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ABSTRACT

Base excision repair (BER), which is initiated by DNA
N-glycosylase proteins, is the frontline for repair-
ing potentially mutagenic DNA base damage. The
NTHL1 glycosylase, which excises DNA base dam-
age caused by reactive oxygen species, is thought
to be a tumor suppressor. However, in addition to
NTHL1 loss-of-function mutations, our analysis of
cancer genomic datasets reveals that NTHL1 fre-
quently undergoes amplification or upregulation in
some cancers. Whether NTHL1 overexpression could
contribute to cancer phenotypes has not yet been
explored. To address the functional consequences
of NTHL1 overexpression, we employed transient
overexpression. Both NTHL1 and a catalytically-dead
NTHL1 (CATmut) induce DNA damage and genomic
instability in non-transformed human bronchial ep-
ithelial cells (HBEC) when overexpressed. Strikingly,
overexpression of either NTHL1 or CATmut causes
replication stress signaling and a decrease in homol-
ogous recombination (HR). HBEC cells that overex-
press NTHL1 or CATmut acquire the ability to grow
in soft agar and exhibit loss of contact inhibition,
suggesting that a mechanism independent of NTHL1
catalytic activity contributes to acquisition of cancer-
related cellular phenotypes. We provide evidence
that NTHL1 interacts with the multifunctional DNA

repair protein XPG suggesting that interference with
HR is a possible mechanism that contributes to ac-
quisition of early cellular hallmarks of cancer.

INTRODUCTION

DNA damage can be caused by reactive oxygen species
(ROS) produced by both endogenous and exogenous
sources (1-4). Faced with ROS-induced DNA damage, cells
have evolved the base excision repair (BER) pathway to
maintain genome stability. BER is initiated by DNA N-
glycosylase proteins, which recognize specific subsets of
base damage (1,2). In this initial step, cleavage of the dam-
aged base from the phosphodiester backbone forms an
apurinic/apyrimidinic (AP) site (1,5). The bifunctional N-
glycosylases also possess associated AP lyase activity and
cleave the DNA phosphate backbone, yielding single-strand
breaks with ends that require further processing by either
apurinic/apyrimidinic endonuclease 1 (APE1) or polynu-
cleotide kinase phosphatase (PNK) (1,5). As BER interme-
diates are themselves types of DNA damage (6), modula-
tion of BER is crucial to ensure rapid and efficient repair
of base damage, while simultaneously ensuring that poten-
tially deleterious BER intermediates do not accumulate.
Cells must achieve a balance between timely initiation of
repair and inadvertent DNA damage through tight control
of BER glycosylase activity. While a number of studies have
assessed loss of function mutants in DNA repair compo-
nents, few have examined increases in glycosylase protein
expression. The best-characterized example of modulating
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glycosylase expression is analysis of overexpression of the
alkylation repair glycosylase, AAG. In budding yeast, over-
expression of AAG causes a mutator phenotype as a result
of the accumulation of deleterious BER intermediates (6—
8). Another defined example is SMUGT] glycosylase where
overexpression correlates with poor disease-free survival in
gastric cancer patients, although the exact mechanism is
currently undetermined (9). Thus, there is evidence to sug-
gest that overexpression of BER proteins could be deleteri-
ous.

The bifunctional DNA glycosylase, NTHL1, removes a
large subset of oxidative DNA base damage in mammalian
cells (10). NTHL1 recognizes oxidative DNA damage and
initiates the BER repair pathway (11). Consistent with a
critical role for NTHL1 in repairing oxidative damage and
protecting the integrity of the genome, a double knock-
out mouse for the NTHLI and the NEILI N-glycosylases
shows spontaneous tumor formation in the lung and liver
(12). More recently, studies linked biallelic inactivation of
NTHLI to a novel human colon cancer predisposition syn-
drome (13,14), presumably through impaired DNA repair.
These observations support a tumor suppressive function
for NTHLI consistent with a key role in repair of oxidative
base damage. These previous studies have focused primarily
on loss of function mutations with NTHLI. Here, we ana-
lyze the consequences of increased levels of NTHLI.

An increase the level of cellular NTHLI1 could be a pro-
tective response that occurs in cancer in an attempt to man-
age an increased DNA damage burden. Alternatively, an in-
crease in NTHLI1 protein levels could directly contribute to
tumorigenesis, for example by unbalancing the BER path-
way through excessive incision at damaged bases, resulting
in accumulation of toxic repair intermediates. Studies have
not been performed to assess whether an increase in the
level of NTHL1 occurs as a result of tumorigenesis or could
contribute to the cause of transformation. To investigate
the functional consequences of NTHL1 overexpression, we
performed transient overexpression of NTHLI1 in the im-
mortalized but non-transformed lung cell line HBEC-3KT.
Lung bronchial epithelial cells are a physiologically relevant
model system, as lung tissue is repeatedly exposed to vari-
ous agents that cause oxidative DNA damage (15). Surpris-
ingly, we show that NTHL1 overexpression causes genomic
instability and early markers of cellular transformation in-
dependent of its catalytic activity.

MATERIALS AND METHODS
Cell lines, cell culture and reagents

All reagents unless otherwise stated, were obtained from
Invitrogen (Carlsbad, CA, USA). The human bronchial
epithelial cells (HBEC), clone 3T, (16) were a gift from
Michael Story (UT Southwestern) and were cultured as pre-
viously described (17). Karyotyping of HBEC cells in 2014
verifies the previously published HBEC karyotype (16) and
validates cell line identity. The U20S (osteosarcoma) and
A549 (NSCLC adenocarcinoma) cell lines were cultured
in DMEM containing 10% fetal bovine serum (FBS). Cell
lines derived from HBEC soft agar clones were grown in
Keratinocyte Serum-Free Media (SFM) supplemented with
bovine pituitary extract and EGF. RPMI-1640 containing

5% FBS in a 1:1 ratio, once isolated from soft agar. Beas2B
cells were cultured in MEM containing 5% FBS. H460 and
H1299 cell lines were grown in RPMI containing 10% FBS,
and were provided by Dr Wei Zhou (Emory University).
The Calu-1 cell line was maintained in McCoy’s 5a Mod-
ified Media and 10% FBS. H1975, H522, H226, H1792 and
HCCS827 cell lines were maintained in RPMI-1640 media
supplemented with 10% FBS, and were obtained from the
Winship Cancer Institute (Atlanta, GA, USA). HeLa cells
were maintained in DMEM supplemented with 10% FBS.
HT29 and HCT116 cells were maintained in McCoy’s 5a
Modified Media and 10% FBS. Caco-2 and SW480 cells
were maintained in DMEM supplemented with 10% FBS,
HEPES, L-glutamine and non-essential amino acids. Caco-
2 and SW480 cells were a gift from Dr Asma Nusrat (Uni-
versity of Michigan). A description of cell line character-
istics and mutational status for lung cell lines (Supplemen-
tary Table S1) and colon cancer cell lines (Supplementary
Table S2) is provided. All cell lines were supplemented with
penicillin and streptomycin and maintained at 37°C in 5%
CO,;. Cells were routinely screened for mycoplasma con-
tamination using the MycoAlert Mycoplasma Detection
Kit (Lonza, Walkersville, MD, USA).

DR-U20S cells (18) were provided by Dr M. Jasin
(Memorial Sloan-Kettering Cancer Center, USA). Cells
were cultured under ambient oxygen levels and 10% CO,
in DMEM supplemented with 10% fetal calf serum and 1%
antibiotic/antimycotic.

HEK 293FT cells (Life Technologies Corp.) were grown
in Dulbecco’s modified Eagle’s medium supplemented with
10% FBS, 2 mM L-glutamine, 100 U/ml penicillin and 100
pg/ml streptomycin. DsR-7F4 reporter cells were derived
from human bladder cancer EJ-30 line as described previ-
ously (19,20) and were used for the end-joining assay. The
DsR-7F4 cell line contains a transcriptional promoter and
a promoterless eGFP gene, separated by an intervening se-
quence with rare-cutting nuclease I-Scel recognition sites
on 5 and 3’ end. DsR-7F4 cells also contain a promoterless
DsRed gene located on a different chromosome with an I-
Scel site on the 5" end. Expression of I-Scel stimulates recip-
rocal joining of the promoter to the eGFP gene after releas-
ing the intervening fragment, or to the DsRed gene via inter-
chromosomal translocation. Cells were grown in MEM al-
pha medium (Life Technologies Corp.) supplemented with
10% fetal bovine serum (FBS), 2 mM L-glutamine and 100
U/ml penicillin and 100 pg/ml streptomycin (Life Tech-
nologies Corp.).

cBioPortal data mining

Data was accessed from cBioPortal (www.cBioPortal.
org). Non-small cell lung cancer (NSCLC) datasets were
searched for the NTHLI gene amplification and/or mRNA
data. Percentages calculated in Figure 1A are the sum of
values from each NSCLC dataset. No additional data filter-
ing was performed beyond obtaining numerical values from
the oncoprint profile in ¢cBioPortal. Four NSCLC cancer
datasets were available in ¢cBioPortal that contained copy
number variation data and/or RNA data. The RNA data
was set with a Z-score threshold of two. Information about
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Figure 1. NTHL1 mRNA and protein levels are increased in non-small cell lung cancer (NSCLC) cell lines. (A) cBioPortal primary tumor data sets across
all subtypes of NSCLC demonstrate that multiple base excision repair (BER) genes are amplified in addition to loss or mutation in NSCLC. Messenger
RNA (mRNA) dysregulation for each of six BER genes is also observed. (B) Immunoblotting for NTHL1 in a panel of non-transformed, immortalized lung
epithelial cell lines (HBEC and Beas2B) and NSCLC cancer cell lines (A549, H460, H1299) reveals variation in NTHLI protein levels. Levels of another
BER glycosylase, NEIL2, do not vary significantly across all cell lines examined. TSC2 protein levels are also comparable in all cell lines examined. (C)
Quantification of relative NTHLI1 protein levels from A549 and H460 cell lines normalized to the HBEC cell line where the level of NTHL1 was set to 1.0.
(D) Quantification of relative NTHLI1 protein levels from A549 and H460 cell lines normalized to the Beas2B cell line where the level of NTHL1 was set
to 1.0. (E) qRT-PCR analysis of NTHLI transcript levels reveals that NTHLI mRNA levels vary between non-transformed and transformed cell lines, but
that mRNA levels do not correspond to NTHLI protein levels. Values were normalized to Beas2B, which was set to 1.0, as this was the lowest value for

NTHLI transcript. NS = not significant; *P < 0.05; **P < 0.01; ***P < 0.001.

and references for these datasets are provided in Supple-
mentary Table S3.

Plasmids and site directed mutagenesis

The NTHLI gene was sub-cloned from the RG214598 plas-
mid (Origene, Rockville, MD, USA) using the restriction
sites Sgfl and Mlul, and was cloned into the pCMVo6-
AC-GFP plasmid to create a C-terminally tagged NTHL1-
GFP protein used in FACS sorting experiments, micronu-
cleus, and localization studies (Origene). For NTHL1-Flag,
NTHLI was cloned from the pCMV6-AC-NTHLI1-GFP
plasmid into the pcDNA3.1 (+) vector using the HindIII
and BamHI restriction sites (see Supplementary Table S4
for plasmids and primers for Flag tag addition). The
pDsRED-Express-N1 plasmid was obtained from Clontech
(Mountain View, CA, USA) and used as negative control in
the micronucleus experiments.

Site-directed mutagenesis of NTHLI to create the catalyt-
ically dead NTHL1 K220Q mutant was performed on the
pcDNA3.1(+) NTHLI1-Flag construct (see Supplementary
Table S4 for primers), and the Q5 Site-Directed Mutagen-
esis Kit (New England BioLabs, Ipswich, MA, USA). All
plasmids were sequenced to ensure no mutations were in-
advertently introduced, and to verify the presence of the
NTHL1 K220Q mutant.

Transfection and drug treatments

HBEC cells were plated at a density of 2.3 x 10> cells per
well in a six well dish, trypsinized until rounded, then trans-
fected using Fugene HD Transfection Reagent (Promega,
Madison, WI, USA) in a 3:1 (Fugene: 1 pg DNA) ratio
in OPTIMEM. Cells were incubated for three hours, and
transfection media was replaced with fresh HBEC media.
U20S cells were seeded at a density of 1.5 x 10° cells per
well of a six well dish and transfected with Lipofectamine
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2000 (Invitrogen) for 6 h before fresh media was added.
Plasmid concentration was 1 g per well for all experiments
described in six well plate format, and scaled down for 24-
well plates based on well area. Replication stress was in-
duced in HBEC and U20S cells by treatment with 2 mM
hydroxurea (Sigma, St. Louis, MO, USA) for 24 h in media.
Camptothecin (CPT) (Sigma, St. Louis, MO, USA) treat-
ments were performed in SFM media with 1 wM CPT for
24 h.

RNA isolation and real time PCR

HBEC, Beas2B, A549, H460 and H1299 cell lines were
plated the day before at a density of 1.5 x 10° cells per
100 mm dish. Cells were pelleted, resuspended, and divided
in half for Immunoblotting and RNA preparation. Trizol
RNA isolation was performed as previously described (21).
Nucleic acid quantification was carried out using a Nan-
oDrop 2000 system (Thermo Fisher Scientific). Briefly, 1
g of total RNA isolated from cell pellet was reversed tran-
scribed using M-MLV (Invitrogen) in a reaction volume of
50 wl according to the standard kit protocol. The NTHLI
accession number used for this study is NM_002528.5, and
the consensus cDNA sequence is CCDS10457.1 for isoform
1. Primers were designed using the primer-BLAST program
from NCBI. All real-time qPCR reactions were performed
with 5 ng of cDNA, 0.5 pM of primers (see Supplemen-
tary Table S4 for primer sequences), and 10 wl of Quantitect
Sybr Green PCR mix (Qiagen) using StepOnePlus system
and software (Applied Biosystem). Primers used spanned
an exon-exon junction as an internal control to avoid am-
plification of genomic DNA. PCR cycles were performed as
follows: 95°C for 10 min, 95°C for 15's, 58°C for 30's, 72°C
for 30 s for 45 cycles. Values are reported for three indepen-
dent experiments containing three technical replicates. No
outlier values were discarded. Results were normalized to
18S rRNA subunit. Post real-time analyses were performed
using Microsoft Excel and Student’s # test.

Immunohistochemistry

Immunohistochemistry (IHC) was performed by the Emory
University Pathology Core using a standard IHC proto-
col on paraffin embedded NSCLC tissue. Novus Biological
(Littleton, CO, USA) NTHL1 antibody (NB100-108) was
used for IHC staining. NTHL1 antibody was validated, per
manufacturer’s recommendation, on kidney cancer. Anti-
body optimization with titrations of 1:100, 1:200 and 1:400
were performed, and an antibody concentration of 1:200
was chosen for NSCLC tissue staining.

Immunoblotting

To prepare cell lysate, cell lines were lysed using RIPA
buffer (50 mM Tris—-HCI, pH 8.0, 150 mM NaCl, 5 mM
EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS),
except where indicated and sonicated three times at 3 W
and 0.5 amplitude on a Misonix Sonicator 3000 (New-
town, CT, USA). Lysates were spun in a cold room at
13 000 rpm for 15 min to obtain the final cleared lysate.
Whole cell lysate protein concentrations were determined

using the Bradford assay. The Invitrogen NuPAGE sys-
tem was used with MOPS or MES buffer based on the
molecular weight of the target protein (10% acrylamide
gels). The exception was XPG, which was separated us-
ing Novex 4-12% Tris—glycine gels (1.0 mm) from Invit-
rogen. Transfer was performed onto nitrocellulose mem-
branes (0.2 pm pore) in the cold room at 100 V for 70 min,
with the exception of overnight transfer at 35 V when blot-
ting for XPG. Blocking was performed in 5% Amersham
ECL Prime Blocking Reagent (Pittsburgh, PA, USA) for
1 h at room temperature. Primary antibodies used include
NTHLI1 1:500 (ab70726, Abcam, Cambridge, MA, USA);
NEIL2 1:10,000 (180576, Abcam); Actin 1:1,000 (ab8224,
Abcam); RPA 1:750 (Abcam, ab2175, clone 9HS8); Tubu-
lin 1:1,000 (F2168, Sigma; Clone DM1A); ATR phospho-
Thr1989 1:500 (GTX128145, GeneTex, Irvine, CA, USA);
ATR 1:500 (sc-1887, Santa Cruz, Santa Cruz, CA USA);
kRas 1:1,000 (F234, Santa Cruz); TSC2 1:1,000 (3612, Cell
Signaling, Danvers, MA, USA); Flag 1:1000 (2368, Cell Sig-
naling), GFP antibody 1:2000 (#2555, Cell Signaling), and
RPA phosphoSer4/Ser8 1:500 (A300-245A, Bethyl Labo-
ratories, Montgomery, TX, USA). XPG was detected us-
ing rabbit anti-XPG 97727 antibody R2 at 1:1000 (22). Sec-
ondary antibodies used were HRP-conjugated anti-mouse
1:3000 (W4028, Promega) and anti-rabbit 1:3000 (W4018,
Promega, Madison, WI, USA), and anti-goat 1:5000 (sc-
2020, Santa Cruz). Horseradish peroxidase was detected us-
ing the ThermoFisher Scientific pico SuperSignal Chemilu-
minescent kit (#32106) or (for XPG) the ECL Prime system
(Amersham). Immunoblot figures were cropped and made
in Photoshop. Blots were quantified using the GE Health-
care ImageQuant program.

To perform semi-quantitative analysis of immunoblots
for fold NTHL1 overexpression change, NTHL1 and CAT-
mut lysates were serially diluted three-fold starting at a total
protein concentration of 2 pg, for final protein concentra-
tions of 0.5, 1 and 2 g for NTHL1 and CATmut protein.
Empty vector control was serially diluted, starting at 10 g
for final protein concentrations of 2.5, 5 and 10 pg. Ten 10
g of non-transfected control sample was loaded.

Both DR-U20S and EJ DsR-7F4 cells, which were also
used for the gene conversion assay, and cells used to evaluate
replication stress markers were lysed in SDS sample buffer
(3% SDS, 10% glycerol, 100 mM Tris—HCI, pH 6.8) and
heated at 95°C for 5 min. Protein concentrations were deter-
mined by the BCA assay (Pierce). Samples were mixed with
SDS sample buffer + 200 mM DTT + 0.5 mM bromophenol
blue, prior to resolution on 4-12% Tris—glycine gels (Invit-
rogen), and were transferred to nitrocellulose membranes
and probed with the corresponding antibodies. Antibodies
used were mouse anti-HA (clone 16B12, MMS-101P, Cov-
ance), mouse anti-tubulin (CP06, Calbiochem), mouse anti-
Flag (F3165, Sigma) and sheep anti-mouse (NA931V, GE
Healthcare) conjugated to horseradish peroxidase (HRP).

ImageQuant was used to quantitate immunoblots for the
replication stress signaling. All protein values were normal-
ized to actin to control for protein loading. The ratio of
phosphorylated protein:total protein in each lane was then
determined. Values were normalized so that HU control sig-
nal was set as 1.0.



Immunoprecipitation

To analyze NTHL1 association with XPG, HBEC cells
were grown and transiently transfected with NTHLI-
Flag or control vector following manufacturer’s protocol
(Promega). Forty-eight hours after transfection, cells were
subject to either mock or 10 mM H,0, treatment for 10
min and were washed with PBS. Cells were incubated in
complete DMEM medium for 10 min and were collected
by trypsinization and lysates were prepared with a lysis
buffer containing 50 mM HEPES-KOH (pH 7.5), 250 mM
KCl, 0.5% Triton X-100, 2.5 mM MgCl,, 0.5 mM EDTA,
5% glycerol and protease inhibitor cocktail (Roche). The
DNA and RNA in the suspensions was digested with 25
U/wl benzonase (Novagene) for 30 min on ice. The sus-
pensions were cleared by centrifugation at 12 000 rpm for
30 min, and the supernatants were collected and used for
immunoprecipitation assay with anti-FLAG agarose M2
beads (Sigma). After extensive washing of the M2 beads
with the same buffer, NTHL1-Flag protein complexes were
eluted in the wash buffer containing 0.4 pg/pl FLAG-
peptide (Sigma). The samples were separated by 4-12%
acrylamide gel (Novex) and analyzed by immunoblotting
including detection with ECL (GE Healthcare) system.

Cytokinesis-block micronucleus assay

HBEC cells were plated at a density of 30 000 cells per
well and U20S cells were plated at a density of 20 000 cells
per well in a 24-well plate on glass coverslips. Media in the
HBEC wells was supplemented with 5 pl of fetal bovine
serum per ml. Cells were treated with 3 pg/ml Cytochalasin
B in media and stained as previously described (17). Cells
were imaged and scored as described (17) using an Olympus
IX81 inverted microscope with SlideBook 5.0 (3i Intelligent
Imaging Innovations, Denver, CO, USA).

Immunofluorescence and microscopy

HBEC cells were seeded at a density of 30 000 cells per
well on glass coverslips. Cells were transfected as described,
and 24 h after transfection, were washed in cytoskeletal
(CSK) bufter (0.15% Triton-X 100, 360 mM piperazine di-
ethanesulfonic acid, 25 mM HEPES, 10 mM EGTA, 2 mM
magnesium chloride, pH to 6.9) supplemented with pro-
tease and phosphatase inhibitors for 5 min on ice, followed
by two washes with PBS on ice, in order to retain chro-
matin bound protein. Cells were fixed in 4% paraformalde-
hyde. Primary antibodies used were yH2AX 1:500 (Milli-
pore, Billerica, MA, USA) and 53BP1 1:1000 (Novus Bio-
logicals, Littleton, CO, USA). Imaging was performed on
a Zeiss LSM510META confocal microscope (Thornwood,
NY, USA) using a 20x Plan-Apo objective (NA = 0.75).
Three independent experiments were performed, and 50
cells per replicate were counted for quantification.

Comet assay

Comet assays were performed as previously described
(23,24). In brief, cells were transfected with each NTHL1
construct and cells were suspended in low melting point
agarose 24 h following transfection. Cells were then alkaline

Nucleic Acids Research, 2018, Vol. 46, No. 9 4519

lysed, electrophoresed and neutralized, followed by staining
with SYBER green. Cells were imaged on an Olympus [X81
inverted microscope with SlideBook 5.0. Fifty cells from
each replicate experiment were analyzed using the Comet
Score software (TriTek Corporation).

Gene conversion and single-strand annealing assays

DR-U20S cells were seeded, and transfected 24 h later
with Lipofectamine2000 (Invitrogen) and 3 pg total DNA
plasmid consisting of I-Scel-encoding plasmid (1.5 pg) and
pcDNA3.1 plasmid (1.5 wg) with empty vector control,
NTHLI1-Flag or NTHLI1-Flag cat dead (CATmut). Flow
cytometry was carried out 72 h later to measure GFP posi-
tive cells. GFP conversion was normalized to GFP (%) in
the empty vector control for each biological experiment.
Statistical significances were determined using the Student’s
1 test.

End joining assay

Lentivirus production for the DsR-7F4 end joining assay
was performed as previously described in 10 cm dishes
using Lipofectamine 3000 (Life Technologies) (8,19). For
each dish, 13.6 g of control vector, NTHL1, CATmut
or I-Scel expressing vector (Plasmid 31484, Addgene), was
co-transfected with 3.4 pg pMD2.G (Plasmid 12259, Ad-
dgene) which encodes vesicular stomatitis virus (VSV) G
coat protein, and 6.8 pg psPAX2 (Plasmid 12260, Ad-
dgene) which encodes other lentiviral packaging factors,
into HEK 293FT cells. Forty-eight h post-transfection,
lentivirus-containing supernatants were harvested and clar-
ified at 800 x g for 20 min. Lentivirus yield was estimated
using a Lenti-X GoStix kit (Clontech Laboratories, Inc).
Suspensions containing >5 x 10° IFU/ml were used di-
rectly or aliquoted and stored at —80°C.

DsR-7F4 reporter cells were infected with empty vector
control, NTHL1 or CATmut expressing lentivirus for 14
h at 37°C in the presence of 8 pg/ml polybrene (Sigma-
Aldrich). Medium was then exchanged for regular growth
medium, and incubated for an additional 10 h. Reporter
cells were then infected with I-Scel-expressing lentivirus for
14 h at 37°C in the presence of 8 wg/ml polybrene (Sigma-
Aldrich). Following infection, medium was exchanged for
regular growth medium. At 48 h post-I-Scel-infection,
growth medium containing 25 wM biliverdin (Toronto
Research Chemicals) was exchanged to enhance the in-
frared fluorescent protein (IFP) signal. At 84 h post-I-Scel-
infection, cells were harvested by trypsinization followed by
centrifugation at 230 x g for 5 min, and resuspended in 0.5
ml PBS (Life Technologies Corp.). FACS Analysis was per-
formed using a FACS LSR II instrument (Becton Dickin-
son) in Emory University Pediatric Flow Cytometry Core.
Data were analyzed using Flowjo VX software (TreeStar,
Inc.).

Soft agar colony formation

HBEC cellular transformation was measured by using soft
agar colony formation. Transfection was performed as de-
scribed except that NTHL1 overexpressing cells were plated
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72 h following transfection (25). In brief, low melting tem-
perature agarose containing a 1:1 ratio of HBEC media
and RPMI-1640 media was diluted to a final concentra-
tion of 0.7% and solidified at 4°C in each well of a 6-well
plate. After fluorescence activated cell sorting (FACS) of
GFP positive cells or following transient transfection, 55
000 cells per well were immediately plated in a top layer
of low melting temperature agarose at a final concentration
of 0.37%. Cells were cultured at 37°C with 5% CO, for 3
weeks. Upon colony appearance, the media was changed
from HBEC media to a 1:1 ratio of HBEC and RPMI-1640
media. Colonies were visually counted through an Olym-
pus IX81 inverted microscope. Colonies were isolated from
soft agar, trypsinized into single cell suspension, and grown
into clonal cell lines for loss of contact inhibition assays and
persistent genomic instability.

Loss of contact inhibition

Loss of contact inhibition was measured as described (26).
Loss of contact inhibition was visualized both macroscop-
ically and on an Olympus IX81 inverted microscope with
QCapture (QImage, Surrey, CAN) using a 10x objective.

FACS sorting

Cells were plated at a density of 1.7 x 10° cells per 100 cm?
dish and transfected with NTHL1-GFP plasmid or GFP
alone. Twenty-four hours following transfection, cells were
trypsinized, spun down, and resuspended in filter-sterilized
1 x phosphate buffered saline containing 5 mM EDTA, 25
mM HEPES pH 7.0, 1% BSA and 10 U/ml of DNAse. Cells
were sorted on a BD FACSAria machine using a 100 uM
diameter nozzle. Cells were binned into three populations
based on NTHL1-GFP intensity deemed as high, interme-
diate, and low based on the observed distribution of GFP
positive cells. NTHL1-GFP positive cells from each pop-
ulation were immediately diluted and plated in fresh Ker-
atinocyte serum-free media (SFM) and allowed to recover
before each assay or the addition of cytochalasin B.

Cell cycle sorting

Plasmids encoding GFP, NTHL1 or CATmut were trans-
fected into HBEC3kt cells with Fugene. Complete media
was restored 6 h after transfection and cells were collected
24 h later. Cells in suspension were fixed for 10 min with 2%
paraformaldehyde (PFA) on ice; PFA was quenched with
glycine followed by 70% ethanol incubation for 2 h. Cells
were washed with PBS and treated with 100 pg RNAse A
for 10 min at 37°C. Propidium iodide (PI) was added to a
final concentration of 50 pwg/ml in PBS with 0.1% triton
X100 and incubated for 30 min at room temperature before
acquisition in a LSRII Flow Cytometer (BD). Green fluo-
rescent positive cells were gated and PI signal was collected
in single cell populations. To calculate the fraction of cells
in each phase of the cell cycle, the Watson Pragmatic uni-
variate model was applied following compensation of the
samples in FlowJo. Constraints on the means were applied
setting a range for G| and G_, for G,.

Statistical analysis and data representation

Error bars in figures represent the standard error from
the average of at least three independent experiments.
Each measurement was performed in duplicate. Two-way
ANOVA was performed in Graph Pad for the analysis of
HBEC micronucleus formation at 48 and 96 h, with a =
0.05. One-way ANOVA (a = 0.05) was calculated in Vasser-
Stats for all other experiments, unless otherwise indicated.
Micronuclei frequency distribution and DSB frequency dis-
tribution was analyzed using the chi-squared test. P val-
ues are as follows: *P < 0.05; **P < 0.01; ***P < 0.001;
**E%EP < 0.0001.

RESULTS

NTHLI1 protein levels are elevated in non-small cell lung can-
cer (NSCLC) cell lines

Recent genomic analysis of multiple families links homozy-
gous loss-of-function germline mutations in NTHLI to a
novel colon cancer predisposition syndrome (13,14). Min-
ing of cBioPortal cancer genomic datasets (www.cBioprtal.
org) surprisingly revealed that NTHLI is more frequently
amplified than deleted in multiple cancer types and NTHLI
mRNA is upregulated in many instances. Both NTHLI am-
plification and mRNA upregulation are found in a variety
of cancers including lung, breast, prostate, and pancreas. Ei-
ther amplification or mRNA upregulation could result in
increased NTHLI1 protein levels. Examples of gene amplifi-
cation or mRNA upregulation are known to occur in many
cancers (27), prompting us to investigate the potential cel-
lular consequences of NTHL1 overexpression.

Non-small cell lung cancer (NSCLC) shows NTHLI gene
amplification or mRNA upregulation, whereas no loss of
NTHLI is reported (Figure 1A). Collectively, NTHLI am-
plification and mRNA upregulation occurs in ~21% of
NSCLC cases (Figure 1A). Expansion of cBioPortal anal-
ysis to other BER genes reveals a pattern where mRNA is
frequently upregulated in NSCLC (Figure 1A). Therefore,
a subpopulation of NSCLC tumors may have increased
NTHLI protein.

To determine whether NTHLI amplification or mRNA
upregulation corresponds to an increase in protein lev-
els, we compared the level of NTHL1 protein in a panel
of transformed and non-transformed lung epithelial cell
lines. Steady-state NTHL1 protein levels are low in non-
tumorigenic HBEC and Beas2B cells, but significantly
higher in several NSCLC cell lines examined (Figure 1B,
Supplementary Figure SIA and B). While NTHLI protein
levels were not elevated in every instance, the majority of
cell lines analyzed display elevated NTHL1 protein (Figure
1B, Supplementary Figure S1A and B). In contrast, protein
levels for another BER glycosylase, NEIL2, or protein lev-
els for a gene located adjacent to NTHLI, TSC2, show rel-
atively consistent expression across the cell lines examined
(Figure 1B and Supplementary Figure S1C). Quantification
of immunoblots reveals that the increase in NTHL1 protein
levels in NSCLC cells lines (A549 and H460) is significant
when compared to either HBEC or Beas2B cell lines (Figure
1C and D). To determine whether NTHLI transcript levels
correlate with protein levels in these cell lines, qRT-PCR was
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performed. This analysis reveals that NTHLI mRNA lev-
els do not necessarily correspond to NTHLI protein levels
in the cell lines examined (Figure 1E) suggesting a complex
regulation of NTHL1 at multiple levels. Nonetheless, these
results demonstrate that, in general, steady-state NTHLI1
protein is increased in NSCLC cell lines compared to con-
trol cells.

NTHLI1 is primarily localized to the nucleus in both NSCLC
and overexpressing HBEC cells

To assess the localization of NTHLI, we performed im-
munohistochemistry in matched normal tissue and pri-
mary NSCLC tumor tissue (Figure 2A). NTHLI is pre-
dominately localized to the nucleus in both normal lung
and NSCLC primary tissue. To determine whether over-
expressed NTHLI is also localized to the nucleus, HBEC
cells were transfected with a plasmid that transiently over-
expresses NTHLI-GFP. As shown in Figure 2B, NTHLI-
GFP is localized predominately to the nucleus in these cells.
Furthermore, NTHLI1 is chromatin-bound, as NTHLI-
GFP signal survives pre-extraction of the soluble fraction
with cytoskeletal (CSK) buffer (Figure 2B). GFP protein
alone is not targeted to the nucleus and is soluble, as GFP
is removed by CSK pre-extraction (Figure 2B). Thus, tran-
siently overexpressed NTHL1-GFP localizes to the nucleus
and associates with chromatin.

To assess the relative fold overexpression of wildtype
NTHL1 (NTHL1) compared to endogenous NTHLI,
NTHLI1 was Flag-tagged. We also created a Flag-tagged,
catalytically dead NTHL1 (CATmut) by replacing lysine
220 with glutamine, which takes advantage of a previously
characterized catalytic mutant (28). Because attempts to
generate HBEC cell lines stably overexpressing the NTHL1
or CATmut protein were unsuccessful, we used a tran-
sient overexpression model for NTHL1 and CATmut. Both
NTHL1 and CATmut proteins were highly overexpressed
(11-54-fold) compared to endogenous NTHL1 (Figure 2C).

DNA damage accumulates with overexpression of either
NTHL1 or CATmut NTHL1

An increase in NTHLI1 protein as seen in NSCLC lines
could be a protective mechanism in response to increases in
cellular reactive oxygen species. However, as BER interme-
diates are themselves types of DNA damage (6), increases
in NTHL1 protein could overwhelm downstream BER pro-
cesses, resulting in accumulation of BER intermediates. To
determine whether NTHL1 overexpression results in DNA
damage, we used the alkaline comet assay to analyze the
sum of DNA single-strand breaks, double-strand breaks
(DSB), and alkaline labile apurinic/apyrimidinic (AP) sites
(29,30). Initially, we hypothesized that more DNA damage
would occur with wild type NTHLI1 versus CATmut, as
the enzymatic activity is intact for NTHL1. With NTHL1
N-glycosylase activity and AP lyase activity present, sin-
gle strand breaks could accumulate upon NTHLI1 over-
expression. Surprisingly, transient overexpression of either
NTHLI1 or CATmut resulted in similarly elevated levels of
total DNA damage, compared to the control. (Figure 3A
and Supplementary Figure S2A). This result suggests that
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elevated NTHLI1 levels increase cellular DNA damage in a
manner that does not depend on NTHLI catalytic activity.

As the comet assay indicates that total damage induced
by overexpression of either NTHL1 or CATmut is approx-
imately equivalent, we examined whether a specific type
of DNA damage was more prevalent. CATmut protein
lacks enzymatic activity to induce single strand breaks so
we tested whether DSBs could be the cause of the DNA
damage detected in the comet assay (Figure 3A). Either
NTHLI1 or CATmut was overexpressed, and co-localization
of the DNA double-strand break (DSB) markers yH2Ax
and 53BP1 was assessed by immunofluorescence (Figure
3B). As a positive control, camptothecin, a topoisomerase
I inhibitor that causes DSBs associated with replication
(31), was employed. In the absence of DNA damaging
agents, transient overexpression of either NTHL1 or CAT-
mut NTHLI1 causes accumulation of DSBs (Figure 3B) as
compared to non-transfected (NT) or empty vector (Vec-
tor) controls (Figure 3B). Quantification of cells with DSB
foci and the number of DSB foci per nucleus (Figure 3C)
reveals that either NTHLI or CATmut overexpression in-
duces a significant increase in the number of cells display-
ing DSBs (Figure 3C). Overexpression of NTHL1 induces
a significantly greater percentage of cells (40%) with DSBs
compared to CATmut (25%) (Figure 3C). However, the pro-
portion of cells having large numbers of DSB foci per nu-
cleus (>3) is equally increased with overexpression of ei-
ther NTHL1 or CATmut (Figure 3C). Our results support
the idea that a novel, catalytically independent function of
NTHLI1 contributes to the generation of DSBs.

Overexpression of NTHL1 or CATmut could either di-
rectly induce DSBs, inhibit DSB repair, or possibly both. To
investigate whether NTHL1 overexpression inhibits DSB
repair, cells containing a reporter that directly interrogates
homologous recombination (HR) or non-homologous end
joining (NHEJ) were employed. To measure DSB repair
by HR, we assayed gene conversion in the direct repeat
GFP (DR-GFP) reporter construct integrated into the DR-
U20S cell line (18,32) (Supplementary Figure S2B). This
assay directly interrogates HR activity following an I-Scel-
induced DSB in the GFP gene. If HR is active, the cleaved
GFP gene can be repaired with a second, transcription-
ally inactive GFP gene resulting in recovery of GFP flu-
orescence. GFP positive cells are detected using flow cy-
tometry. Either NTHL1-Flag or CATmut-Flag protein was
transiently overexpressed in the DR-U20S cells containing
this reporter system (Figure 3D and Supplementary Figure
S2D). Overexpression of NTHL1 or CATmut causes an ap-
parent ~50% decrease in HR capacity compared to empty
vector control (Vector) (Figure 3D and Supplementary Fig-
ure S2C).

To assess whether the decrease in DSB repair is specific
to HR or is due to a global inhibition of DSB repair, which
could include nonhomologous end joining (NHEJ) pro-
cesses, we assayed end joining using a distinct reporter in
DsR-7F4 cells (Figure 3E). As described in Materials and
Methods (19), this system interrogates end joining through
the generation of a DSB flanking a puromycin cassette,
which separates a transcriptional promoter and a promoter-
less GFP gene. Induction of an I-Scel DSB yields proximal
and distal ends that when re-ligated through end joining
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Figure 2. NTHLI is localized to the nucleus in both NSCLC tissue and in HBEC cells. (A) Immunohistochemistry of NTHLI protein (brown) in normal
lung and NSCLC tissue. The negative control was performed in normal lung tissue and represents a normal serum control from mice in the absence of
primary NTHL1 antibody. The black scale bar corresponds to 100 wm. (B) HBEC cells expressing NTHL1-GFP reveal that NTHLI is localized to the
nucleus and is chromatin-associated as demonstrated by persistence after pre-extraction with cytoskeletal (CSK) buffer. GFP alone is not targeted to the
nucleus or chromatin-associated as demonstrated by CSK pre-extraction. Cells inside the white box have been enlarged and inset on the right. The white
bar corresponds to 100 pm. (C) Immunoblot of transiently expressed NTHL1-Flag in HBEC cells. The same protein lysate was serially diluted by half
to include final concentrations of 2, 1 and 0.5 ng of total protein for wildtype NTHL1 and CATmut samples. Total protein concentration loaded for
assessing endogenous NTHL1 in HBEC cells (non-transfected; NT) was 10 wg. The empty vector control (Empty) was diluted by half to final protein
concentrations of 10, 5 and 2.5 j.g. The lower limit of detection of endogenous NTHL1 from HBEC cells is 10 pg of total protein lysate. The black arrow
indicates endogenous NTHLI1, while the red arrow denotes exogenously expressed NTHL1-Flag.

processes, results in the restoration of a transcriptionally
active GFP gene and thus GFP signal that can be detected
by flow cytometry (19,20). GFP expression is reconstituted
upon deletion of ~500 nucleotides. To control for levels of
I-Scel, I-Scel is fluorescently tagged with infrared fluores-
cent protein (IFP). I-Scel expression is controlled follow-
ing flow cytometry through gating of cells that demonstrate
similar IFP expression, and only cells that express similar
levels of IFP are included in the analysis. The DsR-7F4 re-

porter does not allow discrimination between classical and
alternative non-homologous end joining (c-NHEJ and alt-
NHEJ) and therefore measures changes in total end join-
ing processes. Transient NTHL1 or CATmut overexpres-
sion in this reporter cell line results in a modest but signif-
icant increase in GFP expressing cells compared to empty
vector control (Vector) (Figure 3E and Supplementary Fig-
ure S2E). Thus, overexpression of NTHL1 or CATmut re-
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Figure 3. DNA damage accumulates upon overexpression of wildtype NTHL1 or CATmut. (A) Alkaline comet assay of HBEC cells transiently overex-
pressing NTHL1 or CATmut NTHL1 24 hours following transfection. DNA damage was measured by %DNA in comet tail. DNA comets were labeled
using SYBER green, and representative images of comet tails are shown. (B) Immunofluorescence of double-strand break (DSB) markers following NTHL1
or CATmut transient overexpression in HBEC cells. Twenty-four hours following transfection, cells were stained to assess colocalization of y H2Ax (green)
and 53BPI (red) markers as an indication of DSBs. Foci that show co-localization of yH2Ax and 53BP1 were counted in the quantification (arrows).
Camptothecin (CPT) serves as a positive control for DSBs. The white box indicates an enlarged image of a cell with DSBs, and the white bar corresponds
to 50 pm. (C) Quantification of the total number of DSB positive nuclei, and DSB foci number per nucleus from experiments in panel B. (D) Transient
NTHLI1 or CATmut overexpression impairs homologous recombination assayed by a reporter for gene conversion in DR-GFP U20S cells. The fraction
of GFP positive cells was determined and normalized to the empty vector control (Vector) and is presented as Relative GFP Conversion with the Vector
set to 1.0. (E) Transient overexpression of NTHL1 or CATmut increases NHEJ as assayed by the DsR-7F4 reporter cell line. The fraction of GFP positive
cells was determined and normalized to empty vector control (Vector) and is presented as Relative GFP Conversion with the Vector set to 1.0. P values
are as follows: *P < 0.05«; **P < 0.001; ***P < 0.0001.
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sults in decreased DSB processing specifically by HR, while
simultaneously increasing NHEJ.

One possible explanation for the apparent decrease in HR
and the concurrent increase in NHEJ is that cells overex-
pressing NTHL1 or CATmut might accumulate in the G
phase of the cell cycle. Cells in the G; phase primarily em-
ploy NHEJ for DSB repair, while cells in the S and G;
phases primarily employ HR for repair of DSBs. Thus, a
change in cell cycle profile could explain these results (Fig-
ure 3D and E). Cell cycle profiles in HBEC cells express-
ing NTHL1-GFP or CATmut-GFP were analyzed by flow
cytometry and reveal no significant changes in overall cell
cycle profile compared to cells expressing GFP alone (P =
0.27) (Supplementary Figure S2F). A slight but not signif-
icant decrease in the proportion of cells in G; phase was
observed, concomitant with a small but not significant in-
crease in the number of S phase cells (Supplementary Fig-
ure S2F). Thus, the increase in NHEJ and decrease in HR
cannot be attributed to a change in the HBEC cell cycle pro-
file. Our results suggest that increased NTHL1 or CATmut
protein inhibits HR-mediated repair of DSBs, providing an
explanation for the DSB accumulation in both NTHL1 and
CATmut overexpressing cells.

Genomic instability is induced by either NTHL1 or CATmut
overexpression

To investigate the cellular consequences of NTHLI and
CATmut-induced DSBs, we performed the cytokinesis-
blocked micronucleus assay as a measure of genomic in-
stability (33). To verify that cells displaying genomic insta-
bility specifically overexpress NTHLI1, we isolated NTHL1-
GFP expressing cells by fluorescence activated cell sorting
(FACS). We further divided the GFP positive cell popu-
lation into cells expressing low, intermediate or high lev-
els of NTHLI1 based on the intensity of the GFP signal
(Supplementary Figure S3A). Forty-eight hours after sort-
ing, binucleated cells were counted and scored for micronu-
cleus formation. A significant increase in micronucleus for-
mation was observed in cells overexpressing NTHLI1-GFP
but not GFP alone (Figure 4A and Supplementary Fig-
ure S3B). Furthermore, micronucleus formation correlated
with the level of NTHL1-GFP overexpression and was ob-
served even in the population with low levels of overexpres-
sion (Figure 4A). NTHLI1 protein levels are displayed (Fig-
ure 4B) from each sorted population, verifying that GFP
intensity detected by FACS reflects the amount of protein
in the cell. U20S cells overexpressing either NTHL1-GFP
or CATmut-Flag also display micronuclei formation (Fig-
ure 4C).

To assess whether NTHL1 expression correlates with ge-
nomic instability over time, NTHLI and CATmut were
overexpressed by transient transfection in HBEC cells. The
level of NTHL1 expression as well as micronucleus forma-
tion were monitored at 48 and 96 hours following transfec-
tion (Figure 4D and E). NTHL1 or CATmut overexpres-
sion induces significant micronucleus formation compared
to empty vector control at 48 hours following transfection,
with no statistically significant difference between NTHLI1
and CATmut (Figure 4D). Increased micronuclei formation
is still observed at 96 h but is not statistically significant

compared to empty vector control. Overexpression of an
unrelated protein such as dsRED (Figure 4D and Supple-
mentary Figure S3C) did not induce micronucleus forma-
tion, whereas positive controls of treatment with 100 wM
H,0; or overexpression of K-Ras G12D protein both in-
duce micronuclei formation (Figure 4D and Supplementary
Figure S3D) (34). Levels of NTHL1 and CATmut expres-
sion are high at 48 hours but have significantly declined
by 96 h following transfection (Figure 4E). The resulting
decline in micronuclei present at 96 h is likely due to the
decrease in NTHLI1 expression, as NTHL1 levels correlate
with genomic instability (Figure 4A). Therefore, the num-
ber of micronuclei detected at 48 hours and 96 hours post-
transfection differ in a manner that correlates with the level
of NTHL1 or CATmut overexpression.

In addition to causing elevated levels of cells with mi-
cronuclei, NTHL1 and CATmut overexpression also induce
the appearance of multiple micronuclei per binucleated cell
(Figure 4F and Supplementary Figure S3E). Control non-
treated cells (NT) and cells transfected with empty vec-
tor alone (Vector) had <4% of binucleated cells with mi-
cronuclei. Cells overexpressing NTHL1 or CATmut display
>15% or >10% of binucleated cells with micronuclei for-
mation, respectively (Figure 4F). Remarkably, binucleated
cells displaying two (~3% for NTHL1 or ~1% for CATmut)
or even three or more (~4% for NTHL1 or ~2% for CAT-
mut) micronuclei were observed (Figure 4F). We conclude
that both NTHL1 and CATmut overexpression are potent
inducers of genomic instability.

NTHL1 or CATmut overexpression induces replication stress
signaling

As unrepaired DSBs during S phase can result in genomic
instability and micronuclei formation (35-37), we inves-
tigated whether replication stress contributes to the ob-
served cellular phenotypes by immunoblotting for known
replication stress-signaling proteins. Phosphorylation of the
ATR (ataxia telangiectasia and Rad3 related) kinase takes
place during the replication stress response (38). As part
of this signaling cascade, ATR undergoes autophospho-
rylation at threonine 1989 (T1989) (38), and then phos-
phorylates downstream targets such as Chkl to trigger the
intra-S phase checkpoint (39,40). Hydroxyurea (HU) treat-
ment, which induces replication stress and ATR activa-
tion (38), was used as a positive control (Figure 5A). Cells
overexpressing either NTHL1 or CATmut both activated
ATR (pATR T1989) (Figure 5A) and Chk1 (S317) (Figure
5B), consistent with the presence of replication stress (39).
DSBs resulting from replication fork collapse activate ATM
(40), which phosphorylates downstream effectors such as
v H2Ax and Chk2 (40). Phosphorylation of Chk2 on threo-
nine 68 (T68) occurs in response to DNA damage and is es-
sential to mount a proper response to DSBs (40). Cells over-
expressing NTHL1 or CATmut both display an increase
in pChk2 T68 compared to negative controls (Figure 5B).
The presence of yH2Ax and 53BP1 foci (Figure 3), to-
gether with pChk2, indicate that overexpression of NTHLI1
or CATmut induces DSBs during replication stress through
a mechanism that does not require NTHL1 catalytic ac-
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Figure 4. Genomic instability is induced by wildtype NTHL1 and CATmut overexpression. (A) HBEC cells expressing NTHL1-GFP were FACS sorted
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cell populations. (B) Immunoblot of NTHLI1 from the FACS sorted cell population of low, Int and high GFP intensity signals. (C) U20S cells transiently
overexpressing either NTHL1-GFP or CATmut-Flag were analyzed for micronucleus formation. Like HBEC cells, U20S cells show an increase in mi-
cronucleus formation. (D) Overexpression of NTHL1 or CATmut in HBEC cells causes micronuclei induction at 48 hours following transfection compared
to empty vector (Vector) control cells. Expression of red fluorescent protein (dSRED) or of G12D mutant K-Ras and treatment with hydrogen peroxide
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is decreased at 96 hours. NTHL1 expression decreases further 144 hours following transfection. (F) The number of micronuclei (MN) per binucleated cell
increases in NTHL1 or CATmut overexpressing HBEC cells. Cells were scored as having 1, 2 or 3 or more micronuclei (MN) per binucleated cell. NS =
non-statistically significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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50 pm. (D). Co-purification analysis of overexpressed NTHL1-Flag and endogenous XPG in HBEC cells. The Bound fractions are shown for purification
of NTHLI1-Flag from HBEC cells that transiently overexpress NTHL1-Flag or control cells transfected with Vector. Cells were either treated with 10 mM
H,O, to assess whether the interaction depends on oxidative DNA damage.



tivity and is consistent with the demonstrated reduction in
HR.

DSBs generated from replication stress are primarily re-
paired by HR (41), which is initiated by DNA end resec-
tion to create single-stranded DNA (ssDNA) (41,42). Repli-
cation protein A (RPA) coats the ssDNA and is phos-
phorylated at serine 4 and 8 (pRPA S4/S8) (43). NTHL1
and CATmut overexpression both induce increased pRPA
S4/S8 signal compared to non-transfected (NT) and empty
vector controls (Figure 5B and C). Each induces at least a
two-fold change in the amount of phosphorylated protein
for pChk1 and pRPA compared to empty vector control.

Taken together, our data show a novel NTHLI1 enzy-
matically independent mechanism causes genomic instabil-
ity through inhibition of DSB repair. There is no evidence
suggesting any direct role for NTHL1 in HR. We consid-
ered that one way by which overexpression of NTHLI1 or
CATmut might generate these phenotypes is through a com-
mon protein interactor that functions in the HR pathway.
A potential candidate is the NTHL1 protein binding part-
ner XPG, a multi-functional protein from the nucleotide
excision repair pathway that interacts with and stimulates
NTHLI1 activity (10). XPG has plays a key role in HR
through direct interactions with BRCA1 and BRCA2 (32).
Importantly, cells deficient for XPG display elevated lev-
els of micronuclei, accumulated DSBs, replication stress,
and HR impairment similar to the phenotypes observed
upon overexpression of NTHLI (32). Direct interaction be-
tween XPG and NTHL1 has primarily been investigated
with purified proteins (10). We therefore tested whether
NTHLI interacts with XPG in the cellular context. In
HBEC cells over-expressing NTHL1-Flag, a substantial
fraction of XPG co-purifies with NTHL1-Flag on anti-Flag
resin with only minimal background binding of XPG to the
resin in control cells (Figure SD). No significant change in
the co-purification is observed in cells treated with H,O; so
the cellular interaction does not depend on oxidative DNA
damage. This result is consistent with the possibility that
overexpression of NTHL1 could hinder HR repair of DSBs
by sequestering XPG.

Early cellular hallmarks of cancer are conferred by NTHL1
and CATmut overexpression

As replication stress and genomic instability are inducers
of early cellular markers of transformation (41,44,45), we
investigated whether NTHL1 overexpression could induce
these phenotypes. The ability to form colonies in soft agar is
an established criterion for assessing one of the earliest can-
cer hallmarks, anchorage independent growth (46). HBEC
cells expressing NTHL1-GFP were FACS sorted and GFP-
positive cells were plated for the soft agar assay. NTHLI-
GFP expressing cells form colonies in soft agar, while cells
expressing GFP alone display minimal colony formation
(Figure 6A). HBEC cells overexpressing CATmut-Flag also
form colonies in soft agar (Figure 6B).

Colonies were isolated from soft agar, and two surviv-
ing clones for each NTHL1 variant were expanded into cell
lines to test for loss of contact inhibition. Non-transformed
HBEC cells form an organized, epithelial monolayer in
striking contrast to the disorganized growth of the NSCLC
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cell line A549 (Figure 6C, top panels). Two different clonal
lines of cells expressing either NTHL1 or CATmut show
loss of contact inhibition with foci formation similar to that
of A549 (Figure 6C, bottom panels). Thus, loss of contact
inhibition develops in overexpressing cells that acquired the
capability to grow in soft agar.

We assessed NTHLI protein expression in each clonal
cell line and determined that NTHL1 levels were only mod-
erately elevated over control HBEC cells, in contrast to the
high levels seen in transiently transfected HBEC (Figure
6D). Transient transfection was employed for the soft agar
assay. Therefore, the length of time to complete the soft agar
assay and grow the clonal cell lines makes it unlikely that
the transiently expressed NTHL1-Flag is still present, un-
less the NTHL1-Flag construct became integrated into the
genome. However, the Flag epitope is not detected in the
immunoblot of cells clonally derived from the soft agar as-
say (Figure 6D), suggesting that the NTHLI detected is en-
dogenous protein. Quantification showed that NTHLI1 ex-
pression levels were not statistically different from levels in
non-transformed HBEC cells (Supplementary Figure S4A).
To investigate whether pre-existing high endogenous levels
of NTHL1 pre-disposed for ability to form colonies in soft
agar, cells from the parental HBEC cell line were clonally
expanded to analyze the variation in expression of endoge-
nous NTHLI. Levels of endogenous NTHLI1 in individual
parental cells do not reach comparable levels to NTHLI1 de-
tected in the soft agar clones (Supplementary Figure S4B).
Thus, growth in soft agar is most likely not due to pre-
existing high levels of endogenous NTHLI found in a subset
of parental HBEC cells (Supplementary Figure S4B). We
conclude that transient overexpression of NTHL1 is suffi-
cient to induce cellular transformation.

Because we show that transient NTHL1 and CATmut
overexpression leads to genomic instability, we evaluated
whether the clonal cell lines derived from soft agar colonies
demonstrated persistent genomic instability as another can-
cer hallmark. These clones display an elevated level of mi-
cronucleus formation that is comparable to the A549 lung
cancer cell line (Figure 6E). NTHL1 overexpression there-
fore contributes to the generation of genomic instability
that results in transformation of HBEC cells, and, persistent
genomic instability is a permanent characteristic of these
transformed cells.

DISCUSSION

Our results demonstrate that overexpression of NTHL1 can
cause genomic instability and cellular transformation inde-
pendent of catalytic activity. Previous studies identified a
contribution of loss of NTHLI1 to a colon cancer predispo-
sition syndrome (13,14), presumably through the accumula-
tion of mutations and transformation over time (Figure 7A,
left side). However, as we demonstrate, overexpression of
NTHLI can also contribute to transformation (Figure 7A,
right side). Therefore, as illustrated in Figure 7A, a proper
balance of BER protein components is needed to protect
genome stability, as either loss or overexpression of the ini-
tiating DNA glycosylase can negatively impact the genome.

In our system, transient overexpression of NTHLI was
employed to investigate the consequences of BER dysreg-
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ulation. A range of levels of NTHL1 overexpression was
observed; however, the induction of DNA damage (Fig-
ure 3) and genomic instability (Figure 4) did not greatly
vary between experimental replicates, suggesting that a min-
imum threshold for NTHL1 overexpression exists to trig-
ger the observed phenotypes. Interestingly, the observed ge-
nomic instability and cellular transformation did not re-
quire sustained high levels of NTHL1 overexpression (Fig-
ure 6), suggesting that transient high levels of NTHLI1 are
sufficient to initiate processes that can lead to transforma-
tion. In support of this concept, variants of the BER protein
DNA polymerase 3 require only transient overexpression to
generate loss of contact inhibition and growth in soft agar
in non-transformed mouse mammary tissue (47), a result
which parallels the transient NTHL1 overexpression ana-
lyzed here.

Our data reveal a novel mechanism of inducing genomic
instability and cellular transformation that does not depend
on the catalytic activity of NTHLI1 (Figures 3, 4 and 6).
This surprising result suggests that a protein-protein inter-
action may underlie some consequences of NTHLI1 over-
expression (Figure 7B). One candidate interacting partner
for NTHLI that could affect HR activity is XPG (10,48).
XPG is an endonuclease that functions in NER (49) and
interacts with NTHLI to enhance NTHLI binding to and
excision of DNA damage substrates (10). XPG is also crit-
ical for HR activity and for recovery from replication fork
collapse (32). Cells deficient for XPG show increased DSBs
as marked by yH2Ax and 53BP1 foci, elevated micronu-
cleus formation, and decreased HR activity (32), conse-
quences that are mirrored by NTHL1 overexpression in this
study. The decrease in HR activity upon NTHL1 overex-
pression (Figure 3) is similar to the decrease in HR activity
detected in cells deficient for XPG when analyzed using the
same DR-GFP reporter assay (32). Furthermore, NTHL1
or CATmut overexpression increases NHEJ (Supplemen-
tary Figure S2F). Importantly, there is no significant change
in the cell cycle profile of HBEC cells overexpressing either
NTHLI1 or CATmut compared to controls (Supplementary
Figure S2F), demonstrating that the associated increase in
NHE]J is not due to an increase in the proportion of cells in
the G phase of the cell cycle.

Further supporting disruption of HR repair by NTHLI
overexpression, we show that pRPA S4/S8 signaling is in-
creased (Figure 5B and C), as it is upon loss of XPG (32).
Given the similarity in phenotypes, we suggest that indepen-
dent of catalytic activity, excess NTHL1 could bind to and
sequester XPG, thereby impairing the loading of RADSI to
form the presynaptic filament (Figure 7B). This BER/HR
pathway crosstalk would render cells vulnerable in S phase
when HR is tasked with repairing DNA damage that might
give rise to genomic instability (32,41,44). Indeed, our re-
sults (Figure 5D) show that overexpressed NTHLI interacts
with XPG in HBEC cells.

Upon HR pathway disruption, DSBs can also be repaired
by competing end joining processes, including c-NHEJ and
alt-NHEJ (50,51). While c-NHEJ preferentially functions
during the G; phase of the cell cycle (52), alt-NHEJ is
most active in S phase and is a highly error prone pro-
cess (41,51,53). Upon disruption of HR, an increase in alt-
NHE]J activity may occur, and this HR /alt-NHE] interplay

isindependent of c-NHEJ (42). As end resection has already
occurred in this scenario (42,51), error prone alt-NHEJ may
be utilized to complete DSB repair. In support of this idea,
our results demonstrate an impairment of HR repair (Fig-
ure 3), an increase in replication stress (Figure 5), and an
increase in NHEJ activity (Figure 3). We propose a model
in which cells that overexpress NTHLI sequester the XPG
protein and thus are deficient in the correct repair by HR of
DSBs that routinely arise in each cell cycle through collapse
of stalled replication forks. These cells may then utilize alt-
NHEJ to complete DSB repair, resulting in genomic insta-
bility (Figure 7B). Further studies will be needed to deter-
mine whether alt-NHEJ plays a role in causing the cellular
phenotypes observed upon NTHL1 overexpression.

A prediction of these results is that cancer cells overex-
pressing NTHL1 would be vulnerable to clinical agents that
mechanistically induce DSBs. In support of this idea, a pre-
vious study found that lymphoblastoid cells in tissue cul-
ture display increased sensitivity to ionizing radiation upon
NTHLI1 overexpression (54). This study concluded that the
increase in sensitivity was due to processing of closely op-
posed NTHLI1 substrates to generate DSBs. However, our
results show that NTHL1 overexpression can interfere with
HR-mediated repair of DSBs, which could contribute to ra-
diation sensitivity. This finding is consistent with previous
work showing that mutation of genes or loss of proteins in
the HR pathway can influence the NHEJ pathway (55).

In further support of our findings, a previous study re-
ported cellular transformation as a result of expressing a
distinct, catalytically-inactive germline variant of NTHLI1
(D239Y) in the MCF10a breast cell line, in which DSBs,
chromatid breaks, and chromosomal fusions were observed
(26). However, these phenotypes were attributed to unre-
paired cytotoxic lesions. The results thus differ from our
findings, in which the resulting cellular transformation can
occur independent of catalytic activity. The previous study
did not evaluate wildtype NTHL1 or D239Y NTHL1 over-
expression levels in comparison to endogenous NTHL1 lev-
els, but the conditions used were stable expression in an im-
mortal MCF10A breast epithelial cell line, in contrast to
our high levels of transient overexpression in the HBEC line.
Whether the different outcomes relate to differences in over-
expression levels, differences in the cell lines used, or differ-
ent consequences of the inactivating mutation tested is not
clear. Nevertheless, both the previous study and our find-
ings dramatically illustrate the importance of properly reg-
ulating NTHL1 to maintain genome stability.

While most outcomes in our study showed no statisti-
cally significant difference between NTHL1 and CATmut,
we detected a difference for the number of DSB foci per
cell (Figure 3C) and the number of micronuclei per binu-
cleated cell (Figure 4E). This result is consistent with a po-
tential contribution of NTHLI catalytic activity to the gen-
eration of DNA damage and instability. As we employed
transient transfections and obtained a wide range of over-
expression, we cannot formally exclude the possibility that
differences in NTHL1 protein expression underlie this dif-
ference. However, we hypothesize that the catalytic activity
of overexpressed NTHL1 may contribute to a portion of
our observed genomic instability phenotypes. Further stud-
ies that separate the contributions of NTHL1 enzymatic ac-



tivity and enzymatic-independent activity are needed to fur-
ther define the mechanisms leading to the observed func-
tional consequences of NTHL1 overexpression.

This study provides evidence suggesting that increases
in NTHL1 glycosylase protein levels could contribute to
tumorigenesis. Understanding proper regulation of BER
components (Figure 7A) will provide further insight into
how dysregulation of BER is involved in cancer etiology.
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