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SUMMARY
Alterations of bases in DNA constitute a major source of genomic instability. It is believed that base alter-
ations trigger base excision repair (BER), generating DNA repair intermediates interfering with DNA replica-
tion. Here, we show that genomic uracil, a common type of base alteration, induces DNA replication stress
(RS) without being processed by BER. In the absence of uracil DNA glycosylase (UNG), genomic uracil accu-
mulates to high levels, DNA replication forks slow down, and PrimPol-mediated repriming is enhanced,
generating single-stranded gaps in nascent DNA. ATR inhibition in UNG-deficient cells blocks the repair of
uracil-induced gaps, increasing replication fork collapse and cell death. Notably, a subset of cancer cells
upregulates UNG2 to suppress genomic uracil and limit RS, and these cancer cells are hypersensitive to
co-treatment with ATR inhibitors and drugs increasing genomic uracil. These results reveal unprocessed
genomic uracil as an unexpected source of RS and a targetable vulnerability of cancer cells.
INTRODUCTION

Complete and accurate DNA replication is essential for themain-

tenance of genomic integrity. However, the progression of DNA

replication forks is often impeded by various types of barriers

or interferences, resulting in DNA replication stress (RS).1,2

Increased RS is commonly observed in cancer cells, which con-

tributes to the genomic instability in cancer cells but also pre-

sents a vulnerability of cancer cells that can be targeted thera-

peutically.3–6 Understanding the sources of RS in cancer cells

is critical for delineating the process of tumorigenesis and devel-

oping strategies to exploit RS in cancer therapy.

The common impediments or interferences to DNA replication

forks can be divided into at least three classes. The first class

comprises various types of physical barriers to replication forks,

including bulky DNA adducts, DNA crosslinks, protein-DNA

crosslinks, R-loops, transcription-replication conflicts, and

others.7–9 The second class includes various causes of insuffi-

cient deoxyribonucleotide triphosphate (dNTP) supply, which

limits the activity of DNA polymerases.10 The third class includes

base alternations in DNA, such as those caused by guanine
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oxidation, cytosine deamination, ten-eleven translocation (TET)

enzymes-mediated cytosine demethylation, and misincorpora-

tion of uracil into DNA.11 These base alterations trigger base

excision repair (BER), generating abasic (AP) sites and DNA sin-

gle-strand breaks (SSBs) as repair intermediates12 (Figure 1A).

AP sites and SSBs, if not removed timely and properly, can inter-

fere with replication forks and generate DNA double-stranded

breaks (DSBs).13,14 Although base alterations are implicated in

the generation of RS, it is still unclear whether this type of RS

is always dependent on BER.

In cancer cells, the levels of base alterations in DNA are often

elevated by the increase of reactive oxygen species (ROS),15

aberrant expression of activation-induced cytidine deaminase

(AID) and apolipoprotein B mRNA editing catalytic polypeptide-

like (APOBEC) cytidine deaminases,16,17 and changes in dUTP

and dTTP biogenesis.18 Thus, increased base alterations in

DNA constitute an important source of RS in cancer cells and

potentially provide an opportunity for targeted therapy. The

ataxia telangiectasia-mutated and Rad3-related (ATR) kinase is

a master regulator of the cellular response to RS, and it is critical

for cancer cells to cope with RS and genomic instability.4,19,20
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Recently, ATR inhibitors (ATRis) have been successfully used to

eliminate cancer cells under specific oncogene-induced RS.21,22

However, it remains unclear whether ATRi can effectively kill

cancer cells harboring high levels of base alterations and

whether BER intermediates are important for ATRi sensitivity.

Furthermore, whether different types of base alterations

generate RS and confer ATRi sensitivity through the same or

distinct mechanisms remains unknown.

RESULTS

Processing of genomic uracil by UNG2 reduces ATRi
sensitivity
To test whether base alterations induce RS and confer ATRi

sensitivity through BER intermediates, we sought to ablate

various DNA glycosylases, the enzymes that recognize different

types of base alterations and initiate BER (Figure 1A). We first

inhibited OGG1, the DNA glycosylase that recognizes and

processes 8-oxidized guanine (oxoG), in U2OS cells with the

OGG1 inhibitor (OGG1i) TH5487.23 As expected, OGG1i

increased the levels of 8-oxoG in cells (Figure 1B), confirming

that the conversion of 8-oxoG to AP site by OGG1, the first

step of BER, was inhibited. OGG1i reduced the sensitivity of cells

to two distinct ATRis, VE-821 and AZD6738 (Figures 1C and

S1A). Similar results were obtained with small interfering RNA

(siRNA)-mediated knockdown of OGG1 (Figures S1B and

S1C), supporting the idea that 8-oxoG confers ATRi sensitivity

through BER.

Next, we tested whether the deoxyuracil (dU) in DNA also con-

fers ATRi sensitivity through BER. Uracil in DNA is a common

base alteration resulting from the misincorporation of dUTP dur-

ing DNA replication or deamination of cytosine. The uracil glyco-

sylases UNG1 and UNG2, which are encoded by two isoforms of

the UNG gene, are the primary enzymes that recognize and pro-

cess the uracil in DNA.24 Whereas UNG1 localizes to mitochon-

dria, UNG2 functions in the nucleus. We used two independent

siRNAs, each targeting both isoforms of UNG, to deplete UNG

in U2OS cells (Figures 1D and S1D). To confirm the effects of

UNG loss, we used a modified comet assay (U-comet) to mea-

sure uracil levels in genomic DNA (Figure 1E). In this assay, cells

were treated with recombinant uracil DNA glycosylase (UDG)
Figure 1. UNG2-mediated processing of genomic uracil reduces ATRi

(A) A schematic of RS induction by BER intermediates—AP sites and SSBs.

(B) Quantification of 8-oxoG immunofluorescence in cells treated with DMSO or

experiments is shown.

(C) U2OS cells were treated with DMSO or 10 mM TH5487 and indicated conc

CellTiter-Glo. Data are shown as mean ± SD. (n = 2 independent experiments).

(D) Levels of UNG in U2OS cells transfected with the indicated siRNAs for 48 h.

(E and F) Representative images for U-comet assay in U2OS cells transfected wi

and bars display the mean in cell populations (n > 70 cells per condition). ns, no

(G) Viability of U2OS cells transfected with indicated siRNAs and treated with ind

independent experiments).

(H) Levels of UNG2 in U2OS cells and two independent UNG2�/� knockout (KO)

(I) Viability of U2OS or UNG2 KO cells treated with indicated concentrations of AT

(J) Levels of the indicated proteins in U2OS cells transfected with UNG#1 and S

(K) U2OS cells transfected with UNG#1 and SMUG1 siRNAs were analyzed by U

(L) Viability of U2OS cells transfected with UNG#1 and SMUG1 siRNAs and treated

(n = 3 independent experiments).
before being analyzed by the alkaline comet protocol, allowing

detection of DNA breakage at sites of genomic uracil. As ex-

pected, UNG knockdown increased genomic uracil (Figures 1E,

1F, and S1E), which was associated with a concomitant reduc-

tion in AP sites (Figure S1F), showing that the uracil in DNA

was not efficiently processed in the absence of UNG. Surpris-

ingly, however, knockdownof UNG increased the ATRi sensitivity

of cells (Figures 1G and S1G), suggesting that BER does not

enhance ATRi sensitivity in this context. Expression of HA-

tagged UNG2 substantially reversed the increase of ATRi sensi-

tivity in UNG knockdown cells (Figures S1H and S1I), confirming

that the effect of UNG knockdown on ATRi sensitivity is largely, if

not completely, attributed to UNG2 loss. To confirm the results

from UNG knockdown cells and test whether UNG2 loss is

responsible for increased ATRi sensitivity, we generated 2 inde-

pendent UNG2 knockout (KO) cell lines using CRISPR-Cas9.

Notably, western blot with the UNG antibody showed a complete

loss of signal in UNG2KO cells (Figure 1H), indicating that the de-

tected band is specific to UNG2. Henceforth, we used this anti-

body as a UNG2 antibody. As expected, the levels of genomic

uracil were higher in UNG2 KO lines than in the parental line (Fig-

ure S1J). Similar toUNGknockdowncells, theUNG2KOcell lines

were more sensitive to ATRi than parental U2OS cells (Figures 1I

and S1K).

In addition to UNG, three other DNA glycosylases—SMUG1,

MBD4, and TDG—have been implicated in the processing of

genomic uracil in specific contexts.25 SMUG1 excises

5-hydroxymethyl uracil (5-hmdU) and is a possible backup for

UNG for removing uracil in specific sequence contexts.14,26

MBD4 and TDG are primarily involved in removing the thymine

generated by the deamination of 5-methylcytosine but also re-

move a variety of other base lesions, including U in G:U pairs.27

To test whether these glycosylases compensate for the loss of

UNG to confer ATRi sensitivity, we co-depleted these enzymes

with UNG. Loss of SMUG1 alone slightly increased genomic ura-

cil, but co-depletion of UNG and SMUG1 did not increase

genomic uracil more than UNG loss alone (Figures 1J and 1K),

showing that SMUG1 does not function as a backup for UNG

loss in suppressing overall genomic uracil levels. Furthermore,

knockdown of SMUG1 alone increased ATRi sensitivity, and

co-depletion of UNG and SMUG1 modestly increased ATRi
sensitivity

10 mM TH5487 for 6 h (n > 900 cells per condition). One of two independent

entrations of ATRi (VE-821) for 5–7 days. Cell viability was determined using

MCM2 serves as a loading control.

th indicated siRNAs. Dot plots represent comet tail moment in individual cells,

n-significant. ***p % 0.001. One of three experiments is shown.

icated concentrations of ATRi (VE-821). Data are shown as mean ± SD. (n = 2

clones. MCM2 serves as a loading control.

Ri (VE-821). Data are shown as mean ± SD. (n = 2 independent experiments).

MUG1 siRNAs for 48 h. MCM2 serves as a loading control.

-comet assay (n > 80 cells per condition). One of two experiments is shown.

with indicated concentrations of ATRi (VE-821). Data are shown asmean ± SD.
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sensitivity more than single depletions of UNG and SMUG1 (Fig-

ure 1L), suggesting that the uracil derivatives suppressed by

SMUG1, such as 5-hmdU, may also increase ATRi sensitivity.

Unlike loss of UNG and SMUG1, depletion of MBD4 or TDG

did not affect the overall levels of genomic uracil (Figures S1L–

S1N). When combined with UNG knockdown, neither MBD4

nor TDG depletion increased genomic uracil levels further

(Figures S1M and S1N). Furthermore, depletion of MBD4 or

TDG in UNG knockdown cells did not reduce but increased

ATRi sensitivity (Figures S1O and S1P), suggesting that these

glycosylases do not compensate for UNG loss to confer ATRi

sensitivity by generating BER intermediates. Finally, we used

an in vitro biochemical assay to test whether the uracil glycosy-

lase activity in cell extracts was compensated by other enzymes

upon UNG loss. Depletion of UNG eliminated the detectable ura-

cil glycosylase activity in cell extracts (Figure S1Q), showing that

the loss of UNG activity is not compensated by any other en-

zymes. Together, these results strongly support the notion that

the accumulation of genomic uracil increases ATRi sensitivity

in the absence of BER.

Unprocessed genomic uracil impedes replication forks
To directly test whether genomic uracil affects the progression of

replication forks, we used DNA fiber assay to analyze UNG

knockdown cells. In cells treated with increasing concentrations

of UNG siRNA, UNG was depleted, and replication fork speed

was reduced in a manner dependent on siRNA concentrations

(Figures 2A and S2A). The slowing of replication forks upon

UNG loss was also observed using multiple UNG siRNAs

(Figures 2B and S2B) and UNG2 KO cell lines (Figure S2C).

Thus, UNG promotes replication fork progression in a dose-

dependent manner.

Next, we tested whether altered dUTP/dTTP ratio and subse-

quent misincorporation of dUTP to genomic DNA interferes with

replication forks. We used pemetrexed (PMX), a folate analog

that inhibits the thymidylate synthase (TYMS), which converts

dUMP to dTMP.28 Treatment of cells with PMX is expected to

reduce dTTP, increase the dUTP/dTTP ratio, and enhance uracil

misincorporation. Indeed, as revealed by the U-comet assay, the

levels of genomic uracil were increased by PMX treatment (Fig-

ure S2D). Notably, PMX further increased genomic uracil in UNG

knockdown cells (Figure S2D), suggesting that the PMX-induced

genomic uracil is removed by BER. In addition, liquid chromatog-

raphy-massspectrometry (LC-MS)confirmedthatafterPMXtreat-

ment,UNG2KOcells containedmoregenomicuracil thanparental

U2OScells (FigureS2E). Treatment of cells with PMX reduced fork

speed in a dose-dependent manner (Figure 2C). Importantly, the

effect of PMX on fork speed was reversed by supplementing cells

with a low concentration of thymidine (Figure S2F), which in-

creases dTTP levels but does not inhibit DNA synthesis by

reducing the dCTP pool,29 confirming that PMX decreases fork

speed by reducing dTTP and increasing uracil misincorporation.

Treatment of UNG knockdown cells with PMX further reduced

fork speed (Figure 2D), showing that PMX affects fork progression

independently of UNG-mediated BER. Together, these experi-

ments suggest that PMX-induced reduction in dTTP and increase

in dUTPmisincorporation induce RS even when genomic uracil is

not processed by BER.
4 Molecular Cell 84, 1–17, June 6, 2024
To confirm that PMX-induced dUTP misincorporation contrib-

utes to RS, we sought to increase dUTP without altering dTTP.

dUTPase is an enzyme that hydrolyzes dUTP to dUMP, which

in turn serves as a precursor for thymidylate synthesis.30

Inhibition of dUTPase is expected to increase the cellular

dUTP pool and dUTP misincorporation, with minimal effect on

dTTP pool.31 Indeed, the dUTPase inhibitor TAS-114 increased

genomic uracil as measured by the U-comet assay (Figure S2G)

and led to a modest increase in genomic uracil in UNG2 KO cells

compared with parental U2OS cells as shown by LC-MS (Fig-

ure S2E). Similar to PMX, TAS-114 further reduced fork speed

in cells lacking UNG (Figure 2E). We further validated these ob-

servations by siRNA-mediated knockdown of dUTPase, which

also led to increased genomic uracil (Figure S2H), fork slowing

(Figure S2I), and further reduced fork speed in UNG knockdown

cells (Figure 2F). Together, the experiments using UNG-depleted

cells, PMX-treated cells, TAS-114-treated cells, and dUTPase-

depleted cells strongly suggest that unprocessed genomic uracil

interferes with replication forks and induces RS.

Finally, we tested the effects of uracil in template DNA on the

progression of humanDNA polymerase epsilon (Polε) in vitro. We

designed a 23-nt primer and two pairs of 44-nt DNA templates

containing either one or two consecutive dUs (1U and 2U) or

dTs at the same positions (1T and 2T). A purified human Polε cat-

alytic fragment lacking the exonuclease activity (hPolε exo�) was

previously used to study the function of Polε on various DNA

templates.32–35 Using purified hPolε exo� and dU- or dT-con-

tainingDNA templates, we tested the effects of dU onPolε-medi-

ated primer extension. As expected, full-length extension prod-

ucts were formed on both DNA templates in a time-dependent

manner (Figures S2J and S2K). Notably, a band of an intermedi-

ate product was transiently observed on the 1U but not the 1T

template (Figure S2J). Furthermore, high levels of intermediate

products were detected on the 2U but not the 2T template (Fig-

ure S2K), suggesting that consecutive dUs slow polymerase

more effectively. Together, these biochemical results support

the notion that unprocessed uracil in template DNA impedes

DNA synthesis and is a source of RS.

Genomic uracil induces PrimPol-generated ssDNA gaps
Stalling of DNA polymerase by barriers can lead to uncoupling of

polymerase and the replicative helicase, resulting in the accumu-

lation of RPA-coated single-stranded DNA (ssDNA) adjacent to

stalled polymerase.36 To test whether genomic uracil induces

RPA accumulation next to Polε at stalled forks, we performed

proximity ligase assay (PLA) with antibodies to the catalytic sub-

unit of Polε and the RPA32 subunit of RPA. PLA foci were readily

detected in hydroxyurea (HU)-treated cells when both Polε and

RPA32 antibodies were applied, but not when either antibody

was used individually (Figure S3A), validating this assay for the

detection of RPA accumulation at stalled forks. Importantly,

either PMX or TAS-114 treatment significantly increased PLA

foci in both control cells and UNG knockdown cells (Figures

3A, 3B, and S3B), suggesting that genomic uracil induces

RPA-ssDNA accumulation at stalled forks independently of

UNG-mediated BER. Of note, accumulation of RPA-coated

ssDNA at stalled replication forks triggers ATR activation.20

Indeed, in UNG-depleted cells, both PMX and TAS-114
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Figure 2. Unprocessed genomic uracil interferes with replication fork progression

(A) U2OS cells were transfected with indicated concentrations of UNG siRNA#1 for 48 h. Levels of UNG2 were analyzed by western blot, and the replication rate

was analyzed by DNA fiber assay (n = 100 fibers per condition). MCM2 serves as a loading control. One of three independent experiments is shown. ***p% 0.001.

(B) The distribution of replication rate in U2OS cells treated with indicated siRNAs (n = 125 fibers per condition). One of two experiments is shown.

(C) Replication rate in U2OS cells treated with indicated concentrations of pemetrexed (PMX) for 24 h (n = 125 fibers per condition). One of two experiments

is shown.

(D and E) Replication rate in U2OS cells transfected with control or UNG#1 siRNA for 48 h and treated with 200 nM PMX (D) or 10 mMTAS-114 (E) for 24 h (n = 125

fibers per condition). One of two experiments is shown.

(F and G) U2OS cells were transfected with dUTPase (DUT) and UNG#1 siRNAs for 48 h. Levels of dUTPase and UNG2were analyzed by western blot (F). MCM2

serves as a loading control. Replication rate was analyzed by DNA fiber assay (n = 125 fibers per condition) (G). One of two experiments is shown.
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increased the phosphorylation of ATR substrates Chk1 (pS317)

and RPA32 (pS33) (Figures S3C and S3D). Thus, unprocessed

genomic uracil not only slows Polε but also activates the RS

response through RPA-ssDNA.
DNA polymerase stalling and RPA-ssDNA accumulation at

stalled forks also trigger PrimPol-mediated repriming, which en-

ables resumption of DNA synthesis ahead of stalled polymer-

ases but leaves ssDNA gaps in nascent DNA.37–39 In cells treated
Molecular Cell 84, 1–17, June 6, 2024 5
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Figure 3. Genomic uracil induces PrimPol-dependent ssDNA gaps in nascent DNA

(A and B) U2OS cells transfected with control or UNG#1 siRNA and treated with 100 nM PMX for 24 h were analyzed by PLA using anti-Pol ε catalytic subunit and

anti-RPA32 antibodies. Representative images of PLA foci are shown (A), and PLA foci are quantified in individual cells (B) (n > 400 cells per condition). Scale bars,

10 mm. **p % 0.01. ***p % 0.001. One of three independent experiments is shown.

(C) U2OS cells were transfected with control or UNG#1 siRNA and treated with indicated concentrations of PMX for 24 h. Chromatin fractions were prepared and

blotted for PrimPol. MCM2 serves as a loading control.

(D) U2OS cells were transfected with control or UNG#1 siRNA for 48 h and analyzed by DNA fiber assay. DNA fibers were treated with S1 nuclease (20 U/mL) for

30 min at 37�C, and the length of IdU tracts (n = 125 fibers per condition) was measured. One of two experiments is shown.

(E) U2OS cells were transfected with UNG#1 and PrimPol siRNA for 48 h and analyzed as in (D) (n = 125 fibers per condition). One of two experiments is shown.

Right, ratio of IdU tracts from S1-treated to -untreated fibers. Data are displayed as mean ± SD. from two experiments. *p % 0.05.

(F) U2OS cells transfected with control or UNG#1 siRNA were treated with 200 nM PMX for 24 h and analyzed as in (D) (n = 125 fibers per condition). One of three

experiments is shown.

(G) U2OS cells transfected with control or UNG#1 siRNAwere treatedwith 10 mMTAS-114 for 24 h and analyzed as in (D) (n = 125 fibers per condition). One of two

experiments is shown.
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with increasing concentrations of PMX, PrimPol was recruited

onto chromatin in a PMX dose-dependent manner (Figure S3E).

Furthermore, PMX further increased the levels of chromatin-

bound PrimPol in UNG knockdown cells (Figure 3C). Similar re-

sults were obtained with TAS-114 (Figure S3F), suggesting that

genomic uracil promotes the recruitment of PrimPol to stalled

forks independently of UNG-mediated BER.

To directly test whether genomic uracil induces PrimPol-medi-

ated ssDNA gaps, we treated DNA fibers with the S1 nuclease,

which specifically cleaves ssDNA.40 If ssDNA gaps are present

in nascent DNA, replication tracts should be shortened by S1.

Knockdown of UNG significantly increased the shortening of

replication tracts by S1 (Figures 3D and S3G), and similar obser-

vations were made in UNG2 KO cell lines (Figures S3I and S3J),

showing that UNG loss increases ssDNA gaps. Notably, the in-

crease of S1 cleavage of replication tracts in UNG knockdown

and UNG2 KO cells was not observed when PrimPol was co-

depleted (Figures 3E and S3H–S3J), showing that ssDNA gaps

were formed in a PrimPol-dependent manner. We noted that

loss of PrimPol did not significantly alter fork speed in control,

UNG knockdown, and UNG2 KO cells (Figures 3E and S3J), sug-

gesting the presence of a backup pathway. Inhibition of transle-

sion DNA synthesis (TLS) in cells lacking UNG and PrimPol

further reduced fork speed (Figure S3K), suggesting that TLS

acts as an alternative mechanism to sustain fork progression in

the presence of uracil and the absence of PrimPol.

Treatment with PMX or TAS-114, as well as knockdown of

dUTPase, increased the shortening of replication tracts by

S1 (Figures 3F, 3G, S3L, and S3M), supporting the idea that

genomic uracil induces ssDNA gaps. Knockdown of PrimPol

prevented the shortening of replication tracts by S1 in PMX-

treated cells (Figure S3N), showing that the ssDNA gaps formed

in this context were also PrimPol-dependent. In UNG knock-

down cells, replication tracts were further shortened by PMX

treatment or dUTPase inhibition/depletion (Figures 3F, 3G,

S3L, and S3M), reflecting a further increase of genomic uracil.

Notably, these short tracts were still efficiently cleaved by S1

(Figures 3F, 3G, S3L, and S3M), suggesting that ssDNA gaps

were formed independently of UNG-mediated BER. Supple-

menting UNG knockdown cells with thymidine reduced the

cleavage of replication tracts by S1 (Figure S3O, lanes 1–4). In

the presence of PMX, thymidine partially rescued fork speed in

UNG knockdown cells and also reduced S1 cleavage (Fig-

ure S3O, lanes 5–8). Thus, unprocessed genomic uracil, which

is increased by UNG loss and PMX/TAS-114-induced uracil mis-

incorporation, induces PrimPol-generated ssDNA gaps.

Exogenous dUTP induces RS
To test the effects of dUTP misincorporation on replication forks

more directly, we sought to directly increase dUTP levels in cells.

Because dNTPs do not permeate cell membranes efficiently,

we tested whether a recently developed synthetic nucleoside

triphosphate transporter (henceforth termed Bio-Tracker, BT)

can transport dUTP into cells.41 We first tested BT with Cy3-

labeled dUTP and validated the import of Cy3-dUTP into U2OS

cells (Figure 4A). Using DNA fiber assay, we confirmed that

BT-imported Cy3-dUTP was incorporated into genomic DNA

(Figure 4A). As expected, our U-comet assay showed a signifi-
cant increase of genomic uracil in cells treated with BT and

Cy3-dUTP (Figure 4B). These experiments established a strat-

egy to directly increase the dUTP pool in cells and dUTP misin-

corporation into the genome.

Next, we sought to characterize the cellular response to

genomic uracil using this system. Import of Cy3-dUTP reduced

fork speed in a dose-dependent manner (Figure 4C). Impor-

tantly, when increasing concentrations of dTTP were co-im-

ported with Cy3-dUTP, the Cy3-dUTP-induced fork slowing

was alleviated by dTTP in a dose-dependent manner (Figure 4D).

Similar observations were made using unlabeled dUTP and

dTTP (Figure 4E), ruling out unexpected effects of Cy3. Further-

more, dTTP also suppressed the increase of genomic uracil

induced by Cy3-dUTP in a concentration-dependent manner

(Figure S4A). These results strongly suggest that the dUTP/

dTTP ratio is a key determinant of genomic uracil levels.

Using DNA fiber assay and the S1 nuclease, we confirmed that

both Cy3-dUTP and unlabeled dUTP, but not dTTP, induced

ssDNA gaps in nascent DNA (Figures 4F and S4B). Furthermore,

the induction of ssDNA gaps by Cy3-dUTP was dependent on

PrimPol (Figures 4F and S4C). Notably, even in UNG knockdown

cells, Cy3-dUTP further shortened replication tracts, and the

short tracts were still sensitive to S1 cleavage (Figure 4G), sug-

gesting that unprocessed genomic uracil impedes replication

forks and induces ssDNA gaps. At a low concentration that did

not change theATRi sensitivity of cells treatedwith control siRNA,

Cy3-dUTP increased the ATRi sensitivity of UNG knockdown

cells (FigureS4D), supporting the notion that dUTPmisincorpora-

tion increases unprocessed genomic uracil and associated RS.

ATR is required for the repair of uracil-induced
ssDNA gaps
Next, we investigated how genomic uracil enhances ATRi sensi-

tivity. PrimPol-generated ssDNA gaps, if not repaired properly,

can persist into the next cell cycle, collide with replication forks,

and give rise to DSBs.42–44 To test whether ATR is involved in the

repair of uracil-induced ssDNA gaps, we pulse-labeled nascent

DNA in UNG knockdown cells and then let cells progress through

the cell cycle in the presence or absence of ATRi (Figure 5A). If

ssDNA gaps are formed during DNA labeling and subsequently

repaired, ssDNA gaps should be gradually removed from labeled

DNA over time. Using the S1 nuclease, we confirmed the in-

crease of ssDNA gaps in UNG knockdown cells right after

nascent DNA labeling (Figure 5A, lanes 1–4). In the absence of

ATRi, ssDNA gaps gradually disappeared from labeled DNA after

8 and 24 h (Figure 5A, lanes 5–6), showing repair of the gaps. In

the presence of ATRi, however, the removal of ssDNA gaps was

significantly compromised (Figure 5A, lanes 7–8). Recent studies

have implicated RAD51-mediated template switch (TS) and TLS

in the repair of PrimPol-mediated ssDNA gaps.43,44 In cells lack-

ing UNG, inhibition of either RAD51 or TLS delayed gap removal

(Figure S5A, lanes 7–8; Figure S5B, lanes 7–8), suggesting that

both TS and TLS contribute to the repair of uracil-induced

gaps. Together, these results suggest that ATR, RAD51, and

TLS function in concert to repair ssDNA gaps, allowing cells to

tolerate uracil-induced RS.

If ATRi prevents the repair of uracil-induced ssDNA gaps,

these gaps may persist into the next cell cycle. To test this
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Figure 4. Exogenous dUTP supplementation induces replication stress

(A) A schematic of import of Cy3-dUTP into live cells by Bio-Tracker (BT). U2OS cells were treated with 2 mMBT and 2 mMCy3-dUTP for 24 h in Leibovitz’s L-15

medium and analyzed by fluorescence. After 24 h, cells were analyzed by DNA fiber to visualize the incorporation of Cy3-dUTPs into genomic DNA.

(B) U2OS cells were treated with 2 mM BT and 2 mM Cy3-dUTP for 24 h and analyzed by U-comet assay (n > 50 cells per condition). One of two experiments

is shown.

(C) Replication rate in U2OS cells treated with 2 mMBT and indicated concentrations of Cy3-dUTP for 24 h (n = 125 fibers per condition). One of two experiments

is shown.

(D) Replication rate in U2OS cells treated with 2 mMBT, 2 mMCy3-dUTP, and indicated concentrations of dTTP for 24 h (n = 125 fibers per condition). One of two

experiments is shown.

(E) Replication rate in U2OS cells treated with 2 mMBT, 2 mMunlabeled dUTP, and indicated concentrations of dTTP for 24 h (n = 125 fibers per condition). One of

two experiments is shown.

(F) U2OS cells transfected with control or PrimPol siRNA were treated with 2 mMBT and 2 mMCy3-dUTP for 24 h. DNA fibers were treated with S1 nuclease, and

the length of IdU tracts (n = 125 fibers per condition) was measured. One of two experiments is shown.

(G) U2OS cells were transfected with control or UNG#1 siRNA, treated with 2 mM BT and 2 mM Cy3-dUTP for 24 h, and analyzed as in (F) (n = 125 fibers per

condition). One of two experiments is shown.
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possibility, we analyzedwhether the 53BP1 nuclear bodies (NBs)

in G1 phase are affected by ATRi in UNG knockdown cells. G1

53BP1 NBs are induced by RS and associated with under-repli-

cated DNA.45,46 In the absence of ATRi, 53BP1 NB levels in cy-

clin A-negative G1 cells were higher in the UNG knockdown cell

population than in the control cell population (Figure 5B), consis-

tent with the induction of RS by UNG loss. In the presence of

ATRi, 53BP1 NBs were further increased in UNG knockdown

cells (Figure 5B), suggesting that more under-replicated DNA

persisted into the next G1. These results raised the possibility

that uracil-induced ssDNA gaps can persist into the next S phase

in the presence of ATRi, leading to replication fork collapse42

(Figure 5C). To test this idea, we pulse-labeled S phase cells

with EdU and then treated them with ATRi for 24 h to analyze

the effects of ATR in these cells in the second cell cycle. ATRi-

induced gH2AX was significantly higher in EdU+ UNG knock-

down cells than in EdU+ control cells (Figure 5D), suggesting

that genomic uracil promotes ATRi-induced DSB formation. By

contrast, knockdown of OGG1 reduced ATRi-induced gH2AX

(Figure S5C), consistent with the notion that 8-oxoG-induced

BER intermediates drive RS. Blocking the cell cycle at the G2/

M transition with the CDK1 inhibitor R0-3306 drastically reduced

ATRi-induced gH2AX in UNG knockdown cells (Figure 5E),

showing that the entry to the next cell cycle is required for

ATRi-induced DSB formation. Importantly, knockdown of

PrimPol reversed the induction of gH2AX in the UNG-depleted

cells (Figure 5F), confirming that the DSBs arose from PrimPol-

generated ssDNA gaps. Remarkably, co-depletion of PrimPol

in UNG knockdown cells completely reversed the increase of

ATRi sensitivity (Figures 5G and S5D), lending further support

to the notion that the ATRi sensitivity of UNG knockdown cells

is attributed to PrimPol-generated ssDNA gaps. Together, these

results suggest that ATRi induces gap-derived DSBs in UNG-

depleted cells in a trans-cell-cycle manner.

To understand how replication forks collapse in ATRi-treated

UNG knockdown cells, we asked whether nucleases are

involved. The DNA structure-specific nucleases MUS81 and

MRE11 have been implicated in the collapse of replication

forks.47,48 Knockdown of MUS81 and inhibition of MRE11 with

Mirin both significantly suppressed ATRi-induced gH2AX in

UNG knockdown cells in the second S phase (Figures S5E–

S5G), suggesting that both of these nucleases are involved in

the accumulation of ATRi-induced DSBs in UNG-depleted cells.

It is possible that when the repair of uracil-induced gaps is
Figure 5. ATRi prevents repair of uracil-induced ssDNA gaps and incre

(A) U2OS cells were transfected with control or UNG#1 siRNA, sequentially label

(VE-821) for 0, 8, or 24 h. DNA fibers were treated with S1 nuclease, and the len

periments is shown.

(B) U2OS cells transfected with control or UNG#1 siRNA and treated with 2 mM AT

were quantified (n > 1,200 cells per condition). One of two experiments is shown

(C) Model for the induction of DNA damage by ATRi in cells lacking UNG2.

(D) U2OS cells were transfected with indicated siRNAs, labeled with 5 mM EdU for

EdU-positive cells was quantified (n > 250 cells per condition). One of two exper

(E) U2OS cells were transfected with UNG#1, labeled with 5 mMEdU for 15 min, th

analyzed as in (E) (n > 250 cells per condition). One of three experiments is show

(F) U2OS cells transfected with UNG#1 and PrimPol siRNA were treated and anal

(G) Viability of U2OS cells transfected with UNG#1 and PrimPol siRNA and treated

(n = 2 independent experiments).

10 Molecular Cell 84, 1–17, June 6, 2024
compromised by ATRi, these gaps or the forks approaching

them need to be processed by MRE11 and MUS81 to form

DSBs efficiently.

High UNG expression in cancer cells is associated with
uracil-induced RS
The role of UNG in limiting genomic uracil and RS raises the pos-

sibility that UNG may be upregulated in a subset of cancers to

allow cancer cells to cope with uracil-induced RS. Notably,

UNG2 is commonly expressed at higher levels in lung cancer

cell lines compared with non-malignant lung epithelial cells.49

To test whether cancer cells expressing high levels of UNG2

depend on it to suppress genomic uracil and RS, we analyzed

UNG2 protein levels in a panel of lung cancer cell lines (Fig-

ure 6A). Among the cell lines, only H1299 expresses UNG2 at

high levels. No correlation between UNG2 protein levels and

ATRi sensitivity was observed in these cell lines (Figure S6A).

However, when UNG was knocked down in these cell lines,

H1299, but not the other cell lines, became significantly more

sensitive to ATRi (Figures 6B and S6B). These results suggest

that H1299, which expresses UNG2 at the highest level in this

cell line panel, is the most dependent on UNG2 to suppress

RS. Similar to the cancer cell lines expressing low levels of

UNG2, RPE-1, a non-transformed cell line, expressed UNG2 at

a low level and exhibited only a modest increase in ATRi sensi-

tivity upon UNG knockdown (Figure S6C).

To directly compare the levels of genomic uracil in the lung

cancer cell lines, we analyzed H1299 and H1838, which express

low levels of UNG2 (Figure 6A), with U-comet assay. Upon UNG

knockdown, a drastic increase of genomic uracil was detected in

H1299 but not in H1838 (Figure 6C). These results demonstrate

that H1299 is more dependent on UNG2 than H1838 to suppress

genomic uracil, providing an example of the UNG2 dependency

of cancer cells.

To characterize the RS in cancer cells expressing high or low

levels of UNG2, we analyzed H1299 and H1838 with DNA fiber

assay. Knockdown of UNG drastically reduced replication fork

speed in H1299 cells and increased ssDNA gaps in a PrimPol-

dependent manner (Figures 6D, S6D, and S6E). By contrast,

UNG loss did not affect fork speed and only slightly increased

ssDNA gaps in H1838 cells (Figures 6D and S6D). Furthermore,

in H1299, PrimPol knockdown significantly reversed the increase

of ATRi sensitivity induced by UNG loss (Figure 6E). In H1838,

PrimPol knockdown modestly increased ATRi resistance and
ases DNA damage
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also completely reversed the modest increase of ATRi sensitivity

induced by UNG depletion (Figure 6E). Thus, in both H1299 and

H1838, uracil-induced RS and ATRi sensitivity are largely attrib-

uted to PrimPol-generated ssDNA gaps. H1299, which is more

dependent on UNG2 to suppress genomic uracil, is also more

sensitive to ATRi upon UNG loss.

Induction of genomic uracil sensitizes UNG-dependent
cancer cells to ATRi
Given our finding that some cancer cells are dependent onUNG2

to suppress genomic uracil and RS, we asked whether we could

sensitize these cancer cells to ATRi by increasing genomic uracil

without depleting UNG2. First, we knocked down dUTPase in

H1299 and H1838 and tested the effects on ATRi sensitivity.

dUTPase depletion increased ATRi sensitivity drastically in

H1299 but only modestly in H1838 (Figure S7A). Next, we used

PMX to increase genomic uracil in H1299 and H1838 cells.

Remarkably, PMX significantly increased the ATRi sensitivity of

H1299 cells but not H1838 cells (Figures 7A and S7B). Further-

more, PMX also drastically increased the ATRi sensitivity of

HL-60, an AML cell line expressing UNG at high levels (Fig-

ure S7B) (Human Protein Atlas, proteinatlas.org). Importantly,

the PMX-induced ATRi hypersensitivity of H1299 cells was

completely reversed by thymidine (Figure 7B), confirming that

PMX enhances ATRi sensitivity by reducing dTTP and increasing

the dUTP/dTTP ratio. Together, these results suggest that PMX

can be used to sensitize UNG-dependent cancer cells to ATRi.

Next, we asked whether the combination of ATRi and PMX is

effective on UNG2-dependent tumors in vivo. We used H1299

cells to generate xenograft tumors in female non-obese diabetic

(NOD) severe combined immunodeficiency (SCID) gamma

(NSG) mice. Treatment with the ATRi AZD6738 or PMX alone de-

layed tumor growth as compared with DMSO controls (Fig-

ure 7C). Notably, a significantly higher anti-tumor effect was

observed when ATRi and PMX were combined (Figures 7C and

S7C). Neither ATRi nor PMX significantly reduced animal weights

at the doses used (Figure S7D). Thus, the combination of ATRi

and PMX is more effective than either drug alone in inhibiting

the growth of tumors under uracil-induced RS in vivo.

Finally, we asked whether the findings from established lung

cancer cell lines can be applied to patient-derived materials.

We tested three cell lines derived from lung cancer patients at

Massachusetts General Hospital (MGH). Among these lines,

MGH707.1 and MGH134.1 expressed high levels of UNG2 pro-

tein, whereas UNG2 was undetected in MGH143.3B (Figure 7D).

Consistent with the results from H1299 and H1838, knockdown

of UNG significantly increased genomic uracil in MGH707.1 and
Figure 6. A subset of cancer cells relies on UNG2 to suppress replicat

(A) Levels of UNG2 in the indicated cell lines. a-Tubulin serves as a loading cont

(B) The indicated cell lines were transfected with control or UNG#1 siRNA and treat

with CellTiter-Glo in 5–7 days. Data are shown as mean ± SD. (n = 4 independen

(C) H1299 and H1838 cells transfected with control or UNG#1 siRNA were anal

is shown.

(D) H1299 and H1838 cells were transfected with control or UNG#1 and PrimPol s

tracts (n = 125 fibers per condition) was measured. One of two experiments is sh

(E) Viability of H1299 and H1838 cells transfected with UNG#1 and PrimPol siRNA

as mean ± SD. (n = 2 independent experiments).
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MGH134.1, but not in MGH143.3B (Figures S7E and S7F).

Furthermore, UNG knockdown significantly reduced fork speed

and increased ssDNA gaps in MGH707.1 and MGH134.1 (Fig-

ure S7G). By contrast, in MGH143.3B, UNG depletion only

slightly reduced fork speed and did not significantly increase

ssDNA gaps (Figure S7G). Importantly, PMX significantly sensi-

tized MGH707.1 and MGH134.1, but not MGH143.3B, to ATRi

(Figure 7D), showing that PMX effectively sensitizes patient-

derived, UNG2-dependent tumor cells to ATRi.

DISCUSSION

Base alterations in the genome have been long appreciated to

be a source of genomic instability. The increase of oxidative

stress in cancer cells contributes to tumorigenesis in a variety

of oncogenic contexts.50 The induction of BER intermediates

by oxidized bases (e.g., 8-oxoG) is believed to increase RS

and ultimately give rise to DSBs,51 which may contribute to the

cytotoxic effects of PARPi in BRCA1-deficient cells.52 Indeed,

our experiments using OGG1i support this model (Figure 7E).

Surprisingly, however, in contrast to this prevailing model, we

also found that genomic uracil, a distinct type of base alteration,

induces RS independently of UNG-mediated BER. In addition to

UNG, we eliminated all known uracil glycosylases as backups for

UNG to generate RS through BER intermediates, strengthening

the notion that genomic uracil can induce RS independently of

BER. In the absence of UNG2, the primary glycosylase that rec-

ognizes genomic uracil and initiates BER, replication forks slow

down, and cells become increasingly sensitive to ATRi. These re-

sults suggest that unprocessed uracil in the genome impedes

replication forks even more than the BER intermediates that it

generates (Figure 7E). Although genomic uracil interferes with

replication forks, our results do not exclude the possibility that

uracil-induced BER intermediates also induce RS. The overall

impact of genomic uracil on the genome is likely determined

by the levels of uracil in DNA and the efficiency and kinetics of

BER. If genomic uracil is abundant but does not trigger BER in

a timely manner, unprocessed uracil is probably the predomi-

nant source of RS. By contrast, if BER is initiated but not

completed properly, genomic uracil may induce RS through

BER intermediates. It is conceivable that genomic uracil can

induce RS in both BER-independent and -dependent manners,

and the contributions of these mechanisms may vary in cancer

cells depending on the levels of genomic uracil and the status

of the BER pathway. Notably, recent studies showed that loss

of SMUG1 reduced the sensitivity of BRCA1-deficient cells to

PARPi,14,43 suggesting that AP sites are more toxic than
ion stress

rol.

ed with indicated concentrations of ATRi (AZD6738). Cell viability was analyzed

t experiments).

yzed by U-comet assay (n > 50 cells per condition). One of two experiments

iRNAs for 48 h. DNA fibers were treated with S1 nuclease, and the length of IdU

own.

and treated with indicated concentrations of ATRi (AZD6738). Data are shown
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unprocessed hmdU in the context of BRCA1 deficiency and

PARP trapping. This finding provides a possible example of

how the genetic background of cancer cells and the action of

cancer drugs may influence the effects of uracil and its deriva-

tives in the genome.

In this study, we unexpectedly found that genomic uracil

slows down replication forks. This slowdown of replication

forks is independent of UNG, suggesting that unprocessed

genomic uracil is responsible. Importantly, our PLA analysis us-

ing RPA32 and Polε catalytic subunit antibodies suggests that

Polε is uncoupled from the replicative helicase by genomic ura-

cil in human cells, which is a predicted effect of polymerase

slowdown. Furthermore, our in vitro biochemical experiments

show that purified hPolε exo� is stalled by dU on template

DNA, providing direct evidence for the impediment of DNA

synthesis by unprocessed uracil. Thus, although previous

biochemical studies did not detect a slowdown of yeast DNA

polymerases on dU-containing DNA templates,53 our results

suggest that genomic uracil impedes human DNA Polε and in-

terferes with DNA replication in human cells. During DNA syn-

thesis, the dU in template DNA may generate base pairs that

are recognized by the proofreading domain of Polε as mis-

matches, thus triggering editing by the exonuclease domain

and polymerase pausing. This pausing may be particularly

prominent for hPolε exo� because it lacks the critical residues

required for the exonuclease activity.

Our experiments also reveal that genomic uracil increases

PrimPol-mediated repriming at replication forks, an event trig-

gered by the accumulation of ssDNA and RPA ahead of DNA

polymerases. Although PrimPol-mediated repriming allows

replication forks to progress through the uracil in template, it

generates ssDNA gaps that can subsequently give rise to

DSBs. Notably, ATRi prevents the efficient repair of uracil-

induced gaps. The inhibition of gap repair by ATRi makes these

gapsmore persistent, leading to fork collapse in the next S phase

(Figure 7F). ATRi also inhibits the repair of collapsed forks,

making cancer cells under uracil stress even more dependent

on ATR for survival. The trapping of PARP1/2 by PARPi also

prevents efficient gap repair.42,54,55 Furthermore, recent studies

implicated both TLS and POLQ in the repair of ssDNA

gaps.44,48,56,57 Indeed, we found that TLS is critical for the repair

of uracil-induced ssDNA gaps. It is possible that inhibitors of

PARP1/2, TLS, and POLQ can preferentially kill cancer cells un-

der high levels of uracil-associated RS.

What types of cancer cells harbor high levels of genomic ura-

cil? The balance of dUTP and dTTP in cancer cells is likely a key

determinant of the frequency of uracil misincorporation and
Figure 7. Induction of genomic uracil sensitizes UNG-dependent canc

(A) Viability of H1299 and H1838 cells treated with indicated concentrations of

experiments).

(B) Viability of H1299 cells treated with 100 nM PMX, 50 mM THY, and indicated

(C) Growth curves of H1299 tumors in control mice and mice treated with 50 mg/

ANOVA with Tukey’s multiple comparisons test was used to measure the signific

(D) Viability of MGH 707.1, MGH 134.1, and MGH 143-3B cells treated with 200

experiments). Levels of UNG2 in the indicated cells were analyzed by western b

(E) Model for RS induction by different types of base lesions.

(F) Model for RS induction by unprocessed uracil and the effects in the presence
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genomic uracil levels.18 Supporting this notion, PMX increases

the dUTP/dTTP ratio and elevates genomic uracil levels in can-

cer cells.58 It is possible that alternations of a number of meta-

bolic pathways in cancer cells increase the dUTP/dTTP ratio

and promote the accumulation of uracil in the genome. Further-

more, the cytidine deamination by AID or APOBEC is likely

another source of genomic uracil in cancer cells.17,59 Of note,

our recent work shows that expression of APOBEC3A also in-

duces PrimPol-generated ssDNA gaps, which confers ATRi

sensitivity.60 When cancer cells harbor high levels of genomic

uracil, they have to cope with uracil-induced RS by limiting

genomic uracil and activating the RS response. Both upregula-

tion of BER and metabolic changes reducing the dUTP/dTTP ra-

tio could be used by cancer cells to limit genomic uracil. For

example, human lung cancer cells upregulate UNG in response

to PMX exposure.49 Cancer cells also use thymidylate kinase

(TMPK) to prevent dUTP incorporation during DNA repair.61

We found that cancer cells expressing high levels of UNG2 are

more dependent on UNG to suppress genomic uracil. This

addiction of cancer cells to suppressors of genomic uracil cre-

ates an opportunity to exploit uracil-induced RS. The leukemia

cell line HL-60, which expresses high levels of UNG, is sensitive

to MTHFD2 inhibitors, which reduce thymidine synthesis and in-

crease genomic uracil.62 Drugs such as PMX or dUTPase inhib-

itors can also be used to exacerbate the uracil-induced RS in

cancer cells. Furthermore, when uracil-induced RS is exacer-

bated in cancer cells, they become even more dependent on

ATR-mediated gap repair and the RS response for survival.

This model provides a rationale to target cancer cells under

high uracil stress using combinations of ATRi with PMX, dUT-

Pase inhibitors, or MTHFD2 inhibitors. In future studies, it is

important to identify biomarkers for tumors harboring high uracil

stress and develop therapeutics to effectively exacerbate and

exploit the uracil-induced RS.

Limitations of the study
It should be noted that hPolε exo� but not full-length hPolε was

used in our biochemical experiments. The extent to which full-

length hPolε is slowed by genomic uracil still needs to be tested.

Although our results show that several cancer cell lines express-

ing high levels of UNG2 are sensitive to ATRi upon UNG deple-

tion, high UNG2 expression alone is unlikely sufficient to broadly

predict uracil-induced RS in cancer cells. Mechanisms other

than UNG2 upregulation may also be used by cancer cells to

cope with uracil-induced RS. To reliably identify tumors under

high uracil-induced RS, additional biomarkers and/or clinical as-

says need to be developed in future studies.
er cells to ATRi

PMX and ATRi (VE-821). Data are shown as mean ± SD. (n = 2 independent

concentrations of ATRi (VE-821) (n = 2 independent experiments).

kg ATRi (AZD6738) and/or 75 mg/kg PMX. n = 4 mice in each group. Two-way

ance throughout. (ns) non-significant; *p % 0.05; **p % 0.01; ***p % 0.001.

nM PMX and indicated concentrations of ATRi (AZD6738) (n = 2 independent

lot. a-Tubulin serves as a loading control.

and absence of ATRi.
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TDG Abcam ab154192

dUTPase Abcam ab137097

PrimPol Home made; Mourón et al.39 N/A

RPA32 pS33 Bethyl Laboratories A300-246A; RRID: AB_2180847

CHK1 pS317 Cell Signaling Technology 2344T; RRID: AB_331488

53BP1 Millipore MAB3802; RRID: AB_2206767

Cyclin A Santa Cruz sc-751; RRID: AB_631329

gH2AX BD Biosciences 560443; RRID: AB_1645592

MUS81 Abcam ab14387

Anti-BrdU rat (for DNA fiber) Abcam ab6326; RRID: AB_305426

Anti-BrdU mouse (for DNA fiber) BD Biosciences 347580; RRID: AB_400326

Goat Anti-Rat Alexa Fluor 594 (For DNA fiber) Invitrogen A-11007; RRID: AB_10561522

Goat Anti-Mouse Alexa Fluor 488 (For IF and DNA fiber) Invitrogen A-11001; RRID: AB_2534069

Goat Anti-Rabbit Alexa Fluor 488 (For IF) Jackson ImmunoResearch 111-545-144; RRID: AB_2338052

Goat Anti-Mouse Alexa Fluor 594 (For IF) Jackson ImmunoResearch 115-585-003; RRID: AB_2338871

Anti-HRP rabbit (for WB) Jackson ImmunoResearch 111-035-003; RRID: AB_2313567

Anti-HRP mouse (for WB) Jackson ImmunoResearch 115-035-003; RRID: AB_10015289

Anti-HRP rat (for WB) Jackson ImmunoResearch 112-035-003; RRID: AB_2338128

RPA32 Thermo Fisher Scientific MA1-26418, RRID: AB_795362

Pol ε catalytic subunit A Novus NBP2-55332

Chemicals, peptides, and recombinant proteins

PureLink� RNase A Thermo Fisher Scientific 12091-021

OGG1i (TH5487) Selleckchem S8913

Lipofectamine RNAiMAX Thermo Fisher Scientific 13778-150

Lipofectamine3000 Thermo Fisher Scientific L3000015

ATRi (VE-821) Selleckchem S8007

ATRi - Ceralasertib (AZD6738) Selleckchem S7693

Uracil-DNA Glycosylase Roche 11444646001

CometAssay LMAgarose Bio-Techne 4250-050-02

Doxycycline hyclate Sigma-Aldrich D9891

CldU Sigma-Aldrich C6891

IdU Sigma-Aldrich I7125

Thymidine Sigma-Aldrich T1895

Hydroxyurea Sigma-Aldrich H8627

S1 Nuclease Thermo Fisher Scientific 18001-016

Pemetrexed Selleckchem S1135

TAS-114 MedChem Express HY-124062

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

BioTracker NTP-Transporter Molecule Sigma-Aldrich SCT064

Cy3-dUTP ApexBio B820

dUTP PCR Grade, sodium salt Sigma-Aldrich SKU 11934554001

dTTP PCR Grade, sodium salt Sigma-Aldrich SKU 11934546001

Leibovitz’s L-15 Medium Gibco 11415064

B02 MedChem Express HY-101462

TLSpp N/A Dash et al. 63,Stanzione et al.64

Critical commercial assays

CellTiter-Glo� Luminescent Promega G7570

pENTR�/D-TOPO Cloning Kit Thermo Fisher Scientific 45-0218

Gateway LR Clonase� II Enzyme mix Thermo Fisher Scientific 11791-020

Duolink� In Situ Red Starter Kit Mouse/Rabbit Sigma-Aldrich DUO92101

DNA Damage Assay Kit (AP sites, Colorimetric) Abcam ab211154

NucleoSpin RNA kit for RNA purification Macherey-Nagel 740955

Deposited data

Unprocessed western blots, gels, and images This paper [https://doi.org/10.17632/f5nd33vw8x.1]

Experimental models: Cell lines

U2OS ATCC HTB-96

U2OS UNG2 KO Clone 1 Generated in this study N/A

U2OS UNG2 KO Clone 2 Generated in this study N/A

U2OS+pINDUCER20 Generated in this study N/A

U2OS+WT UNG2-HA (Dox inducible) Generated in this study N/A

HEK293T ATCC CRL-11268

H1299 MGH CMT N/A

H1975 MGH CMT N/A

H1838 MGH CMT N/A

A549 MGH CMT N/A

Calu-1 MGH CMT N/A

RPE-1 ATCC CRL-4000

MGH 134.1 Hata Lab N/A

MGH 707.1 Hata Lab N/A

MGH 143-3B Hata Lab N/A

Oligonucleotides

Primers for cloning This study See STAR Methods below

siRNA sequences This study See STAR Methods below

Primers for RT-qPCR This study See STAR Methods below

Recombinant DNA

UNG (NM_080911) Human Tagged ORF Clone Origene RC222868

pINDUCER20 Meerbrey et al.65 Addgene 44012

pINDUCER20+WT UNG2-HA Generated in this study N/A

Software and algorithms

GraphPad Prism 6 GraphPad Software, Inc https://www.graphpad.com/

NIS Elements Viewer Nikon https://www.microscope.healthcare.

nikon.com/products/software/

nis-elements/viewer

FIJI N/A https://imagej.net/software/fiji/

Image Lab BioRad https://www.bio-rad.com/en-us/product/

image-lab-software?ID=KRE6P5E8Z
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RESOURCE AVAILABILITY

Lead contact
Please direct any requests for further information or reagents to the lead contact, Professor Lee Zou (lee.zou@duke.edu), Department

of Pharmacology and Cancer Biology, Duke University School of Medicine, Durham, NC 27710.

Materials availability
All materials generated in this study are available through lead contact upon request.

Data and code availability
d Uncropped blots, gels, and microscopy images are available through Mendeley [https://doi.org/10.17632/f5nd33vw8x.1].

d This paper does not report any original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture
The human embryonic kidney cell line HEK293T, the hTERT-immortalized human retinal pigment epithelial cell line RPE-1, the human

osteosarcoma cell line U2OS and Its derivative UNG2 KO cell lines weremaintained in Dulbecco’s modified Eagle’s medium (DMEM)

supplemented with L-glutamine, 10% Fetal Bovine Serum (FBS), and 1% penicillin/streptomycin (PS). Human lung cancer cell lines

H1299, H1838, and H1975weremaintained in RPMI 1640medium supplemented with 10%FBS and 1%PS. The human lung cancer

cell line A549wasmaintained in F-12Kmedium supplemented with 10%FBS and 1%PS. The human lung cancer cell line Calu-1was

maintained in McCoy’s 5A medium supplemented with 10% FBS and 1% PS. U2OS KO cell lines expressing pINDUCER20 empty

vector/UNG2-HA were generated by infecting the cells with lentivirus expressing UNG2-HA under a doxycycline-inducible promoter

(pINDUCER20) and selected with G418 (400 mg/mL). Patient-derived cell lines MGH 707.1,66 MGH 134.167,68 and MGH143-3B69

were established at Massachusetts General Hospital from non-small cell lung cancer core biopsy or pleural effusion samples. All pa-

tients signed informed consent to participate in a Dana Farber/Harvard Cancer Center Institutional Review Board-approved protocol

giving permission for research to be performed on their samples. Cell lines were sequenced to confirm the presence of oncogenic

driver mutations.

METHOD DETAILS

Cloning
The humanUNGORF clone was purchased fromOrigene (Catalog#: RC222868). From this plasmid,UNG2was amplified and cloned

into the pENTR-TOPO Gateway vector. For lentiviral expression, pENTR-TOPO-UNG2 was inserted into pINDUCER20 carrying an

HA tag at the C terminus. The endogenous stop codon of UNG2was removed to allow in-frame expression of the C-terminal HA tag.

The primers used are as follows:
Primer name Description Sequence (50-30)

SS_5 hsUNG2_Topo cloning_Forward CACCATGATCGGCCAGAAGACGCTCTACTCC

SS_7 hsUNG2_Reverse_without stop codon CAGCTCCTTCCAGTCAATGGGCTT
CRISPR-Cas9 KO cell lines
UNG2 was knocked out in U2OS cells using sgRNAs previously described.70

Forward: caccgCGTCTTCTGGCCGATCATCC

Reverse: aaacGGATGATCGGCCAGAAGACGc

The sgRNAs targeting exon 1A of human UNG2 were cloned into PX458 vector. U2OS cells were transfected with gRNA-express-

ing plasmids. After 3 days, GFP-positive cells were sorted into 96-well plates as single cells by FACS and grown for 3 weeks before

the cells were transferred to 24-well plates. Loss of UNG2 protein was verified bywestern blot using UNG antibody and 2 clones were

selected for further studies.

Plasmid transfection
For viral production and plasmid transfection, HEK293T and U2OS cells were transfected using Lipofectamine 3000 (Thermo Fisher

Scientific) following manufacturer’s instructions.
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RNA interference
Reverse siRNA transfections were done using 5-10 nMSilencer Select pre-designed siRNAs (Thermo Fisher Scientific) with Lipofect-

amine RNAiMAX (Thermo Fisher Scientific) for 48 hours. We used siDESIGN Center (Horizon Discovery) to design siRNA (siUNG#4)

targeting the 30UTR region of UNG mRNA (Thermo Fisher Scientific).
siRNAs used in this study Sequence (50-30) or ID

Control Thermo Scientific: 4390843

UNG#1 Thermo Scientific: s14679

UNG#2 Thermo Scientific: s14678

UNG#4 (30 UTR) UGGAAUAAGCAGUGGAAUUtt

SMUG1 Thermo Scientific: s24135

MBD4 Thermo Scientific: s17077

TDG Thermo Scientific: s13950

MUS81 CAGCCCUGGUGGAUCGAUAtt

DUT Thermo Scientific: s4390

PrimPol Thermo Scientific: s47416

OGG1 UCCAAGGUGUGCGACUGCUtt
Quantitative real-time PCR
Total RNA was isolated using NucleoSpin RNA kit for RNA purification (Macherey-Nagel; 740955). Reverse transcription was

carried out with 1 mg of total RNA using random hexamer primers and the SuperScript IV reverse transcriptase kit (Thermo

Fisher Scientific). Quantitative PCR was performed using Kapa SYBR Green on a Lightcycler 480 (Roche). mRNA expression

relative to GAPDH mRNA levels was calculated using the delta-delta threshold cycle (DDCT) method. The primers used are

as follows:
Primer name Description Sequence (50-30)

UNG1_F Forward primer for qPCR-UNG1 ATGGGCGTCTTCTGCCTTG

UNG1_R Reverse primer for qPCR-UNG1 CTCTGGATCCGGTCCAACTG

UNG2_F Forward primer for qPCR-UNG2 GCCAGAAGACGCTCTACTCC

UNG2_R Reverse primer for qPCR-UNG2 GCATCTCCGCTTTCCTCA

GAPDH_F Forward primer for qPCR-GAPDH CGGAGTCAACGGATTTGGTCGTA

GAPDH_R Reverse primer for qPCR-GAPDH AGCCTTCTCCATGGTGGTGAAGAC

OGG1_F Forward primer for qPCR-OGG1 ACTAGCGGATCAAGTATGGACA

OGG1_R Reverse primer for qPCR-OGG1 CAGGGTAACATCTAGCTGGAAG
Measurement of AP sites
AP-sites were tested in U2OS cells 48 h after transfection with control and UNG siRNA by a DNA damage assay kit (ab211154,

Abcam) according to the manufacturer’s instructions.

U-comet assay
The comet assay was performed as previously described.71 U2OS, H1299, H1838, MGH 134.1, MGH 707.1 and MGH 143-3B cells

were treated with drugs as indicated, harvested, washed with PBS, and then mixed with low-melt agarose (Sigma Aldrich) at 37 �C
and embedded on 1% agarose-coated Superfrost slides (Bio-Techne R&D Systems). Subsequent steps were carried out away from

light. Slides were submerged in lysis buffer (2.5 M NaCl, 100 mMEDTA, 10 mM Tris, 10%DMSO, 1% Triton X-100, 8 mg/ml NaOH to

pH 10) for 2 hours at 4�C, washed 3 times with enzyme buffer (20mMTris-HCl, 1 mMDTT, 1mMEDTA pH 8), then treated with uracil-

DNA glycosylase (Roche, UNG 0.01 unit/slide diluted in enzyme buffer) or enzyme buffer only for 1 hour at 37�C. Slides were dena-

tured in electrophoresis buffer (1mMEDTA, 300mMNaOH) for 30min at room temperature (RT), then subjected to electrophoresis at

22 V and 300 mA for 60 min at 4�C, followed by incubation in neutralization buffer (400 mM Tris, HCl to pH 7.5) for 45 min at RT. For

image acquisition, slides were stained with SYBR� Gold Nucleic Acid Gel Stain (ThermoFisher) and visualized at 488 nm and 10x

magnification using a Nikon 90i microscope. Comet tail moment for 100-200 cells per condition was measured using ImageJ

OpenComet plugin.
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High-performance liquid chromatography-mass spectrometry measurement of genomic deoxyuridine
Genomic DNA was purified from 10-15 million cells using Zymo Quick DNA midiprep Kit (Product #D4075) per manufacturer’s rec-

ommendations. DNA was eluted in DNase/RNase-free water and dried over gaseous N2. Total DNA yields were measured using In-

vitrogen Qubit dsDNA BR assay (Product #Q32851) and recorded for subsequent normalization of mass spectrometry data. Typical

yields ranged from 10-20micrograms of DNA. Deoxyuridine content wasmeasured by treatment of DNAwith Uracil DNAGlycosylase

(UDG), which generates free uracil nucleobase. DNA was resuspended in UDG reaction buffer (10 mM Tris HCl, pH 8.0@25�C, 1 mM

EDTA, 1mMDTT) containing 50 fmol of stable, isotopically labeled 1,3-15N2 Uracil (Cambridge Isotope Laboratories, Catalog number

NLM-637-0; Lot Number PR32662B). E. Coli UDG (New England Biolabs Inc., Catalog number M0280L, Lot number 10151474) was

dialyzed twice in 1000 sample volumes of UDG reaction buffer at 4�C for 12 hours to remove glycerol from enzyme concentration.

10U of UDG enzyme was added to 100 uL of genomic DNA resuspended in UDG reaction buffer and incubated at 37�C for 2 hours.

Samples were then spin-filteredwith AmiconUltra 0.5mLCentrifugal filters with 3 kilodaltonmolecular weight cutoff (Catalog number

UFC500396). Eluate was dried over gaseous N2 and stored at -80�C prior to analysis by High Performance Liquid Chromatography-

Mass Spectrometry (LC-MS).

On the day of LC-MS analysis, samples were resuspended in 20 ml high-performance liquid chromatography-grade Water (Sigma-

Aldrich, Catalog number 270733-4L). Metabolites were measured using a Dionex UltiMate 3000 ultrahigh-performance liquid chro-

matography system connected to a Q Exactive benchtop Orbitrap mass spectrometer, equipped with an Ion Max source and a HESI

II probe (Thermo Fisher Scientific). Samples were separated by chromatography by injecting 2 ml of sample on a SeQuant ZIC-pHILIC

Polymeric column (2.13 150 mm 5 mM, EMDMillipore). Flow rate was set to 150 ml min�l, temperatures were set to 25 �C for column

compartment and 4 �C for autosampler sample tray. Mobile Phase A consisted of 20 mM ammonium carbonate, 0.1% ammonium

hydroxide. Mobile Phase Bwas 100%acetonitrile. Themobile phase gradient (%B) was set in the following protocol: 0–20 min, linear

gradient from 80% to 20%B; 20–20.5 min, linear gradient from 20% to 80%B; 20.5–28 min, hold at 80%B. Mobile phase was intro-

duced into the ionization source set to the following parameters: sheath gas, 40; auxiliary gas, 15; sweep gas, 1; spray voltage,

�3.1 kV; capillary temperature, 275 �C; S-lens RF level, 40; probe temperature, 350 �C. Metabolites were monitored with a full-

scan and additional narrow range scan (110.5–113.5 m/z) in negative mode only. The resolution was set at 70,000, the AGC target

at 1,000,000 and the maximum injection time at 20 ms. Relative quantitation of metabolites was performed with XCalibur

QuanBrowser 2.2 (Thermo Fisher Scientific) using a 5 ppm mass tolerance and referencing an retention time for uracil from an in-

house library of chemical standards. Total ion counts were normalized to the internal 1,3-15N2-labelled uracil standard and nano-

grams of input genomic DNA per sample.

DNA fiber analysis
Exponentially growing U2OS, H1299 or H1838 cells were first pulse labeled with 100 mMCldU, washed twice with equilibrated com-

plete media and then labeled with 250 mM IdU under the conditions specified in the figure legends. Collected cells were resuspended

in cold PBS (1x106 cell per milliliter), and 3 mL of cell suspension wasmixed with spreading buffer (8 mL) (0.5% SDS, 200 mM Tris-HCl

pH 7.4, 50 mM EDTA) and let spread by gravity on a tilted glass slide. DNA fibers were fixed in methanol:acetic acid (3:1) for 10 min,

denatured in 2.5 N HCl for 60 min, and blocked in 3% BSA/0.05% Tween-20 for 30 min at 37�C. CldU and IdU detection were done

using rat anti-BrdU (1:100; Abcam) andmouse anti-BrdU (1:50; BD Biosciences) for 1 hour at 37�C followed by Alexa 488 anti-mouse

(1:100; Jackson ImmunoResearch) and Cy3 anti-rat (1:100; Jackson ImmunoResearch) for 30minutes at 37�C. Slides were mounted

with ProlongGold and dried overnight. Fibers were imagedwith a 60X objective on a Nikon 90imicroscope. FIJI software was used to

quantify immunofluorescence intensities andmeasure IdU tract length. One-way ANOVAwith Tukey’smultiple comparisons test was

used to measure the significance.

S1 nuclease experiments were essentially performed as described previously.40 After IdU labeling, cells were permeabilized with

CSK100 buffer (100 mM NaCl, 10 mMMOPS pH7, 3 mMMgCl2, 300 mM sucrose, 0.5% Triton X-100) for 10 minutes at RT and then

washed with 1x PBS carefully. The cells were washed once with S1 nuclease buffer pH4.6 (30 mM NaAc, 10 mM ZnAc, 5% glycerol,

50 mM NaCl) and subsequently incubated with S1 buffer containing S1 nuclease (20 U/ mL) for 30 minutes at 37�C. The cells were

washed once with 1x PBS containing 0.1% BSA to help precipitate nuclei, then collected and processed for staining as

described above.

Uracil excision activity assay
U2OS cells were transfected with control or UNG siRNA and lysed in native lysis buffer (25mMHEPES pH 7.9, 10%glycerol, 150mM

NaCl, 0.5% Triton X-100, 1 mM EDTA, 1 mM MgCl2, 0.2 mg/ml RNase A and protease inhibitors) after 48 h. Cell lysates were son-

icated, incubated for 30 min at 4�C, and then centrifuged for 10 min at 13,000 RPM at 4�C. Protein concentration was determined by

BCA Assay (Thermo Fisher Scientific) and extracts were normalized. 20 uL aliquots were prepared and flash frozen in liquid nitrogen

and stored in -80�C. A fresh vial of extract was used for each experiment.

For the activity assay, normalized amounts of cell extracts were incubated with 0.4 mM DNA hairpin substrate for 1 h at 37�C in

reaction buffer (50 mM Tris pH 7.5, 0.1 mg/ml RNase A, and 5 mM EDTA). DNA oligonucleotide probe was synthesized by

ThermoFisher Scientific having the following sequence: 50FAM-GCAAGCCTTUGGCTTGCTGA. For the positive control, DNA sub-

strate was incubated with 1 unit of purified Uracil-DNA glycosylase (New England BioLabs) instead of cell extracts in the same re-

action buffer. After 1 h, 100 mM NaOH was added to the reaction and further incubated at 95�C for 30 min to cleave AP-sites.
e5 Molecular Cell 84, 1–17.e1–e7, June 6, 2024



ll
Article

Please cite this article in press as: Saxena et al., Unprocessed genomic uracil as a source of DNA replication stress in cancer cells, Molecular Cell
(2024), https://doi.org/10.1016/j.molcel.2024.04.004
Gel loading buffer (0.5%Orange G in Formamide) at 1:1 concentration was then added to the reaction and further incubated at 95�C
for 10 min, spun down and kept on ice for 5 min. A 20% denaturing polyacrylamide gel (8 M urea, 13 TAE buffer) was pre-run in 1X

TAE buffer for 10 min and 10 uL samples were loaded. DNA cleavage was monitored by running the gel for 90 min at 150 V. The gel

was analysed on a Chemidoc imaging system (BioRad) with ImageLab v6.0.1 software. Quantification was performed using Fiji.

Import of dNTPs into live cells
U2OS cells were treated with 2 mMBio-tracker (BT) and indicated concentrations of Cy3-dUTP, dUTP or dTTP for 24 h in Leibovitz’s

L-15Medium supplemented with 10%FBS and 1%PS. For cell survival assays, after 24 h treatment with BT and Cy3-dUTP, the cells

were seeded in 96-well plates in fresh DMEM supplemented with L-glutamine, 10%FBS, and 1%PS and indicated concentrations of

ATRi and cultured for 5-7 days.

Immunofluorescence
To monitor DNA synthesis, U2OS cells were pulse-labeled with 10 mMEdU for 30 minutes and then treated as described in the figure

legends. Cells were pre-extracted with 1x PBS containing 0.2% Triton X-100 for 2 minutes prior to fixation with 3% paraformalde-

hyde/2% sucrose for 10 min at RT. Following two washes with 3% BSA in 1x PBS, coverslips were incubated with 2 mM CuSO4,

10 mM sodium ascorbate, and 1 mM picolyl-azide AF647 in 1x TBS for 30 minutes at RT, followed by two washes with 3% BSA in

1x PBS. Coverslips were then incubated with the IF blocking buffer (1% BSA+0.5% T-X100 in 1x PBS) for 60 min at RT. Primary

antibodies diluted in blocking buffer were added to the cells, and incubation continued for 2 hours at RT. After two washes with

PBST (1x PBS with 0.5% T-X100), cells were incubated in the dark with secondary antibodies, diluted to 1:250 in blocking buffer,

for 1 hour at RT. Finally, after two washes with PBST, cells were stained with DAPI for 5 minutes and mounted on slides with Prolong

Gold. Images were captured with a Nikon 90i microscope and quantified using FIJI.

For 8-oxoG immunostaining, coverslips were fixed in 3% paraformaldehyde/2% sucrose for 20 min at RT, followed by permeabi-

lization in 1x PBS containing 0.5% Triton X-100 for 5 minutes. Next, coverslips were treated with RNAse buffer (1 mM EDTA, 10 mM

Tris-HCl (pH 7.5), 0.4mMNaCl, and 100 mg/mL RNAse (Invitrogen) for 1 hour at 37�C, followed by denaturation in 2.5 NHCl for 30min

at RT. After two washes and 10 min incubation in neutralization buffer (50 mM Tris–HCl pH 8.8) at RT, coverslips were blocked with

4% BSA+0.1% T-X100 in PBS for 1 hour at RT. Primary antibodies diluted in blocking buffer were added to the cells, and incubation

continued overnight at 4�C. After two washes with PBST (1x PBSwith 0.5% T-X100), cells were incubated in the dark with secondary

antibodies, diluted to 1:250 in blocking buffer, for 1 hour at RT. Finally, after two washes with PBST, cells were stained with DAPI for

5 minutes and mounted on slides with Prolong Gold. Images were captured with a Nikon 90i microscope and quantified using FIJI.

Proximity ligation assay
PLA was performed as described previously.72 Briefly, cells were treated with CSK extraction buffer (0.2% Triton X-100, 20 mM

HEPES-KOH pH 7.9, 100 mM NaCl, 3 mM MgCl2, 300 mM sucrose, 1 mM EGTA), fixed with PFA and methanol, and then permea-

bilized with 1x PBS containing 0.5% Triton-x100. The cells were treated with RNaseA (10 ug/ml) for 1 hour at 37 �C and then washed

and blocked with 3% BSA in PBST buffer for 1 hour. The cells were incubated with the primary antibodies diluted at 1:500 at 4�C
overnight. After three washes with 1x PBST, the cells were incubated with anti-mouse minus and anti-rabbit plus PLA probes

(PLA kit from Sigma) at 37�C for 1 hour. The cells were washed with PLA buffer A and incubated with ligation buffer containing ligase

(PLA kit) for 30minutes at 37�C, thenwashed and incubatedwith amplification buffer with polymerase (PLA kit) at 37�C for 1 hour. The

cells were washed twice with PLA buffer B (PLA kit) and then three times with PBST buffer containing DAPI. Images were captured

with a Nikon 90i microscope.

Immunoblots
Cells were harvested and lysed in RIPA buffer supplemented with 1x protease inhibitors. Protein concentrations were normalized

using Bradford assay and mixed 1:1 with 23 SDS PAGE loading buffer (100 mM Tris at pH 6.8, 12% glycerol, 3.5% SDS, 0.2 M

DTT). Samples were boiled for 10 minutes, loaded on Bolt Bis-Tris Plus 4%–12% gels, and run at 100 V for 90 min. Proteins were

transferred onto PVDF membranes using a CBS Scientific electrophoretic blotting liquid transfer system (EBX-700) for 1 hour at

300 mA. Membranes were then blocked in Tris-buffered saline with 0.05% Tween-20 (TBS-T) and 3% BSA for 60 min at RT. Mem-

branes were then immunoblotted with primary antibodies, diluted in blocking buffer, overnight at 4�Cwith mild shaking. The PrimPol

antibody was kindly provided by the Méndez laboratory. Membranes were washed twice for 5 min with TBST and incubated for

2-3 hours at 4�C with secondary antibodies conjugated to horseradish peroxidase. Membranes were washed twice for 5 minutes

with TBST and an enhanced chemiluminescence (ECL Bio-Rad 1705061) solution was applied. Signals were detected using a Chem-

idoc imaging system (Bio-Rad) with ImageLab v6.0.1. software.

Chromatin fractionation
Cells were harvested and washed with PBS. Cytosolic proteins were removed by incubation of cells in hypotonic buffer (10 mM

HEPES-KOH pH 7.5, 5 mM KCl, 1.5 mM MgCl2, 1 mM DTT and 0.5% NP-40) for 15 minutes on ice and centrifuged at 13000 rpm

for 5 minutes. The nucleus-enriched pellets were resuspended in fraction buffer (10 mM HEPES-KOH pH 7.5, 5 mM KCl, 1.5 mM

MgCl2, 1 mM DTT and 0.5% NP-40 and 0.5 M NaCl), incubated on ice for 10 minutes and centrifuged at 13000 rpm for 5 minutes.
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The supernatants containing soluble nuclear proteins was discarded and the chromatin-enriched pellets were washed once with

fraction buffer. The final pellets enriched for stably chromatin-bound proteins were incubated in 2x Laemmle sample buffer for 10mi-

nutes at 90�C and used for western blotting.

Primer extension assay
The following DNA oligomers were purchased from Integrated DNA Technologies, Inc. and purified using denaturing urea polyacryl-

amide gel electrophoresis (PAGE) as described previously.34
Oligomer Sequence (50-30)

1U template GGAGACAAGCTTGAUTGCCTCGAGGTCGACTCTAGCGGCTCCCC

1T template GGAGACAAGCTTGATTGCCTCGAGGTCGACTCTAGCGGCTCCCC

2U template GGAGACAAGCTTGUUTGCCTCGAGGTCGACTCTAGCGGCTCCCC

2T template GGAGACAAGCTTGTTTGCCTCGAGGTCGACTCTAGCGGCTCCCC

Primer GGGGAGCCGCTAGAGTCGACCTC
The DNA primer 23-mer was radiolabeled by incubating with [g-32P]ATP (Revvity) and T4 polynucleotide kinase (NEB) at 37�C for

3 hours. After the labeling reaction, the reaction was stopped by heating the mixture at 95�C for 5 minutes. After T4 kinase inactiva-

tion, any unreacted [g-32P]ATP in the mixture was removed by using a Bio-Spin 6 column (Bio-Rad). The 50-radiolabeled 23-mer was

mixed with each of the unlabeled DNA templates in the molar ratio of 1:1.2. For the primer and template annealing, the mixture was

first heated to 95�C for 5 minutes and then cooled slowly to RT overnight.

The exonuclease-deficient triple mutant (D275A/E277A/D368A) form of the truncated human DNA polymerase ε catalytic subunit

(hPolε exo-) was overexpressed and purified as described previously.35 The assays were performed by adding a solution of dATP,

dGTP, dCTP, and dTTP (100 mM each; Invitrogen) to the preincubated solution of hPolε exo- and 50-labeled 100 nM 23-mer/

44-mer duplex in 1x reaction buffer (50 mM HEPES (pH 7.5), 5 mM MgCl2, 50 mM NaCl, 0.1 mM EDTA, 5 mM DTT, 10% glycerol,

and 0.1 mg/ml of BSA) for 0, 8, 15, and 30 seconds at RT before the reactions were quenched with 0.37 M EDTA. All concentrations

reported are final after mixing. The reaction products were analyzed by using denaturing PAGE (17% acrylamide, 8M Urea) and

imaged by Typhoon TRIO (GE Healthcare).

Cell viability assay
Cell viability assays were performed in 96-well format and cells were treated as described in the figure legends. To determine the

number of viable cells, CellTiter-Glo was used according to manufacturer’s instructions.

In vivo drug response
2 x 106 H1299 non-small cell lung carcinoma cells were injected into the right flank of female NOD scid gamma (NSG) mice (Jackson

Laboratory) in equal proportions with Matrigel Basement Membrane Matrix (Corning, CLS354234). Tumors were allowed to reach

100±5 mm3 prior to beginning treatment. Four mice were treated per cohort. Mice were administered either intraperitoneal injections

of Pemetrexed (Selleckchem, S5971) in 0.9% NaCl (75 mg/kg), AZD6738 (Selleckchem, S7693) in 5% DMSO and 40% propylene

glycol (50 mg/kg), or both. Control mice were administered equal amounts of DMSO via the same route. Mice were treated every

other day for a total of 15 treatments. Tumors were measured externally using calipers and tumor volume was calculated using

the following formula: (length x width2)/2. Mice were weighed once a week to monitor changes in weight.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using Prism (GraphPad software). The number of replicates, statistical parameters, and tests

are reported in the figure legends. Unless indicated otherwise, one-way ANOVA with Tukey’s multiple comparisons test was used to

measure the significance throughout. p value significance was defined as follows: (ns) non-significant; (*) P % 0.05; (**) P % 0.01;

(***) P % 0.001.
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