PAGE image of the nuclease activity assay. The substrate and cleavage products
are indicated. Bottom, quantification of the 3’ flap nuclease and subsequent exonuclease
cleavage products. (B) Reconstituted 3’ flap-based OFM by WT Pold, nuclease-dead Pold
D520E, and Pol$-ITD. Top, diagram of 32P-labeled substrate S6. Bottom, representative PAGE
image of the nuclease activity assay. The substrate (S6), cleavage product (cleaved S6), unligated
extended product (unligated extended S6), and ligated product (P6) are indicted.
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Fig. S12.
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Fig. S12. No significant differences in the mutation rate of the WT yeast strain or mutant
yeast strains carrying pol3 knock-in mutations. Three representative pol3 mutations (pol3
ITD, R470G, or S847Y) were introduced into the POL3 allele. Mutation rates of the WT and
knock-in mutant yeast strains were determined using Can" mutation assay. Values shown are
means * s.d. of three independent assays.
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Fig. S13.
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Fig. S13. Diagram of fold-changes in gene expression levels of DNA damage response and
repair genes that are mediated by the Mec1-Rad53-Dunl axis. Gene expression profiling of
WT or rad27A cells grown at 30°C or 37°C was determined using RNA-seq. Fold-changes were
calculated by comparing the normalized fragments per kilobase of transcript per million mapped
reads (FPKM) of a specific gene in a sample with the normalized FPKM of the same gene in the
control (WT, 30°C), which was arbitrarily set as 1.

25



Fig. S14.
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Fig. S14. DUN1 knockout has little effect on the viability of rad27A cells. Viability of WT,

rad27A, dunlA, or rad27A dunlA cells was analyzed using spot assays. Yeast cells of the
indicated genetic backgrounds were serially diluted, spotted on YPD plates, and incubated at

30°C or 37°C for 48 h.
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Fig. S15.

) OUntreated »=0.001
mSB 218078 ‘

oo
=

)

/

(1]

=]

=
|

]
o O
1 1

1.5.

’_{

o
1

| o BV +£= LA
o
1

[a—
Lo B ]
1 1

Lung tumor incidence (°

=]

WT/WT WT/FFAA

Fig. S15. Chk1 inhibition blocks lung cancer development in FEN1 mutant mice. WT
(n=23) and WT/F343AF344A (WT/FFAA) (n=38) mice were treated with the Chk1 inhibitor
SB218078 (0.025 mg/kg body weight). In the untreated control groups, WT (n=31) and
WT/FFAA (n=35) were administered DMSO. p value was calculated by the Fisher Exact test.
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Fig. S16. Impact of deoxyribonucleotides (ANTP) on 3’ flap-based OFM. Reconstituted 3’
flap-based OFM by WT Pold in the presence of varying concentrations of ANTP (10 uM, 100
uM, and 1 mM) using (A) *?P-labeled 3’ flap substrate S3 and 3?P-labeled secondary structure-
forming 3’ flap substrate (B) S4 or (C) S5. Reactions were carried out at 37°C and analyzed
using 8% denaturing PAGE. The substrates (S3, S4, S5), cleavage products (Cleaved S3, S4),

extended intermediates (Extended S3, S4, S5), and ligated product (Ligated P3, P4, P5) are
indicted.
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Fig. S17.
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Fig. S17. Nuclease activity of Pold on a gapped duplex with or without a 1 nt 3’ flap. (A)
Gapped DNA duplex substrate with or without a 1 nt 3° flap (Table S5). (B) WT Pold (5 nM)
was incubated with 32P-labeled DNA substrates (100 nM). The reactions were carried out at 30°C
for 20 min and analyzed using 15% denaturing PAGE.
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Fig. S18.
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Fig. S18. SML1 deletion has little effect on the mutation rate of the WT yeast strain or the

rad27A yeast strain. The mutation rates of WT and rad27A cells at 30°C or 37°C were
determined using a Can" mutation assay. Values shown are means + s.d. of three independent
assays. p value was calculated using Student’s t test. n.s., not significant.
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Fig. S19.
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Fig. S19. 3° flap OFM-related alternative duplications in human B cell acute lymphoblastic
leukemia (ALL) and mouse lung tumors. (A)-(C) Germline and somatic duplications in three
tumor specimens from randomly selected B cell ALL from the published datasets (41). The
duplications present in both tumor and normal samples were considered germline, and those that
were present in the tumor samples were considered somatic. (A) Frequency of germline and
somatic classic and alternative duplications in the three ALL cancer specimens. Classic
duplications were simple duplication mutations with no spacer and the alternative duplications
were duplications with a spacer DNA sequence between the duplication units (See Fig. 2C for
illustration). (B) The lengths of spacers in the alternative duplications in the three ALL
specimens are shown. They ranged from 1 nt to 70 nt, which was similar to the spacer lengths for
stress temperature-induced alternative duplications in rad27A. (C) Relative locations of donor
DNA sequences that serve as the template for the intervening spacer DNA. The spacer DNA
sequences were mapped across the human genome. For alternative duplications whose
duplication unit and the donor DNA sequences for the spacer DNA were on the same
chromosome, the linear distance between the duplication unit (break point) and the
corresponding spacer donor sequence was calculated. The green boxed portion shows those 3’
flap OFM-related alternative duplications. (D) Somatic 3° flap OFM-related alternative
duplications in WT and FEN1 A159V/WT mutant mice. Somatic 3’ flap OFM-related alternative
duplications in WT or A159V/WT normal lung or lung tumor (n=1 for each sample) were
identified. 3’ flap OFM-related alternative duplications that were only present in the normal lung
or lung tumor samples were considered somatic.
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Fig. S20. SDS-PAGE of purified recombinant Pold, DNA Lig I, and PCNA proteins. (A)
Yeast WT Pold and Pold-1TD. Three subunits, Pol3 (WT or ITD), Pol31, and Pol32, of yeast
Pold were co-expressed in yeast and purified using chromatography as described in the Methods
section. The purity of WT Pold or Pol 3-1TD was evaluated by resolving proteins on 10% SDS-
PAGE. (B) 6His-tagged DNA Lig I was expressed in E. coli and purified using chromatography
as described in the Methods section. The purity of DNA Lig | was evaluated by resolving
proteins using 10% SDS-PAGE. S1: the eluted peak fraction of Ni-NTA chromatography, S2:
the eluted peak fraction of heparin chromatography. (C) 6His-tagged PCNA was expressed in
E. coli and purified by chromatography as described in the Methods section. The purity of
PCNA was evaluated by resolving the protein using 15% SDS-PAGE. All gels were stained
with Coomassie blue 250. M: protein markers.
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Table S1.

Table S1: Summary of enriched mutations in one rad27A revertant

Chromo. Position Reference ;::i:r]::;m Mutation Type* rad27A(30°C) rRaii'iﬁmt Genomic Region

chiTv 278279 C G SNP 0.0 100.0 YDL102W/POL3

chirXV 918461 G T SNP 0.0 100.0 Intergenic

chiTV 486317 A -T INDEL 0.0 50.0 YDRO20C/DAS2

chrXII 547680 c +AT INDEL 0.0 333 Intergenic

chrVII 398468 C +AT INDEL 0.0 30.8 Intergenic

chrXI 80905 cC -T INDEL 0.0 30.0 Intergenic

chrVIII 122057 G +A INDEL 0.0 22.7 Intergenic

chrXV 309087 T +TA INDEL 0.0 22.5 Intergenic

chirXV 998345 A +AT INDEL 0.0 20.0 Intergenic

chrvl 179312 T +TTC INDEL 0.0 20.0 YFRO16C/AIPS
+GCATCCTTTAAA

chiTX 195741 T GAAGCA INDEL 0.0 20.0 YILOSOW

chrX1I 75 A T SNP 1.0 97.1 Intergenic

chrVII 579015 G ;giiggé?i‘éﬁ(ﬂ INDEL 0.0 54.8 YGRO41W/BUDY

chrVIII 560568 T C SNP 4.0 55.3 YHR219W

chrVIII 560579 A c SNP 0.0 82.5 YHR219W

chl 205520 C T SNP 0.9 39.2 YARO50W/FLO1

chrXII 451538 c A SNP 2.3 76.1 Intergenic

chrXTV 415129 A T SNP 3.8 80.4 YNL112W/DBP2

chrXIII 88 T C SNP 1.9 83.1 Intergenic

chrXv 315630 C A SNP 2.6 74.5 Intergenic

chrVIII 560570 cC G SNP 4.2 61.6 YHR219W

* SNP: Single Nucleotide Polymorphism; INDEL: Insertion/Deletion Polymorphism

35



Table S2.
Table S2: Viability testofrad27A pol31ITD exolA cells via genetic crosses and random spore analysis

Colony No. (YPD  Colony No. (SC

Genetic Cross Plates)! Plates)? Observed Ratio3 Expected Ratio*
pol31TD::HIS3 pol3ITD exolA
X 2288 610 0.27 0.25
exolA::URA3
rad27A: LEU2 rad27AexolA
X 2865 26 0.009 0.25
exolA::URA3
rad27A::LEU2 pol31TD::HIS3 rad27A pol31TD exolA
X 2788 18 0.006 0.125

exolA::URA3

ICounted number of viable spores grown on YPD plates.

2Counted number of viable spores grown on nutrient-deficient synthetic complete (SC) medium plates. SC-His-Ura,
SC-Leu-Ura, or SC-His-Leu-Ura were used for selection of pol3 ITD exolA, rad27 A exolA, or rad27A pol3 ITD
exolA cells, respectively.

3Ratio of the viable spore number on the SC plates to the viable spore number on the YPD plates.

“Expected Mendelian ratio of spores with a specific allele combination based on the laws of segregation and
independent assortment.
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Table S3.
Table S3: Viability testofrad27A pol31TD dnaZ2-1 cells via genetic crosses and DNA sequencing

Total Sequenced Colony No. With the

Genetic Cross Colony No.! dna2-1 Allele? Observed Ratio3 Expected Ratio*
pol31TD::HIS3 pol31TD pol3ITD dna2-1
X 38 18 0.47 0.5
dna2-1
rad27A::LEU2 rad27A rad27A dna2-1
X 40 0 0 0.5
dna2-1
rad27A::LEU2 pol31TD::HIS3 rad27Apol3ITD rad27A pol31TD dna2-1
X 60 0 0 0.5
dna2-1

ICounted number of viable spores that grew on nutrient-deficient SC medium plates and were sequenced for the
DNA2 gene. SC-His, SC-Leu, or SC-His-Leu SC plates were used for selection of pol3 ITD, rad27A, or pol3 ITD
rad27A viable spores, respectively.

2Number of sequenced viable spores carrying the dna2-1 allele.

3Ratio of the number of viable spores carrying the dna2-1 allele to the total number of viable spores being
sequenced.

“Expected Mendelian ratio of spores with the dna2-1 allele based on the law of segregation.
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Table S4.

Table S4: Yeast strains used in this work

strains Mating type | Relevant genotype Source
RDKY2672 a WT Richard D. Kolodner
RDKY2669 a WT Richard D. Kolodner
RDKY2608 a rad27A::URA3 Richard D. Kolodner
YRPG654-FLAG- | a pPOL3-FLAG/LEU?2 Satya Prakash
POL3
4x154-9A a dna2-1 P5048 Judith L. Campbell
HTS-Y-30 a rad27A::LEU2 This study
HTS-Y-3 a POL3::HIS3 This study
HTS-Y-130 a pol31TD::HIS3 This study
HTS-Y-139 a pol3R470G::HIS3 This study
HTS-Y-123 a pol3S847Y::HIS3 This study
HTS-Y-15 a rad27A::URA3 pol31TD::HIS3 This study
HTS-Y-11 a rad27A::URA3 pol3R470G::HIS3 | This study
HTS-Y-12 a rad27A::URA3 pol3RAT51::HIS3 | This study
HTS-Y-14 a rad27A::URA3 pol3 This study
A484V::HIS3
HTS-Y-16 a rad27A::URA3 pol3 S847Y::HIS3 | This study
HTS-Y-50 a rad27 A::LEU2 POL3::HIS3 This study
HTS-Y-62 a rad27A::LEU2pol31TD::HIS3 This study
HTS-Y-53 a rad27A::LEU2 pol3 R4751::HIS3 | This study
HTS-Y-60 a rad27A::LEU2pol3 8S847Y::HIS3 | This study
HTS-Y-40 a pPOL3-FLAG/LEU?2 This study
pPOL31/POL32-GST/TRP1
HTS-Y-124 a ppol3 ITD-FLAG/ LEU2 This study
pPOL31/POL32-GST/TRP1
HTS-Y-97 a ppol3 D520E-FLAG/ LEU2 This study
pPOL31/POL32-GST/TRP1
HTS-Y-148 a dunlA::HIS3 This study
HTS-Y-173 a rad27A::URA3 dunilA::HIS3 This study
HTS-Y-193 a smlIA::TRP1 This study
HTS-Y-195 a rad27A::URA3 smlIA::TRP1 This study
HTS-Y-199 a rad27A::URA3 POL3- This study
SFLAG::HphMx
HTS-Y-201 a rad27A::URA3 pol31TD- This study
SFLAG::HphMx::HIS3
HTS-Y-202 a rad27A::LEU2 This study
HTS-Y-203 a rad27A::LEU2pol31TD::HIS3 This study
HTS-Y-204 a pol31TD::HIS3 This study
HTS-Y-205 a exolA::URA3 This study
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Table S5.

Table S5: Oligos used for synthetic DNA substrates in this work™

Substrate Upstream Downstream Template
S1 3FLAPO D39 T80
S2 3FLAP10 D39 T80
S3 3FLAP20 D39 T80
S4 3FLAP40 SFLAPFB T80
S5 3FLAPFB D54 T65
S6 3FLAP40 D39 T80
S7 3FLAPFB D39 T65
S8 3FLAP1 D39 T80
Primer extension U2s - T180
Displacement DNA

synthesis U25 D150 T180

*Oligo sequences are shown in Table S6
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Table S6.

Table S6: Sequences of the oligos used for synthetic substrates in this work

Oligo Name Oligo sequences
3FLARPO 5 GCTTAAGGACTCTGCCTCAACTCCACAGAGCTAGATTTCC 3
3FLAP1 5 GCTTAAGGACTCTGCCTCAACTCCACAGAGCTAGATTTCCC 3
3FLAP10 5' GCTTAAGGACTCTGCCTCAACTCCACAGAGCTAGATTTCCAGTGCACAAG 3
3FLAP20 5 GCTTAAGGACTCTGCCTCAACTCCACAGAGCTAGATTTCCGCAACTGTGTGGATGTGACG 3
SFLAP40 5' GCTTAAGGACTCTGCCTCAACTCCACAGAGCTAGATTTCCGCAACTGTGTGGATGTGACGATGGCGTAGCAGTGCACAAG 3
3FLPFB 5' CCCATGGTTGTGGCGCCTTTGAATT CCATAGTAGATTCAAAGCCTACAATGCTGCAAGGACAAGCCCCGTCGGGGCTTGTCCT 3
D39 5 GTTAGGACTGCTTGACATCCCAAGCAGACCTATCTTAAC ¥
D54 5' GAATCTACTATGGTTTTTAGGACTGCTTGACATCCCAAGCAGACCTATCTTAACS
5FLAPFB 5 CTGGCACTTCGGAGAAGTGCCAGTTTTCTTGTGCTTTTAGTTAGGACTGCTTGACATCCCAAGCAGACCTATCTTAAC 3
T80 5 GTTAAGATAGGTCTGCTTGGGATGTCAAGCAGTCCTAACT GGAAATCTAGCTCTGTGGAGTTGAGGCAGAGTCCTTAAGC 3
TE5 5 GTTAAGATAGGTCTGCTTGGGATGTCAAGCAGTCCTAACTAATTCAAAGGCGCCACAACCATGGG 3
Uz2s 5' GCTTGACATCCCAAGCAGACCTATC 3
D150 5 ATCAGGAAGTTCATATAAAAG GCAAACGGAAGCATTCTCAGAATATTCTTTGTGAT GATGGAGTTTCACACACAGAGCTGAACATG
CCTT TTGATGGAGCAGTTTCCAAATACACTTTTGGTAGAATCTGCAGGTGGATATTGATGGGGGY
T180 5'CCCCCATCAATATCCACCTGCAGATTCTACCAAAAGTGTATTTGGAAACTGCTCCATCAAAAGGCATGTTCAGCTCTGTGTGTGAA

ACTCCATCATCACAAAGAATATTCTGAGAATGCTTCCGTTTGCC ATATGAACTTCCTGATGTTAAGATAGGTCTGCTTGGGATG
TCAAGC 3
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