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ABSTRACT

DNA endonuclease eight-like glycosylase 3  (NEIL3) is one of the DNA glycosylases 
that removes oxidized DNA base lesions from single-stranded DNA (ssDNA) and non-B 
DNA structures. Approximately seven percent of human tumors have an altered NEIL3 
gene. However, the role of NEIL3 in replication-associated repair and its impact on 
modulating treatment response is not known. Here, we report that NEIL3 is localized at 
the DNA double-strand break (DSB) sites during oxidative DNA damage and replication 
stress. Loss of NEIL3 significantly increased spontaneous replication-associated DSBs 
and recruitment of replication protein A (RPA). In contrast, we observed a marked 
decrease in Rad51 on nascent DNA strands at the replication fork, suggesting that HR-
dependent repair is compromised in NEIL3-deficient cells. Interestingly, NEIL3-deficient 
cells were sensitive to ataxia–telangiectasia and Rad3 related protein (ATR) inhibitor 
alone or in combination with PARP1 inhibitor. This study elucidates the mechanism 
by which NEIL3 is critical to overcome oxidative and replication-associated genotoxic 
stress. Our findings may have important clinical implications to utilize ATR and PARP1 
inhibitors to enhance cytotoxicity in tumors that carry altered levels of NEIL3.

INTRODUCTION

Base excision repair (BER) is the main guardian 
against DNA damage due to cellular metabolism, 
including lesions resulting from reactive oxygen species, 
methylation, deamination and hydroxylation [1]. DNA 
glycosylases remove modified DNA bases from DNA by 
hydrolyzing the glycosidic, leaving behind an apurinic/
apyrimidinic (AP) site [2], which is further processed by 
AP-endonuclease, DNA polymerases, and DNA ligase 
activities to restore the original DNA sequence [3]. Five 
types of DNA glycosylases have been identified in human 
cells that are responsible for oxidative DNA damage 
repair: OGG1, NTH1, NEIL1, NEIL2, and NEIL3 [4]. 
NTH1 [5, 6] and OGG1 specifically remove oxidized 

purines and pyrimidines from duplex DNA, respectively 
[7, 8]. DNA endonuclease eight-like glycosylase 1 
(NEIL1) acts in concert with the replication fork to remove 
the lesions before they are encountered by the DNA 
polymerases [9, 10]. NEIL2 acts during transcription-
coupled repair [11, 12].

DNA endonuclease eight-like glycosylase 3 (NEIL3) is 
one of the DNA glycosylases with an N-terminal glycosylase 
domain and an uncharacterized C-terminal domain. A 
recent report has demonstrated that NEIL3 glycosylase 
activity is critical for embryonic development [13]. Further, 
NEIL3 is important to maintain stem cell proliferation 
and differentiation [14]. Human NEIL3 is expressed in 
the thymus, testes [15], and at high levels in tumor tissues 
[14, 16, 17]. In contrast, NEIL3 deficiency delayed 
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astrocyte differentiation, inhibited cell cycle progression, 
and impaired the ability to repair the hydantoin products, 
spiroiminodihydantoin (Sp) and 5-guanidinohydantoin 
(Gh) lesions in ssDNA [14]. Further, aberrant function of 
NEIL3 is associated with increased lymphocyte apoptosis, 
autoantibodies, and predisposition to autoimmunity [18].

Although there is much redundancy in substrate 
specificity, cells lacking DNA glycosylase functions show 
increased levels of DNA base damage, elevated mutation 
rates, and hypersensitivity to specific DNA damaging 
agents [19]. NEIL3 prefers substrates that contain single-
stranded DNA regions such as looped DNA structures, 
quadruplexes, and structures representing replication forks 
[13]. In addition, since NEIL3 has a very weak lyase, and 
the AP sites remaining after NEIL3 glycosylase activity 
is likely cleaved by APE1. NEIL3 cell-cycle-dependent 
expression patterns show induction in the early S phase 
with peak levels in the G2 phase [16]. Several previous 
studies suggested that NEIL1/2 plays a role in replication-
associated repair or transcription-coupled repair respectively 
[20, 21]. Replication fork stalls during S-phase are known 
to instigate subsequent replication fork collapses and induce 
genomic instability [22-24].

However, the role of NEIL3 in maintaining genomic 
stability at the replication fork is still unknown. We tested 
our hypothesis that NEIL3 is required to prevent oxidative 
and DNA replication-associated DNA damage, and that 
the loss of NEIL3-related DNA repair function in cancer 
cells alters the chemotherapy response. Thus, we examined 
the role of NEIL3 during oxidative and replication stress-
associated DNA damage and its impact on DNA damage 
responses. This study shows that NEIL3 is localized at 
DSB sites and is associated with the replication fork during 
oxidative and replication stress. Further, our data shows 
that the loss of NEIL3 leads to decreased replication fork 
speed and increased replication-associated DSBs, which 
exhaust RPA levels in cancer cells and compromised HR 
dependent repair. Previous studies have shown that cancer 
cells deficient in DSB repair are sensitive to PARP1 
inhibitors [25-27]. Our results show that an inhibitor of 
PARP1 (Olaparib) sensitizes NEIL3 deficient cancer 
cells. Moreover, NEIL3 deficient cells are hypersensitive 
to ATR inhibitor. The reports of the potent sensitizing 
effect of ATR inhibitor prompted us to assess the effect 
of the Combinatorial effect of ATR inhibitor and Olaparib 
on NEIL3 deficient cells. When NEIL3 expression was 
inhibited by shRNA-NEIL3, synergistic effects were noted 
between ATR and Olaparib. Simultaneous inhibition of 
ATR and PARP1 sensitizes NEIL3 deficient cells. As such, 
the observed sensitization effect of both inhibitors utilized 
with NEIL3 deficient cancer cell lines may be related to the 
combined inhibition of both pathways. Our results further 
suggest that NEIL3 status should routinely be assessed in 
several cancer types, including glioblastoma, that likely 
provide a novel therapeutic opportunity to target tumors that 
carry altered levels of NEIL3.

RESULTS

NEIL3 is recruited to sites of DSBs

To determine whether NEIL3 is recruited to the site of 
DNA damage during oxidative DNA damage and replication 
stress, we generated cell lines expressing GFP-NEIL3. We 
induced oxidative and replication-associated DNA damage 
by treating NEIL3 proficient and deficient LN428 cells 
with H2O2 (1000nM) and hydroxyurea (2mMHU), which 
causes oxidative DNA damage and rapid depletion of dNTPs 
respectively [28]. Cells were treated with H2O2 for 1 hour or 
treated with 2 mM HU for 2 hours and then examined for 
subcellular localization of GFP-NEIL3. The number of cells 
that exhibited GFP-NEIL3 nuclear foci were significantly 
increased in cells treated with H2O2 or HU versus untreated 
cells (Figure 1A and 1B; Mean ± SEM, 84±3 or 68 ± 5 versus 
24.5±4.2; P=0.0001). Next, we determined the co-localization 
of GFP-NEIL3 with γH2AX upon treatment of the cells 
with H2O2 or HU, as an indicator of the presence of NEIL3 
at the DSB sites. Indeed, the number of cells with γH2AX 
co-localized with GFP-NEIL3 was significantly increased in 
H2O2 or HU treated cells versus untreated cells, suggesting 
that NEIL3 is associated with DSBs (Figure 1C and 1D; 
68± 4 or 62 ± 4 versus 20±4; P=0.0001). Next, to determine 
whether GFP-NEIL3 is associated with active DNA 
replication, we performed co-immunostaining of the cells 
with antisera against IdU and γH2AX. The number of GFP-
NEIL3 co-localized with IdU were significantly increased in 
H2O2 or HU treated cells compared to untreated cells (Figure 
1E and 1F; 55±5 or 68± 6 versus 15±4 P=0.0001), suggesting 
that NEIL3 is associated with DSBs during DNA replication 
in the S-phase of the cell cycle.

Oxidative and replication stress-associated DSBs 
increase in NEIL3 deficient cells

To determine whether NEIL3 is required to protect 
cells from oxidative and replication stress-induced DBSs, 
we used γ-H2AX and 53BP1 (tumor protein 53 binding 
protein No. 1) nuclear foci to monitor DSBs. Our data 
show that the number of γH2AX co-localized with 53BP1 
were significantly increased in NEIL3 deficient versus 
NEIL3 proficient cells treated with HU (Figure 2A-
2B; 75± 4 versus 45±5; P= 0.0001). Furthermore, DSBs 
significantly increased in NEIL3 deficient versus proficient 
cells after treatment with H2O2 (Figure 2A-2B, 57±5 versus 
38±4; P=0.0001). Interestingly, our data show that levels 
of spontaneous DSBs were significantly increased in the 
NEIL3 deficient cells versus proficient cells (Figure 2A-
2B; 16 ± 3 versus 5±2; P=0.0001). Furthermore, using 
a neutral comet assay we reconfirmed that DSBs were 
significantly increased in NEIL3 deficient LN428 and 
LN18 cells treated with HU (P=0.002 versus P=0.02) or 
H2O2 (P=0.0001 versus p=0.004) compared to NEIL3 
proficient cells respectively (Figure 2C and 2D). In order 
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Figure 1: NEIL3 localized at DSB sites and associated with replication foci. (A) Nuclear localization of GFP-NEIL3 before 
or after HU/ H2O2 treatment; (B) Estimated percent of cells positive for GFP-NEIL3 before (n= 117) and after HU (2mM) (n=105) / H2O2 
treatment (1000nM) (n=135); (C) Co-localization of GFP-NEIL3 and γH2AX before and after HU or H2O2 treatment; (D) Quantification 
of GFP-NEIL3 and γH2AX co-localization using percentage of dual-positive cells between HU treated (n= 117) and untreated groups (n= 
106) versus those treated with H2O2 (n=135); (E) Representative images of GFP-NEIL3 and IdU co-localization before and after HU or 
H2O2 treatment; (F) Quantification of GFP-NEIL3 and IdU co-localization using percentage of dual-positive cells between HU treated (n= 
87), H2O2 treated (n=135) and untreated groups (n= 67).
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to determine whether the DSBs are associated with actively 
replicating DNA, we performed co-immunostaining of the 
cells with antisera against CIdU and γH2AX as a marker 
of replication stress [29]. NEIL3 proficient and deficient 
cells were pulse-labeled with CIdU for 30 min and treated 
with HU (2mM) for 2 hours (Figure 3A). The number of 
double-positive cells (CIdU+ γH2AX) was significantly 
higher in NEIL3 deficient cells than in NEIL3 proficient 
cells (Figure 3B, 62 ± 5.8; P=0.0001). To determine 
whether the loss of NEIL3 impairs DNA synthesis after 
replication stress, we evaluated the co-localization of 
IdU and CIdU. Our result show that co-localization of 
IdU and CIdU were significantly decreased in NEIL3 
deficient versus proficient cells (Figure 3C and 3D; 6 ± 
2; P=0.0001), suggesting that NEIL3 may be required to 
maintain replication fork integrity after replication stress. 
Moreover, to determine if NEIL3 protects the cells from 
oxidative or replication stress-associated cytotoxicity, 
we conducted clonogenic cell survival assays to compare 
NEIL3-deficient versus proficient cells. We treated cells 
with different concentrations of H2O2 (100nM, 200nM, 
400nM) for 4 hours or with HU (1, 2,3, 4 and 6mM) for 2 
hours. The percent of surviving cells significantly decreased 
in NEIL3 deficient cells treated with H2O2 or HU compared 
to NEIL3 proficient cells (Figure 2F P=0.0001 and Figure 
2G; P=0.0001). Interestingly, exogenous expression of 
NEIL3 complements NEIL3 deficient cells and decreases 
the sensitivity to HU or H2O2 treatment (Figure 2F-2G).

Loss of NEIL3 inhibits DNA replication fork 
progression

To determine if NEIL3 is required for replication 
fork progression, we used DNA fiber labeling methods 
to measure the progression of replication forks [30]. 
Replication tracts in NEIL3 proficient and deficient 
cells were first labeled with IdU (25μM) for 30 minutes, 
then treated with three different DNA damaging agents 
(200nM of H2O2 for 1 hour; 2 mM HU for 2 hours; 1 μM 
cisplatin for 1 hour) followed by a second labeling with 
CIdU (250μM) for 30 minutes as described in Figure 3E. 
Interestingly, our data show that NEIL3 deficient cells 
spontaneously exhibited 36% stalled forks, which increased 
significantly up to 59% after two hours of HU as compared 
to HU-treated NEIL3 proficient cells (50%) (Figure 3F, 
P=0.0001). Similarly, the percentage of stalled replication 
forks significantly increased in H2O2-treated NEIL3 
deficient cells (57%) versus treated NEIL3 proficient 
cells (42%) (P=0.0001). In addition, cisplatin treatment in 
NEIL3 deficient cells resulted in significantly more stalled 
forks than cisplatin treatment in proficient cells (Figure 3F; 
71% versus 52%; P=0.001). Moreover, the speed of the 
replication forks was significantly reduced to 0.3kb/min in 
HU treated NEIL3 deficient cells compared to 0.7kb/min in 
NEIL3 proficient cells (Figure 3G; P=0.0001). Similarly, 
the average replication speed was significantly reduced to 

0.26kb/min and 0.04 kb/min in H2O2 and cisplatin treated 
cells respectively. Together, these data suggest that NEIL3 
is required for replication fork progression both intrinsically 
and after oxidative DNA damage or replication stress.

Oxidative and replication stress-associated DNA 
damage exacerbate the instability of nascent 
DNA strands in NEIL3 deficient cells

To determine whether oxidative and replication stress-
associated DSBs induce nascent DNA strand instability in 
NEIL3 deficient cells, the NEIL3 proficient and deficient 
cells were pulsed with IdU for 30 minutes and treated with 
DNA damaging agents (2mM HU; 1 hour of 200 nM H2O2 
and 1μM cisplatin) (Figure 3H). We noticed that DNA fibers 
that contained IdU tracts were significantly shorter in HU, 
H2O2 or cisplatin-treated NEIL3 deficient cells versus NEIL3 
proficient cells (Figure 3H-3I; Mean+ SEM; 8.2 μm ±0.3; 1.9 
μm ± 0.08; 1μm ± 0.05; versus 6.7 μm ±0.24; 2.7 μm±0.24; 1.5 
μm ±0.11, P=0.0001). Twenty percent of DNA fibers in NEIL3 
deficient cells had lengths that were less than or equal to 5μm 
versus wild type (6%), implying that the collapsed replication 
forks were not maintained in NEIL3 deficient cells(Figure 3G; 
P=0.001). Furthermore, treatment with HU, H2O2 and cisplatin 
significantly increased the relative frequency of fiber length 
less than or equal to 5μm in NEIL3 deficient cells to 45% and 
98% to 98% respectively (Figure 3G; P=0.0001).

NEIL3 is associated with replication forks, and 
its deficiency impairs DSB repair

To determine whether NEIL3 is associated with the 
newly synthesized DNA fragment at the replication fork, we 
performed an applied isolation of proteins on nascent DNA 
(IPOND) assay as previously described [31, 32]. Our results 
revealed the presence of NEIL3 in newly synthesized DNA 
fragments in HU treated cells, suggesting that NEIL3 is 
bound to DNA in order to overcome stalled replication forks 
(Figure 4A-4C). We did not detect NEIL3 signal with control 
sample (no click chemistry reaction) and shRNA-NEIL3 
knockdown cells, which further confirmed the specificity of 
the NEIL3 band (Figure 4A). Further, to reconfirmed whether 
NEIL3 is involved in the recruitment of HR proteins during 
replication fork recovery after DNA damage, we conducted 
immunopreciptation experiments on newly synthesized DNA 
strands after pulsing the cells with chlorodeoxyuridine (CldU) 
(Figure 4B). We found that NEIL3, RPA, RAD51, Chk1 and 
PCNA were associated with newly-replicated DNA strands 
(Figure 4C). As expected, the levels of DNA-associated 
RAD51 and PCNA at the replication fork were significantly 
reduced in NEIL3 deficient versus proficient cells in the 
HU treated group (Figure 4C). To examine whether NEIL3 
is associated with chromatin during replication stress, we 
performed a fractionation procedure to examine replication 
factors in different cellular fractions (Figure 4D-4E). We 
found that chromatin-associated Rad51, PCNA and Chk1 
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Figure 2: Loss of NEIL3 increases DSBs. (A) Representative images of DSBs in NEIL3-proficient and NEIL3-deficient cells with 
or without HU (2mM) or H2O2 (1000nM); (B) Quantified percentage of co-localization of 53BP1 and γH2AX (> 5 foci) before and after 
HU or H2O2 treatment in LN428 cells. Note that the number of untreated LN428 proficient (n=100) and deficient (n=100) versus HU and/or 
H2O2 treated LN428 NEIL3 proficient (n=100; and 110) and deficient cells (n=110; 150); (C) Quantified tail moment of neutral comet assay 
for LN428 NEIL3 proficient versus deficient cells before (n=92; n=94) and after HU (n=86; 67) or H2O2 treatment (n=81; 83) included for 
analysis; (D) Quantified tail moment of neutral comet assay to measure DSBs in LN18 NEIL3 proficient and deficient cells untreated (n=59; 
48) versus treated with HU (n=41; 63) or H2O2 (n=70; 73); (E) Western blot for γH2AX  for LN428 treated with HU (2mM); (F-G) Clonogenic 
cell survival in LN428 NEIL3 proficient and deficient cells with different concentration of H2O2 treatment for 4 hours (100nM, 200nM, 
400nM) (F); with different concentrations of HU treatment (1, 2, 4 and 6 mM) for 2 hours (G); (H) Western blot for NEIL3 in LN428 cell 
lines knockdown but complemented by pRVY-NEIL3 plasmid. All data analysis were performed using GraphPad Prism statistical software.
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are moderately reduced in HU- treated NEIL3-deficient cells 
compared to proficient cells (Figure 4D). Furthermore, high 
levels of RPA, PCNA and RAD51 were detected in nuclear 
extracts of NEIL3 deficient versus proficient cells (Figure 
4E). Further, our IPOND-mass spectrometry data show that 

no statistically significant difference exists between base 
excision repair proteins (APEX1, FEN1 and XRCC1, Figure 
4F) and DNA replication licensing proteins (MCM 2-7) in 
NEIL3 deficient versus proficient cells (Figure 4G). However, 
our results show that six PCNA interacting proteins (CCP110, 

Figure 3: NEIL3 is required for replication fork progression. (A) Representative images of γH2Ax and IdU colocalization 
in NEIL3-proficient and NEIL3-deficient cells; (B) Estimated percent of γH2Ax positive cells in IdU positive cells in NEIL3 proficient 
(n=91) and NEIL3-deficient cells (n=75); (C) Images of IdU and CIdU co-localization after HU treatment in NEIL3-proficient and NEIL3-
deficient cells; (D) Estimated number of cells dual-positive for IdU and CIdU. Note that the number of untreated NEIL3 proficient (n=127) 
and deficient (n=101) versus treated NEIL3 proficient (n= 125) and NEIL3 deficient cells (n=114); (E) Representative images of replication 
fibers from NEIL3 proficient and NEIL3-deficient cells after pulse-labeling with 5 μM IdU for 30 min (red track) and 250 μM CIdU for 30 
min (green track); (F) Estimated percentage of stalled replication forks in untreated NEIL3-proficient (n=210) and NEIL3-deficient cells 
(n=226) versus HU treated NEIL3 proficient (n=205) and deficient cells (n=197); H2O2 treated NEIL3 proficient and deficient (n=282; 
263); cisplatin (1μM) treated NEIL3 proficient and deficient cells (n=208; 226); (G) Estimated replication fork speed in NEIL3-proficient 
and NEIL3-deficient cells before (n=169;151) and after HU (n=172; 119), H2O2 (n=302; 159) or cisplatin treatment (n=348; 159). Note 
that replication fork speed was calculated by dividing the length of each CIdU track (green) by its incubation time (30 min). (H) Schematic 
representation of DNA fibers from NEIL3 proficient versus NEIL3 deficient cells and images of the visualized nascent DNA strand after 
treatment. Note that cells were pulsed with IdU for 30 minutes followed by 2mM HU treatment for 2 hours, or H2O2 (1000nM) for 1 hour; 
cisplatin (CTP; 1μM) for 1 hour then DNA fiber experiment were done as described previously (upper panel); (I) Estimated length of fibers 
in untreated NEIL3 proficient (n=99) and NEIL3 deficient cells (n=129) versus HU treated NEIL3 proficient (n=110) and NEIL3 deficient 
cells (n=120); H2O2 treated proficient (n=207) and deficient (n= 207); Cisplatin treated NEIL3 proficient (n=207) and deficient (n=245); 
(J) Distribution of fiber length in NEIL3 proficient versus deficient cells with or without HU, H2O2 and cisplatin. All data were analyzed 
using GraphPad Prism software.



Oncotarget112948www.impactjournals.com/oncotarget

MSH6, BAZ1B, SMARCA5, SMARCA1 and DNMT1) 
were significantly decreased in the absence of NEIL3 
(Supplementary Figure 1A; P=0.013 and Supplementary 
Table 1). In addition, the recruitment of Topoisomerase I 
and Topoisomerase 2A on nascent DNA at the replication 
forks was significantly decreased in NEIL3 deficient cells 
versus proficient cells (Supplementary Figure 1B; P=0.0075; 
P=0.04). All the peptide sequence were collected from mass 
spectrometry data were analyzed using the scaffold viewer 
application soft ware (Supplementary Table 1).

NEIL3 deficiency decreases Rad51 recruitment 
but not RPA

To determine the mechanism of NEIL3 
replication-associated DSBs repair, we examined the 
localization of RPA and RAD51 in NEIL3 deficient 
versus proficient cells before and after replication stress 
(Figure 5A). The percentages of RPA positive cells 
were increased in NEIL3-deficient cells, suggesting that 
ssDNA levels were increased in the absence of NEIL3 
(Figure 5B, P=0.001). To investigate the HR response, 
cells were treated for 2 hours with HU (2mM) and 
stained for the recombination protein RAD51 (Figure 
5C). As expected HU exposure efficiently induced 
RAD51 foci in NEIL3 proficient cells (Figure 5D). 
However, the numbers of cells with Rad51 foci (>5 
foci) were significantly decreased in NEIL3-deficient 
cells (Figure 5D; P<0.001).

NEIL3 deficient cells are sensitive to ATR and 
PARP1 inhibitor

PARP1 is associated with replication forks [33] and 
its inhibition leads to replication fork associated DSBs 
[34]. To assess cellular toxicity to a single or combined 
treatment of PARP1 inhibitor (Olaparib; 10nM, 1μM and 
10μM) and/or ATR inhibitor (AZD6738; 0.5μM; 1μM, 
10μM and 20μM), we performed clonogenic survival 
assays using two different glioblastoma cell lines (LN428 
and LN18). First, we determined that loss of NEIL3 
increased the cytotoxicity response to PARP1 inhibitor. 
Our data show that the percentage of cell survival 
is significantly decreased in NEIL3 deficient versus 
proficient cells treated at 1μM and 10 μM (Figure 6A and 
6D; P= 0.001). Moreover, our data show that ATR inhibitor 
(0.5μM; 1μM; 10μM) significantly increased sensitivity in 
NEIL3 deficient versus proficient cells (Figure 6B and 6E; 
P=0.002; P=0.0023). In contrast, a high concentration of 
ATR inhibitor (20μM) caused cell lethality in both wild 
type and NEIL3 deficient cells (Supplementary Figure 2). 
To examine the synergistic cytotoxicity response of the 
two drugs in NEIL3 deficient cells, we treated cells with 
ATR and PARP1 inhibitors and calculated the combination 
index (CI) using Calcusyn software (Biosoft) based on 
the method described by Chou et al [35]. Our data show 

that PARP1 inhibition (10nM and 1μM) synergized with 
ATR inhibitor in LN 18 and LN428 NEIL3 deficient 
gliobastoma cell lines. The CI<1 (0.2 (LN18); and 0.09 
(LN428)), suggested  that the synergistic effects in NEIL3 
deficient cells are greater when the combination of agents 
is used (Figure 6C and 6F; P=0.0001).

DISCUSSION

DNA glycosylases are mainly known for initiating 
the BER pathway that protects cells from the mutagenic 
and/or cytotoxic effects of DNA base lesions [2, 36, 37]. 
The NEIL DNA glycosylases recognize and remove a 
vast number of oxidized base lesions, with overlapping 
substrate specificity [12, 13, 38, 39]. NEIL3 functions in 
the BER pathway to catalyze the excision of DNA bases 
that have been damaged by ionizing radiation or other 
sources of reactive oxygen species [4, 40, 41]. NEIL3 is 
overexpressed in several cancers including glioblastoma 
multiforme (GBM) and significantly reduces survival 
rates [42]. In this study, we addressed whether NEIL3 is 
required to overcome oxidative and replication-associated 
DNA damage and examined the therapeutic advantage of 
aberrant NEIL3 in cancer cells.

Therefore, we investigated the role of NEIL3 in 
DNA replication and repair in more detail. First, we 
found that NEIL3 is localized to DSB sites, suggesting 
that NEIL3 is likely participates in oxidative or 
replication stress-induced DNA damage repair. Our 
results are consistent with the notion that BER proteins 
are involved in replication-associated DNA damage 
repair [36, 43]. We have further found that NEIL3 co-
localized with replicative DNA foci (CIdU), suggesting 
that NEIL3 is likely involved in maintenance of 
replication fork integrity (Figure 1A). The cell cycle 
dependent expression of NEIL3 was reported in the S 
phase and continues into the G2 phases [16, 44, 45], 
which is consistent with our results.

Several studies have shown that replication-
associated DNA damage represents a major challenge 
to genomic integrity [46], as illustrated by the numerous 
proteins required for DNA replication progression and 
recovery [47]. Interestingly, our data demonstrated that 
NEIL3-deficient cells encountered a significant increase in 
spontaneous replication stresses that challenged replication 
fork progression and provoked replication fork collapse 
(Figure 2A). The co-localization of γH2AX foci with 
replicative DNA foci in NEIL3 deficient cells suggests 
that DSBs occur during DNA synthesis in the presence of 
oxidative and replication-associated DNA damage (Figure 
3A) [48-50]. We propose two alternative explanations, not 
necessarily mutually exclusive, for how NEIL3 deficient 
cells are sensitive to HU or H2O2 treatment. The first 
possibility is that the pre-existing genomic instability 
or the exhaustion of essential DNA repair factors fails  
to repair the Sp and Gh lesions and renders NEIL3-
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deficient cells more vulnerable to exogenous genotoxic 
stress resulting in SSBs [51, 52], and those unrepaired 
SSBs are likely to give rise to highly cytotoxic DSBs 
and chromosomal instability [53]. Alternatively, DSBs 

generated by oxidative stress (H2O2) can also provoke 
replication fork collapse (Figure 3). Moreover, oxidative 
stress can affect replication through additional processes, 
such as by regulating the activities of replication proteins 

Figure 4: NEIL3 is associated at replication fork during replication stress and its loss impaired the recruitment of 
replication associated homologous repair proteins. (A) The recruitment of NEIL3, Rad51, RPA, PCNA, and CHK1 after HU 
treatment at new synthesized DNA fragments; (B) Schematic representation of replication fork recovery and the recruitment of homologous 
recombination proteins at the newly synthesized DNA after replication stress (2mM HU); (C) Protein bound to immunoprecipitation (ChIP) 
with IdU antibody after replication stress; (D) Chromatin associated fractions; (E) Nuclear fraction; (F) Base excision repair proteins 
recruited at newly synthesized DNA after replication stress in NEIL3 proficient and deficient cells; (G) Replication licensing proteins 
recruitment in NEIL3 proficient and deficient cells. No statistically significant difference was observed between NEIL3 proficient and 
deficient cells in data F and G.
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[54] [21–26]. The second scenario we propose is that NEIL3 
deficient cells may fail to recruit chromatin remodeling 
protein complexes (Supplementary Figure 1) or resolve the 
topological constraint during replication [55-57] to prevent  
the replicative DNA polymerase from stalling at the 
replication fork [58, 59]. Our results provide evidence that 

NEIL3 likely maintains replication-associated chromatin 
structure to recruit DNA repair proteins [60]. Even if 
NEIL1 interacts with replication proteins and mediates 
pre-replicative repair of oxidized bases in the replicating 
strand [61], our data suggest that NEIL3 loss is unable to be 
restored by NEIL1 repair proteins. Altogether, it is plausible 

Figure 5: Replication stress alters the localization of Rad51 and RPA in NEIL3 deficient versus proficient cells. 
Subcellular localization of RAD51 and RPA in NEIL3 proficient versus deficient cells; (A) Representative images of RPA localization 
in NEIL3 deficient and NEIL3 proficient cells; (B) Quantification of percent of cells with RPA greater than 5 foci per nuclei. Note that 
the number of untreated NEIL3 proficient cells (n=66) and deficient cells (n=71) versus treated proficient (n=74) and deficient cells 
(n=108) was included for analysis. (C) Rad51 localization in NEIL3 deficient and NEIL3 proficient cells before and after HU treatment; 
(D) Estimated percent of positive cells for Rad51 foci. Cells with at least 5 foci were counted as Rad51 positive cells and analyzed with 
GraphPad prism software. Note that the number of untreated NEIL3 proficient (n=108) and NEIL3 deficient cells (n=88) versus treated 
NEIL3 proficient (n=140) and NEL3 deficient cells (n=192) was included in this analysis.
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Figure 6: Loss of NEIL3 confers sensitivity to ATR inhibition and synergizes with PARP1 inhibitor. Estimated 
percent of clonogenic survival of NEIL3 proficient versus NEIL3 deficient cells with different concentration of Olaparib, ATR 
inhibitor and in  combination (ATR inhibitor plus Olaparib (10nM)). (A-C) LN428 treated with Olaparib only (B) ATR inhibitor 
only (C) combination of ATR inhibitor and olaparib; (D) Western blot for knockdown of NEIL3 in LN428 cells; (E-G) LN18 
NEIL3 proficient versus deficient cells treated with Olaparib; (H) Western blot for NEIL3 knockdown in LN18 cells (I); Western 
blot for Chk1 phosphorylation (Ser317) and Chk1 after ATR inhibition. Note that the ratio of the Chk1 (Ser317) versus total Chk1 
signals for each lane are provided as an estimate of the relative stoichiometry of Chk1 Ser317 phosphorylation in each fraction; (J) 
Replication speed before and after ATR inhibitor in LN428 cells.
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to suggest that NEIL3 and NEIL1 DNA glycosylases have 
evolved to carry out different specialized functions that do 
not overlap in our experimental model.

Many HR proteins form nuclear complexes and are 
recruited at DNA damage sites [62]. The ssDNA template 
at the replication fork may be more prone to oxidative 
DNA damage and strand breaks than non-replicating 
DNA, thus warranting its urgent repair to prevent genomic 
instability. Replication stress leads to exposure of tracts 
of ssDNA that are substrates for endonuclease cleavage, 
which generates DSBs [46]. Interestingly, our data showed 
that RPA is more efficiently recruited in NEIL3 deficient 
cells, which is a key factor to stabilize ssDNA [63], 
suggesting that collapsed replication forks likely generate 
long stretches of ssDNA and trigger a replication stress 
response [64, 65]. Based on the studies of Nam et al, it 
appears that a stalled replication fork causes uncoupling 
of the replicative DNA polymerase/helicase complex, 
which leads to persistent exposure of ssDNA that is 
subsequently bound by RPA [66]. It is possible that the 
persistence of ssDNA in NEIL3 deficient cells likely 
exhausts the nuclear pool of RPA in NEIL3 deficient 
cells, and accelerates replication-associated DSBs [67]. 
However, we did not observe a significant difference in 
replication licensing proteins (MCM) complex recruitment 
at the replication fork in NEIL3 deficient versus proficient 
cells, suggesting that the loss of NEIL3 does not promote 
unscheduled new origin firing. Alternatively, excess RPA 
recruitment in NEIL3 deficient cells likely triggers the 
ataxia-telangiectasia-and Rad3-related (ATR) protein 
kinase signaling pathway to regulate replication stress 
[68, 69]. Our data showed that NEIL3 deficient cells 
spontaneously activated Chk-1 phosphorylation [317] and 
decreased the speed of replication (Figure 6G-6H). ATR 
is a key player in DNA damage response to stabilize or 
repair DNA replication fork collapse during the S-phase 
[67, 70-73]. We demonstrated that ATR inhibitor increased 
stalled replication forks in NEIL3 deficient cells and 
attenuates Chk-1 activation suggesting that ATR/Chk-1 
signaling is critical to protect replication fork integrity 
in NEIL3 deficient cells. Our observation is consistent 
with previously published data suggesting that ATR and 
its downstream effectors significantly counteract the 
adverse effects of replication stress both by delaying 
cell-cycle progression and stabilizing stalled forks [74]. 
Together, our data suggest that the inhibition of ATR in 
NEIL3 deficient cells significantly impairs replication fork 
progression.

Several studies have shown that Rad51 recruitment 
to replication forks is a prerequisite for replication fork 
recovery [75, 76]. Our data show that NEIL3 proficient 
cells exhibit Rad51 recruitment and prevent replication-
associated DSBs at the replication fork (Figure 4), similar 
to previously published data [77, 78]. In contrast, we 
have observed markedly decreased Rad51 recruitment, 
suggesting that HR dependent repair is compromised 

in NEIL3-deficient cells (Figure 5C). Our data led us 
to offer two alternative possibilities. First, the unstable 
nascent DNA strand near the replication fork in NEIL3 
deficient cells probably contributes to less Rad51 protein 
recruitment (Figure 3B). Second, the excess presence of 
RPA on ssDNA may prevent Rad51 foci formation or 
binding on newly synthesized DNA strands in NEIL3 
deficient cells, suggesting that RPA-ssDNA formation 
suppresses Rad51 presynaptic filament formation [79-
81]. Nevertheless, these observations are consistent with 
other in-vitro published data that have shown critical 
interactions between RPA and Rad51 [79, 80, 82].

NEIL3 deficient cells are prone to oxidative DNA 
base damage, abasic sites, and strand breaks that likely 
offer an additional avenue to increased sensitivity in 
cancer cells. Our studies demonstrated that HU-mediated 
dNTP pool depletion significantly increased cytotoxicity 
in NEIL3 deficient cancer cells, suggesting that the 
NEIL3 status of tumors should be routinely assessed 
to improve treatment response. It is possible that HU 
treatment induced replication stress-mediated oxidative 
DNA damage in NEIL3 deficient cells. Previously, Kang 
et al shows that HU treatment increases intracellular ROS 
levels that promotes genomic toxicity [83]. Moreover, 
we showed that defects in replication fork progression 
(Figure 2A, Figure 3) increased the cytotoxic effect of 
Olaparib in NEIL3 deficient cells. Our observation is 
in agreement with other studies that indicate PARP1 is 
associated with replication forks [33] and inhibition of 
PARP1 leads to stalled replication fork and induces DSBs 
[34]. Alternatively, cancer cells treated with Olaparib 
would create a need for ATR activity that likely promotes 
cell cycle check-point activation and DNA repair [84]. 
Previous data reported that combination of ATR and 
chemotherapy significantly increased sensitivity in cancer 
cells [85, 86]. In addition, cells lacking BER scaffold 
protein, XRCC1, are hypersensitive to ATR inhibitor-
induced cytotoxicity [87]. In line with these observations, 
we confirm that NEIL3 deficient cells are sensitive to ATR 
inhibitor. Interestingly, the combination of ATR inhibitor 
with Olaparib synergistically sensitizes NEIL3 deficient 
cancer cells (Figure 6A-6F), suggesting that blocking 
the ATR-mediated DNA damage response synergizes the 
cytotoxicity of PARP1 inhibitor.

In conclusion, our data indicate that the alteration in 
NEIL3 function in cancer cells likely drives replication-
associated genomic instability. This suggests that an ATR 
inhibitor as a single therapy or in combination with a PARP1 
inhibitor is likely effective to treat NEIL3 deficient tumors. 
Our findings may have important clinical implications for 
the use of an ATR inhibitor to synergize the cytotoxicity of 
a PARP1 inhibitor in patients who harbor NEIL3-deficient 
tumors. However, it is critical to examine the genetic status of 
a given tumor for NEIL3 deletion, amplification or mutation 
to determine a better treatment outcome. Together, these 
studies suggest that conditions of increased ROS levels, as 
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well as defective BER, may provide contexts in which GBM 
patients might be amenable to a single PARP1 inhibitor or 
combination therapeutic strategies that are likely useful 
for the future. Further, our results offer testable, predictive 
alternative approaches based on the NEIL3 status of tumors 
and may inspire further work to validate how NEIL3 
overexpression promotes resistance to replication stress and 
also to determine whether NEIL3 glycosylase activity is 
required for the maintenance of the replication fork integrity.

MATERIALS AND METHODS

Cell lines and culture conditions

The LN428 glioblastoma cell lines were obtained 
from Trevigen. Both the wild-type (Catalog Number 
5503-001-01) and the knocked-down, NEIL3-deficient 
experimental cells (Catalog Number 5508-001-01) were 
maintained in MEM-α supplemented with 10% Fetal 
Bovine Serum (FBS), 1% Penicillin/ Streptomycin (P/S), 
1% L-Glutamine and 1μg/mL Puromycin at 37°C in a 
cell culture incubator maintained at a 5% CO2 level in a 
humid environment. The media was supplemented with 
fresh puromycin every three days. The LN18 cell line was 
obtained from ATCC (Catalog Number CCL-185). These 
cells were grown in DMEM supplemented with 10% FBS 
and 1% P/S at 37°C in a cell culture incubator maintained 
at a 5% CO2 level in a humid environment.

Transfection, infection, and expression analysis

NEIL3-deficient LN428 cells were seeded at 20,000 
cells per cover slip in culture media for 24 hours. Cells 
were then transfected with an N-terminally tagged GFP-
NEIL3 plasmid (Origene, Catalogue Number RG206838) 
using Lipofectamine 2000

(ThermoFisher, Catalogue Number 11668027) as 
per the manufacture instructions. Cells were cultured for 
24 hours, washed with PBS, and then used for further 
applications outlined below. Human NEIL3 constructs 
were packaged into a retrovirus using the GP2-293 
packaging cell line. pRVY-Tet and pVSV-G plasmids 
were co-transfected into GP2-293 cells using standard 
calcium phosphate transfection. Approximately 30% 
confluence of LN428 cells were infected with retrovirus 
in the presence of 4 μg/ml polybrene. For selection of 
pools, cells were split 1:3 the day after infection and cells 
with the integrated construct were selected with 200μg/
ml hygromycin B. Expression of exogenous HA tagged 
NEIL3 was verified by western blot. Cells were passed 
in parallel in the presence or absence of tetracycline. 
Approximately 80-90% confluent cells were harvested 
by scraping with hot SDS Loading Buffer (50 mM Tris 
pH 6.8, 100 mM DTT, 2% SDS 10% glycerol). Lysates 
were boiled for 10 minutes and run on a 10% acrylamide 
SDS-PAGE gel. Proteins were transferred to nitrocellulose 

membrane using a semi-dry transfer apparatus and probed 
using monoclonal mouse anti-NEIL3 antibody (abcam 
#1831).

Small Interfering RNA (siRNA) for knockdown 
of NEIL3

For the siRNA studies, the 21-mers of the siRNA 
duplexes directed against NEIL3 with were used to select 
siGenome ON-TARGETplus SMART pool (Catalog 
number L02093 9-01-0005) and were synthesized by 
Dharmaco Research Inc. (Lafayette, CO). All siRNA 
was resuspended in RNase – free water for a final 
concentration of 20 μM, and the siRNA was aliquoted into 
small volumes and stored at −80°C until the experiment 
was performed. All RNAi sequences are :-J 020939-09: 
5’GCU AAU GGA UCA GAA CGU3’; J-020939-10: 
UAA UGA AGU ACC CGU GUA AA 3’; J-020939-11: 
CUA UGU AUU UCA UCG GAU A 3’; J-020939-12: 
AGAAGA CAA CAA ACG AUA U-3’).

Drug treatment of cell culture

LN18 and LN428 cells were treated with a variety 
of drugs referred to throughout the paper by first thawing 
a fresh aliquot of concentrated stock. Hydroxyurea 
(Sigma, Catalogue Number H8627) was applied to cells 
at a final concentration of 2 mM for 1.5 hours in culture. 
ATR Inhibitor (Selleck, Catalogue Number AZD6738) 
was applied to cells at a range of concentration of 0.5-
20μM for 2 hours in culture. Hydrogen Peroxide (Sigma, 
Catalogue Number H3410) was applied to cells at a final 
concentration of 1 μM for 1 hour in culture. Cells were 
then washed with PBS and used for the applications 
outlined below.

Immunofluorescence localization

Cover slips were seeded with 20,000 cells and 
cultured for 24 hours. Any drug treatments or transfections 
were appropriately performed (see above). Then, cells 
were fixed with 3.5% formaldehyde or methanol:acetic 
acid (3:1 ratio) for 10 minutes. Cells were then 
permeabilized in PBS containing 0.5% Triton X-100 for 
15 minutes at room temperature. Then, cells were blocked 
with 3% BSA in PBS for 1.5 hours at room temperature. 
Primary antibody was diluted to a 1:100 concentration 
in blocking buffer and incubated with cells overnight at 
4°C. Primary antibodies include mouse anti-GFP antibody 
(Origene, Catalogue Number 150041), rabbit anti-RAD51 
antibody (SantaCruz, Catalogue Number sc-8349), 
mouse anti-RPA antibody (Abcam, Catalogue Number 
ab2175), mouse Anti-phospho-Histone H2AX (Millipore, 
Catalogue Number 05-636I), rabbit 53BP1 (SantaCruz, 
Catalogue Number sc-22760) and rabbit anti-γH2AX 
antibody (Bethyl, Catalogue Number A300-081A). On 
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the following day, cells were washed with PBS and then 
incubated with secondary antibody diluted to a 1:400 
concentration in blocking buffer for 1.5 hours. Secondary 
antibodies include FiTC conjugated anti-mouse antibody 
(Jackson Labs, Catalogue Number 715-095-150), Texas 
Red anti-goat antibody (Life Technologies, Catalogue 
Number PA1-28662) and TRITC conjugated anti-rabbit 
antibody (Jackson Labs, Catalogue Number 111-295-
045). Finally, cells were washed with PBS and mounted 
with cover slips using mounting media containing DAPI 
stain. After the basic primary and secondary antibody 
staining outlined above, DNA synthesis was detected 
using antibody against BrdU by further processing the 
cells. Cells were washed twice with PBS and then fixed 
again with methanol: acetic acid (3:1 ratio) for 5 min. 
Cells were then incubated for 10 min at 37°C in 1.5 N 
HCl. Cells were washed with PBS and then incubated 
at RT in 0.5% Tween for 5 min. To block the samples, 
cells were incubated at RT in 3% BSA for 20 min prior 
to antibody addition. Primary and secondary antibodies at 
this stage were added as above, using primary mouse anti-
BrdU antibody (BD Labs, Catalogue Number 347580) and 
secondary TRITC anti-mouse antibody (Jackson Labs, 
Catalogue Number 115-295-003).

Clonogenic survival assay

Control cells and NEIL3-deficient cells were plated at 
500 cells per well in six-well plates and cultured to adhere 
overnight. Cells were then treated with a single agent for 24 
hours: Olaparib (10nM, 1 μM, 10 μM), or ATR inhibitor (0.5 
μM, 1 μM, 1.5 μM, 10 μM, and 20 μM). Cells treated with 
10-20 μM ATR inhibitor were additionally repeated and 
plated at 1,000 cells per well to acquire a more statistically 
relevant cell survival curve. Additionally, cell survival was 
recorded when treated in combination with ATR inhibitor 
and Olaparib. Control cells and NEIL3-deficient cells 
were plated at 1,000 cells per well in six-well plates and 
cultured to adhere overnight. Cells in the Olaparib group 
were treated with Olaparib and ATR inhibitor concurrently 
for 24 hours. For H2O2 and HU treatment, cells were treated 
with H2O2 (50 nM, 100 nM, 200 nM and 400 nM) for 4 
hours. Following treatment, cells were washed with PBS 
and supplemented with fresh growth media. The cells were 
cultured for 10 days before staining with 0.25% crystal 
violet in an 80% methanol solution. Plates were allowed 
to dry, and then colonies were counted and scored visually. 
All experiments were repeated twice to improve statistical 
significance.

Single-cell gel electrophoresis (neutral comet 
assay)

Equal numbers of cells (1x 105) were plated in 10cm 
dishes. The day after, cells were treated with 2mM HU or 
1000 nM H2O2 for 1 hour. After treatment, the cells were 

prepared load on Trevigen CometSlide™ (Catalogue 
number 4250-050-03) and slides immersed in lysis buffer 
(Catalogue number: 4250-050-01). The slides were 
subjected to electrophoresis using neutral electrophoresis 
buffer and further processed according to published 
procedures (Trevigen, Catalog #4250-050-K). The slides 
stained with SYBR Gold and visualized using Fluorescein 
filter of Carl Ziess microscope with Axiocam MRc5 color 
camera. Image analysis of 100 cells was performed using 
Comet Assay IV software (Instem, Conshohocken, PA). 
Data are represented as means ± SEM.

DNA fiber analysis

For DNA replication analysis, sequential labeling 
of DNA with IdU and CldU were performed based on 
previously described methods [57]. A sub-confluent, 
asynchronous population of NEIL3 proficient and deficient 
LN428 cells was first labeled for 30 min with 25μM IdU, 
then washed with medium three times. After the CIdU 
pulse, three sets of experiments were conducted and cells 
were treated with three different agents (2mM HU for 2 hr; 
200nM H2O2 for 1 hour; 1μM cisplatin (CTP) for 1 hour). 
The cells were then labeled for another 30 min with 250μM 
CldU. After incubation, cells were washed and resuspended 
at a concentration of 7.5x105 cells/ml. The number of cells 
lysed per slide ranged between 1500 to 5000 cells using 
fiber lysis buffer (50mM EDTA, 0.5% SDS, 200mM 
Tris-HCl, pH=7.5) for 2 minutes, and the slides were 
tilted at 20° for gravity flow. The untreated control cells 
used were pulsed for 30 minutes with IdU, followed by 1 
hour with media only, then pulsed with CIdU label for 30 
minutes, and the cells were harvested for the fiber assay. 
For immunofluorescence staining, the slides were fixed for 
10 minutes with methanol: acetic acid (3:1) and air-dried. 
The slides were treated with 2.5M HCl for 30 minutes, 
washed with 1xPBS three times, and then blocked with 
3% BSA/PBS for 1 hour. CldU was detected by incubating 
acid-treated fiber spreads with rat anti-BrdU monoclonal 
antibody (Abcam), and IdU was detected using mouse anti-
BrdU monoclonal antibody (1:1,000; Becton Dickinson) for 
1 hr at room temperature. This was followed by washing 
three times with 1x PBS and stained with secondary 
antibody conjugated with sheep anti-mouse Cy3 and goat 
anti-rat Alexa fluor 488 for 1 hour at room temperature. 
The slides were mounted with Vectashield mounting media 
and covered with coverslips. Images were acquired at 63x 
magnification using a Zeiss microscope and processed and 
analyzed using the ImageJ program. The lengths of red 
(Cy3) or green (AF 488) labeled patches were measured 
using the ImageJ software (National Institutes of Health; 
http://rsbweb.nih.gov/ij/) and arbitrary length values were 
converted into micrometers using the scale bars created 
by the microscope. Data analysis was carried on using the 
ImageJ software. We applied the conversion factor 1 μm = 
2.59 kb [88].

http://rsbweb.nih.gov/ij/
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CldU coimmunoprecipitation of proteins at 
stalled replication forks

NEIL3 proficient and deficient (LN428) cells (2 
× 106) were plated and after 24 hours labeled with  100 
micromolar CIdU for 40 min and cells were treated with 
2mM HU for 2 hours. Cells were cross-linked in 1% PFA 
for 15 min. The cytoplasmic protein fraction was removed 
by incubation in hypotonic buffer (10 mM HEPES [pH 
7], 50 mM NaCl, 0.3 M sucrose, 0.5% TX-100, and 
protease inhibitor cocktail) for 10 min on ice followed 
by centrifugation at 1500 g for 5 min. Nuclear soluble 
fraction was removed by incubation with nuclear buffer 
(10 mM HEPES [pH 7], 200 mM NaCl, 1 mM EDTA, 
0.5% NP-40, and protease inhibitor cocktail) for 10 
min on ice and centrifugation at 13,000 rpm for 2 min. 
Pellets were resuspended in lysis buffer (10 mM HEPES 
[pH 7], 500 mM NaCl, 1 mM EDTA, 1% NP-40, and 
protease inhibitor cocktail), sonicated, centrifuged for 30 
s at 13,000 rpm, and the supernatant was subsequently 
transferred to a new tube. Total protein (150 μg) was 
used for IP with 2 μg anti-CldU antibody (rat-anti-BrdU; 
OBT0030F AbD Serotec) and 20μl of Protein A/G-PLUS 
agarose overnight at 4°C (Santa Cruz Biotechnology). 
The IP reaction was washed twice with nuclear buffer and 
twice with washing buffer (10 mM HEPES and 0.1mM 
EDTA protease inhibitor cocktail), incubated in 2× sample 
loading buffer (100 mM Tris HCl [pH 6.8], 100 mM DTT, 
4% SDS, 0.2% bromophenol blue, and 20% glycerol) 
for 30 min at 90°C, and was used for Western Blot with 
mouse anti-Rad51 (Millipore (Catalogue Number 05-530) 
and mouse ant-γH2AX (Millipore, Catalogue Number 05-
636) primary antibodies at a dilution of 1:1000 in 3% non-
fat milk in PBST.

IPOND(Isolation of Proteins on Nascent DNA)

Protein association to nascent DNA was measured 
by following the iPOND Nature Protocol outlined by 
Sirbu et al [32]. Briefly, WT or NEIL3-deficient LN428 
cells were cultured as outlined above in 75cm2 culture 
flasks in 10 mL of complete media until 50% confluent 
and 1x108 cells total. Cells were first pulsed with 10 μM 
EdU (Sigma, Catalog Number T551285-5MG) for 30 
min., washed, and then treated with or without 2 mM HU 
as outlined above for 2 hrs. Cells were immediately fixed 
with 1% formaldehyde at RT for 20 min., quenched with 
1.25 M glycine, and collected by scraping into a 50 mL 
conical tube on ice. Cells were then pelleted at 4°C and 
washed three times with PBS, permeabilized, washed 
with 0.5% BSA in PBS, and treated with a click reaction 
cocktail containing biotin azide (Invitrogen, Catalog 
Number B10184). Biotin-bound nascent DNA was then 
captured with streptavidin beads (ThermoFisher, Catalog 
Number S951), and associated proteins were collected 
and analyzed via Western blot or mass spectrometry. 

We used the rabbit anti-chk-1 (Ser317) (Cell Signaling; 
Catalogue Number 2344s); mouse anti-RPA antibody 
(Abcam, Catalogue Number ab2175); mouse anti-Rad51 
(Millipore (Catalogue Number 05-530); PCNA (Santa 
Cruz; Catalogue Number SC-56); H2B (Abcam, Catalogue 
Number ab1790.); Rabbit anti-NEIL3 (AbCam Catalogue 
Number ab174205) antibodies.

Statistical analysis

All reported data was evaluated in a pairwise 
comparison, including NEIL3-proficient versus deficient 
cells using GraphPad Prism.

ACKNOWLEDGMENTS AND FUNDING

This work is supported by the Startup Fund from 
The University of Texas at Austin, College of Pharmacy. 
We thank Dr Karen Vasquez for critical scientific 
comments and reading the manuscript, and Miss Stephanie 
D. Cote for editing the manuscript.

CONFLICTS OF INTEREST

The authors disclose no potential conflicts of 
interest.

REFERENCES

1. Zharkov DO. Base excision DNA repair. Cell Mol Life Sci. 
2008;65:1544–65.

2. Hegde ML, Hazra TK, Mitra S. Early steps in the DNA 
base excision/single-strand interruption repair pathway in 
mammalian cells. Cell Res. 2008;18:27–47.

3. Almeida KH, Sobol RW. A unified view of base excision 
repair: lesion-dependent protein complexes regulated 
by post-translational modification. DNA Repair (Amst). 
2007;6:695–711.

4. Wallace SS. Biological consequences of free radical-
damaged DNA bases. Free Radic Biol Med. 2002;33:1–14.

5. Aspinwall R, Rothwell DG, Roldan-Arjona T, Anselmino C, 
Ward CJ, Cheadle JP, Sampson JR, Lindahl T, Harris PC, 
Hickson ID. Cloning and characterization of a functional 
human homolog of escherichia coli endonuclease III. Proc 
Natl Acad Sci U S A. 1997;94:109–14.

6. Ikeda S, Biswas T, Roy R, Izumi T, Boldogh I, Kurosky A, 
Sarker AH, Seki S, Mitra S. Purification and characterization 
of human NTH1, a homolog of escherichia coli endonuclease 
III. Direct identification of Lys-212 as the active nucleophilic 
residue. J Biol Chem. 1998;273:21585–93.

7. Zharkov DO, Rosenquist TA, Gerchman SE, Grollman 
AP. Substrate specificity and reaction mechanism of 
murine 8-oxoguanine-DNA glycosylase.  J Biol Chem. 
2000;275:28607–17.



Oncotarget112956www.impactjournals.com/oncotarget

8. Arai K, Morishita K, Shinmura K, Kohno T, Kim SR, 
Nohmi T, Taniwaki M, Ohwada S, Yokota J. Cloning of a 
human homolog of the yeast OGG1 gene that is involved 
in the repair of oxidative DNA damage. Oncogene. 
1997;14:2857–61.

9. Dou H, Theriot CA, Das A, Hegde ML, Matsumoto Y, 
Boldogh I, Hazra TK, Bhakat KK, Mitra S. Interaction of 
the human DNA glycosylase NEIL1 with proliferating cell 
nuclear antigen. The potential for replication-associated 
repair of oxidized bases in mammalian genomes. J Biol 
Chem. 2008;283:3130–40.

10. Hegde ML, Theriot CA, Das A, Hegde PM, Guo Z, Gary 
RK, Hazra TK, Shen B, Mitra S. Physical and functional 
interaction between human oxidized base-specific DNA 
glycosylase NEIL1 and flap endonuclease 1. J Biol Chem. 
2008;283:27028–37.

11. Banerjee D, Mandal SM, Das A, Hegde ML, Das S, Bhakat 
KK, Boldogh I, Sarkar PS, Mitra S, Hazra TK. Preferential 
repair of oxidized base damage in the transcribed genes of 
mammalian cells. J Biol Chem. 2011;286:6006–16.

12. Hazra TK, Kow YW, Hatahet Z, Imhoff B, Boldogh I, 
Mokkapati SK,  Mitra S, Izumi T. Identification and 
characterization of a novel human DNA glycosylase 
for repair of cytosine-derived lesions. J Biol Chem. 
2002;277:30417–20.

13. Liu M, Bandaru V, Bond JP, Jaruga P, Zhao X, Christov 
PP,  Burrows CJ, Rizzo CJ, Dizdaroglu M, Wallace SS. 
The mouse ortholog of NEIL3 is a functional DNA 
glycosylase in vitro and in vivo. Proc Natl Acad Sci U S A. 
2010;107:4925–30.

14. Hildrestrand GA, Neurauter CG, Diep DB, Castellanos CG, 
Krauss S, Bjoras M, Luna L. Expression patterns of NEIL3 
during embryonic brain development and neoplasia. BMC 
Neurosci. 2009;10:45.

15. Torisu K, Tsuchimoto D, Ohnishi Y, Nakabeppu Y. 
Hematopoietic tissue-specific expression of mouse 
Neil3 for endonuclease VIII-like protein. J Biochem. 
2005;138:763–72.

16. Neurauter CG, Luna L, Bjoras M. Release from quiescence 
stimulates the expression of human NEIL3 under the 
control of the Ras dependent ERK-MAP kinase pathway. 
DNA repair. 2012;11:401–9.

17. Kauffmann A, Rosselli F, Lazar V, Winnepenninckx V, 
Mansuet-Lupo A, Dessen P,  van den Oord JJ, Spatz A, Sarasin 
A. High expression of DNA repair pathways is associated with 
metastasis in melanoma patients. Oncogene. 2008;27:565–73.

18. Massaad MJ, Zhou J, Tsuchimoto D, Chou J, Jabara 
H, Janssen E, Glauzy S, Olson BG, Morbach H, 
Ohsumi TK, Schmitz K, Kyriacos M, Kane J, et al. 
Deficiency of base excision repair enzyme NEIL3 drives 
increased predisposition to autoimmunity. J Clin Invest. 
2016;126:4219–36.

19. Jacobs AL, Schar P. DNA glycosylases: in DNA repair and 
beyond. Chromosoma. 2012;121:1–20.

20. Bryant HE, Schultz N, Thomas HD, Parker KM, Flower 
D, Lopez E,  Kyle S, Meuth M, Curtin NJ, Helleday T. 
Specific killing of BRCA2-deficient tumours with inhibitors 
of poly(ADP-ribose) polymerase. Nature. 2005;434:913–7.

21. Dou H, Mitra S, Hazra TK. Repair of oxidized bases in 
DNA bubble structures by human DNA glycosylases NEIL1 
and NEIL2. J Biol Chem. 2003;278:49679–84.

22. Arlt MF, Ozdemir AC, Birkeland SR, Wilson TE, Glover 
TW. Hydroxyurea induces de novo copy number variants in 
human cells. Proc Natl Acad Sci U S A. 2011;108:17360–5.

23. Donahue SL, Lin Q, Cao S, Ruley HE. Carcinogens induce 
genome-wide loss of heterozygosity in normal stem cells 
without persistent chromosomal instability. Proc Natl Acad 
Sci U S A. 2006;103:11642–6.

24. Xu B, Sun Z, Liu Z, Guo H, Liu Q, Jiang H,  Zou Y, 
Gong Y, Tischfield JA, Shao C. Replication stress induces 
micronuclei comprising of aggregated DNA double-strand 
breaks. PLoS One. 2011;6:e18618.

25. Audeh MW, Carmichael J, Penson RT, Friedlander M, 
Powell B, Bell-McGuinn KM, Scott C, Weitzel JN, Oaknin 
A, Loman N, Lu K, Schmutzler RK, Matulonis U. Oral 
poly(ADP-ribose) polymerase inhibitor olaparib in patients 
with BRCA1 or BRCA2 mutations and recurrent ovarian 
cancer: a proof-of-concept trial. Lancet. 2010;376:245–51.

26. Tutt A, Robson M, Garber JE, Domchek SM, Audeh MW, 
Weitzel JN, Friedlander M, Arun B, Loman N, Schmutzler 
RK, Wardley A, Mitchell G, Earl H, et al. Oral poly(ADP-
ribose) polymerase inhibitor olaparib in patients with 
BRCA1 or BRCA2 mutations and advanced breast cancer: 
a proof-of-concept trial. Lancet. 2010;376:235–44.

27. Huehls AM, Wagner JM, Huntoon CJ, Karnitz LM. 
Identification of DNA repair pathways that affect the 
survival of ovarian cancer cells treated with a poly(ADP-
ribose) polymerase inhibitor in a novel drug combination. 
Mol Pharmacol. 2012;82:767–76.

28. Eklund H, Uhlin U, Farnegardh M, Logan DT, Nordlund P. 
Structure and function of the radical enzyme ribonucleotide 
reductase. Prog Biophys Mol Biol. 2001;77:177–268.

29. Petermann E, Orta ML, Issaeva N, Schultz N, Helleday T. 
Hydroxyurea-stalled replication forks become progressively 
inactivated and require two different RAD51-mediated 
pathways for restart and repair. Mol Cell. 2010;37:492–502.

30. Kidane D, Murphy DL, Sweasy JB. Accumulation of 
abasic sites induces genomic instability in normal human 
gastric epithelial cells during helicobacter pylori infection. 
Oncogenesis. 2014;3:e128.

31. Lossaint G, Larroque M, Ribeyre C, Bec N, Larroque C, 
Decaillet C, Gari K, Constantinou A. FANCD2 binds MCM 
proteins and controls replisome function upon activation of 
s phase checkpoint signaling. Mol Cell. 2013;51:678–90.

32. Sirbu BM, Couch FB, Feigerle JT, Bhaskara S, Hiebert 
SW, Cortez D. Analysis of protein dynamics at active, 
stalled, and collapsed replication forks. Genes Dev. 
2011;25:1320–7.



Oncotarget112957www.impactjournals.com/oncotarget

33. Yang YG, Cortes U, Patnaik S, Jasin M, Wang ZQ. Ablation 
of PARP-1 does not interfere with the repair of DNA 
double-strand breaks, but compromises the reactivation of 
stalled replication forks. Oncogene. 2004;23:3872–82.

34. Noel G, Godon C, Fernet M, Giocanti N, Megnin-Chanet 
F, Favaudon V. Radiosensitization by the poly(ADP-ribose) 
polymerase inhibitor 4-amino-1,8-naphthalimide is specific 
of the s phase of the cell cycle and involves arrest of DNA 
synthesis. Mol Cancer Ther. 2006;5:564–74.

35. Chou TC, Talalay P. Quantitative analysis of dose-effect 
relationships: the combined effects of multiple drugs or 
enzyme inhibitors. Adv Enzyme Regul. 1984;22:27–55.

36. Krokan HE, Standal R, Slupphaug G. DNA glycosylases 
in the base excision repair of DNA. Biochem J. 
1997;325:1–16.

37. Dalhus B, Laerdahl JK, Backe PH, Bjoras M. DNA base 
repair--recognition and initiation of catalysis. FEMS 
Microbiol Rev. 2009;33:1044–78.

38. Morland I, Rolseth V, Luna L, Rognes T, Bjoras M, 
Seeberg E. Human DNA glycosylases of the bacterial Fpg/
MutM superfamily: an alternative pathway for the repair 
of 8-oxoguanine and other oxidation products in DNA. 
Nucleic Acids Res. 2002;30:4926–36.

39. Hailer MK, Slade PG, Martin BD, Rosenquist TA, 
Sugden KD. Recognition of the oxidized lesions 
spiroiminodihydantoin and guanidinohydantoin in DNA by 
the mammalian base excision repair glycosylases NEIL1 
and NEIL2. DNA Repair (Amst). 2005;4:41–50.

40. Liu M, Doublie S, Wallace SS. Neil3, the final frontier for 
the DNA glycosylases that recognize oxidative damage. 
Mutat Res. 2013;743-744:4–11.

41. Wallace SS. DNA glycosylases search for and 
remove oxidized DNA bases. Environ Mol Mutagen. 
2013;54:691–704.

42. de Sousa JF, Torrieri R, Serafim RB, Di Cristofaro LF, 
Escanfella FD, Ribeiro R, Zanette DL, Paçó-Larson ML, da 
Silva WA Jr, Tirapelli DP, Neder L, Carlotti CG Jr, Valente 
V. Expression signatures of DNA repair genes correlate with 
survival prognosis of astrocytoma patients. Tumour Biol. 
2017;39:1010428317694552.

43. Mitra S, Izumi T, Boldogh I, Bhakat KK, Hill JW, Hazra TK. 
Choreography of oxidative damage repair in mammalian 
genomes. Free Radic Biol Med. 2002;33:15–28.

44. Bar-Joseph Z, Siegfried Z, Brandeis M, Brors B, Lu Y, Eils 
R, Dynlacht BD, Simon I. Genome-wide transcriptional 
analysis of the human cell cycle identifies genes 
differentially regulated in normal and cancer cells. Proc 
Natl Acad Sci U S A. 2008;105:955–60.

45. Whitfield ML, Sherlock G, Saldanha AJ, Murray JI, Ball 
CA, Alexander KE, Matese JC, Perou CM, Hurt MM, 
Brown PO, Botstein D. Identification of genes periodically 
expressed in the human cell cycle and their expression in 
tumors. Mol Biol Cell. 2002;13:1977–2000.

46. Cortez D. Preventing replication fork collapse to maintain 
genome integrity. DNA Repair (Amst). 2015;32:149–57.

47. Hayashi MT, Masukata H. Regulation of DNA replication 
by chromatin structures: accessibility and recruitment. 
Chromosoma. 2011;120:39–46.

48. Bertoncini CR, Meneghini R. DNA strand breaks 
produced by oxidative stress in mammalian cells 
exhibit 3′-phosphoglycolate termini. Nucleic Acids Res. 
1995;23:2995–3002.

49. Fridlich R, Annamalai D, Roy R, Bernheim G, Powell 
SN. BRCA1 and BRCA2 protect against oxidative DNA 
damage converted into double-strand breaks during DNA 
replication. DNA Repair (Amst). 2015;30:11–20.

50. Sage E, Harrison L. Clustered DNA lesion repair in 
eukaryotes: relevance to mutagenesis and cell survival. 
Mutat Res. 2011;711:123–33.

51. Sejersted Y, Hildrestrand GA, Kunke D, Rolseth V, 
Krokeide SZ, Neurauter CG, Suganthan R, Atneosen-Åsegg 
M, Fleming AM, Saugstad OD, Burrows CJ, Luna L, Bjørås 
M. Endonuclease VIII-like 3 (Neil3) Dna glycosylase 
promotes neurogenesis induced by hypoxia-ischemia. Proc 
Natl Acad Sci U S A. 2011;108:18802–7.

52. Henderson PT, Delaney JC, Muller JG, Neeley WL, 
Tannenbaum SR, Burrows CJ, Essigmann JM. The 
hydantoin lesions formed from oxidation of 7,8-dihydro-8-
oxoguanine are potent sources of replication errors in vivo. 
Biochemistry. 2003;42:9257–62.

53. Branzei D, Foiani M. Maintaining genome stability at the 
replication fork. Nat Rev Mol Cell Biol. 2010;11:208–19.

54. Montaner B, O’Donovan P, Reelfs O, Perrett CM, Zhang X, 
Xu YZ, Ren X, Macpherson P, Frith D, Karran P. Reactive 
oxygen-mediated damage to a human DNA replication and 
repair protein. EMBO Rep. 2007;8:1074–9.

55. Lebedeva NA, Rechkunova NI, Agama K, Pommier Y, 
Lavrik OI. Interaction of DNA topoisomerase 1 with 
DNA intermediates and proteins of base excision repair. 
Biochemistry (Mosc). 2009;74:1278–84.

56. Ribeyre C, Zellweger R, Chauvin M, Bec N, Larroque C, 
Lopes M, Constantinou A. Nascent DNA proteomics reveals 
a chromatin remodeler required for topoisomerase I loading 
at replication forks. Cell Rep. 2016;15:300–9.

57. Pommier Y. Drugging topoisomerases: lessons and 
challenges. ACS Chem Biol. 2013;8:82–95.

58. Higuchi K, Katayama T, Iwai S, Hidaka M, Horiuchi T, 
Maki H. Fate of DNA replication fork encountering a single 
DNA lesion during oriC plasmid DNA replication in vitro. 
Genes Cell. 2003;8:437–49.

59. Shibutani S, Takeshita M, Grollman AP. Translesional 
synthesis on DNA templates containing a single abasic 
site. A mechanistic study of the “A rule”. J Biol Chem. 
1997;272:13916–22.

60. Prado F, Maya D. Regulation of replication fork advance 
and stability by nucleosome assembly. Genes (Basel). 2017.



Oncotarget112958www.impactjournals.com/oncotarget

61. Hegde ML, Hegde PM, Bellot LJ, Mandal SM, Hazra TK, 
Li GM, Boldogh I, Tomkinson AE, Mitra S. Prereplicative 
repair of oxidized bases in the human genome is mediated 
by NEIL1 DNA glycosylase together with replication 
proteins. Proc Natl Acad Sci U S A. 2013;110:E3090–9.

62. Bekker-Jensen S, Lukas C, Kitagawa R, Melander F, 
Kastan MB, Bartek J, Lukas J. Spatial organization of the 
mammalian genome surveillance machinery in response to 
DNA strand breaks. J Cell Biol. 2006;173:195–206.

63. Oakley GG, Patrick SM. Replication protein A: directing 
traffic at the intersection of replication and repair. Front 
Biosci (Landmark Ed). 2010;15:883–900.

64. Raderschall E, Golub EI, Haaf T. Nuclear foci of 
mammalian recombination proteins are located at single-
stranded DNA regions formed after DNA damage. Proc Natl 
Acad Sci U S A. 1999;96:1921–6.

65. Vassin VM, Anantha RW, Sokolova E, Kanner S, Borowiec 
JA. Human RPA phosphorylation by ATR stimulates DNA 
synthesis and prevents ssDNA accumulation during DNA-
replication stress. J Cell Sci. 2009;122:4070–80.

66. Nam EA, Cortez D. ATR signalling: more than meeting at 
the fork. Biochem J. 2011;436:527–36.

67. Toledo LI, Altmeyer M, Rask MB, Lukas C, Larsen DH, 
Povlsen LK, Bekker-Jensen S, Mailand N, Bartek J, Lukas 
J. ATR prohibits replication catastrophe by preventing 
global exhaustion of RPA. Cell. 2013;155:1088–103.

68. Cimprich KA, Cortez D. ATR: an essential regulator of 
genome integrity. Nat Rev Mol Cell Biol. 2008;9:616–27.

69. Cortez D, Guntuku S, Qin J, Elledge SJ. ATR and ATRIP: 
partners in checkpoint signaling. Science. 2001;294:1713–6.

70. Couch FB, Bansbach CE, Driscoll R, Luzwick JW, Glick 
GG, Betous R, Carroll CM, Jung SY, Qin J, Cimprich KA, 
Cortez D. ATR phosphorylates SMARCAL1 to prevent 
replication fork collapse. Genes Dev. 2013;27:1610–23.

71. Zeman MK, Cimprich KA. Causes and consequences of 
replication stress. Nat Cell Biol. 2014;16:2–9.

72. Ward IM, Chen J. Histone H2AX is phosphorylated in an 
ATR-dependent manner in response to replicational stress. 
J Biol Chem. 2001;276:47759–62.

73. Trenz K, Smith E, Smith S, Costanzo V. ATM and ATR 
promote Mre11 dependent restart of collapsed replication 
forks and prevent accumulation of DNA breaks. EMBO J. 
2006;25:1764–74.

74. Friedel AM, Pike BL, Gasser SM. ATR/MEC1: 
coordinating fork stability and repair. Curr Opin Cell Biol. 
2009;21:237–44.

75. Gonzalez-Prieto R, Munoz-Cabello AM, Cabello-Lobato 
MJ, Prado F. Rad51 replication fork recruitment is required 
for DNA damage tolerance. EMBO J. 2013;32:1307–21.

76. Zellweger R, Dalcher D, Mutreja K, Berti M, Schmid 
JA, Herrador R,  Vindigni A, Lopes M. Rad51-mediated 
replication fork reversal is a global response to genotoxic 
treatments in human cells. J Cell Biol. 2015;208:563–79.

77. Ray Chaudhuri A, Hashimoto Y, Herrador R, Neelsen 
KJ, Fachinetti D, Bermejo R, Cocito A, Costanzo V, 
Lopes M. Topoisomerase i poisoning results in PARP-
mediated replication fork reversal. Nat Struct Mol Biol. 
2012;19:417–23.

78. Seiler JA, Conti C, Syed A, Aladjem MI, Pommier Y. The 
intra-s-phase checkpoint affects both DNA replication 
initiation and elongation: single-cell and -DNA fiber 
analyses. Mol Cell Biol. 2007;27:5806–18.

79. Sugiyama T, Zaitseva EM, Kowalczykowski SC. A single-
stranded DNA-binding protein is needed for efficient 
presynaptic complex formation by the saccharomyces 
cerevisiae Rad51 protein. J Biol Chem. 1997;272:7940–5.

80. Sung P. Yeast Rad55 and Rad57 proteins form a heterodimer 
that functions with replication protein A to promote DNA 
strand exchange by Rad51 recombinase. Genes Dev. 
1997;11:1111–21.

81. Iftode C, Daniely Y, Borowiec JA. Replication protein A 
(RPA): the eukaryotic SSB. Crit Rev Biochem Mol Biol. 
1999;34:141–80.

82. Krejci L, Chen L, Van Komen S, Sung P, Tomkinson A. 
Mending the break: two DNA double-strand break repair 
machines in eukaryotes. Prog Nucleic Acid Res Mol Biol. 
2003;74:159–201.

83. Kang MA, So EY, Simons AL, Spitz DR, Ouchi T. DNA 
damage induces reactive oxygen species generation 
through the H2AX-Nox1/Rac1 pathway. Cell Death Dis. 
2012;3:e249.

84. Kedar PS, Stefanick DF, Horton JK, Wilson SH. Interaction 
between PARP-1 and ATR in mouse fibroblasts is blocked 
by PARP inhibition. DNA Repair (Amst). 2008;7:1787–98.

85. Gadhikar MA, Sciuto MR, Alves MV, Pickering CR, Osman 
AA, Neskey DM, Zhao M, Fitzgerald AL, Myers JN, 
Frederick MJ. Chk1/2 inhibition overcomes the cisplatin 
resistance of head and neck cancer cells secondary to the 
loss of functional p53. Mol Cancer Ther. 2013;12:1860–73.

86. Sangster-Guity N, Conrad BH, Papadopoulos N, Bunz 
F. ATR mediates cisplatin resistance in a p53 genotype-
specific manner. Oncogene. 2011;30:2526–33.

87. Middleton FK, Patterson MJ, Elstob CJ, Fordham S, 
Herriott A, Wade MA, McCormick A, Edmondson R, 
May FE, Allan JM, Pollard JR, Curtin NJ. Common 
cancer-associated imbalances in the DNA damage 
response confer sensitivity to single agent ATR inhibition. 
Oncotarget. 2015;6:32396–409. https://doi.org/10.18632/
oncotarget.6136.

88. Henry-Mowatt J, Jackson D, Masson JY, Johnson PA, 
Clements PM, Benson FE, Thompson LH, Takeda S, West 
SC, Caldecott KW. XRCC3 and Rad51 modulate replication 
fork progression on damaged vertebrate chromosomes. Mol 
Cell. 2003;11:1109–17.


