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Abstract

DNA repair is essential for routine monitoring and repair of damage imparted to our genetic material by
exposure to endogenous and exogenous carcinogens, including reactive oxygen species, UV light, and chemicals
such as those found in cigarette smoke. Without DNA repair pathways, the continual assault on our DNA would
be highly mutagenic and the risk of cancer increased. Paradoxically, the same pathways that help prevent cancer
development are detrimental to the efficacy of DNA-damaging cancer therapeutics such as cisplatin. Recent
studies demonstrate the inverse relationship between DNA repair capacity and efficacy of platinum-based
chemotherapeutics: increased DNA repair capacity leads to resistance, while decreased capacity leads to in-
creased sensitivities. Cisplatin’s cytotoxic effects are mediated by formation of intrastrand DNA crosslinks,
which are predominantly repaired via the nucleotide excision repair (NER) pathway. In an effort to personalize
the treatment of cancers based on DNA repair capacity, we developed an ELISA-based assay to measure NER
activity accurately and reproducibly as a prognostic for platinum-based treatments. Here we present an over-
view of DNA repair and its link to cancer and therapeutics. We also present data demonstrating the ability to
detect the proteins of the pre-incision complex within the NER pathway from cell and tissue extracts. Antioxid.
Redox Signal. 14, 2465–2477.

Introduction

The ability to respond to and repair damage to genetic
material is a crucial activity for most living organisms.

The impact of environmental exposures on living cells and
organisms dates back to the 1930s, with DNA repair being
first identified as a response to UV light in the mid 1960s in
both bacteria and mammalian cells. Since that time, research
on the fundamental mechanisms of DNA repair has contin-
ued unabated and has provided advances and insight into
numerous biological and physiological systems and pro-
cesses. The identification of mutant strains of Escherichia coli
with increased sensitivity to UV light, the subsequent cloning
of the responsible Uvr genes, and eventual reconstitution of
the bacterial nucleotide excision repair (NER) pathway were
at the forefront of molecular biology. The connection between
transcription and DNA repair represented a significant find-
ing, resulting in DNA repair as the selected ‘‘Molecule of the
Year’’ in the mid 1990s (13). The identification of mismatch-
mediated repair (MMR) as the causative factor in the etiology
in hereditary nonpolyposis colorectal cancer (HNPCC) also
highlighted the importance of maintaining genetic stability
(35). Complete reconstitution of the protein factors involved

in the NER pathway and the connection between DNA repair
and cancer as observed in the rare genetic disease xeroderma
pigmentosum (XP) and the identification of the breast and
ovarian cancer genetic markers, BRCA1 and BRCA2, has once
again pushed DNA repair into the forefront of medical re-
search. More recently, the demonstration of synthetic lethality
in cancer cells opens the possibility to target DNA repair
pathways specifically towards more effective treatments for
cancer (31). The complexity of most mammalian DNA repair
pathways makes their assessment within biological samples
difficult, and thus the integration of the knowledge we have
gleaned from over 50 years of DNA repair research into the
clinical setting has been slowed. However, we are critically
poised with recent technological advances and the support of
the medical community to apply our understanding of bio-
logical mechanisms towards combating diseases such as
cancer.

DNA repair in human diseases and cancer

DNA repair is critical to genomic maintenance, and the
impact of reduced DNA repair capacity influences a myriad of
cellular processes. It is therefore not surprising that defects in
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genes that code for proteins involved in DNA repair lead to
devastating physiological effects and diseases ranging from
UV sensitivity and premature aging, to a predisposition to
cancer and death. Ataxia telangiectasia (AT) is caused by
mutation to ATM and manifests as developmental and neu-
rological syndromes. ATM is a PI3K-like kinase activated in
response to DNA damage, specifically DNA double-strand
breaks (DSBs), and is involved in cell division signaling events
(51). Fanconi anemia (FA) is clinically manifested by con-
genital defects, thumb abnormalities, bone marrow failure,
and cancer. FA, unlike other diseases, seems to have a more
complex association with DNA repair. It has been character-
ized by a general genomic instability and is caused by mu-
tations in genes that regulate replication-dependent removal
of interstrand DNA crosslinks. FA has been linked to defects
in the BRCA2 gene and multiple DNA repair pathways, in-
cluding DSB repair via homologous recombination, NER and
translesion syntheisis (55). Defects in the nonhomologous
end-joining pathway (NHEJ) via mutations in a number of
genes, including DNA-PKcs, XLF=cernunnos and Artemis, re-
sult in immune deficiencies largely due to the inability to
catalyze V(D)J recombination leading to reduced immune
function (30). In addition, defects in NHEJ result in hyper-
sensitivity to IR and levels of NHEJ proteins have been linked
with both cancer progression and survival following treat-
ment (7, 52). The role in carcinogenesis is likely manifested as
decreased repair contributing to increased genetic instability
while ultimate survival is often a function of the effectiveness
of therapy, many of which are genotoxic and thus more ef-
fective in the absence of DNA repair.

Defects in DNA excision repair pathways also lead to dev-
astating diseases and result in an increased predisposition to
the development of cancer. XP was the first human disease
linked to a defect in the NER pathway (11) and is characterized
by extreme photosensitivity and a predisposition to cancers,
especially those of the skin. In addition, XP heterozygosity was
found to be associated with early onset familial lung cancer
and was thus concluded to be a risk factor for lung cancer (32).
Cockayne syndrome (CS), primarily a developmental disorder
characterized by dwarfism, retinal degeneration, and photo-

sensitivity, is caused by mutations in the CSA or CSB genes,
which are essential for transcription-coupled repair via NER
(TC-NER) (see below). Trichothiodystrophy (TTD), resulting
from NER deficiency, is a rare genetic disease that manifests as
dysmorphic facial characteristics, brittle hair, dry skin, and
mental retardation. Defects in the base excision repair (BER)
pathway were first associated with familial adenomatous
polyposis (1) and has since been associated with Alzheimer’s
disease (57). Defects in MMR cause microsatellite instability
with loss of function mutations genetically linked to HNPCC,
an early age of onset form of colon cancer. Most HNPCC cases
result from defects in one of two MMR genes, MSH2 and
MLH1. In addition to these genetic and inheritable diseases,
DNA repair defects have been identified in numerous cancers.
Considering that genetic instability is a hallmark of most
cancers, it has been suggested that, in fact, every cancer will
display some deficiency in DNA repair (2).

Repair pathways

Several DNA repair mechanisms exist in cells, each per-
forming a specialized repair for the type of DNA lesion or
damage that is presented. The DNA damage repair pathways
can be divided into two groups: those that repair modified or
misincorporated bases mediated by an excision-type process
and those that repair DNA strand breaks. DNA bases can be
modified through endogenous or exogenous sources via al-
kylation, deamination, oxidation events, or exposure to UV
light or environmental carcinogens such as those found in
cigarette smoke. In addition, several chemotherapeutics tar-
get DNA for modification, which will be addressed later.
DSBs can be caused by ionizing radiation, reactive oxy-
gen species (ROS), and endogenous events such as V(D)J
recombination.

The excision repair pathways of BER, MMR, and NER are
responsible for recognition and repair of lesions or adducts
that require physical removal (Fig. 1). These pathways involve
the initial recognition of the damage, followed by a mecha-
nism of excision that is dictated by the particular type of lesion
that occurs. Repair can involve removal of a single base as in

FIG. 1. DNA damage excision re-
pair pathways and the diseases re-
lated to dysfunctional repair of the
lesions. The BER pathway recognizes
and removes modified bases resulting
from endogenous ROS, deamination,
or alkylation. The MMR pathway is
responsible for recognition and repair
of misincorporated bases that occur
during replication. The NER pathway
repairs damage that occurs to DNA
due to exogenous sources, primarily
CPDs and 6-4 photoproducts, which
form in response to UV exposure. In
addition, the NER pathway is the
primary repair pathway for repair of
1,2-d(GpG) and 1,3-d(GpNpG) cis-
platin adducts. While all excision
repair pathway deficiencies are asso-

ciated with an increase risk and predisposition to cancer, BER deficiencies have been linked to Alzheimer’s disease, and NER
deficiencies are associated with XP, CS, and TTD. (To see this illustration in color the reader is referred to the web version of
this article at www.liebertonline.com=ars).
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the case of BER, to tens of bases in NER, and up to kilobases in
MMR. Upon removal of the base(s), conventional DNA
polymerases are recruited to fill in the resulting gap, and DNA
ligases ultimately seal the resulting nick.

In BER, one of eleven DNA glycosylases recognizes and
removes small, non-helix-distorting lesions, such as chemi-
cally modified bases (46). Left unrepaired, the resulting in-
correct base pairing could lead to downstream mutation to the
genome. Following DNA glycosylase base removal by
cleavage of the N-glycosidic bond, resulting in an abasic site,
the backbone is then nicked by an AP endonuclease, resulting
in a gap that is filled in by DNA polymerase and sealed by
DNA ligase (36). MMR is responsible for correcting replica-
tion errors that escape processing by the proofreading activity
of DNA polymerases, and insertion=deletion mismatches,
which also, typically occur during replication. While MMR in
prokaryotes is fairly well understood, the molecular mecha-
nism of MMR in eukaryotes remains unresolved (28). The
specifics of the NER pathway will be described in depth in the
next section.

DNA break repair pathways can be subdivided into high
fidelity and low fidelity pathways. NHEJ repairs DSBs on

chromosomes in an end-joining mechanism using limited to
no sequence homology and is considered error prone.
Homologous recombination (HR), on the other hand, requires
significant regions of homology to repair DSBs accurately
using sister chromatid sequence information and is thought to
be highly accurate. Detailed descriptions of these pathways
are covered in other articles within this Forum.

Nucleotide excision repair pathway

The NER pathway is one of the more versatile DNA damage
repair pathways in the cell. It is responsible for the repair of
most bulky DNA adducts, which are formed upon exposure of
DNA to endogenous or exogenous DNA modifiers. The NER
pathway repairs UV-induced lesions such as cyclobutane py-
rimidine dimers (CPDs) and 6-4 photoproducts, as well as
chemical modifications such as intrastrand adducts induced
upon exposure to cis-diamminedichloroplatinum(II) (cisplat-
in). In NER, how the damage is initially encountered dictates
the subpathway activated to repair the lesion (Fig. 2). The two
subpathways of NER consist of transcription-coupled NER
(TC-NER) (25), which repairs lesions encountered only during

FIG. 2. Overview of the NER
pathway. (A) GG–NER path-
way. Recognition of a platinum
lesion triggers the XPC–
Rad23B–Cen2 complex assem-
bly at the site of damage. RPA
and XPA are recruited, along
with TFIIH to unwind the du-
plex and to keep the strands
separated. The nucleases XPG
and XPF-ERCC1 cleave the
damaged strand 50 and 30 of the
damage, releasing a *34 nt
fragment of DNA. Subsequent
fill-in of the resulting gap re-
quires DNA polymerase, which
re-synthesizes the excised se-
quence and DNA ligase I or III
seals the nick between the
newly synthesized DNA and
the 50 phosphate left behind
after cleavage. (B) TC-NER
pathway. Upon encountering a
DNA lesion during transcrip-
tion of a gene, RNAP II stalls,
allowing for repair of the lesion
to occur. This response is, in
part, mediated by the tran-
scription repair factors, CSA
and CSB, which bypass the
need for the GG-NER recogni-
tion factors. CSA and CSB re-
cruit TFIIH to the site of
damage, and the process pro-
ceeds in the same manner as for
the GG-NER pathway. (To see
this illustration in color the
reader is referred to the web
version of this article at
www.liebertonline.com=ars).
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transcription, while the global genomic NER (GG-NER)
pathway is responsible for repair independent of transcription.
TC-NER and GG-NER pathways converge after the initial
damage recognition step, resulting in the excision of a stretch
of nucleotides on the damaged strand, followed by fill-in
synthesis of the resulting gap. The details of these mechanisms
are detailed below.

Lesions that are less helix-distorting (i.e., CPDs and 1,2-
d(GpG) cisplatin adducts) require assistance in their recog-
nition via the DDB complex (DDB1-DDB2=XPE) (45). Upon
recognition of such a lesion, DDB polyubiquitinates the XPC
protein and DDB2=XPE, leading to stabilization of the XPC–
DNA interaction and degradation of DDB2=XPE (54). Larger
helix-distorting lesions, such as those caused by 1,3-
d(GpNpG) cisplatin adducts or 6-4 photoproducts, can be
recognized directly by the XPC complex (XPC–Rad23B–Cen2)
(59) (Fig. 2). Following recognition of damage, the duplex
must be opened around the site of the lesion, which is per-
formed by the helicase activities of the TFIIH complex. While
the exact mechanism of TFIIH opening of the duplex is un-
certain, XPB and XPD are likely candidates for strand sepa-
ration (12). Upon opening of the DNA, the single-strand DNA
binding heterotrimer, RPA, and XPA are recruited, displacing
the XPC complex. RPA binding to the undamaged single-
stranded DNA prevents re-annealing of the bubble and pro-
tects the undamaged strand from nucleases (42, 43). Although
the specific role of XPA is largely unconfirmed, it appears that,
unlike RPA, XPA functions only in the NER pathway. XPA
has been speculated to be required for verification of the
damaged strand (10), in addition to providing a scaffold for
formation of the pre-incision complex (22). The next proteins
incorporated into the pre-incision complex are the nucleases
XPF-ERCC1 and XPG, which nick the DNA 50 and 30, re-
spectively, of the site of damage, displacing a *34 nucleotide
piece of DNA. XPF-ERCC1 incision 50 of the damage precedes
the 30 incision by XPG, and coordination of these incisions and
repair synthesis minimize the presence of single stranded
DNA intermediates (53). Conventional DNA polymerase
machinery fills in the resulting gap and the nick is ligated by
DNA ligase I or III (5, 18).

Activation of the TC-NER subpathway leads to an accel-
erated and rapid response compared to that from GG-NER
(18). As RNA polymerase II (RNAP II) encounters a lesion in
the coding strand of an active gene, recruitment of TC-NER
specific factors bypasses the need of the XPC–Rad23B–Cen2
or DDB damage recognition complexes (47). While less
mechanistic detail is understood for the TC-NER pathway,
two transcription repair factors, CSA and CSB, are required
for efficient repair, recruiting TFIIH to the site of damage. CSB
serves as a repair coupling factor that recruits other NER
proteins and chromatin remodeling factors to the site of
damage. CSA, on the other hand, recruits XAB2 and other
chromatin remodeling factors. Following the recruitment of
TFIIH to the damage, the TC-NER pathway follows the GG-
NER pathway with formation of the pre-incision complex,
followed by incision and removal of a stretch of nucleotides
containing the damaged DNA.

NER and the response to chemotherapeutics

Mounting evidence suggests an intimate relationship be-
tween DNA repair capacity and efficacy of DNA damaging

chemotherapeutics, such as cisplatin. Cisplatin continues to
be the first line therapy for several cancers, including head
and neck, testicular, ovarian, cervical, lung, and colorectal
cancers (15). While cisplatin treatment leads to activation of
DNA damage signaling pathways, increased ROS and altered
gene expression profiles, the cytotoxic effects are largely at-
tributed to the intrastrand crosslink formation on DNA. The
most predominant lesion formed upon treatment with cis-
platin is the 1,2-d(GpG) intrastrand crosslink, which is rec-
ognized and repaired by the NER cellular machinery. The
demonstration of the connection between decreased DNA
repair and sensitivity to cisplatin came from analysis of XP
patients, who have underlying defects in genes encoding
proteins involved in NER. It was observed that cells derived
from XP patients, who generally develop cancer due to their
genetic defects, tend to be hypersensitive to DNA damaging
agents such as cisplatin (9). It was later demonstrated that
extracts prepared from XP cells were ineffective in repairing
UV-induced DNA adducts, and eventually this work was
extended to cisplatin lesions (19).

Hypersensitivity to cisplatin as a function of DNA repair
capacity has been observed in vivo and in vitro in model sys-
tems (6, 17). A lung cancer adenocarcinoma model showed
that upon reduction of XPA protein by antisense RNA tech-
nology there was a corresponding increase in sensitivity to
cisplatin (61). The relationship of NER capacity and cisplatin
sensitivity has been further demonstrated in testicular can-
cers, which display an acute chemosensitivity, in part due to
the reduced NER capacity of these cells, which has been at-
tributed to reduced levels of XPA (26). Similarly, it has been
shown that overexpression of NER genes is associated with
cisplatin resistance in ovarian, glioma, bladder, and lung
cancer cells (61). Inhibition of NER via antisense RNA tech-
nology targeting the XPA gene revealed increased survival in
a mouse xenograft model of human ovarian cancer demon-
strating the utility of inhibiting the NER pathway for treat-
ment of cisplatin resistance in ovarian cancer (48). The
overexpression of another NER protein, ERCC1, in non-small
cell lung cancer (NSCLC) correlates with cisplatin resistance,
and single nucleotide polymorphisms (SNPs) have been
identified in ERCC1 that represent the first steps in individ-
ualizing therapy based on NER status (50). Recent studies
have shown that ERCC1 expression levels, assessed by im-
munohistochemistry, can serve as a prognostic marker for
determining which NSCLC patients are likely to respond to
cisplatin adjuvant therapy following tumor resection (38, 39).
This result remains controversial as a result of technical issues
with the antibodies used (8, 37, 40) and highlights the im-
portance of validating the assays and reagents selected for
assessment of physiological function and activity in vivo.

Assessment of DNA repair capacity—From biology
to treatment

The current technologies for monitoring DNA repair ca-
pacity from tissue samples are cumbersome and challenging.
There are, however, several assays used for the purpose of
identifying the levels of proteins in DNA repair pathways or
the ability of a cell to repair DNA damage. Unfortunately,
each of these methods has serious downfalls related to the
amount of material required, type of equipment needed,
and the lack of direct assessment of activity. The host cell
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reactivation (HCR) assay and comet assays (27, 29) require
culturing of a patient’s tumor cells prior to the analysis of
repair activity. Global expression or proteomics-based assays
and DNA sequencing for SNPs or common genetic variants
are good for identifying biomarkers, however are less effec-
tive at assessing the activity associated with a biological
pathway. Immunohistochemical analysis of tumor biopsies or
tissues only identifies the presence or absence of a protein and
not necessarily the functionality of the protein itself or the
pathways in which it participates. Direct measurement of
NER activity from cell extracts, while a significant advance in
the DNA repair field, requires large quantities of proteins (4).
Here we present the initial development of a solid-phase
ELISA assay from which to measure NER repair activity=
capacity. The ultimate goal is to be able to detect the levels of
repair from patient biopsy samples in an effort to more ef-
fectively treat cancer patients.

Materials and Methods

Materials

Oligonucleotides were purchased from Integrated DNA
Technologies (Coralville, Iowa) and were PAGE-purified on
12% denaturing (8 M urea) gels. Standard nucleotides were
purchased from Promega (Madison, WI), dUTP, biotin-dUTP,
and streptavidin-coated 96-well plates were purchased from
Roche Diagnostics (Mannheim, Germany). Klenow fragment
(exo-) and restriction endonucleases were obtained from
New England Biolabs (Ipswich, MA). cis-Diamminedichlo-
roplatinum (II) (cisplatin) was purchased from Sigma (St.
Louis, MO). Primary antibodies were obtained from Neo-
Markers (Fremont, CA), Novus Biologicals (Littleton, CO),
and Santa Cruz Biotechnology (Santa Cruz, CA) (Fig. 3).
Secondary antibodies: goat anti-mouse IgG was purchased
from Santa Cruz (Santa Cruz, CA) and goat anti-rabbit IgG
was purchased from BioRad (Hercules, CA). All other re-
agents were obtained from standard suppliers.

Oligonucleotides and DNA substrates

Two oligonucleotides were used in these studies: Biotin-
60mer (50-biotin-CCCTTCTTTC TCTTCCCCCTCTCCTTCTT
GGCCTCTTCCTTCTTCCCCTT-30) and 60mer-complement
(50-GGGGAGGAAAGGGAAGGGGAAGGAAGAGGCCAA

GAAGGAGAGGGGGAAGAGAA-30). Biotin-60mer was
platinated (where indicated in the text) at 1 mM to produce a
1,2-d(GpG) intrastrand crosslink in the presence of 10 mM
cisplatin for 16 h in the dark at 378C. Double-stranded, pla-
tinated, 60mer DNA was produced by annealing platinated
biotin-60mer to 60mer-complement in the presence of 50 mM
Tris pH 7.5, 10 mM MgOAc, 5 mM DTT, by heating the re-
action to 958C for 10 min and allowing the mixture to cool to
room temperature.

Longer double-stranded DNA fragments were produced
by restriction endonuclease digestion of a pBSþ plasmid
(Agilent Technologies (formerly Stratagene), La Jolla, CA)
that was pre-treated with cisplatin at a 25:1 molar ratio of
cisplatin:plasmid DNA. The plasmid was digested with ApaLI
to generate fragments of 497, 1461, and 1246 base pairs with 50

overhangs. The overhangs were filled in with biotin-dUTP (to
allow for attachment to the ELISA plates), dATP, dCTP, and
dGTP using Klenow fragment (exo-) according to manufac-
turer’s protocol.

Protein expression and purification

The human RPA expression vector was kindly provided by
Marc Wold, University of Iowa, and was purified as previ-
ously described (20). XPA protein was overexpressed and
purified as previously described (21).

Whole cell extract preparation

Extracts from HeLa cells were prepared according to Wood
et al. (60). Briefly, a 1 L cell pellet, from a suspension culture,
was resuspended in a hypotonic buffer and lysed by ho-
mogenization. Extracts were fractionated by ammonium
sulfate precipitation before being dialyzed into 25 mM K-
HEPES pH 7.9, 0.1 M KCl, 12 mM MgCl2, 1 mM EDTA, 17%
(v=v) glycerol, and 2 mM DTT. Protein concentrations were
determined by Bradford assay (BioRad) and extracts were
frozen at �808C for long-term storage.

Tumor extract preparation

Tumor biopsies, obtained from the Indiana University Lilly
tissue bank, were used to prepare extracts. *100 mg of tissue
was incubated with 400 ml hypotonic buffer (10 mM Tris pH
8.0, 15 mM NaCl, 1.5 mM MgCl2, 5 mM DTT) supplemented

FIG. 3. Primary antibodies
used in this study. Antibodies
to each protein component of
the pre-incision complex are
listed along with the epitope
of recognition (where avail-
able), and the working con-
centration used. Suppliers
are: N.B., Novus Biologicals;
N.M., NeoMarkers; S.C., Santa
Cruz Biotechnology. In stud-
ies where whole cell extracts
(WCEs) were used, the
monoclonal XPA antibody
(clone 12F5) provided an in-
creased signal:noise ratio, and
was thus used for all WCE
analyses.

Protein Name Antibody Name Epitope/Subunit 
Recognized

Working 
Concentrations

Supplier

ERCC1 Mouse monoclonal anti-ERCC1 8F1 1:500 N.B

RPA Mouse monoclonal anti-RPA/p34 
Ab-1

(clone 9H8) 1:1000 N.M.

XPA Rabbit polyclonal anti-XPA Full-length protein 1:1000 S.C.

Mouse monoclonal anti-XPA (clone 12F5)
Full-length protein

1:1000 N.B.

XPC Rabbit polyclonal anti-XPC (clone H-300)
aa. 641-940

1:1000 S.C.

XPF/
ERCC4

Rabbit polyclonal anti-ERCC4 aa. 855-905 1:10,000 N.B.

XPG Mouse monoclonal anti-XPG (clone 8H7)
aa. 947-1165

1:1000 N.B.

TFIIH Mouse monoclonal anti-GTF2H1 (clone 1F12-1B5)  
p62 subunit
aa. 1-255

1:1000 N.B.
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with 10mg each, leupeptin and pepstatin, and 2.5 mM PMSF.
The tissues were homogenized, followed by a 30-min incu-
bation on ice in the presence of 0.4 M NaCl. Lysates were
centrifuged at 13,000 rpm for 30 min at 48C. The supernatant
was dialyzed against 50 mM Tris, pH 8.0, 50 mM NaCl,
1.5 mM MgCl2, 10 % (v=v) glycerol, 2 mM DTT, and the pro-
tein concentrations were determined by Bradford assay
(BioRad). Extracts were stored at �808C.

ELISA assays

Biotinylated 60mer DNA was pre-bound to streptavidin
coated 96-well plates at 200 fmol (for ssDNA or dsDNAs
substrates) or 50 ng (for digested plasmid fragments) in 2%
BSA-TBST (20 mM Tris pH 7.5, 170 mM NaCl, 0.5% (v=v)
Tween-20, 2% (w=v) bovine serum albumin (BSA)). Purified
proteins or whole cell extracts (WCEs) were incubated with
the DNA in 2% BSA-TBST for 1 h to allow for proteins to bind
to the DNA and the BSA to block all nonspecific sites. Wells
were washed three times with 2% BSA-TBST, followed by the
addition of the primary antibodies, which were incubated for
1 h at dilutions of 1:500 – 1:10,000 (Fig. 3). The primary anti-
body was removed and the wells were washed an additional
three times with 2% BSA-TBST before adding the secondary
antibody, which was incubated for 1 h at 1:1000 dilutions in 2%
BSA-TBST. The horseradish peroxidase (HRP)-conjugated sec-
ondary antibody was removed, and the wells washed three
times with 2% BSA-TBST. 50ml of 3,30,5,50-tetramethylbenzidine
(TMB) substrate (Pierce), a colorimetric substrate for HRP, was
added to each well and conversion of the TMB substrate to a
blue-colored product was monitored over time in a kinetic
reads mode at 370 nm using a SpectraMax M5 plate reader and
analyzed using SoftMax Pro software (Molecular Devices,
Sunnyvale, GA). The absorbance was monitored over time and
the initial velocity calculated. A depiction of the assay is pre-

sented in Figure 4. Assays were performed in duplicate or
triplicate, and single representative data sets are shown in the
figures. Data from purified protein titrations were fit to a
standard two-state binding model.

Results

Detection of purified RPA and XPA binding
to ssDNA in an ELISA assay

Studies aimed at monitoring NER proteins in a solid-phase
ELISA were initiated with the optimization and detection of
two DNA binding proteins, RPA and XPA, which are central to
the formation of the incision complex at a site of DNA damage.
Purified proteins were incubated with and bound to biotiny-
lated 60-nucleotide ssDNA. 200 fmol of biotin-60mer ssDNA
oligonucleotide were attached to the streptavidin-coated 96-
well plates via the biotin–streptavidin interaction. Protein was
titrated from 1 ng to 1000 ng and incubated with the DNA to
determine a detection limit of protein and to validate the
quantitative nature of the assay. Signal from these assays is
highly dependent on the antibodies used and the ability of the
protein to interact with the DNA tethered to the plate. Opti-
mization of these assays involved examination of several anti-
body combinations, as well as alternative suppliers for the best
signal:noise ratios. Experiments involving detection of RPA
showed robust signal even at the lowest amount of protein
tested, 1 ng (Fig. 5A). The XPA protein was readily detected in
our assay as well (Fig. 5B), however the maximum signal ob-
tained from XPA was significantly less than that obtained from
RPA. There are several reasons for the decrease in signal ob-
tained for the XPA–DNA interaction, including the specificities
of the antibodies used and the affinity of the protein-DNA
complexes. The affinity of XPA for ssDNA is on the order of
*100-fold weaker than that of RPA (23, 44), which would lead
to an overall decrease in the ability of XPA to interact with the

FIG. 4. Conceptual view of the
ELISA assay. Streptavidin-coated
(blue ovals) 96-well plates are in-
cubated with platinated or non-
platinated biotinylated DNA.
Protein (purified, recombinant
protein or WCEs) is incubated
with DNA to allow time for
binding to occur. A primary anti-
body, specific to the protein of
interest, is added (red Y-shape),
followed by subsequent wash
steps to alleviate nonspecific in-
teractions. A secondary antibody
is added (orange Y-shape), which is
conjugated to the HRP enzyme.
Wells are washed again to remove
nonspecific interactions, and the
HRP-substrate is added for de-
tection. HRP converts the chro-
magenic substrate, yielding a
blue-colored solution. The devel-
opment of the color is measured
over time, and the initial velocity

of the conversion is proportional to the level of protein in the assay. (To see this illustration in color the reader is referred to
the web version of this article at www.liebertonline.com=ars).
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ssDNA as well as increase the potential for dissociation of XPA
molecules that are bound to the ssDNA during successive wash
cycles. Nonetheless, we are able to detect as low as *10 ng of
XPA binding to the 60-mer ssDNA substrate.

Detection of purified RPA and XPA binding
to platinated-dsDNA in an ELISA assay

Ultimately, detection of NER proteins in a biologically sig-
nificant context will need to be performed in the presence of a
double-stranded damaged DNA substrate. To this end, we
designed two forms of cisplatin-damaged dsDNA substrates.
The first is a synthetic oligonucleotide, which can be platinated
at a single site (biotin-60mer), then annealed to an oligonucle-
otide of complementary sequence (60mer-complement). The
second design involved global platination of the pBSþ plasmid
DNA of *3200 base pairs, which was subsequently treated
with a restriction endonuclease, ApaLI, to generate relatively
large (*400–1400 base pair) fragments upon which to assemble
NER complexes. These plasmid fragments were biotinylated
via fill-in synthesis of the resulting 50 overhang for attachment
to the streptavidin-coated 96-well plates. Biotin incorporation
was achieved through the use of a biotinylated-dUTP nucleo-
tide. We initially examined the ability to detect purified RPA
and XPA proteins in the context of these damaged dsDNA
substrates.

To assess damaged DNA bound, we first used the synthetic
60 base pair double-stranded oligonucleotide containing a
single cisplatin lesion. In these experiments, 200 fmol of
dsDNA was pre-bound to the streptavidin-coated 96-well
plate, and increasing amounts of purified proteins were ti-
trated and incubated with the immobilized damaged dsDNA
substrates. RPA detection on this substrate was robust (Fig.
6A), however the decreased ability of RPA to interact with this
substrate is apparent in the larger concentrations of RPA re-
quired to saturate binding and the increase in the amount of
RPA required to reach 50% of maximum detectable binding.
Approximately 10x more RPA is required to reach 50%
maximum binding in the presence of the 60 base pair dam-
aged dsDNA substrate relative to the 60-nucleotide ssDNA
substrate (compare Figs. 6A and 5A). Similarly, we examined
the detection limit of RPA binding to larger stretches of
dsDNA that had been globally platinated at multiple sites.
50 ng of globally platinated dsDNA was immobilized on
streptavidin-coated 96-well plates, and increasing amounts of
purified RPA protein was incubated with the DNA. In the
presence of multiple platinated sites and larger stretches of
DNA, saturated binding was observed with 1000 ng of puri-
fied RPA and the detection limit was reduced to 1 ng of RPA
(Fig. 6A).

Detection of purified XPA was also examined using the
two different damaged-dsDNA (single- and multiple-site

FIG. 6. Detection of puri-
fied RPA and XPA on dsDNA
in ELISA assay. (A) Titration
of purified RPA protein onto
platinated, dsDNA substrates
of 60 base pairs (circles) or
plasmid fragments *400–
1400 base pairs in length
(squares). (B) Titration of pu-
rified XPA protein onto plati-
nated, dsDNA substrates of 60
base pairs (circles) or plasmid
fragments *400–1400 base
pairs in length (squares).
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FIG. 5. Detection of puri-
fied RPA and XPA on ssDNA
substrate in ELISA assay. (A)
Titration of purified RPA
protein onto the biotin-60mer
ssDNA substrate. (B) Titration
of purified XPA protein onto
the biotin-60mer ssDNA sub-
strate. In both experiments,
conversion of the chromagenic
substrate was monitored over
time (mAbs=min) and plotted
vs. amount of protein added
to the reaction.
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platinum lesions) substrates. XPA binding to these substrates
demonstrated that as little as *10–20 ng of purified protein is
sufficient for detection in the ELISA (Fig. 6B). Interestingly,
detection of XPA binding to either substrate was very similar
in saturation of binding as well as in the minimum amount of
protein required. Next, we examined the ability to detect RPA
and XPA binding to a platinum-damaged dsDNA substrate
when the purified proteins are mixed in the same reaction.
Purified RPA and XPA were mixed in equal amounts, then
incubated with the 60 base pair, platinated dsDNA, to de-
termine if the RPA–XPA interaction interferes with detection
of either protein. Under these conditions, both proteins were
detected in the ELISA assay, requiring *10 ng of XPA and
*30–40 ng of RPA (Fig. 7). The increased amount of RPA
required is not surprising given that RPA is *3x the size of
XPA and the RPA–XPA interaction forms a 1:1 complex (33,
56). The results of these experiments suggest that the anti-
bodies chosen for these studies do not recognize epitopes in
the protein–protein interface, and will be suitable for further
investigation of the NER incision complex formation.

Detection of NER proteins from cellular extracts binding
to platinated-dsDNA in an ELISA assay

While detection of purified proteins in our ELISA-based
assay is critical in determining our detection limits under
ideal conditions, an important extension is the ability to detect
RPA and XPA, as early indicators of NER complex formation,
from WCEs. Extracts were prepared from HeLa cells and total
protein levels were determined by the Bradford method. In
these experiments, 50 ng of globally platinated, biotinylated
dsDNA was pre-bound to a streptavidin-coated 96-well plate,
and WCEs were added at 100, 10, 1, and 0 mg total protein.
Due to the lower detectable signal that was observed for XPA

from WCEs (data not shown), a different primary and sec-
ondary antibody combination was used to detect XPA in these
experiments (see Fig. 3). While maximum signal from RPA
was considerably higher than that for XPA, both proteins
were readily detected with greater than 2-fold signal:noise
ratio using 100 mg of total WCE protein (Fig. 8). RPA and XPA
detection from WCEs further demonstrates the feasibility of
detecting each protein of the NER incision complex assembly
on platinum-damaged dsDNA in an ELISA format.

Using the same WCEs, we also examined detection of the
additional NER incision complex proteins, as detection of
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FIG. 7. Detection of purified RPA–XPA complex on
dsDNA in ELISA assay. RPA and XPA were pre-mixed with
equal amounts of protein. The protein complex was then
titrated onto 60 base pair platinated dsDNA and detected
with both the RPA (circles) and XPA (squares) antibodies
separately.
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FIG. 8. Detection of RPA and XPA from cell extracts on
dsDNA in ELISA assay. Whole cell extracts prepared from
HeLa cells were incubated with large fragments of platinated
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tected separately from the total amount of protein (mg) that
was incubated in the ELISA assay. Note that the monoclonal
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each of these proteins is essential and would suggest forma-
tion of incision complexes on our surrogate damaged DNA
substrates. In addition to RPA and XPA, we examined the
ability to detect TFIIH, ERCC1, XPF=ERCC4 and XPG. De-
tection of each of these proteins was successful in our ELISA
assay with at least 3-fold signal:noise from 100 mg of WCE
total protein (Fig. 9A). Detection of ERCC1, XPG, TFIIH, and
XPF=ERCC4 is consistent with complete formation of incision
complexes under our assay conditions.

Damaged DNA specificity of NER proteins

In addition to being able to detect the presence or absence
of a particular NER protein, it is also necessary to establish a
preference for these proteins to associate with damaged
dsDNA compared to undamaged dsDNA. To do this, we
performed experiments using WCEs and globally platinated
or unplatinated biotinylated dsDNA. The undamaged
dsDNA was generated following the same protocols as for the
globally platinated DNA, simply leaving out the initial pla-
tination procedure. We also examined detection of XPC, the
damage recognition protein in these assays. As Figure 9B
shows, in all cases, the NER proteins showed a higher asso-
ciation with platinated DNA compared to unplatinated DNA,
however, the preference observed for ERCC1 and XPG was
less than 2-fold. Clearly, further optimization of the assay is
thus required, though it is interesting that both are nucleases
with structure-specific affinity for DNA (34).

We obtained two patient biopsies from the Indiana Uni-
versity Lilly tissue bank to test our detection limits of the RPA
protein from a biological source. The biopsies were obtained
from normal lung tissue (sample 92) and from a neuroendo-
crine tumor (sample 23). The experiments were performed
from two separate extractions from the original biopsy. The
biopsies tested were dissected into two parts of approxima-
tely equal mass and treated independently as described in the
methods. Each extraction yielded enough total protein for
*5–10 independent analyses using our ELISA assay. Tissue
extracts were incubated in the presence of globally platinated
or unplatinated biotinylated dsDNA in the same manner as

was done for the WCE detection of the NER proteins. We were
able to detect RPA from 100 mg of total protein extract with
greater than 5-fold specificity for the platinated dsDNA sub-
strate (Fig. 10). This represents a significant advance towards
implementing our assay in the detection of NER activity from
patient tumor samples.

Discussion

Defects in DNA repair capacity, specifically those associ-
ated with the NER pathway, have been linked to an increase
in cancer susceptibility and chemotherapeutic response in
lung, esophageal, cervical, and ovarian cancers. Despite this
link, practical assays for measuring NER activity have been
technically challenging, prohibiting their application in a
clinical setting. As a result, there is continuing need to be able
to measure, quantitatively, an individual’s DNA repair ca-
pacity. More precisely, assessment of the DNA repair capacity
or functionality of the NER machinery of an individual tumor
would assist physicians in predicting the outcome of certain
chemotherapeutic treatments administered to their patients.
This type of personalized medicine is gaining popularity for
cancer treatment and therapies. We recognize the inherent
differences between individual’s responses to chemothera-
peutics, and that not all tumors or cancers (even of the same
type) can be treated in the same way. In addition, a more
personalized approach to cancer therapy could lead to overall
more effective treatment of cancers.

Currently available clinical assays to detect defects in DNA
repair capacity include: DNA sequencing of SNPs, HCR as-
says, and comet assays (24, 27). These methods have limita-
tions, and none directly measures the ability of an individual
patient’s cancer cells to repair specific adducts or lesions
caused by chemotherapeutic regimens. DNA sequencing
provides information based on known mutations or defects,
however, it does not provide information about gene ex-
pression, or protein levels and functionality. The HCR assay
examines peripheral blood lymphocytes collected from pa-
tients, which are then cultured and treated with the DNA
damaging agent of choice (27). The effect of the damaging

FIG. 9. Detection of other
NER pre-incision complex pro-
teins and platinum preference
for binding to dsDNA. (A) De-
tection of ERCC4=XPF, TFIIH,
XPG, and ERCC1 from WCEs.
Extracts were prepared from
HeLa cells and the indicated
amount of total protein was in-
cubated with large fragments of
platinated or nonplatinated
dsDNA. (�) ERCC4=XPF, (h)
TFIIH, (~) XPG, and (^)
ERCC1. (B) Detection of plati-
num preference for NER pro-
teins: RPA, XPA, ERCC1, XPG,
TFIIH, ERCC4=XPF, and XPC.
Binding to platinated dsDNA
(black) and non-platinated
dsDNA (gray). *p¼ 0.01,
**p> 0.05.
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agent is subsequently determined by viability screening. This
assay assumes that the DNA repair capacity of these cells is
identical or similar to that of the patient’s cancerous cells,
which have been transformed at some level through mutation
or up=downregulation of protein(s) or pathway(s). Thus,
normal healthy cells are not necessarily the best surrogates or
models for cancer cells. This is especially true in the case of
acquired resistance that develops following treatment. Comet
assays provide a quantitative assessment of the amount of
strand breakage induced by a treatment or how much remains
after a given time period, allowing for repair of the damage;
however, they are limited to strand breakage and are not ef-
fective in assessment of BER, NER, or MMR (41). Maintenance
of cells and the specialized equipment required for analysis of
these assays prevents routine use of these assays in the clinical
setting for screening of patients for therapeutic options.

In an effort to develop a reproducible, quantitative, and
practical clinical assay to monitor DNA damage repair by the
NER pathway, we have developed an ELISA-based assay to
detect the formation of NER incision complexes on damaged
DNA substrates. This work demonstrates an ability to use an
ELISA-based assay to detect all of the required proteins for in
vitro incision of a platinum adduct, specifically, RPA, XPA,
TFIIH, XPF=ERCC4, ERCC1, and XPG, as well as the initial

damage recognition protein, XPC. We have demonstrated the
ability to detect these proteins from both purified protein
sources and 100 mg of total protein from WCEs of HeLa cells,
which are proficient in NER, using specific antibodies. Ad-
ditionally, we have shown detection of the RPA component of
NER from patient samples with similar amounts of total
protein. While statistical significance was demonstrated in a
portion of the data presented, further optimization and larger
sample sizes will result in more statistically significant dif-
ferences observed between detection of pre-incision complex
formation as well as detection of the downstream incision
event on damaged versus undamaged substrates.

RPA participates in many cellular processes, including
DNA replication, repair, and recombination (58). Because of
this, RPA is the most abundant single-stranded DNA binding
protein in eukaryotic cells, with *500,000 molecules of RPA
present in HeLa cells (49). Detection of RPA in our ELISA
assay was very robust, while detection of XPA results in sig-
nificantly lower signals (Figs. 8 and 9). This observation is
consistent with the lower affinity of XPA for damaged DNA
substrates relative to that of RPA, and the observation that
XPA protein levels are about half that of RPA in HeLa cells,
and even lower in testicular cells (3). While further optimi-
zation is required for platinum-damaged specific binding of
XPF and XPG, the fact that these are structure-specific nu-
cleases associated with NER suggests that the signal we are
detecting is a reflection of fully formed pre-incision com-
plexes. However, further assessment of antibody pairs may
alleviate the lower sensitivity, and more stringent assay con-
ditions may ensure that cleavage by these nucleases is not
occurring in the detection phase of the assay. If cleavage oc-
curs, we would anticipate dissociation of the pre-incision
complex, thus lowering our detection of NER proteins bound
to DNA.

The use of ATP or slowly hydrolysable analogs holds the
potential to extend the utility of the assay. Research has
demonstrated that ATP is required for complete coordinated
assembly of the pre-incision complex, particularly the un-
winding of the duplex driven by the helicase activities of the
TFIIH complex to allow dual incision (16). Future experiments
therefore will include optimization of ATP addition and ATP-
analogue addition to the reagents used in the ELISA assay.
Another important consideration with this type of assay is the
use of appropriate controls. In the results presented, assays
were controlled with the comparison of binding to cisplatin-
damaged vs. undamaged DNA substrates. At this time, this is
the most appropriate control because, as we have previously
discussed, the level of NER activity in other tissues or from
blood samples may have inherently different innate levels of
NER activity, yet the mechanism of NER is specific to repair of
damaged DNA. For analysis of relative activity, the inclusion
of a positive control on which to base maximal activity will be
employed. This will allow the assessment of activity in dif-
ferent laboratories under different conditions to be compared
and ultimately determine the usefulness in a variety of
settings.

Ultimately, the success of this assay in the clinic will be
demonstrated by the ability to directly measure incision of the
DNA damage by the NER incision complex. While progress
has been made in the development of this assay, optimization
of our methods to improve the signal:noise and specificity for
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FIG. 10. Detection of RPA from whole tissue extracts.
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damaged DNA is paramount. The amount of protein required
may be reduced with further optimization of assay conditions
or platforms, protein extraction procedures and reagents
used, especially the antibodies used for protein detection and
generation of damaged DNA substrates. Currently, our ef-
forts in developing a clinical assay have centered on the NER
pathway, and repair of cisplatin lesions as cisplatin is the first
line treatment in NSCLC; however, the ideas and concepts of
this assay could potentially be expanded to examine the repair
of lesions caused by other DNA damaging agents used in the
treatment of cancers. Furthermore, while this method focuses
on defects in NER, a future adaptation of this assay could
examine deficiencies in other DNA repair pathways such as
BER, MMR, and NHEJ. In the absence of being able to monitor
direct incision, future studies will also examine any correla-
tions to the levels of specific proteins detected and the sensi-
tivity of patient samples to cisplatin treatment. At this time,
we are unable to correlate our results of RPA levels and the
sensitivity of the patient samples, as future experiments are
underway with the two tissue samples discussed in this arti-
cle, and revealing the sensitivity of the patient at this time
would be premature.

While the initial assay development has been centered on a
solid-phase ELISA-based assay, efforts are concurrently un-
derway to expand into new technological frontiers. Micro-
fluidics technologies would improve upon our current assay
allowing for nano-liter sample volumes, significantly over-
coming obstacles to the initial sample size from which we
generate extracts and the total amount of reagents used. In
addition, xMAP technology, a solution=bead-based technol-
ogy, which uses flow cytometry-based fluorescence detection
coupled with ‘labeled’ beads (with a ligand of choice), could
be employed to improve our signals and detection limits (14).
Beads can be modified to display nucleic acids, antibodies, or
proteins, and each bead type can be fractionated or sorted via
flow cytometry. These newer technologies and improvements
to our current methodologies should launch this work into a
viable clinical assay for the benefit of cancer patients.
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Abbreviations Used

AT¼ ataxia telangiectasia
BER¼ base excision repair
BSA¼ bovine serum albumin

cisplatin¼ cisdiamminedichloroplatinum(II)
CS¼Cockayne syndrome

DSB¼double-strand break
dsDNA¼double-stranded DNA

EDTA¼disodium ethylenediamine tetraacetate
ELISA¼ enzyme-linked imunosorbent assay

GG-NER¼ global-genomic nucleotide excision
repair

HCR¼host cell reactivation
HNPCC¼hereditary nonpolyposis colorectal

cancer
HRP¼horseradish peroxidase

MgOAc¼magnesium acetate
MMR¼mismatch-mediated repair
NER¼nucleotide excision repair

NHEJ¼nonhomologous end-joining
NSCLC¼non-small cell lung cancer

PMSF¼phenylmethylsulfonyl fluoride
RNAP II¼RNA polymerase II

ROS¼ reactive oxygen species
SNPs¼ short nucleotide polymorphisms

ssDNA¼ single-stranded DNA
TC-NER¼ transcription-coupled nucleotide

excision repair
TTD¼ trichothiodystrophy

WCE¼whole cell extract
XP¼ xeroderma pigmentosum
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