
UC Berkeley
UC Berkeley Previously Published Works

Title
Increased risk of lung cancer associated with a functionally impaired polymorphic variant of 
the human DNA glycosylase NEIL2

Permalink
https://escholarship.org/uc/item/66x403vs

Journal
DNA Repair, 11(6)

Author
Sarker, Altaf

Publication Date
2012-06-01

DOI
0.1016/j.dnarep.2012.03.005

Data Availability
The data associated with this publication are available at: 
https://pubmed.ncbi.nlm.nih.gov/22497777/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/66x403vs
https://pubmed.ncbi.nlm.nih.gov/22497777/
https://escholarship.org
http://www.cdlib.org/


Increased Risk of Lung Cancer Associated with a Functionally
Impaired Polymorphic Variant of the Human DNA Glycosylase
NEIL2

Sanjib Dey1,+, Amit K Maiti1,+,¶, Muralidhar L Hegde2, Pavana M Hegde2, Istvan Boldogh3,
Partha S Sarkar4, Sherif Z Abdel-Rahman5, Altaf H. Sarker6, Bo Hang6, Jingwu Xie7, Alan E
Tomkinson8, Mian Zhou9, Binghui Shen9, Guanghai Wang10, Chen Wu10, Dianke Yu10,
Dongxin Lin10, Victor Cardenas1, and Tapas K Hazra1,2,*

1Department of Internal Medicine, University of Texas Medical Branch, Galveston, TX
2Department of Biochemistry & Molecular Biology, University of Texas Medical Branch,
Galveston, TX
3Department of Microbiology and Immunology, University of Texas Medical Branch, Galveston,
TX
4Department of Neurology and Neuroscience and Cell Biology, University of Texas Medical
Branch, Galveston, TX
5Department of Obstetrics and Gynecology, University of Texas Medical Branch, Galveston, TX
6Lawrence Berkeley National Laboratory, Berkeley, CA
7Department of Pediatrics, Indiana University-Purdue University, Indianapolis, IN
8Department of Internal Medicine and University of New Mexico Cancer Center, Albuquerque, NM
9Department of Cancer Biology, City of Hope, Duarte, CA
10State Key Laboratory of Molecular Oncology, Cancer Institute, Chinese Academy of Medical
Sciences, Beijing, China

Abstract
Human NEIL2, one of five oxidized base-specific DNA glycosylases, is unique in preferentially
repairing oxidative damage in transcribed genes. Here we show that depletion of NEIL2 causes a
6- to 7-fold increase in spontaneous mutation frequency in the HPRT gene of the V79 Chinese
hamster lung cell line. This prompted us to screen for NEIL2 variants in lung cancer patients’
genomic DNA. We identified several polymorphic variants, among which R103Q and R257L
were frequently observed in lung cancer patients. We then characterized these variants
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biochemically, and observed a modest decrease in DNA glycosylase activity relative to the wild
type (WT) only with the R257L mutant protein. However, in reconstituted repair assays containing
WT NEIL2 or its R257L and R103Q variants together with other DNA base excision repair (BER)
proteins (PNKP, Polβ, Lig IIIα and XRCC1) or using NEIL2-FLAG immunocomplexes, an ~ 5-
fold decrease in repair was observed with the R257L variant compared to WT or R103Q NEIL2,
apparently due to the R257L mutant’s lower affinity for other repair proteins, particularly Polβ.
Notably, increased endogenous DNA damage was observed in NEIL2 variant (R257L)-expressing
cells relative to WT cells. Taken together, our results suggest that the decreased DNA repair
capacity of the R257L variant can induce mutations that lead to lung cancer development.

1. INTRODUCTION
Lung cancer is the leading cause of cancer-related death in both men and women, claiming
~1.4 million lives globally (WHO) and 157,300 in the United States in 2010 [1]. In most
cases, tumors are detected at advanced stages, and the overall 5-year survival rate is only 15
percent. Lung cancer is broadly classified as either non-small-cell (NSCLC) or small-cell
carcinoma (SCLC) [2], [3]. NSCLC, which constitutes ~80% of all cases, grows more
slowly; SCLC grows quickly and is always caused by smoking. NSCLC has 3 subtypes:
adeno, squamous cell and large-cell carcinoma. Lung cancer is primarily an environmental
disease, with cigarette smoke being the primary cause. Cigarette smoke contains thousands
of chemicals, many of which are known carcinogens. Exposure to radon gas is another
major cause of lung cancer. Radon is an alpha particle emitter; when inhaled, their decay
will target cells in the respiratory epithelium, causing damage to their genetic material [4, 5].
One of the very early steps in carcinogenesis due to exposure to these hazards is the
generation of reactive oxygen species (ROS). ROS-induced mutations are a known
prerequisite for many diseases, particularly cancer [6-8].

ROS-induced oxidation of DNA is complex, leading to single-strand breaks (SSBs) and a
multitude of modifications to DNA bases, many of which are highly mutagenic and/or toxic
[9, 10]. Oxidized base lesions in DNA are repaired via a highly conserved multistep process,
the base excision repair (BER) pathway that is initiated by excision of the damaged base by
a member of a class of enzymes called DNA glycosylases [11-13]. Five oxidized base-
specific DNA glycosylases have been identified and characterized so far in human cells. 8-
oxoguanine-DNA glycosylase (OGG1) and endonuclease III homolog 1 (NTH1) were
characterized initially and shown to preferentially excise oxidized purines and pyrimidines,
respectively [14, 15]. Several years later we and others identified NEIL (Nei-like) 1-3,
whose products share conserved motifs with E. coli MutM or Nei [16-20] and excise both
purine and pyrimidines oxidation products. The NEILs are distinct from NTH1 and OGG1
both in their structural features and reaction mechanisms [16, 17]. Upon recognition of an
oxidized base, the N-glycosylic bond is cleaved by a DNA glycosylase, releasing the free
base, followed by cleavage of the phosphodiester backbone by an associated AP lyase
activity, which leaves a blocked 3’-terminus in the resulting nick [21, 22]. The block is
removed by the 3′ end-cleaning activity of either AP endonuclease or polynucleotide kinase
3′ phosphatase (PNKP) [23-25]. We have shown that OGG1/NTH1-initiated repair is
dependent on APE1, whereas NEIL1- and -2-mediated repair involves PNKP [25, 26]. The
resulting gap in the lesion-containing strand is then filled in by DNA polymerase. Finally,
the remaining nick in the repaired strand is sealed by DNA ligase [13, 27].

Unlike OGG1 and NTH1, which are active only with duplex DNA, NEIL1 and NEIL2
excise lesions from DNA bubble structures or single-stranded (ss) DNA [28], which are
generated transiently during DNA replication and transcription. Our recent studies have
indicated that NEIL1 is primarily involved in the repair of replicating genomes [29, 30], and
that NEIL2 primarily removes the oxidized bases from transcribing genes via transcription-
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coupled BER (TC-BER)[31]. This repair pathway is particularly important in terminally
differentiated non-dividing cells, the majority of cells in adult mammals. In these cells,
mutation fixation by replication is not a concern, so only repair of the transcribed strand in
functional genes is necessary to maintain a functional transcriptome and to prevent the
synthesis of mutant RNAs and proteins [32, 33].

We thus reasoned that a deficiency in NEIL2-dependent repair pathways would have
severely deleterious consequences. Based on this hypothesis, we examined the consequences
of NEIL2 depletion in the V79 Chinese hamster lung cell line and observed a significant
increase in spontaneous mutation frequency in those cells, implicating NEIL2 in preventing
mutations linked to carcinogenesis. This observation prompted us to screen for NEIL2
genetic variations in the genomic DNA from lung cancer patients. We identified two such
variants that were common in lung cancer patients. One of these variants had reduced
association with NEIL2’s interacting partners for BER, resulting in inefficient repair of
oxidized bases and accumulation of endogenous genomic damage. Based on these results we
propose that persistent genomic damage due to functional deficiency of this NEIL2 variant
could contribute to lung carcinogenesis.

2. MATERIALS AND METHODS
2.1 Study subjects

For our initial study (Table 1), we obtained genomic DNA from 20 lung cancer patients
(European-American) from The Human Tumor Bank Core at UTMB. We then received
additional samples of 99 European-American and 52 Chinese-American lung cancer patients
from the City of Hope (CA). Control genomic DNA from 200 healthy individuals
(European-American) was purchased from Sigma.

For studies involving the Chinese population (Tables 2-4 and Supplementary Table 1), the
case-control study consisted of 670 patients with lung cancer and 666 population controls.
All subjects were ethnic Han Chinese living in Beijing and the surrounding regions. Patients
were recruited from January 2005 to January 2007 at the Cancer Hospital, Chinese Academy
of Medical Sciences (Beijing, China). The response rate of patients was 100%. Control
subjects were cancer-free individuals living in the same region as the cancer patients, with a
96% response rate. The cases and controls were frequency-matched by sex and age.

2.2 Genotyping
For genotyping of samples available from UTMB and the City of Hope, all four NEIL2
exons were PCR-amplified and sequenced in UTMB’s core facilities. Electropherograms
were aligned with STADEN software to identify the mutations. However, for the Chinese
population genomic DNA was extracted from blood samples. The classical PCR-based
RFLP method was used to genotype (rs8191664) the R257L variant. The forward and
reverse primers for PCR were 5’-CCCCGCTTTATTTCAAGGAACATCATT-3’ and 5’-
CACCACGTGATCCACTAGGACCTGC-3’, respectively, yielding a product of 123bp. A
10 μl reaction mixture was used comprising 100 ng DNA, 0.2 μM each primer, 0.3 mM
each deoxynucleotide triphosphate, 2.0 mM MgCl2, and 0.5 units of Taq DNApolymerase
with 1.0 μl 1×Reaction Buffer (TAKARA). The PCR was performed beginning with an
initial melting step of 5 min at 94°C, followed by 35 cycles of 30 s at 94°C, 30 s at 57°C,
and 30 s at 72°C, and a final elongation step of 7 min at 72°C. The PCR product was then
digested with the restriction enzyme PstI (MBI). Genotype TT was completely digested into
two fragments as 22bp and 101bp respectively.
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2.3 Statistical analysis
We used the χ2 test to examine differences in demographic variables, smoking, and
distribution of genotypes between case and control groups. The associations between the
genotype and risk of lung cancer were estimated by calculating odds ratios (ORs) and 95%
confidence intervals (CIs) with unconditional logistic regression models. The ORs were
adjusted for age, sex, and smoking status. The number of pack-years was used to represent
the cumulative cigarette dose level (pack-years = cigarettes per day/20 × years of smoking).
The multiplicative gene-smoking joint effect was tested. Stratification analysis in terms of
the histological types of lung cancer was also performed. All analyses were done with
Statistical Analysis System software (version 9.0; SAS Institute, Cary, NC.)

2.4 DNA damage estimation by long amplicon quantitative PCR (LA-QPCR)
Human lung epithelial BEAS-2B (purchased from ATCC) and HEK293 (human embryonic
kidney) cells stably expressing WT NEIL2-FLAG or its R257L variant-FLAG were
generated as described previously [31, 34] and maintained in DMEM/F12 (1:1) and DMEM
media, respectively. The cells were harvested for genomic DNA extraction using the
QIAGEN Genomic-tip 20/G kit (Qiagen) per the manufacturer’s directions. This kit is
particularly useful, as it minimizes DNA oxidation during the isolation step and has been
previously used for LA-QPCR assays [35, 36]. After quantitation by Pico Green (Molecular
Probes) in a 96-well plate, the genomic DNA was digested with the E. coli enzymes Fpg and
Nei to induce strand breaks at the sites of unrepaired oxidized base lesion sites. Gene-
specific LA-QPCR assays for measuring DNA damage were performed as described earlier
[35] using LongAmp Taq DNA Polymerase (New England BioLabs) to amplify a 10.4 kb
region of the HPRT or 12.2 kb of the POLB gene in human genomic DNA using the
following primers: 5′-TGG GAT TAC ACG TGT GAA CCA ACC-3′ and 5′-GCT CTA
CCC TCT CCT CTA CCG TCC-3′ for HPRT and 5′-CAT GTC ACC ACT GGA CTC
TGA AC-3′ and 5′-CCT GGA GTA GGA ACA AA ATT GCT-3′ for POLB [35].
Preliminary assays were carried out to ensure the linearity of PCR amplification with respect
to the number of cycles and DNA concentration. Since amplification of a small region
would be independent of DNA damage, a small DNA fragment for each gene (HPRT and
POLB) was also amplified for normalization of amplification of large fragments using the
following primers: 5′-TGC TCG AGATGT GAT GAA GG-3′ and 5′-CTG CAT TGT TTT
GCC AGT GT-3′ for HPRT and 5′-AGT GGG CTG GAT GTA ACCTG-3′ and 5′-CCA
GTA GAT GTG CTG CCA GA-3′ for POLB. The amplified products were then visualized
on gels and quantitated with UN-SCAN-IT gel (Version 6.1) automated digitizing system.

2.5 Mutation analysis at the hprt Locus in V79 Cells
The ability of 6-thioguanine (6-TG)-resistant (TGR) cells to synthesize DNA in the presence
of 6-TG is a reliable measure of hprt mutation. For mutant frequency analysis, the sense or
antisense oligo-treated cells are washed three times with PBS, subcultured into 100-mm
dishes (5×105 cells/dish) in growth medium containing 6-TG (7 μg/ml) to identify
presumptive mutants, or in nonselective medium to determine the plating efficiency.
Colonies of 6-TG-resistant cells after growth for 6 to 8 days are fixed in 3.7% formalin, and
stained with 0.1% crystal violet. The hprt mutant frequency is calculated from the number of
6-TG-resistant colonies relative to the total colonies in non-selecting medium [37, 38].

3. RESULTS
3.1 Enhanced endogenous mutation frequency in NEIL2-deficient cells

To test the role of NEIL2 in preventing endogenous mutations, we examined the
consequences of NEIL2 deficiency on the HPRT locus in Chinese hamster V79 lung cells.
These cells are hemizygous for the HPRT gene, permitting a screen for resistance to 6-
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thioguanine (6-TG) resulting from mutation of the HPRT gene [39]. To decrease the NEIL2
level specifically, the cells were treated with antisense DNA (to NEIL2 mRNA) or control
DNA (Fig 1A; see also Supplementary Methods). The cells were then treated with 6-TG and
the mutation frequencies were calculated from the number of 6-TG-resistant colonies
relative to the number of cells seeded, after correcting for the plating efficiency without the
selective agent [38]. Fig 1B shows that NEIL2 depletion induced an ~6-fold increase in
mutation frequency in cultured cells, suggesting a critical role for NEIL2 in maintaining
genomic integrity, consistent with its function in TC-BER of endogenous oxidatively
damaged bases [31].

3.2 Identification of nonsynonymous SNPs in lung cancer patients
The NEIL2 gene, which is located on chromosome 8 at 8p23.1, is comprised of 4 coding
exons. Sequencing of the PCR-amplified products of the 4 exons from genomic DNA
isolated from 171 lung cancer patients (119 European-American and 52 Chinese-American)
and 200 healthy controls (European-American) enabled us to identify various
nonsynonymous polymorphisms in the coding regions of NEIL2 gene (Table 1). Of these,
R103Q, R257L and P123T are present in the dbSNP databases; however, H12L and E77K
have not been reported thus far. Using information from several other databases (such as
dbSNPs), the ethnic population-based Minor Allele Frequency (MAF) of these
nonsynonymous SNPs (Table 1) indicated that all these SNPs are rare (MAF <0.01) in the
majority of ethnic groups, except R103Q and R257L, which have a higher MAF (>0.25) in
the Chinese population. We further assessed the inheritance of these 2 SNPs in the Chinese
population, using data retrieved from the 1000 Genomes Project
(http://www.1000genomes.org/). The physical distance between rs8191613 (R103Q) and
rs8191664 (R257L) is 6218bp. Haplotype analysis suggested that these 2 SNPs are tightly
linked (r2>0.95 for rs8191613 and rs8191664) and inherited together in the Chinese
population (Fig S1).

3.3 Poor BER activity of R257L is due to its lack of association with downstream repair
proteins

Since we could not detect any major functional (biochemical) difference in the activity of
H12L, E77K and P123T (data not shown), we focused on the other 2 variants (R103Q and
R257L) for further studies. For biochemical characterization of the variants, we purfied the
recombinant proteins (Fig S2, Supplementary Methods) and examined their DNA
glycosylase and total repair activity. R257L showed a modest decrease (~1.5- fold) in DNA
glycosylase activity vs. that of WT NEIL2 (Fig 2A, lane 2 vs. 3), while R103Q (lane 4)
showed no change in activity. To further examine R257L’s role, we also tested total BER by
the variants. Repair was monitored by analyzing the incorporation of α32P-dCMP into a
duplex oligo (51-mer) containing a single AP-site. We have shown previously that NEIL2
has poor DNA glycosylase activity with duplex DNA containing oxidized lesions (e.g., 5-
OHU) [28]; however, AP site-containing duplex DNA is an excellent substrate for NEIL2,
which is the reason for using an AP site-containing oligo in our complete BER assay. We
found that the repair involving WT and R103Q (Fig 2B, lanes 2 and 4) was comparable, but
that with R257L (lane 3) was markedly decreased (by ~5-fold). This large difference in total
BER cannot be explained based on the modest (~1.5-fold) decrease in the DNA glycosylase
activity of R257L (Fig 2A). We then generated human HEK293 cells stably expressing C-
terminally FLAG-tagged, enzymatically active WT or R257L NEIL2 with comparable
expression levels. We have previously shown that a NEIL2-FLAG immunocomplex (IC) is
repair-proficient [31]. We therefore isolated ICs from the nuclear extracts of WT and
R257L; the FLAG-complexes were eluted using FLAG peptides and tested for complete
BER. For repair assays, total protein (0.5μg) and the level of FLAG in the WT vs. R257L IC
were adjusted to contain equal amounts. Fig 2C shows that the WT NEIL2-FLAG complex
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was repair-proficient (lane 1), but R257L-FLAG was not (lane 2). However, when the latter
complex was supplemented with PNKP, Polβ, Lig IIIα and XRCC1 (lane 3, necessary for
repair completion), total repair was comparable to that of WT (lane 1 vs. 3).

To further examine the cause of decreased repair activity with the R257L variant, we
analyzed its IC for the presence of NEIL2-associated proteins by Western blotting, and
found that Lig IIIα, PNKP and Polβ are indeed all present in lower amounts than in the WT
complex (Fig 3A). We have shown previously that NEIL2 associates with RNAP II and is
involved in TC-BER [31], so we also tested the association of RNAP II with the variant. Fig
3A shows that the association of RNAP II with both WT and variant NEIL2 was similar. To
further confirm the association of those proteins with WT or variant NEIL2, we used an in
situ proximity ligation assay (PLA) in which the close physical association of two proteins is
visualized by a fluorescent signal. This is a new approach to study interaction of endogenous
proteins [40, 41]. We used the Duolink kit per the manufacturer’s protocol (Olink
Bioscience, Uppsala, Sweden), and found that WT NEIL2 associated closely with RNAP II,
Polβ, PNKP and Lig IIIα. However, while the association of the variant with RNAP II was
comparable to that of WT, it was decreased with Lig IIIα and PNKP, and more significantly
with Polβ (Fig 3B). As a control we have also tested the interaction between WT or variant
NEIL2 (mouse) with IgG (rabbit); no fluorescent signal was observed. We have shown
previously that the NEIL2 IC isolated from cell extract is proficient in repair, and all the
necessary proteins for repair completion, including PNKP, are present in the complex [26,
31]. PLA thus both confirmed those previous data and was also consistent with the IP results
in Fig 3A. Taken together, these data clearly indicate that R257L-mediated repair is mostly
decreased due to a lack of association with other downstream BER proteins.

3.4 The association between individual polymorphisms and lung cancer risk
Because R257L showed a significant functional impairement and had a higher MAF for the
Chinese population, we further analyzed ~670 cancer samples and an equal number of
matched controls to confirm an association of R257L with lung cancer in the Chinese
population, and found that R257L was indeed more frequent in lung cancer patients. The
characteristics of case and control subjects are summarized in Table 2, showing that the two
groups were frequency-matched by sex and age. The difference between patients and
controls in terms of smoking status and smoking levels is statistically significant. The
genotyping results (Table 3) show that the percentages of the three genotypes in the cancer
group were 64.33 (GG, homozygous WT), 32.39 (GT, heterozygous) and 3.28 (TT,
homozygous R257L), respectively, compared with 69.22 (GG), 26.73 (GT) and 4.05 (TT) in
the control group. The result in the control group was confirmed by the Hardy–Weinberg
equilibrium (Phwe>.05). The unconditional logistic regression model was used to estimate
the association between genotypes and risk of lung cancer (Table 3). It was observed that the
OR of the rs8191664 GT genotype in lung cancer was 1.33 (95% CI: 1.03-1.71) compared
with the GG genotype. However the OR of rs8191664 TT genotype compared with GG
genotype did not suggest it as a risk factor, perhaps due to a limited statistical power because
of the relatively low frequency of the TT genotype. Stratification analysis showed that
genotype GT was a risk factor compared with genotype GG for lung squamous-cell
carcinoma, but not for adenocarcinoma or small-cell carcinoma (Table 4). A joint effect of
genotype and smoking was not observed (Supplementary Table 1). The unusually high
percentage of non-smokers having lung cancer may be due to their exposure to second-hand
smoke which has an established linkage with lung cancer. It has been reported that living
with a smoker increases a nonsmoker’s chances of developing lung cancer by 20 to 30
percent [42]; these data come from Americans, while a majority of our subjects are from
China, where the percentage of smokers is much higher than in the U.S. Also, lung cancer in
non-smokers could result from exposure to other environmental carcinogens or pollutants,
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whose levels are again higher in the Beijing and surrounding areas than in most parts of the
U.S.

3.5 The R257L variant accumulates a higher amount of endogenous oxidative DNA
damage in the transcribed genes

To examine whether the decreased repair capacity of the variant affects the accumulation of
oxidative base damage, we depleted endogenous NEIL2 (by ~70%) using 3′-UTR-specific
siRNA (Fig 4A) in both BEAS-2B and HEK293 cells. The cellular DNA was then isolated,
and the DNA samples were treated with E. coli Fpg/Nei before PCR to excise oxidized
bases and generate SSBs after excision of the damaged bases, preventing PCR amplification.
The levels of base damage in the HPRT and POLB genes in WT- vs. R257L-expressing
cells were compared using long amplicon quantitative PCR (LA-QPCR). We selected these
genes because the LA-QPCR conditions for amplification of a long region (~10-12kb) with
the proper set of primers had already been well standarized by Van Houten’s group [35]. A
decrease in the PCR product will reflect a higher DNA damage level, and we indeed
consistently found accumulation of a higher level of oxidative DNA damage in the genomic
DNA of the R257L variant-expressing cells than in DNA of the WT-expressing cells (Fig
4B) when a long region (~10-12 kb) was amplified. However, amplification of a smaller
fragment for each gene was similar between the samples, because the probability of damage
in a small fragment is low. Hence, the relative PCR amplification after normalization to the
small fragment for each gene was found to be significantly lower in both cell lines (HEK
293 and BEAS-2B) expressing the variant. These data thus indicated that the variant
accumulated a higher amount of endogenous genome damage, further supporting our
previous data.

4. DISCUSSION
Although the etiological basis of lung cancer is not fully understood, genetic predisposition
and environmental factors are thought to play critical roles. Lung cancer is primarily viewed
as an environmental disease, with cigarette smoke being the primary cause. However,
~15-20% of lung cancer cases worldwide are not attributable to tobacco use [43] which
suggests that individuals might differ in their susceptibility to environmental risk factors.
Genetic variations, including single nucleotide polymorphisms, have the potential to exert
profound effects on gene function and/or expression and consequent phenotypes in the
human population. One of the strategies to prevent lung cancer should be to screen and
identify “at risk” individuals and encourage them to change their lifestyles and enter
enhanced clinical surveillance and care. Many studies showed the association of
polymorphic variants of various genes with lung cancer; in addition, associations of
mutations in DNA repair genes with specific cancers are now being discovered [44, 45].
Several variants (R103Q, R103W, P123T and R257L) in NEIL2 gene have been identified
in colorectal cancer [46], suggesting that they are risk factors for colon cancer. A SNP in the
5′ regulatory region of the NEIL2 gene has also been shown to be associated with oral
cancer [47]. However, the functional properties of those modifications were not
investigated.

Here we initially identified two polymorphic variants of NEIL2 (R103Q and R257L) that
occur more frequently in lung cancer patients (European-American) than normal individuals
(Table 1). We characterized these variants biochemically in vitro and in cells, and found that
significantly less repair is initiated by the R257L variant (~5- to 6-fold) than by WT NEIL2
or R103Q. We then extended our studies further with the Han Chinese population, and
found that the R257L variant is indeed more frequent in lung cancer patients in that
population group as well (Tables 2-4). The poor repair activity of R257L can be attributed to
lower association of the variant with downstream BER proteins. This caused accumulation
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of higher level of endogenous genomic damage in R257L-expressing cells than in those
expressing WT NEIL2. Thus NEIL2’s genetic alterations may influence the level of
persistent genomic damage, which is an early and critical event in inducing mutations in
tumor suppressor and/or oncogenes, leading to oncogenesis. How changing a single amino
acid in this NEIL2 variant affects its interactions with other BER proteins is an enigma.
Solving the crystal structures of both the WT and variant NEIL2 will help our understanding
of the molecular mechanism of the protein’s DNA damage recognition, and its interaction
with other proteins.

Most of the coding nonsynonymous SNPs of NEIL2 reported here are rare in the the normal
populations of major ethnic groups. However, R103Q and R257L showed higher levels even
in the normal Chinese population. Hence, the strong association of the R257L variant with
Chinese lung cancer patients clearly indicates that heterozygous G/T is a significant risk
factor for lung cancer. Moreover, stratification analysis using logistic regression suggests
that G/T is more significantly associated with squamous cell carcinoma (OR 1.50) and other
histological lung carcinomas (OR 2.11) than with adenocarcinoma and non- small-cell
carcinoma. Thus R257L may be a risk factor for certain histologically different types of lung
cancer in the Chinese population, where occurrence of this SNP is much higher in the
population. No alteration in the known molecular functions of R103Q NEIL2 variant was
observed. However, other unknown molecular function of R103Q cannot be ruled out. One
important point to make here is that the smokers carrying the R257L variant did not show
any increase in their overall risk for developing lung carcinoma. Other risk factors (e.g.
environmental, nutritional, etc) may be involved in this population group for lung
pathogenesis. Generation of knock-in mice may provide a deeper understanding of the
physiological significance of the variant in inducing lung cancer.

The overall frequency of both R257L and R103Q is quite low in the Caucasian control
population (MAF =0.018). However, our preliminary analysis of a limited sample suggests
R257L’s strong association with lung cancer among Caucasians (Table 1). A large number
of cases and controls need to be evaluated to draw any further conclusion as to whether this
variant also poses a risk factor for squamous cell lung carcinoma in the Caucasian or other
ethnic populations.

Finally, we are aware that most of the variations found in our studies are heterozygous. A
major question is the dominant phenotype of the variant in vivo. It is possible that the
mutant allele exerts its effect either through haplo-insufficiency or by interfering with the
function of WT protein. While both alleles in heterozygous cells are usually expressed
equally, several reports have documented that differential expression of alleles is common in
the human genome [48-50]. Allele-specific expression is modulated by both genetic and
epigenetic changes. A link between asymmetric expression of alleles and disease
susceptibility is now well recognized [51]. We will investigate this complex issue in our
future studies. In conclusion, it appears that many genes etiologically linked to lung
pathogenesis, which is highly complex, could be identified by systematic genomic analysis.
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ABBREVIATIONS

AP site apurinic/apyrimidinic site

BER Base excision repair

Fpg Formamidopyrimidine [fapy]-DNA glycosylase

HPRT Hypoxanthine phosphoribosyltransferase

IC Immunocomplex

LA QPCR Long amplicon quantitative PCR

Lig IIIα Ligase IIIα

MAF Minor Allele Frequency

NEIL2 Nei-like 2

NSCLC non-small-cell lung carcinoma

NTH1 Endonuclease III homolog 1
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OGG1 8-oxoguanine-DNA glycosylase

OR Odd ratio

PLA Proximity ligation assay

PNKP polynucleotide kinase 3’-phosphatase

Polβ Polymerase β

RFLP Restriction fragment length polymorphism

RNAPII RNA polymerase II

SCLC small-cell lung carcinoma

SNP Single nucleotide polymorphism

SSBs Single-strand breaks

TC-BER Transcription-coupled BER

6-TG 6-thioguanine

UTR Untranslated region

WT Wild Type

XRCC1 X-ray repair cross-complementing protein 1
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Highlights

• R257L and R103Q, the two variants of NEIL2, predominantly present in
patients with squamous cell lung carcinoma, are linked and inherited together in
the population.

• R257L shows only a modest decrease (~1.5 fold) in DNA glycosylase activity;
however, the total BER activity is significantly decreased (~5 fold) compared to
the wild type enzyme.

• Decreased interaction of the R257L variant with downstream proteins in the
BER pathway, particularly with DNA polymerase β, contributes to reduced
repair.

• R257L-expressing cells accumulate significant amounts of endogenous DNA
damage.

• Depletion of NEIL2 in Chinese hamster lung V79 cells induced higher
spontaneous mutation frequency, indicating the role of NEIL2 in repairing
endogenous, oxidative genome damage.
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Fig 1.
A. Antisense oligonucleotide-mediated depletion of NEIL2 in Chinese hamster V79 cells.
Total RNA was isolated from cells treated with antisense or control oligonucleotide or from
non-treated cells (NT), and NEIL2 mRNA levels were measured by Q-RTPCR. A.U.,
arbitrary units. B. Increased mutation frequency at the hprt locus in V79 cells, either non-
treated (NT) or treated with NEIL2 control or antisense oligo. The bar graphs represent the
means ± standard error from 4 independent experiments.
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Fig 2.
A. A 5’ 32P-labeled 51-mer oligo (5-OHU.B11, 1 pmol), was used for DNA glycosylase/AP
lyase assay [28] with purified (0.2 pmol) WT (lane 2) or R257L (lane 3) or R103Q (lane 4)
NEIL2. Lane 1, no protein. Quantitation of the radioactive bands (lanes 2-4) is represented
in a histogram (bottom), with lane 2 arbitrarily set as 1. B. Reconstitution of BER. Complete
repair of AP site-containing duplex oligo (10 pmol, top) was measured by incorporation of
α32P-dCMP using purified (0.25 pmol) WT or the NEIL2 variants and other BER proteins
(50 fmol each) as indicated. Lane 1 = control, non-damaged oligo. C. BER using NEIL2-
FLAG IP. Complete repair of AP site-containing duplex oligo (10 pmol, top) was measured
by incorporation of α32P-dCMP using a FLAG-pulldown complex (0.5μg) of WT (lane 1),
R257L (lane 2) or R257L supplemented with a mix of purified PNKP, Pol β, Lig IIIα and
XRCC1 (lane 3, 50 fmol of each). Lane 4, mix only.
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Fig 3.
A. Representative Western analysis showing the levels of FLAG and association of other
proteins in the eluted complexes (WT vs. R257L variant). B. Detection of WT vs. variant
NEIL2-FLAG (mouse Ab) interaction with RNAP II /Lig IIIα/PNKP/Polβ (rabbit Ab) in
cultured cells by Proximity Ligation Assay. WT or variant NEIL2 (mouse Ab) with IgG
(rabbit Ab), as controls.
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Fig 4.
A. NEIL2 transcript levels in control vs. 3’ UTR-specific siRNA-treated cells, quantitated
by qPCR. B. Long-range qPCR was used to evaluate genomic DNA damage levels in the
WT- and the R257L-expressing cells. Representative gel showing PCR-amplified fragments
of HPRT and POLB genes. Amplification of the large fragment was normalized to the
amplification product of a small fragment of the corresponding gene. Quantitation of the
amplified products is represented in a histogram with the WT arbitrarily set as 100. Upper
panel, HEK 293; lower panel, BEAS-2B cells. Other details are described in the Materials
and Methods section.
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Table 2

Distributions of select characteristics in lung cancer cases and control subjects (Chinese)

Variable Lung cancer cases (n = 670) Controls (n = 670)

No. (%) No. (%)

Sex

 Male 467 69.70 467 69.70

 Female 203 30.30 203 30.30

Age

 ≤50 125 18.66 124 18.51

 51-60 212 31.64 221 32.99

 61-65 116 17.31 112 16.72

 >65 217 32.39 213 31.79

Smoking status

 Nonsmoker 284 42.39 477 71.19

 Smoker 386 57.61 193 28.81

Smoking level (pack-years)

 ≤15 78 20.21 67 34.72

 15-30 121 31.35 75 38.86

 30-40 78 20.21 35 18.13

 >40 109 28.24 16 8.29

Tumor stage at diagnosis

 I 170 25.37

 II 107 15.97

 III 249 37.16

 IV 73 10.90

 Unknown 71 10.60

Histological type

 Adenocarcinoma 245 36.57

 Squamous-cell carcinoma 252 37.61

 Small cell carcinoma 70 10.45

 Others 60 8.96

 Unknown 43 6.42

*
Two-sided χ2 test.
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