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Abstract

DNA polymerases play essential functions in replication fork progression and genome main-

tenance. DNA lesions and drug-induced replication stress result in up-regulation and re-

localization of specialized DNA polymerases η and κ. Although oncogene activation signifi-

cantly alters DNA replication dynamics, causing replication stress and genome instability, lit-

tle is known about DNA polymerase expression and regulation in response to oncogene

activation. Here, we investigated the consequences of mutant H-RAS G12V overexpression

on the regulation of DNA polymerases in h-TERT immortalized and SV40-transformed

human cells. Focusing on DNA polymerases associated with the replication fork, we demon-

strate that DNA polymerases are depleted in a temporal manner in response to H-RAS G12V

overexpression. The polymerases targeted for depletion, as cells display markers of senes-

cence, include the Pol α catalytic subunit (POLA1), Pol δ catalytic and p68 subunits (POLD1

and POLD3), Pol η, and Pol κ. Both transcriptional and post-transcriptional mechanisms

mediate this response. Pol η (POLH) depletion is sufficient to induce a senescence-like

growth arrest in human foreskin fibroblast BJ5a cells, and is associated with decreased Pol

α expression. Using an SV-40 transformed cell model, we observed cell cycle checkpoint

signaling differences in cells with H-RasG12V-induced polymerase depletion, as compared to

Pol η-deficient cells. Our findings contribute to our understanding of cellular events following

oncogene activation and cellular transformation.

Introduction

DNA replication is a critical phase of the cell cycle that must be tightly regulated to ensure

accurate genome duplication. Failure to maintain DNA replication regulation leads to genome
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instability and ultimately tumorigenesis. Activating mutations in oncogenes alter DNA replica-

tion dynamics, promoting replication stress and genome instability [1, 2]. In turn, cells can

undergo proliferative arrest known as oncogene-induced senescence, which acts as a tumori-

genic barrier by preventing neoplastic transformation [1–4]. Replication stress is broadly

defined as the slowing or stalling of the replication fork when the replisome encounters obstacles

during DNA replication, and is associated with genome instability [5]. The replisome is a highly

dynamic structure that incorporates multiple DNA polymerases, enzymes that are integral to all

replication processes, including ongoing fork elongation, fork restart, and fork repair [6–10].

The regulation of various DNA polymerases to accomplish replication in response to exogenous,

DNA damage-induced replication stress has been well studied [11, 12]. Critically, less is under-

stood about the impact of oncogene-induced DNA damage on DNA polymerase regulation.

Significant evidence supports the hypothesis that the replication stress and DNA damage

responses are induced during oncogene activation, prior to senescence [1, 13, 14]. Oncogenic

Ras activation causes replicative stress, DNA damage, and senescence through a variety of

mechanisms [1, 2, 15, 16]. Constitutively activated mutant H-RAS (hereafter referred to as

RasG12V) increases CDK2 activity and subsequent G1/S checkpoint abrogation, leading to

increased origin firing, hyper-replication, and aberrant cell proliferation [1, 17]. Consequently,

the prolonged presence of RasG12V activity is thought to cause replication stress through

increased production of reactive oxygen species, replication-transcription machinery colli-

sions, and depleted dNTP pools [16, 18–22].

The fidelity of genome replication is orchestrated by engaging multiple DNA polymerases

[23]. Replicative polymerases delta (Pol δ) and epsilon (Pol ε) replicate the bulk of eukaryotic

genomes under unstressed conditions, and are generally regarded as high fidelity [24]. Current

models to explain resolution of stalled replication forks invoke specialized polymerases to per-

form DNA synthesis either at the fork, when replicative polymerases are inhibited [12], or

post-replicative gap-filling synthesis behind the replication fork [25]. Specialized polymerases

eta (Pol η) and kappa (Pol κ) maintain the integrity of genome duplication through DNA

lesions, non-B DNA structures, and common fragile sites (CFS) [12, 26–30]. Correspondingly,

replication stress caused by hydroxyurea, aphidicolin, and chemotherapeutic agents induce

the up-regulation of Pol η, allowing cells to complete genome replication [31–33]. Recent

research has shed some light on the DNA polymerases required to mitigate oncogenic stress.

DNA Pol δ facilitates break-induced replication fork repair and cell cycle progression in cells

overexpressing Cyclin E [34]. In normal human fibroblasts and cancer cells, Pol κ is important

for the tolerance of Cyclin E/CDK2-induced DNA replication stress [35], while Pol η confers

tolerance to Myc-induced replication stress in cancer cells [36].

Given their vital roles in maintaining genome stability, we sought to understand the regula-

tion of DNA polymerases in response to oncogene activation, and we focused on cellular

responses to mutant H-RAS. We discovered that several DNA polymerases are actively

depleted in a temporal manner in response to RasG12V overexpression in human cells. Replica-

tive polymerases appear to be regulated primarily at the transcriptional level, while specialized

polymerases are regulated primarily at the post-transcriptional level. Finally, we show that, in

SV-40 transformed cells, DNA polymerase depletion in response to RasG12V signaling is associ-

ated with slowed replication fork progression and enhanced Chk2 checkpoint activation. Our

study shows that DNA polymerase expression is impacted by H-RAS activation, a fact that

may contribute to oncogene-induced replication stress or genome instability.

Materials and methods

A detailed list of Key Resources is provided in S1 Table.
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Cell culture and reagents

hTERT-immortalized BJ-5a human fibroblasts (CRL-4001™; ATCC) were cultured according

to ATCC guidelines in 4:1 mixture of Dulbecco’s medium and Medium 1999 supplemented

with 10% Hyclone™ FBS (GE Healthcare) and 50 μg/ml Gentimicin (Life Technologies). Exper-

iments were performed between population doublings 10–35. SV40 transformed XPV and

POLH-complemented cell lines (XP30RO) were a gift from Jean-Sebastian Hoffman (Cancer

Research Center, Toulouse, France) and were cultured in Dulbecco’s medium, 10% FBS, and

50 μg/ml Gentimicin. Normal diploid IMR90 human fibroblasts (ATCC CCL-186) were cul-

tured according to ATCC guidelines in low oxygen (2% O2) in DMEM with 10% FBS supple-

mented with L-glutamine, non-essential amino acids, sodium pyruvate, and sodium

bicarbonate. Experiments with IMR90 were performed between population doublings 25–35.

Cell lines were confirmed to be free of mycoplasma infection using MycoAlert™ Mycoplasma

Detection Kit (Lonza).

Retro and lentiviral packaging and infection

Retrovirus production from pBabe vectors was performed using 293FT phoenix cells and

human cell transduction was performed using the BBS/calcium chloride method (15). Lentivi-

rus was packaged using the ViraPowerKit (Thermofisher) following the manufacturer’s

instructions with modifications. Briefly, pLKO.1 Lentiviral constructs (Addgene) were trans-

fected into 293FT cells using 35 μg polyethylenimine per transfection (Alfa Aesar). After 48

hours of incubation, virus-containing media was collected. The experimental timeline of

human cell infections and selection is outlined in Fig 1A. Cells were infected with viruses con-

taining pBabe vector-only (control) or pBabe encoding HRasG12V, followed by a second round

of infection 24 hours later. 24 hours after the second infection, the cells were replated, and

selected with puromycin 6 hours after seeding (2 μg/μl for hTERT BJ5a; 1 μg/μl SV40 cell

lines). For dual RasG12V and shRNA lentiviral infections, BJ5a cells were first infected with

viruses containing pBabe vector-only or HRasG12V vectors. After 24 hours, a second round of

infections was performed simultaneously with viruses containing both pBabe vectors and

pLKO.1 vectors as described above. Cells were replated and selected with 4 μg/ml puromycin

for 2 days, followed by reseeding for subculture and assays. For infections with inhibitor treat-

ments, infected cells were plated into 10 cm2 plates the day before the indicated timepoints.

After 24 hours, cells were treated with proteasome inhibitor MG132 (Sigma) for 4 hours, fol-

lowed by protein isolation (described below).

Gene expression analysis

Experiments were performed according to MIQE guidelines with at least three technical repli-

cates for all cell lines and three biological replicates for BJ5a cells. Total RNA was extracted

using RNAeasy Kit (Qiagen), assessed for quality using the 2200 TapeStation (Agilent), and

600 ng-1 ug of samples with RIN>9 were converted to cDNA using qScript cDNA Synthesis

Kit (Quanta Bioscences). qPCR was performed according to manufacturer guidelines with 20

ng of cDNA, 1X Taqman target and control probes (Life Technologies), and PerfeCTaⓇ Fast

MixⓇ II, Low Rox (Quanta Biosciences). The reactions were analyzed using Agilent QuantStu-

dio 7 Flex.

Immunoblot analysis and quantification

Whole cell extracts were collected by lysing cells with RIPA buffer (Santa Cruz Biotechnology)

supplemented with Halt protease and phosphatase inhibitors (Life Technologies) and PMSF
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Fig 1. RasG12V overexpression in hTERT-BJ5a cells induces a senescent phenotype. (A) Schematic of the experimental infection and selection time course. (B)

hTERT BJ5a human fibroblasts were infected with pBabe retrovirus empty vector (control) or encoding mutant RasG12V. Left panel: SA- β-galactosidase staining

of BJ5a cells (Day 8) with and without RasG12V OE. Right panel: Quantification of β-galactosidase staining (N = 3 technical replicates). Data represent mean +/-

SEM. (C) mRNA expression of senescence markers LMNB1 and CDKN2A after RasG12V OE. qRT-PCR was performed at the indicated timepoints following

selection. Data represent mean +/- SEM of three biological replicates. (D) Corresponding immunoblot analysis of senescence markers LaminB1 and p16. One of

three biological replicates is shown. (E) Cell cycle analyses of control and RasG12V OE cells on Day 8. Data represent mean +/- SD of three biological replicates. (F)

Checkpoint activation after Ras OE. Immunoblot analyses for Chk2 Thr38 phosphorylation was performed on Day 8. One of three biological replicates is shown.

https://doi.org/10.1371/journal.pone.0251188.g001
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(Santa Cruz). Extracts concentrations were determined using DC™ Protein Assay (Bio-Rad).

Sample preps were prepared using 4X LDS Sample buffer and 10X Reducing Agent (Life Tech-

nologies) and incubated at 70˚C for 10 min. Samples were loaded into pre-casted NuPage gels

(Life Technologies). Gels were electrophoresed in 1X MOPS buffer, transferred onto 0.2um

Amersham™ Hybond™ PVDF membranes (GE Healthcare). After transfer, efficiency was visu-

alized by Ponceau S staining and blocked with 5% non-fat milk or BSA in TBS containing

0.1% Tween (TBST) before incubating with primary antibody overnight. Membranes were

washed 5 times with TBST for at least 10min and were incubated with mouse or rabbit second-

ary antibodies at 1:20,000 dilution for 1 hour at room temperature. After washing with TBST

for 5 times, blots were visualized with chemiluminescence reagents Amersham™ ECL™ Prime

Western Blotting Detection Reagents (GE Healthcare) or Pierce™ ECL Western blotting sub-

strate (Thermofisher). Bands were quantified using ImageJ (NIH) [37]. Briefly, relative inten-

sity was calculated for individual bands per blot. Adjusted intensities were calculated by

normalizing relative intensity of each band to its respective β-actin control.

Beta-galactosidase staining

Senescence-associated (SA)-β-galactosidase staining was performed as previously described

[38]. Briefly, cells were fixed with 2% formaldehyde/0.2% glutaraldehyde in PBS for 10 min.

After washing with PBS, cells were stained at 37˚C in a non-CO2 incubator with the staining

solution (40 mM Na2HPO4 pH 5.7, 150 mM NaCl, 2 mM MgCl2, 5 mM K3Fe(CN)6, 5 mM

K4Fe(CN)6, 1 mg/ml X-gal). After 16 hours, wells were washed with RO water and images

were acquired using an inverted microscope (Nikon Eclipse Ti) with a 20X/0.45 objective and

a camera (Nikon DS-Fi3).

Immunofluorescence for EdU incorporation

Cells were plated on 22x22 mm glass coverslips the day before indicated time point (Fisher Sci-

entific). Cells were pulsed with 20 μM EdU(5-ethynyl-2’deoxyuridine Lumiprobe) for 1 hour

and fixed with 4% paraformaldehyde (Sigma) for 10 min. Cells were washed with PBS and per-

meabilized with 0.3% Triton-X for 15 min. Reaction mixes were freshly made with 20 uM

FAM-azide (Lumiprobe B5130), 4 mM copper sulfate pentahydrate (Sigma), 20 mg/ml ascor-

bic acid (Sigma) in PBS. Coverslips were labeled with 40 μl reaction mix for 30 min at room

temperature. Coverslips were washed twice with PBS and mounted with antifade mounting

medium VECTASHIELD with DAPI (Vectorlabs). Images were acquired at room temperature

using Zeiss AXIO Microscope Imager.M2 and Apotome.2 apparatus with a 64X oil objective

and the Zen Pro software. Representative pictures were obtained using Z-stacks and maximum

intensity projections.

Cell cycle analysis

After infection, cells were fixed in 70% ethanol, washed, resuspended with 1% BSA in PBS, and

placed in -20˚C for at least overnight until further processing. For standard cell cycle analysis,

cells were resuspended with 0.1% Triton-X, 200 μg/ml RNAase, and 40μg/ml propidium

iodide. For EdU cell cycle analysis, cells were pulsed with 20 μM EdU for 1 hour. Cells were

harvested using trypsinization, fixed with 4% paraformaldehyde for 15 min, and permeabilized

with 0.1% saponin (47036-50G-F Sigma) and 1% BSA in PBS (Saponin-BSA buffer) for 15

min. Cells were washed Saponin-BSA buffer and incubated with Click reaction buffer contain-

ing 20 μM Sulfo-cyanin5 azide (Lumiprobe B3330), 4mM copper sulfate pentahydrate, and 20

mg/ml ascorbic acide in PBS for 30min. Cells were washed with Saponin-BSA buffer twice and

incubated with 200 μg/ml RNAse and 40 μg/ml propidium iodide at 37˚C for 15 min. Samples
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were analyzed on BD FACSCanto with FlowJo software. Cells with>4C DNA content were

excluded from the analyses.

Clonogenic survival

After retroviral infection, cell populations were selected with puromycin for 2 days, followed

by seeding at 1000 cells per well (in triplicate) using 6-well plates. Media was replaced every

2–3 days. After 10–14 days, colonies were fixed with 100% methanol for 10 min and stained

with crystal violet solution for 15 min. Wells were destained using 10% acetic acid and the

intensities of crystal violet staining were quantified using 590 nm absorbance with a spectro-

photometer. Raw values were normalized to a control well with no cells. Survival percentages

were calculated as the mean normalized staining values from RasG12V-infected cells divided by

the mean normalized staining values from control-infected cells.

Microfluidics-assisted replication track analysis (maRTA)

Fiber combing analyses were performed as previously described [39, 40]. Briefly, the day

before the indicated timepoint, cells were plated in 60 cm plates at 60% confluency overnight.

Cells were labelled with 50 μM IdU for 30 min, washed 3 times with PBS, and labelled with

250 μM CldU for 30 min. Cells were trypsinized and washed with agarose insert buffer (10

mM Tris7.5, 20 mM NaCl, 50 mM EDTA in water). After spin down, cells were resuspended

in agarose insert buffer and mixed 1:1 with 2% low-melting agarose (Bio-Rad). Gel inserts

were solidified at 4˚C overnight and were stored in agarose insert buffer until analysis. Micros-

copy of stretched DNAs was performed on the Zeiss Axiovert microscope with a 40x objective,

and images were captured with the Zeiss AxioCam HRm camera. Fluorochromes were

Alexa594 for CldU and Alexa488 for IdU. Lengths of tracks were measured manually in raw

merged images using Zeiss AxioVision software, as well as automatically, using an open source

software FiberQ [41] with concordant results. Percentages of ongoing (IdU-CldU) or termi-

nated (IdU only) forks, and origin firing events were derived from FiberQ outputs. Statistical

significance for track lengths was calculated using Kruskal-Wallis tests followed by pairwise

Wilcoxon tests to derive p values adjusted for multiple comparisons. For origin firing percent-

ages, statistical significance was determined in one-way ANOVA with post-hoc analysis with

Tukey’s test to derive p values adjusted for multiple comparisons. Analyses were done in R

Version 3.6.3.

Statistics

Unless stated otherwise, graphical representation and statistical analyses were done using

GraphPad Prism v8.4.1. Unless stated otherwise in the figure legends, all statistical analyses

were performed using unpaired Student’s t-test, two-tailed. �p<0.05, ��p<0.01, ���p<0.005,
����p<0.001, n.s., not significant.

Results

Overexpression of oncogenic H-RasG12V induces differential depletion of

DNA polymerases in nontumorigenic human cells

We aimed to elucidate DNA polymerase expression in response to oncogene-induced replica-

tion stress, using an established experimental model of H-RAS G12V overexpression (hereafter

referred to as RasG12V OE) [1, 42] and hTERT-immortalized BJ5a human fibroblasts, which do

not undergo the replicative senescence of primary fibroblasts [43, 44]. In response to oncogene

activation, these cells activate a senescence program, followed by some cells escaping
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senescence 2–3 weeks after oncogene overexpression [45]. We infected hTERT-BJ5a with a

constitutively active, RasG12V expressing retroviral vector or an empty vector control, followed

by puromycin selection for stable transductants (Fig 1A). As expected, we observed an induc-

tion of several senescent phenotypes over the course of several days in RasG12V OE cells,

including increased senescence-associated (SA)-β-galactosidase staining, decreased laminB1

expression and increased CDKN2A/p16 expression, compared to control-infected cells

(Fig 1B–1D). After 8 days of RasG12V OE, we measured significantly altered cell cycle distribu-

tions and increased CHK2-Thr38 phosphorylation (Fig 1E and 1F). Together, these data show

the expected onset of senescent phenotypes and increased DNA damage checkpoint response

after RasG12V OE.

Next, we measured the expression of several DNA polymerase genes in RasG12V and control

infected cells, as a function of days following oncogene overexpression and the onset of senes-

cent phenotypes. Strikingly, we observed significant downregulation of several replicative

polymerase genes, including POLA1, POLD1, POLD3, and POLE, after RasG12 V OE as early as

day 2 post selection, and sustained through day 8 (Fig 2A). In contrast, we found only transient

and slight downregulation of specialized polymerase genes POLH and POLK at Day 4, while

the DNA repair polymerase POLB gene expression was not affected at any time point

measured.

DNA polymerase protein levels were also significantly and differentially impacted by

RasG12V OE (Fig 2B). The catalytic subunit of replicative Pol α was depleted as early as day 2.

Moreover, production of Pols η, κ, and both catalytic (p125; POLD1 gene) and accessory (p68;

POLD3 gene) Pol δ subunits was significantly depleted after 8 days. However, similar to its

mRNA expression, Pol β protein levels are not altered after RasG12V OE. Taken together, these

results show that DNA polymerases are differentially regulated at the transcript and protein

levels in response to oncogenic RasG12V overexpression.

RasG12V induced depletion of DNA polymerases is dependent on the

proteasomal degradation pathway

We tested whether the depletion of DNA polymerase proteins after RasG12V OE is due to pro-

teasomal degradation. For each time point after RasG12V OE, hTERT-BJ5a cells were treated

with MG132, a 26S proteasome inhibitor, for 4 hours immediately prior to harvesting cell

lysates for analysis. Remarkably, we observed a robust rescue of specialized Pols η and κ at

multiple timepoints (Fig 3A and 3B; S1 Fig) in treated cells expressing RasG12V. Notably, the

levels of rescue diminish over time after RasG12V expression. Pols η and κ protein levels are

also slightly increased after MG132 treatment of control cells, consistent with previous reports

[46, 47]. In contrast, we observed little to no rescue of Pols α (catalytic subunit) or δ (p125 or

p68 subunits) in BJ5a cells (Fig 3A and 3B). This result is consistent with replicative polymer-

ase regulation in response to RasG12V OE occurring primarily at the transcriptional level

(Fig 2A). To examine the generality of this response, we repeated this experiment using IMR90

primary fibroblasts. Pols η, κ, and δ are again depleted after RasG12V OE, and this degradation

can be rescued, at least in part, by MG132 treatment (Fig 3C). Together, these data are consis-

tent with DNA Pols η and κ levels being primarily regulated post-transcriptionally and, in

part, through the proteasome degradation pathway, under RasG12V signaling.

Correlation of senescence-associated p16INK4A and DNA polymerase

depletion in response to RasG12V overexpression

The tumor suppressor gene CDKN2A (p16INK4A) is a major regulator of senescence [48–50].

To ascertain whether p16INK4A plays a role in the observed DNA polymerase depletion, we
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used an shRNA approach to knockdown CDKN2A (p16 INK4A) expression after RasG12V infec-

tion (Fig 4A). At the transcript level, we observed no significant change in the expression of

the polymerase genes examined after CDKN2A knockdown (Fig 4B). At the protein level,

p16INK4A levels were the lowest in RasG12V OE + shCDKN2A cells at day 2. After 8 days of

RasG12V OE, p16 levels are elevated even in the presence of lentiviral shCDKN2A (Fig 4C).

While we observed some increase in Pols α, δ (p125), and κ levels with p16 knockdown, these

effects were variable and not statistically significant (Fig 4D). However, we did observe a pat-

tern that Pol η protein expression may be inversely correlated with the presence of p16INK4A.

Fig 2. Overexpression of oncogenic RasG12V induces downregulation of replication fork-associated DNA polymerases. (A). hTERT BJ5a human fibroblasts were

infected with pBabe retrovirus empty vector (control; gray bars) or encoding mutant RasG12V (red bars). POL gene expression was determined using qRT-PCR at the

indicated timepoints after selection. Data represent mean +/- SEM of three biological replicates. (B). Top panel-Immunoblot analyses of representative control and

RasG12V -infected cell populations at indicated timepoints. One of three biological replicates is shown. Bottom panel- Quantification of DNA polymerase protein levels

8 days after control or RasG12V transduction. Data represent mean +/- SD of seven biological replicates.

https://doi.org/10.1371/journal.pone.0251188.g002
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Pol η depletion is sufficient to induce a senescence-like growth arrest

Both Pol η and Pol κ play important roles in genome duplication, DNA damage, and the repli-

cation stress response [11, 12, 29]. We and others have shown that Pol η mRNA and protein

levels are increased in tumor cells in response to exogenous sources of replication stress [31–

33]. Therefore, the HRasG12V-induced depletion of Pols η and κ in cells undergoing senescence

was surprising. However, previous reports have hinted that Pol η may play a role in regulating

senescence. Pol η knockout mice display metabolic abnormalities and increased senescence-

associated phenotypes specifically in adipocytes [51]. Pol η also could suppress senescence

because it participates in the alternative lengthening of telomeres (ALT) pathway [52]. There-

fore, we tested directly whether loss of Pol η expression is sufficient to induce senescence. To

do so, we transduced hTERT-BJ5a cells with lentiviral POLH shRNAs. Strikingly, we found a

Fig 3. DNA polymerases η and κ levels are regulated by the proteasome degradation pathway. (A) Immunoblot analyses of polymerase levels at indicated days

after transduction and selection with control or RasG12V vectors. h-TERT BJ5a cells were either treated with DMSO or MG132 (10μM) for 4 hours prior to harvesting.

Immunoblot analysis represent one of three biological replicates (see S1 Fig for additional replicates). (B) Relative polymerase levels in BJ5a cells. Adjusted relative

intensity values were calculated using ImageJ; data are from three biological replicates. (C) Side-by-side comparison of primary fibroblast IMR90 and BJ5a cells

infected with control or RasG12V at day 8. Cells were treated with DMSO or MG132 (10 μM) for 4 hours prior to harvest. The BJ5a results shown here are an

independent biological replicate of Fig 3A. �Asterisk indicates a non-specific band.

https://doi.org/10.1371/journal.pone.0251188.g003

PLOS ONE Regulation of DNA polymerases in response to mutant Ras activation

PLOS ONE | https://doi.org/10.1371/journal.pone.0251188 May 7, 2021 9 / 22

https://doi.org/10.1371/journal.pone.0251188.g003
https://doi.org/10.1371/journal.pone.0251188


Fig 4. Relationship of p16 to DNA polymerase expression in response to oncogenic RasG12V signaling. hTERT-BJ5a cells were infected with lentivirus

expressing short hairpin RNAs (shRNAs) targeting CDKN2A. Scrambled shRNA was used as control. (A) mRNA expression analysis of senescence markers on

Day 2 as determined using qRT-PCR. (B) mRNA analyses of DNA polymerase gene expression on Day 2 as determined using qRT-PCR. Data represent mean

+/- SEM from three biological replicates. Statistical analyses were performed using One-way ANOVA with Tukey’s post-hoc. n.s., not significant. �p<0.05,
���p<0.005, ����p<0.0001. (C) Immunoblot analyses of control or RasG12V BJ5a cells, with and without p16 knockdown. Data are representative of three

independent replicates. (D) Quantification of control or RasG12V BJ5a cells immunoblot analyses, with and without p16 knockdown. Statistical analyses were

performed using One-way ANOVA with Tukey’s post-hoc. ��p<0.005, ����p<0.0001, n.s., not significant.

https://doi.org/10.1371/journal.pone.0251188.g004

PLOS ONE Regulation of DNA polymerases in response to mutant Ras activation

PLOS ONE | https://doi.org/10.1371/journal.pone.0251188 May 7, 2021 10 / 22

https://doi.org/10.1371/journal.pone.0251188.g004
https://doi.org/10.1371/journal.pone.0251188


significant reduction of Pol α protein expression (Fig 5A and 5B) concomitant with POLH
knockdown. POLH knockdown cells also exhibited increased p16 expression, compared to

controls (Fig 5C). POLH depletion reduced the number of EdU positive cells on both days 2

and 8 (Fig 5D). POLH knockdown also increased SA-β-galactosidase staining and decreased

clonogenic survival (Fig 5E and 5F). Taken together, these results suggest that depletion of Pol

η is associated with decreased Pol α and increased p16 expression and is sufficient to induce a

senescence-like growth arrest.

DNA polymerase degradation in response to RasG12V in SV40 transformed

cells is associated with altered replication fork dynamics

DNA polymerase levels can be altered in human tumors (8); specifically, POLH is upregulated

or amplified in melanoma, esophageal and ovarian cancer [28, 32, 53, 54], which contrasts

with the HRasG12V-induced depletion we measured above in nontumorigenic cells. Therefore,

we next asked whether the degradation of DNA polymerases after oncogene activation persists

in transformed cells. To mimic a tumor-like model, we used immortalized, SV40 virus-trans-

formed XPV30RO fibroblasts (SXPV) [55], in which the p53, Rb, and other cancer-associated

signaling pathways are disrupted. To mimic the increased expression of Pol η observed in

tumors, we utilized genetically related SV40 transformed, POLH-complemented XPV30RO

cells (SXPVη), which overexpress Pol η [56]. Similar to our observation using hTERT and pri-

mary cell lines, RasG12V OE in SXPVη cells led to a rapid depletion of Pols α, η, κ and δ (p68

subunit) as early as day 2 and sustained through Day 8; however, depletion of the Pol δ cata-

lytic p125 subunit was not observed (Fig 6A). Moreover, the depletion of exogenous Pol η in

SXPVη (POLH-complemented) cells is further evidence that the regulation of Pol η is post-

transcriptional.

In striking contrast, we observed no depletion of any DNA polymerase analyzed in geneti-

cally related SXPV (Pol η-deficient) cells after RasG12V OE (Fig 6A). Having this pair of cell

lines with distinct responses afforded us the opportunity to investigate the consequences of

Ras-induced polymerase degradation on cellular processes. Replicative Pols α and δ are

required for the bulk of on-going genome replication [10]. Therefore, we asked what impact

the depletion of Pol α DNA polymerase catalytic subunit (p180) and Pol δ accessory subunit

(p68) has on cell cycle progression and DNA replication. In both SXPV and SXPVη cells,

RasG12V OE resulted in similar cell cycle changes (Fig 6B), relative to the corresponding con-

trol infected cells, with increased populations of cells in G1and G2 phases and decreased popu-

lations of cells in S phase (Fig 6C). However, even after 8 days of RasG12V OE, both SXPV and

SXPVη populations retain ~30–40% of EdU+, S phase cells, despite the differential DNA poly-

merase expression. Typically, cells undergoing replication stress display slower fork progres-

sion, which can be compensated by increased origin firing [2]. Using DNA fiber analyses, we

determined that the depletion of DNA polymerases in SXPVη cells after RasG12V OE led to a

significant decrease in the length of ongoing and terminated forks, as expected for fork slowing

(Fig 6D and 6E). However, we measured no increase in origin firing (Fig 6F), possibly due to

low Pol α levels, a critical enzyme required for origin activation. In contrast, in RasG12V-

infected SXPV cells where DNA polymerases α and others are present, we observed no

changes in fork progression (Fig 6D and 6E). Instead, RasG12V-infected SXPV cells displayed

increased origin firing, compared to control infected cells (Fig 6F). Together, these data sug-

gest that depletion of DNA polymerases in SXPVη cells after 8 days of RasG12V leads to reduced

replication fork elongation but no significant changes in origin activation.
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Fig 5. DNA polymerase η depletion is sufficient to induce a senescence-like growth arrest. (A). hTERT-BJ5a cells were infected

with lentivirus expressing shRNA targeting POLH. Scrambled shRNA was used as control. Immunoblot analyses of indicated

proteins at days 2 and 8 after lentivirus infection is representative of three biological replicates. (B). Quantification of immunoblot

analyses of BJ5a cells infected with POLH or scrambled shRNA lentivirus at days 2 and 8. Data represent mean +/- SD of three

biological replicates. (C). Quantification of p16 expression in BJ5a cells infected with POLH or scrambled shRNA lentivirus at days 2

and 8. Data represent mean +/- SD of three biological replicates. (D). Quantification of EdU positive cells (by immunofluorescence)

of either two separate shRNA clones or scrambled shRNA at indicated days. Data represent mean +/- SEM for at least three

biological replicates with two technical replicates. (E). Quantification of SA-β-gal activity at Day 8. Data represent mean +/- SEM for
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DNA polymerase degradation in response to RasG12V in SV40 transformed

cells is associated with checkpoint induction

Oncogene-induced replication stress is well known to increase markers of DNA damage;

therefore, we examined activation of the DNA damage response in both cell lines. In SXPVη
cells (with polymerase degradation), we observed a very robust increase in Thr68 phospho-

Chk2 after 8 days of RasG12V OE, accompanied by a dramatic depletion of total Chk1 protein

expression (Fig 7A). This observation is consistent with previous findings that cells suppress

and deplete total Chk1 protein during genotoxic stress and nutrient deprivation via the senes-

cence or the autophagy program [57–60], perhaps as a mechanism of terminating the S phase

checkpoint [61]. In contrast, after 8 days of RasG12V OE, SXPV cells (without polymerase deg-

radation) showed less robust activation of Thr68 phospho-Chk2, while Chk1 was constitutively

phosphorylated (Ser 345) (Fig 7A). Thus, polymerase depletion in response to RasG12V OE is

correlated not only with altered fork progression, but also with differential checkpoint activa-

tion. Finally, we examined the ability of cells to survive prolonged oncogene overexpression.

After 10 days of RasG12V OE, we measured a significantly greater survival of SXPVη cells, rela-

tive to control infected cells, as compared to SXPV cells (Fig 7B and 7C). Thus, the presence of

Pol η appears to improve the ability of cells to survive RasG12V OE. Perhaps, DNA polymerase

depletion in response to RasG12V signaling allows cells to adapt to oncogene-induced replica-

tion stress by limiting replication fork progression and enforcing checkpoint activation, which

ultimately improves cell survival.

Discussion

DNA replication is a crucial phase of mitotic cell growth, as it represents the time during

which the genome is most vulnerable to damage and mutation. DNA polymerases are integral

to all replication process, including ongoing fork elongation, fork restart, and fork repair.

Despite their central role in replication, much remains unclear about the regulation of DNA

polymerases in response to oncogene-activation. In this study, we investigated the conse-

quences of mutant H-RasG12V overexpression on DNA polymerase expression levels in human

cells, focusing on a subset of polymerases known to be engaged at the replication fork. To our

knowledge, our study is the first to report the robust cellular response to oncogenic Ras activa-

tion that depletes multiple DNA polymerases. Our results suggest that distinct mechanisms

regulate replicative versus specialized DNA polymerases in response to RasG12V overexpres-

sion: replicative polymerases are primarily regulated at the gene level (Figs 2 and 4), while spe-

cialized polymerases are primarily regulated at the protein level (Figs 2 and 3). Taken together,

our study has uncovered a novel cellular response to oncogene activation that is distinct from

the response to replication stress induced by DNA damaging agents or drugs, from the per-

spective of DNA polymerase regulation. This discovery has important implications for how

human cells regulate DNA polymerases to limit DNA synthesis in response to endogenous

replication stress.

Oncogenic RasG12V overexpression in nontumorigenic cells induces an initial hyperproli-

ferative response, followed by cellular senescence [1, 2, 62]. This response is accompanied by

markers of replication stress, such as decreased fork elongation rate and increased DNA dam-

age. Many mechanisms have been identified that contribute to oncogene-induced replication

three biological replicates. (F). Quantification of clonogenic survival (crystal violet staining intensity) at Day 14. Data represent

mean +/- SEM for three biological replicates.

https://doi.org/10.1371/journal.pone.0251188.g005
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Fig 6. Differential oncogenic RasG12V-induced DNA polymerase depletion is associated with altered replication fork dynamics. (A).

Immunoblot analysis of SV40-transformed XPV cells (SXPV) and POLH-complemented SV40-transformed XPV cells (SXPVη), infected

with control or RasG12V at Days 2 and 8. One of four biological replicates is shown. (B). Representative cell cycle analyses of SXPV/SXPVη
cell populations infected with control vector or RasG12V at Day 8. (C). Quantification of cell populations (B) from three biological replicates.

(D). DNA fiber combing assay for ongoing (IdU-CldU) forks. Data represent IdU lengths of IdU-CldU tracts from two biological replicates.

Statistical analysis was performed using Wilcoxon rank sum test with Holm’s post-hoc test. ����p<0.0001. n.s., not significant. (E). DNA

fiber combing assay for terminated (IdU only) forks. Data represent IdU tract lengths from IdU only fiber of two biological replicates.

Statistical analysis was performed using Wilcoxon rank sum test with Holm’s post-hoc test. ��p<0.01. n.s., not significant. (F). DNA fiber
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stress, including dysregulated replication initiation, altered nucleotide metabolism, transcrip-

tional R-loops, and oxidative stress [1, 2, 5, 15, 63]. Here, we demonstrate a dramatic downre-

gulation/degradation of DNA polymerases that are required for ongoing fork elongation,

which we propose might contribute directly to oncogene-induced replication stress. Using

SV40 transformed cell lines, we observed that cells undergoing oncogene-induced polymerase

degradation display the decreased replication fork progression characteristic of replication

stress, whereas fork lengths do not change in XPV30R0 cells without DNA polymerase degra-

dation (Fig 6). After 8 days of RasG12V OE, we observed that cell populations with reduced rep-

licative polymerase levels retain EdU+, S-phase cells, albeit with slowed replication forks (Fig

6). Our observation that levels of the Pol α catalytic subunit were low to undetectable in SV40

RasG12V OE cells, despite retaining EdU+ cells, was unexpected and warrants further investiga-

tion. One possible explanation of our results is that Pol α formation of initiator DNA from

RNA primers created by the Pol α primase subunits is not an absolute requirement for ongo-

ing lagging strand synthesis, and that the Pol δ holoenzyme can extend RNA primers directly.

This hypothesis is based on a recent in vitro study of eukaryotic replisomes [64]. Using single

molecule analyses and purified S. cerevisiae replication proteins, Lewis et al. propose that Pol α
DNA synthesis activity is not absolutely required during processive leading/lagging strand rep-

lications; rather, only the primase activity of Pol α-primase is required [64]. We did not exam-

ine levels of the primase subunits of the Pol α holoenzyme before and after RasG12V OE. An

alternative (not mutually exclusive) hypothesis to explain our results is that PrimPol is acti-

vated in response to RasG12V OE to compensate for the lost functions of DNA Pol α during

ongoing fork elongation. We did not examine PrimPol levels in our study; however, under

stress condition, the PrimPol enzyme is known to assist in DNA replication [65–68]. Lastly,

combing assay for origin firing. Percent origin firing was calculated using CldU only and CldU-IdU-CldU tracts / total tracts. Origin firing

data is from three biological replicates.

https://doi.org/10.1371/journal.pone.0251188.g006

Fig 7. Oncogenic RasG12V-induced DNA polymerase depletion is associated with altered checkpoint signaling. (A). Immunoblot analysis of control

or RasG12V-infected SXPV/SXPVη cells for indicated checkpoint proteins. All three biological replicates are shown. (B). Representative crystal violet

staining of control-infected or RasG12V-infected SXPV/SXPVη cells at Day 10. Each cell line was selected with puromycin for 2 days after retroviral

infection, followed by seeding at 1000 cells per well (in triplicate). Media was replaced every 2–3 days. After 10 days, colonies were fixed with methanol

and stained with crystal violet. (C). Quantitation of survival in RasG12V-infected SXPV/SXPVη cells at Day 10, relative to respective controls. The

intensity of crystal violet staining in each well was quantified using 590 nm absorbance after destaining. Raw values/well were normalized to a control

well with no cells. Survival percentages were calculated as the ratio of normalized mean values from RasG12V-infected wells to mean values from control-

infected wells. Data represent mean +/- SEM of five biological replicates.

https://doi.org/10.1371/journal.pone.0251188.g007
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we measured robust Chk2 activation concomitant with Chk1 depletion in cells undergoing

oncogene-induced polymerase degradation (Fig 6). Pol α and Pol κ both mediate ATR activa-

tion via the 9-1-1 complex [69, 70], and we show that both polymerases are targets for Ras-

induced depletion. Perhaps, the depletion of polymerases associated with the replication fork

and required for ATR activation contributes to cell cycle checkpoint enforcement.

An H-RAS-induced senescence-associated protein degradation (SAPD) response has been

reported, in which proteins are selectively degraded in an ERK and proteasome dependent

process [71]. Consistent with this report, we demonstrate that proteasome inhibition partially

rescued polymerase proteins, suggesting that SAPD may be responsible, in part, for RasG12V-

induced polymerase depletion. Pol η is heavily targeted for depletion and re-localization after

DNA damage through several post-translational modifications, including phosphorylation,

ubiquitination and SUMOylation [46, 72–75]. Pol η also can be regulated indirectly via Rad18

phosphorylation through JNK signaling, another major pathway downstream of RAS [72]. The

RAS family of proto-oncogenes (K-, H, N-Ras) mediate vital cellular processes such as growth,

survival, metabolism, through several mitogenic pathways [17]. More experiments are

required to unravel the complex signaling pathways underlying DNA polymerase regulation

downstream of the RAS signaling axes and advance our understanding of the cellular replica-

tion stress response to oncogene activation.

Previous studies have provided indirect evidence that Pol η or κ depletion may result in

senescence phenotypes [51, 52, 76]. Here, we report that POLH knockdown in hTERT BJ5a

cells directly induces a senescent-like phenotype (Fig 5). Pol η depletion also significantly

reduced Pol α expression, but unlike Ras OE, levels of other polymerases such as Pols κ and δ
were not altered. These results suggest that DNA polymerase depletion may be dependent on

the mechanisms inducing senescence. One conceivable mechanism that should be explored

further is that the cellular depletion of Pol η induces senescence by increasing replication stress

[31].

The coordinated degradation of replicative polymerases has been observed in fission yeast

as a response to replication stress induced genetically in ΔSwi1 cells (ortholog of timeless) [77].

In that study, the forced accumulation of replication proteins was accompanied by excessive

mitotic aberrations, suggesting that the degradation of replisome components plays a critical

role in maintaining genome stability. We observed that RasG12V overexpression significantly

downregulated the Pol α catalytic subunit and the Pol δ catalytic subunit. Extensive genetic

studies using an S. cerevisiae model demonstrated that reduced expression of either Pol α or

Pol δ induces substantially elevated rates of chromosomal loss and instability [78]. Extrapolat-

ing from this yeast model to our study here, one could surmise that a temporal window of

increased susceptibility to genome instability exists after oncogene activation. The Pol δ acces-

sory subunit, p68 (POLD3) has a major effect on Pol δ’s PCNA binding affinity [79] and medi-

ates Pol δ’s retention in the replisome [64]. Our discovery that p68 also is a target for Ras-

induced degradation is provocative, given that p68 (POLD3) is required for break-induced

replication [34, 80] and for mitosis-associated DNA synthesis [81].

Our discovery of RasG12V-induced DNA polymerase depletion has significant implications

for understanding genome instability during carcinogenesis. Overexpression of oncogenes

such as RasG12V and Cyclin E induce a unique landscape of CFS breakage [19]. Fragile sites

may contain difficult to replicate sequences (DiToRS), such as microsatellite sequences, non-B

DNA structures, and R-loops, that are prone to double strand breaks (reviewed in [28, 63].

Specialized polymerases Pols η and κ are able to efficiently replicate DiToRS [30, 82], and Pol

η-deficient cells display elevated levels of replication stress and CFS breakage [27, 31, 83]. Our

findings here of Ras-induced Pol η and κ depletion raise the possibility that altered polymerase

levels in cells undergoing oncogene activation contribute to genome instability such as the
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expression of CFS during neoplastic progression. Moreover, it remains unclear how depletion

or altered regulation of DNA polymerases during oncogene activation impacts DNA replica-

tion and repair mechanisms. One intriguing question is whether different oncogenes have dif-

ferential impacts on polymerase expression levels, and whether this regulation is based on

oncogene-induced replication stress intermediates, such as depleted nucleotides or unusual

DNA secondary structures. For example, hydroxyurea induces replication stress by depleting

nucleotide pools and requires Pol κ for replication stress tolerance [76]. Recent studies have

shown that Pol κ is preferentially utilized in Cyclin E/CDK2-mediated oncogenic stress [35],

and the level of nuclear Pol κ is increased after treatment with BRAF, MEK, or ERK inhibitors

[84]. In contrast, another replication stress inducer, aphidicolin, stalls DNA replication by

inhibiting replicative polymerases and requires Pol η for tolerance (27,31), and Pol η is utilized

in Myc-mediated oncogenic stress (36). Together, current evidence supports the supposition

that specific DNA polymerases are better suited for alleviating different causes of replication

stress. Thus, elucidating the exact replication intermediates and signaling pathways that medi-

ate DNA polymerase regulation, recruitment, and fork progression will be crucial to under-

standing the mechanisms underlying oncogene-induced replication stress and the roles of

DNA polymerases in promoting tumorigenesis.
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dependent DNA synthesis at stalled replication forks is important for CHK1 activation. EMBO J. 2013;

32(15):2172–85. https://doi.org/10.1038/emboj.2013.148 PMID: 23799366

71. Deschenes-Simard X, Gaumont-Leclerc MF, Bourdeau V, Lessard F, Moiseeva O, Forest V, et al.

Tumor suppressor activity of the ERK/MAPK pathway by promoting selective protein degradation.

Genes Dev. 2013; 27(8):900–15. https://doi.org/10.1101/gad.203984.112 PMID: 23599344

72. Barkley LR, Palle K, Durando M, Day TA, Gurkar A, Kakusho N, et al. c-Jun N-terminal kinase-mediated

Rad18 phosphorylation facilitates Poleta recruitment to stalled replication forks. Mol Biol Cell. 2012; 23

(10):1943–54. https://doi.org/10.1091/mbc.E11-10-0829 PMID: 22456510

73. Bienko M, Green CM, Sabbioneda S, Crosetto N, Matic I, Hibbert RG, et al. Regulation of translesion

synthesis DNA polymerase eta by monoubiquitination. Mol Cell. 2010; 37(3):396–407. https://doi.org/

10.1016/j.molcel.2009.12.039 PMID: 20159558

74. Despras E, Sittewelle M, Pouvelle C, Delrieu N, Cordonnier AM, Kannouche PL. Rad18-dependent

SUMOylation of human specialized DNA polymerase eta is required to prevent under-replicated DNA.

Nat Commun. 2016; 7:13326. https://doi.org/10.1038/ncomms13326 PMID: 27811911

75. Guerillon C, Smedegaard S, Hendriks IA, Nielsen ML, Mailand N. Multi-site SUMOylation restrains

DNA polymerase eta interactions with DNA damage sites. J Biol Chem. 2020.

76. Tonzi P, Yin Y, Lee CWT, Rothenberg E, Huang TT. Translesion polymerase kappa-dependent DNA

synthesis underlies replication fork recovery. Elife. 2018; 7. https://doi.org/10.7554/eLife.41426 PMID:

30422114

77. Roseaulin LC, Noguchi C, Martinez E, Ziegler MA, Toda T, Noguchi E. Coordinated degradation of repli-

some components ensures genome stability upon replication stress in the absence of the replication

fork protection complex. PLoS Genet. 2013; 9(1):e1003213. https://doi.org/10.1371/journal.pgen.

1003213 PMID: 23349636

78. Zheng DQ, Petes TD. Genome Instability Induced by Low Levels of Replicative DNA Polymerases in

Yeast. Genes (Basel). 2018; 9(11). https://doi.org/10.3390/genes9110539 PMID: 30405078

79. Zhou Y, Meng X, Zhang S, Lee EY, Lee MY. Characterization of human DNA polymerase delta and its

subassemblies reconstituted by expression in the MultiBac system. PLoS One. 2012; 7(6):e39156.

https://doi.org/10.1371/journal.pone.0039156 PMID: 22723953

PLOS ONE Regulation of DNA polymerases in response to mutant Ras activation

PLOS ONE | https://doi.org/10.1371/journal.pone.0251188 May 7, 2021 21 / 22

https://doi.org/10.1016/j.bbamcr.2011.03.012
http://www.ncbi.nlm.nih.gov/pubmed/21440578
https://doi.org/10.1016/j.molcel.2009.06.030
http://www.ncbi.nlm.nih.gov/pubmed/19716789
https://doi.org/10.1016/j.molonc.2014.11.001
http://www.ncbi.nlm.nih.gov/pubmed/25435281
https://doi.org/10.1016/j.molcel.2012.04.009
http://www.ncbi.nlm.nih.gov/pubmed/22541554
https://doi.org/10.1016/j.molcel.2019.10.005
https://doi.org/10.1016/j.molcel.2019.10.005
http://www.ncbi.nlm.nih.gov/pubmed/31704183
https://doi.org/10.3390/ijms18071584
https://doi.org/10.3390/ijms18071584
http://www.ncbi.nlm.nih.gov/pubmed/28754021
https://doi.org/10.1038/nsmb.2719
http://www.ncbi.nlm.nih.gov/pubmed/24240614
https://doi.org/10.4161/23723548.2014.960754
http://www.ncbi.nlm.nih.gov/pubmed/27308331
https://doi.org/10.1038/embor.2013.159
https://doi.org/10.1038/embor.2013.159
http://www.ncbi.nlm.nih.gov/pubmed/24126761
https://doi.org/10.1083/jcb.200810185
http://www.ncbi.nlm.nih.gov/pubmed/19289795
https://doi.org/10.1038/emboj.2013.148
http://www.ncbi.nlm.nih.gov/pubmed/23799366
https://doi.org/10.1101/gad.203984.112
http://www.ncbi.nlm.nih.gov/pubmed/23599344
https://doi.org/10.1091/mbc.E11-10-0829
http://www.ncbi.nlm.nih.gov/pubmed/22456510
https://doi.org/10.1016/j.molcel.2009.12.039
https://doi.org/10.1016/j.molcel.2009.12.039
http://www.ncbi.nlm.nih.gov/pubmed/20159558
https://doi.org/10.1038/ncomms13326
http://www.ncbi.nlm.nih.gov/pubmed/27811911
https://doi.org/10.7554/eLife.41426
http://www.ncbi.nlm.nih.gov/pubmed/30422114
https://doi.org/10.1371/journal.pgen.1003213
https://doi.org/10.1371/journal.pgen.1003213
http://www.ncbi.nlm.nih.gov/pubmed/23349636
https://doi.org/10.3390/genes9110539
http://www.ncbi.nlm.nih.gov/pubmed/30405078
https://doi.org/10.1371/journal.pone.0039156
http://www.ncbi.nlm.nih.gov/pubmed/22723953
https://doi.org/10.1371/journal.pone.0251188


80. Dilley RL, Verma P, Cho NW, Winters HD, Wondisford AR, Greenberg RA. Break-induced telomere

synthesis underlies alternative telomere maintenance. Nature. 2016; 539(7627):54–8. https://doi.org/

10.1038/nature20099 PMID: 27760120

81. Minocherhomji S, Ying S, Bjerregaard VA, Bursomanno S, Aleliunaite A, Wu W, et al. Replication stress

activates DNA repair synthesis in mitosis. Nature. 2015; 528(7581):286–90. https://doi.org/10.1038/

nature16139 PMID: 26633632

82. Walsh E, Wang X, Lee MY, Eckert KA. Mechanism of replicative DNA polymerase delta pausing and a

potential role for DNA polymerase kappa in common fragile site replication. J Mol Biol. 2013; 425

(2):232–43. https://doi.org/10.1016/j.jmb.2012.11.016 PMID: 23174185

83. Bergoglio V, Boyer AS, Walsh E, Naim V, Legube G, Lee MY, et al. DNA synthesis by Pol eta promotes

fragile site stability by preventing under-replicated DNA in mitosis. J Cell Biol. 2013; 201(3):395–408.

https://doi.org/10.1083/jcb.201207066 PMID: 23609533

84. Temprine K, Campbell NR, Huang R, Langdon EM, Simon-Vermot T, Mehta K, et al. Regulation of the

error-prone DNA polymerase Polkappa by oncogenic signaling and its contribution to drug resistance.

Sci Signal. 2020; 13(629). https://doi.org/10.1126/scisignal.aau1453 PMID: 32345725

PLOS ONE Regulation of DNA polymerases in response to mutant Ras activation

PLOS ONE | https://doi.org/10.1371/journal.pone.0251188 May 7, 2021 22 / 22

https://doi.org/10.1038/nature20099
https://doi.org/10.1038/nature20099
http://www.ncbi.nlm.nih.gov/pubmed/27760120
https://doi.org/10.1038/nature16139
https://doi.org/10.1038/nature16139
http://www.ncbi.nlm.nih.gov/pubmed/26633632
https://doi.org/10.1016/j.jmb.2012.11.016
http://www.ncbi.nlm.nih.gov/pubmed/23174185
https://doi.org/10.1083/jcb.201207066
http://www.ncbi.nlm.nih.gov/pubmed/23609533
https://doi.org/10.1126/scisignal.aau1453
http://www.ncbi.nlm.nih.gov/pubmed/32345725
https://doi.org/10.1371/journal.pone.0251188

