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Nucleotide excision repair (NER) excises bulky DNA lesions induced by mutagens and carcinogens. The
repair process includes recognition of DNA damage, excision of a short patch of nucleotides containing the
damaged base, re-synthesis of a new DNA strand and ligation of the nicks to restore the sequence integrity.
Mutation or aberrant transcription of NER genes reduces repair efficiency and results in the accumulation
of mutations that is associated with the development of cancer. Here we present a rapid, sensitive and
quantitative assay to measure NER activity in human cells, which we term the Oligonucleotide Retrieval
Assay (ORA). We used oligonucleotide constructs containing the UV-damaged adduct, cyclobutane
pyrimidine dimer (CPD), to transfect human cells, and retrieved the oligonucleotides for quantification of
the repaired, CPD-free DNA by real-time quantitative PCR. We demonstrate that ORA can quantify the
extent of NER in diverse cell types, including immortalized, primary and stem-like cells.

ells employ nucleotide excision repair (NER) to remove bulky DNA adducts and restore the canonic

nucleotide sequence'?. This repair process comprises sequential steps including damage recognition,

strand incision/excision, repair synthesis and ligation. The NER pathway can be divided into two pro-
cesses, one maintaining the integrity of the whole genome via global genome repair (GGR) and the other
sustaining the function of active gene expression via transcription-coupled repair (TCR)**. The proteins that
are involved in the core reaction, i.e. excision, synthesis and ligation, are the same for both processes, and include:
XPA, XPB and XPD for unwinding and stabilization of a 30 nucleotide (nt) bubble encompassing the adduct;
ERCC1/XPF and XPG for strand-incision on both ends of the bubble; RFC/PCNA and polymerase /¢ for
synthesis of a new DNA strand; and XRCCl/ligase III for ligation. The key difference between GGR and TCR
is damage recognition. In the GGR pathway, UV-DDB and the XPC/RAD23/CETN2 complex recognize and bind
to the DNA adduct or the helical distortion. In TCR, however, a stalled RNA polymerase II recruits CSB ATPase
and the CSA complex including DDBI, Cullin 4A, ROCI and other proteins, for recognition and binding of the
DNA adduct on the transcribed strand. Although many NER proteins have been identified and functionally
characterized, new proteins that participate in these processes are continually being discovered®’. The increasing
complexity of the NER pathway consequently makes it difficult to ascertain the exact causal factor of NER
deficiency that leads to mutation accumulation and cancer® .

The causal association of mutations in NER genes with inherited human diseases was first documented in
xeroderma pigmentosum (XP), an autosomal recessive genetic disorder in which repair of DNA damage caused
by UV light is compromised''. Patients with XP are sensitive to light and often develop skin cancers. The
complementation groups of XP, termed alphabetically from XP-A to -G, form the basic components of the
NER pathway. The effects of polymorphic variants and altered levels of gene expression of the NER protein
components have been implicated in the pathogenesis of breast cancer and other cancers of gynecological origin
including ovarian and cervical cancers, and deregulated NER is thought to result in the accumulation of muta-
tions'*'*. Epidemiological mapping of single nucleotide polymorphisms (SNPs) has also identified candidate
protein variants of NER that are associated with different types of cancer'>'®. Aberrant gene expression of NER
proteins, mostly measured at the mRNA level or by immunoblotting, is also proposed to be a causal factor in
several types of cancer'”'®. Importantly, however, the relative repair efficiencies of individuals in these reports are
unknown because of the lack of a simple and efficient assay to quantify NER activity in human cells.

We have developed a versatile method, using oligonucleotide fragments to construct DNA substrates that can
be easily transfected into and retrieved from human cells, to rapidly evaluate repair efficiency and other DNA
transaction activities. We term this method Oligonucleotide Retrieval Assay (ORA). In this study, we have used
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oligonucleotides containing a cyclobutane pyrimidine dimer (CPD)
to create an oligonucleotide construct that serves as a substrate for
NER. This construct can be transfected into cells with high efficiency.
We demonstrated that depending on cell type, up to 10,000 mole-
cules of oligonucleotide could be introduced into and retrieved from
a single cell. As an assay of NER efficiency, ORA employs real-time
quantitative PCR (qPCR) for the rapid and quantitative assessment
of the proportion of oligonucleotides repaired by NER processes. We
show that ORA can be applied to various types of human cells,
including immortalized cell lines of assorted origins, primary fibro-
blasts and a primary human breast epithelial cell model that includes
adult stem-like cells and non-stem cells. This method will be of value
in the screening and diagnosis of compromised repair efficiencies
due to mutations or polymorphic variants of NER proteins in the
human population. Its versatility should facilitate epidemiological
studies to establish associations between deficits in DNA repair
and disease. Owing to the flexibility and simplicity of this methodo-
logy, it also should be feasible to automate this assay for high
throughput analyses.

Results

Outline of the Oligonucleotide Retrieval Assay (ORA). We first
assembled three synthetic oligonucleotides to form a 5'-biotinylated
duplex DNA that contains a CPD adduct (T-T dimer) to serve as a
substrate for nucleotide excision repair. After transient transfection
and incubation, cells were harvested for DNA extraction and the
oligonucleotides retrieved using streptavidin-biotin binding from
either whole cell extracts or isolated nuclei. The repair efficiency
was determined by employing real-time quantitative PCR (qPCR)
to quantify the percentage of DNA lesions that were repaired in the
cells (Fig. 1).

Measuring NER activity by qPCR quantification of the repaired
CPD-containing oligonucleotides. To measure the activity of NER
in vivo, we constructed an oligonucleotide substrate harboring a site-
specific cyclobutane pyrimidine dimer (CPD), a gold standard lesion
in the study of UV-induced DNA damage, in a hairpin duplex
structure (Fig. 2A). The double-stranded region is 77-nt long and
the CPD is located in the middle of the DNA duplex, providing
sufficient length for excision by NER. A 4-nt hairpin structure is
utilized to enhance ligation efficiency and to prevent
exonucleolytic degradation from the 3’-end. At the 5'-end of the
construct, a terminal biotin residue is positioned for retrieval of
the oligonucleotide by streptavidin bead binding; a single-stranded
DNA region with a unique sequence specifying the 5'-forward
primer is used for gPCR amplification. The 3’-end of the construct
was capped with a dideoxycytidine residue to prevent 3" degradation
by non-specific exonuclease activities present in cells.

To quantify the repaired oligonucleotides, we confirmed the find-
ing that a CPD adduct blocks Taq polymerase activity in qPCR
amplification’® (Fig. 2C), allowing only the repaired DNA that lacks
the lesion to be amplified. We used primers flanking DNA sequence
5" of CPD (primers a and b, Fig. 2A) to measure the total amount of
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construct and employed primers spanning the CPD site (primers a
and ¢, Fig. 2A) to quantify repaired DNA. The ratio of repaired DNA
to total DNA thus represents the extent to which the CPD lesion was
removed and the canonical DNA sequence restored.

Since we produce the hairpin construct by ligation of three oligo-
nucleotides, the quantity of the complete product is dependent on the
efficiency of ligation in the preparation of the construct. As CPD
adducts block the activity of Taq polymerase during amplification,
we are not able to directly determine ligation efficiency. We therefore
assembled a reference construct identical to the CPD-containing
construct, except that the oligonucleotide with the CPD adduct is
replaced with an oligonucleotide with TT bases at the same positions.
This reference construct allowed us to measure: (1) the quantity of
the input oligonucleotides by using qPCR with primers a and b
(Fig. 2A and B); and (2) the quantity of the completely ligated
product, using PCR amplification with primers a and c (Fig. 2A
and B). The ACt value derived from subtraction of the Ct value of
primers a/c from that of primers a/b, as shown in Fig. 2B (ACt = 6.05
*+ 0.24), represents the efficiency of complete ligation of the three
oligonucleotides. In this experiment, the ligation efficiency is ~1.5%,
as calculated by equation: % ligation = 274 X 100. We obtained an
average ligation efficiency of ~4% in all preparations, confirmed by
both qPCR and gel electrophoresis. The ligation efficiency of this
construct is expected to be similar to that of the oligonucleotide
containing CPD, as both reactions are carried out side-by-side under
the same conditions.

The blockage by CPD is evident in Fig. 2C, where the Ct value of a/
¢ is much greater than that for the TT construct, resulting in ACt =
16.75 = 0.37. The ACt value for CPD thus represents the background
of detection, and that for the TT reference construct is illustrative of
conditions in which 100% of the CPD adducts are restored to the
normal TT nucleotides (Fig. 2D). The difference of the ACts between
TT and CPD (AACt) therefore reveals the detection limits of this
assay, between the baseline and the state of fully repaired, a fold
difference of 1670, as computed by 244" (Fig. 2E). The detection
baseline, which likely represents the subtle activity of Taq polymerase
to bypass CPD", is calculated as 0.06%, by the equation: % repaired
= 274A% X 100 (Fig. 2E). Therefore, the quantitative range of this
assay for measuring the repair of CPD lesion is between 0.06% and
100%.

In ORA, the amplification with primers a/b serves as a control for
the total number of the retrieved oligonucleotides, whereas amp-
lification with primers a/c represents the number of the repaired
DNA. Thus, the repair efficiency, defined as % repaired, can be
calculated from the ratio of the number of the repaired DNA over
the number of total oligonucleotides retrieved. We have used the
calculated ligation efficiency to adjust the total number of the
retrieved oligonucleotides and normalized the number of % repaired
by the detection base line (see detail in Methods).

Quantification of NER activities in cell lysates using CPD-containing

oligonucleotides. Cell-free extracts have been used for measurement
of NER activities in vitro®. Here we isolated cell lysates from 293T
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Figure 1| Overview of the procedure for the Oligonucleotide Retrieval Assay (ORA). Synthetic 5'-biotinylated oligonucleotide containing a CPD
adduct (TT dimer) was used to transfect human cells. After incubation, the oligonucleotides were retrieved from cells by streptavidin capture. Real-time
quantitative PCR was employed for detection of the repaired oligonucleotides.
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Figure 2 | Design of ORA oligonucleotide construct for NER. (A) Construction of the ORA oligonucleotide that contains a CPD lesion. The 30-nt
synthetic ssDNA fragment containing a CPD lesion (marked as a T-T dimer) was hybridized with a 5'-biotinylated (49 nt) and a 3’-ddC protected (98 nt)
fragment to form a hairpin dsDNA construct after ligation. The resulting construct contains a central 77-bp dsDNA region with a 19-nt ssDNA in the 5'-
terminal region and a 4-nt hairpin at the end of the 3" arm. The CPD residue locates approximately at the center of the dsDNA stretch, 33 bp from the 3’
end and 42 bp from the 5’ end of the dsDNA region. Including the 19-nt ssDNA sequence, the 5" arm of the CPD-containing construct is 61 nt/bp in
length. Primers for gPCR quantification are shown in arrow lines, where amplification by primers a/b represents the total amount of the oligonucleotide
and by a/c the amount of the repaired oligonucleotides. The percentages of oligonucleotide repaired were calculated by the following equation: %
Repaired = (274%) X 100, ACt = Ct control (a/b) — Ct Test (asc)- (B-E) Calibration of CPD-containing oligonucleotide constructs. qPCR was carried out
using 1 pl of 5 nM ligated normal TT- (B) or CPD-containing construct (C) as template. PCR amplifications with primers a and b serve as the internal
control for the total number of substrate molecules, whereas amplifications with primers a and ¢ quantify the amount of the repaired products. Based on
the ACt value (ac-ab) of the TT construct, the ligation efficiency (% ligation = 1/24<* X 100) was 1.5% (B). Since CPD adducts block the activity of Taq
polymerase (C), the ACt value (ac-ab) of the CPD construct is greater than that of the normal TT control (D), yielding a AACt value (CPD-TT) of 10.71
that converts to a 1,670-fold blockage by CPD (Fold Difference = 244“") (E). Using this 24 method, we were able to obtain differential repair efficiencies
of the CPD construct in cells with altered genetic backgrounds. Data are presented as mean = S.D. from three independent experiments.

cells to validate our CPD construct in assaying NER activities. Since
XPA is a key component in the NER machinery, for validation of the
assay’s specificity we used a monoclonal antibody against XPA in the
reaction to suppress the NER activities. We incubated 0.075 nM of
oligonucleotides with 80 pg of cell lysates in 30 pl of the reaction
solution at 30°C for 2 h. After incubation, the oligonucleotide
constructs were isolated by streptavidin-bead binding and eluted
in deionized water. A fraction of the reaction solution, which
contains 150 million of the input oligonucleotides, was used for
qPCR quantification. As shown in Fig. 3, the background signals

amplified by qPCR for the construct alone without incubation
with lysates were 140 molecules. By incubation with 293T cell
lysates, the number of the repaired oligonucleotides increased to
12,000. Addition of anti-XPA antibodies decreased the number to
5,000, an approximately two-fold reduction of the NER activities.
This result demonstrated that the oligonucleotide assay specifically
and quantitatively measures the NER activity.

Measuring NER efficiency by Oligonucleotide Retrieval Assay
(ORA) in immortalized cell culture. We transfected 5 X 10°
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Figure 3 | Validation of oligonucleotide construct for measuring NER
activity by using cell-free lysates. CPD-containing oligonucleotides (150
million molecules) were incubated in the solutions of three reaction
conditions: alone, with 293T cell lysates or with 293T lysates including
anti-XPA antibodies at 30°C for 2 h. Quantification of the PCR-
amplifiable, repaired oligonucleotides shows the background number of
the detected oligonucleotides is 135. Incubation with cell lysates increased
the number to 12,000 and addition of anti-XPA antibodies decreased the
number to 5,000, suggesting that the assay is specific to the NER activity.
Data were presented as mean = S.D. from three independent experiments
and P-value was calculated by t-test.

HEK293T cells with 0.02 nM of the CPD-containing oligonucleo-
tide construct. After incubation, the cells were harvested at
increasing time intervals for up to 24 h. Whole-cell DNA was
extracted and the transfected oligonucleotides were recovered by
streptavidin bead capture. The repaired oligonucleotides, unlike
the input CPD-containing constructs, are amplifiable and detected
by qPCR. Relative to the amplification of a control sequence on
chromosome 17pl13, we calculated by qPCR that we retrieved
approximately 100-300 oligonucleotides per cell at each time
interval (Fig. 4B); the quantity of the repaired oligonucleotides
steadily increased in a time-dependent manner (Fig. 4B). NER
activity was detected as early as 2 h after transfection. At 16 h,
about 20% of the retrieved CPD constructs per cell were restored
to their canonical, qPCR-amplifiable sequence; at 24 h, 40% were
restored (Fig. 4A).

Calibrating NER efficiency in a colon cancer cell line. To verify the
feasibility of ORA in different types of cells, we next measured the
NER efficiency of the colon cancer cell line SW480. We transfected 2
X 10° cells with 0.02 nM of the CPD-containing oligonucleotides
using calcium phosphate; incubated the transfected cells at 37°C for
24 h and 48 h. The oligonucleotides were retrieved from whole cell
extracts after incubation and quantified by qPCR for repair
efficiency. In contrast to the embryonic kidney cell 293T in which
44% of the retrieved oligonucleotides were repaired within a 24 h
incubation, the colon cancer cell SW480 only repaired 0.4% of
the retrieved oligonucleotides from whole cell extracts (Table 1).

The repair efficiency stayed at 0.5% after incubation for 48 h. The
oligonucleotides retrieved from nuclei were repaired more
effectively, while after 24 h or 48 h incubation 1% was restored to
the canonical sequence. The transfection/retrieval efficiencies of the
embryonic kidney- and colon tumor-derived cells are: ~80 copies
per cell for 293T and ~400 copies per cell for SW480 when retrieved
from whole cell extracts after 24 h incubation; and ~20 molecules
per cell for 293T and ~70 molecules per cell for SW480 when
retrieved from nuclei after 48 h incubation, suggesting that both
epithelial cells have similar DNA internalization capability and/or
that the oligonucleotide stability inside both cells is similar. The
disparity in NER efficiencies is thus cell-type specific (Table 1). We
further confirmed this repair discrepancy by ELISA that monitors
CPD levels in UV irradiated cells. As shown in Fig. 4C, the 293T cells
removed 75% of the UV-induced CPD lesions whereas the SW480
cells repaired only 33% of the lesions, 24 h after UV irradiation. In
comparison with ORA, using 293T 44% of the CPD lesions were
repaired; only 0.5% were repaired using SW480. ELISA scores
more CPD removals since the assay measures both TCR and GGR
activities, while ORA only measures the GGR activities on the non-
transcribing oligonucleotides. The NER disparity of the two cell lines
is also shown in UV-irradiated cell survival. Using colony-forming
assay we found that the proliferation of SW480 cells is more sensitive
to UV damages than the 293T cells (Fig. 4D).

The NER efficiencies of human immortalized and primary
fibroblasts with XPA defects. To validate that ORA can specifi-
cally measure NER efficiency, we compared the repair efficiency of
SV40-immortalized human fibroblast cell lines derived from a
normal individual (GMO00637) to those from a xeroderma
pigmentosum (XP) patient with mutant XPA alleles (GM04429).
We transfected 2 X 10° cells with 0.02 nM of the CPD-containing
oligonucleotide. After 48 h incubation, nuclei were isolated and
CPD-containing oligonucleotides were retrieved from the purified
nuclei for quantification. Approximately 30 and 40 oligonucleotides
per cell were retrieved from GM00637 and GM04429, respectively
(Table 1). As shown in Fig. 5A, the XPA cells are about 80% less
efficient in repairing the thymine dimers than the normal cells,
verifying that the assay is capable of detecting the NER deficiency
in XP cells.

Similarly, using primary human fibroblasts AG01440, derived
from a healthy individual, and AG06971, obtained from an indi-
vidual with XPA deficiency, we transfected 4 X 10° cells of
AGO01440 and 3 X 10’ cells of AG06971 with 0.02 nM of the CPD-
containing oligonucleotide, and retrieved oligonucleotides from iso-
lated nuclei followed periods of incubation. We observed that after
48 hincubation, the normal fibroblasts repaired 0.7% of the retrieved
oligonucleotides, compared to 0.4% for the XPA cells (Table 1 and
Fig. 5B). However after 96 h, the normal fibroblasts had repaired
13% of the input CPD constructs, whereas the XPA fibroblasts had
repaired only 1.5% of the constructs - 90% less efficient than that of
the normal cells (Table 1 and Fig. 5B). This result confirms the
efficacy of this assay in assessing NER efficiencies in a variety of cells
including human primary cells.

We further confirmed the NER deficiency of the primary fibro-
blasts by CPD-specific ELISA. As shown in Fig. 5C, the normal
fibroblasts AG01440 repaired about 20% of the UV-induced CPD
lesions 96 h after irradiation, while no detectable removal of CPD
could be observed in the XPA fibroblasts AG06971 for up to 48 h
following UV exposure; there was measurable cell death after 96 h.
This result is consistent with the measurements by ORA. Although
ELISA could not detect any repair in the XPA cells, ORA however,
could detect subtle repair activities, i.e. 0.4% at 48 hand 1.5% at 96 h
(Table 1), highlighting the sensitivity of ORA.

The NER efficiencies of epithelial stem-like cells versus non-stem
cells derived from human breast tissues. Adult stem cells in tissue
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Figure 4 | NER activities of human embryonic kidney cell 293T and human colon cancer cell SW480 calibrated by ORA. (A) NER activities in a single
HEK293T cell are presented as % CPD-containing oligonucleotide repaired at incremental time points. Data are presented as mean = S.D. from three
independent experiments. (B) Repair of CPD-containing oligonucleotides in HEK 293T cells. HEK293T cells (5 X 10°) were transfected with 0.02 nM of
CPD oligonucleotide and incubated at 37°C. Cells were harvested at increasing incubation times, followed by oligonucleotide retrieval and gPCR
analysis. Data are shown as the number of oligonucleotides retrieved per cell and the number of oligonucleotides repaired per cell at different time points
from three independent experiments (mean * S.D.). (C) Comparison of NER activities measured by ORA and ELISA between 293T and SW480 cells.
The CPD repair efficiencies measured by ORA or the CPD removal efficiencies measured by ELISA are obtained 24 h after oligonucleotide transfection or
24 h after UV-C irradiation, respectively, and are presented as % repaired determined from three independent experiments (mean = S.D.). (D) The
survival of 293T and SW480 cells after UV-C irradiation. Each data point is presented as mean * S.D. from three independent experiments.

are the source of terminally differentiated cells and are responsible
for repopulating the tissue. Whether these cells possess different
repair activities than somatic cells is controversial’>>>. To
demonstrate that ORA can be applied to stem cell research, we
obtained human breast epithelial stem-like cells from individuals
undergoing reduction mammoplasty, as well as breast epithelial
non-stem cells from the same individuals. The breast stem-like
cells were characterized by Oct4 expression™, and the abilities to
differentiate into other cell types and to form budding/ductal
structures on matrigel***>. We transfected 5 X 10° cells in 60 mm
dishes with 0.02 nM of the CPD-containing oligonucleotide, and
incubated the cells at 37°C for 48 h, prior to retrieval of the
oligonucleotides either from whole cells or from isolated nuclei.
We retrieved on average about 8,000 oligonucleotides from the
whole cell extract of a single epithelial non-stem cell, and about
10,000 oligonucleotides per single isolated nucleus (Table 1). For
the stem-like cells, the number of oligonucleotides retrieved is in
the range of 300 oligonucleotides per cell for whole cell extraction
and about 150 oligonucleotides per cell for isolated nuclei (Table 1).
Based on assays of whole cells of two individuals, we observed a 3- to
5-fold greater NER activity of non-stem cells than that of stem-like
cells (Fig. 6A). The results parallel the NER efficiencies in isolated
nuclei, in which non-stem cells are 2- to 4-fold greater than stem-like
cells (Fig. 6B).

Discussion

We have developed a simple and cost-effective method, which we
term the Oligonucleotide Retrieval Assay (ORA), for in vivo cal-
ibration of DNA repair activities in eukaryotic cells. Using synthetic
oligonucleotides, we were able to construct versatile DNA substrates
for DNA repair processes. Here we demonstrate that an oligonucleo-
tide construct containing a UV-damaged product CPD, a known
target of NER, is repaired and restored to the canonical DNA
sequence when delivered into live human cells.

The CPD-containing DNA substrate used in this study is com-
prised of three synthetic oligonucleotides adjoined together by liga-
tion at 1:1:1 ratio to form a hairpin-like duplex with a 4-nt turn
(Fig. 2). The central piece of the oligonucleotides (30 nt) in the
construct possesses a CPD at the 13™ and 14™ nucleotide position
5" from the terminus. The CPD-containing oligonucleotide was not
5’-phosphorylated when originally synthesized. To make ligation
possible, we first phosphorylated the oligonucleotide by T4 polynu-
cleotide kinase with ATP. This is the first ligation site that adjoins the
5'-terminus of the central CPD-containing oligonucleotide to the
oligonucleotide that contains a 5'-terminal biotin for streptavidin
bead capture and a unique 19-nt, single-stranded identity sequence
for strand-specific PCR amplification. The second ligation site
adheres the 3’ terminus of the CPD-containing oligonucleotide to
the 5’-phosphorylated terminus of the 5’'-fold-back oligonucleotide
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Table 1 | NER efficiency measured by ORA in live cells
Number of Cells for Whole Cells or Nuclei Oligos Retrieved NER Efficiency
Cells Transfection Incubation Time Oligo Retrieval (per Cell) (% Repaired)
293T 5x10° 24 h Whole Cells 84 43.7
2x10° 48 h Nuclei 23 92.2
SW480 2x10° 24 h Whole Cells 445 0.4
2x10° 24 h Nuclei 404 1.1
2x10° 48 h Whole cells 162 0.5
2x10° 48 h Nuclei 68 1.0
GM0637 (normal) 2x10° 48 h Nuclei 31 2.6
GM04429 (XPA) 2x10° 48 h Nuclei 40 0.7
AG01440 (normal) 4x10° 48 h Nuclei 27 0.7
4x10° 96 h Nuclei 0.72 13.2
AG06971 (XPA) 3x10° 48 h Nuclei 386 0.4
3x10° 96 h Nuclei 9.65 1.5
Breast Non-Stem Cells (1) 5x10° 48 h Whole Cells 3,160 4.6
5x10° 48 h Nuclei 7,240 2.1
Breast Stem-Like Cells (1) 5x10° 48 h Whole Cells 331 1.7
5x10° 48 h Nuclei 255 1.2
Breast Non-Stem Cells (2) 5% 10° 48 h Whole Cells 5,830 2.4
5x%x10° 48 h Nuclei 10,000 14
Breast Stem-Like Cells (2) 5x10° 48 h Whole Cells 434 0.5
5x10° 48 h Nuclei 60 0.4
Breast Non-Stem Cells (3) 5x10° 48 h Whole Cells 15,200 2.7
5x10° 48 h Nuclei 14,100 1.6
All data are presented as the mean of three independent experiments, except for the breast stem-like cells (2) that are from two independent experiments.

that forms a 5'-partial duplex structure with a 4-nt turn (hairpin) and
consists of an exonuclease-resistant nucleotide 2',3’-dideooxycyti-
dine at the 3’-terminus. By avoiding the exposure of the terminal
nucleotides on one side and blocking the terminal residues on the
other side, this design protects the duplex DNA fragment from exo-
nucleolytic degradation when introduced into cells. As demonstrated
by transfection of primary fibroblast, this DNA construct remained
intact after 96 h-incubation in cells, following which approximately
1-10 molecules were retrieved per nucleus (see AG01440 and
AGO06971 in Table 1), sufficient for PCR quantification for the
repaired oligonucleotides.

The lengths of the synthetic oligonucleotides used in this study
have been optimized to provide effective length of substrate for NER
and to minimize cost. The effective substrate length for strand
incision by NER has been reported in experiments carried out in
cell-free extracts derived from HeLa cells by using restricted DNA
fragments containing a CPD with various lengths as substrates for
the incision reactions®®. By electrophoretic resolution of the reaction
products resulting from a 90-min incubation, the conclusion for the
minimum distance from the CPD lesion required for detectable
strand incision is 28 bp for the 3’-flanking sequence and 50 bp for
the 5"-arm. As shown in Fig. 2, the duplex DNA used herein is 77-bp
long, where the CPD residue resides in the middle, with a 3"-arm of
33 bp and a 5'-arm of 42 bp (or 61 nt including the 5’ single-
stranded sequence) in length.

Here we show that this CPD-containing construct can be used to
detect NER activities in both cell-free extracts (Fig. 3) and living cells
(Fig. 4 and Table 1). The addition of an anti-XPA antibody into the
cell lysate in order to suppress XPA function validated that ORA
specifically and quantitatively measures NER activity (Fig. 3). We
also transfected the substrate into cells; allowed endogenous NER
activities to excise the lesion and repair the substrate in vivo.
Depending on cell type, NER activities could be quantified within
2 hto 96 h (Fig. 4 and Table 1).

We determined the NER efficiency of several human cell lines,
including immortalized and primary cells by ORA. For human
embryonic kidney cells 293T, more than 40% of the input oligonu-
cleotides (~80 copies per cell retrieved) were repaired in a 24 h
incubation, while with human colon cancer cells SW480 under the

same condition only 0.4% of the input oligonucleotides (approxi-
mately 400 copies per cell retrieved) were repaired (Table 1). The
differential repair efficiencies of those two cell lines may be due to
tissue-specific repair responses or differences resulting from immor-
talization. In addition, as ORA uses an exogenous DNA substrate to
cumulatively measure NER activities in cells, the mechanism(s)
involving damage surveillance of these substrates might be limited
to extra-chromosomal constructs and may not necessarily reflect the
realities of DNA repair in chromatin. Also, since ORA measures
basal NER activity in cells, the status of NER components in cells
will likely be critical. For example, in the relatively dormant primary
fibroblasts, which have a population doubling time of about 6 days, it
took a 96 h incubation before appreciable repair was detected. In
comparison, in rapidly dividing cells such as 293T, with a population
doubling time of 18 h, repair is more rapidly detected than in the
slowly dividing SW480 cells, which divide every 36 h.

ORA can be applied to monitor repair events in nuclei. We were
able to retrieve approximately 20 CPD-containing oligonucleotides
per nucleus from 293T cells after 48 h incubation, of which more
than 90% were repaired. This is consistent with the retrieval of about
80 oligonucleotides per cell from the whole cell extracts of 293T
following 24 h of incubation when ~40% of constructs were repaired
(Table 1). These results also suggest that the termini-protected oli-
gonucleotides are stable against non-specific nucleotide degradation
and indicate the feasibility of longer incubations of these constructs
in cells.

To further validate the assay, we used immortalized and primary
fibroblasts derived from patients deficient for XPA and calculated the
repair efficiencies of these cells and their normal counterparts. We
demonstrated that NER in XPA-deficient fibroblasts is less efficient
than in normal fibroblasts, where it was ~4-fold less in immortalized
fibroblasts and ~9-fold less in primary cells (Fig. 5 and Table 1).
These results suggest that ORA specifically measured NER activities.
We also demonstrated that even primary cells could be efficiently
transfected with these oligonucleotide constructs, and incubated for
up to 96 h allowing the DNA constructs to enter the nucleus and the
repaired constructs to be subsequently retrieved from isolated nuclei
(e.g., ~400 constructs/nucleus at 48 h and ~10 constructs/nucleus
at 96 h for AG06971 cells) (Fig. 5B and Table 1).
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Adult stem-like cells derived from human breast tissues have been
isolated and characterized for stem cell properties>>". Here we
employed human breast epithelial stem-like cells for ORA to evaluate
their NER activities, in comparison with those of breast epithelial
non-stem cells derived from the same individuals. We first demon-
strated that ORA could be applied to stem cells and primary epithe-
lial cells. For breast stem-like cells, we were able to retrieve 300-400
oligonucleotides per cell from whole cells of two individuals after
48 h incubation, while 60-250 oligonucleotides per cell were
retrieved from nuclei of the same individuals under the same experi-
mental conditions (Table 1). The transfection efficiencies of these
stem-like cells are in fact greater than any other cell types that were

tested in this study (Table 1). For breast epithelial non-stem cells, the
transfection efficiencies are comparable to those for the stem-like
cells and ORA can be used to quantify the repair activities of both
(Fig. 6). We retrieved 3,000-15,000 oligonucleotides per whole cell
and 7,000-14,000 oligonucleotides per isolated nucleus of three
individuals after 48 h incubation (Table 1). Since we only measured
the basal NER activity in the absence of UV- or any other DNA
damaging agent stimulation, it cannot be ruled out that the network
of DDR (DNA damage responses) pathways may enhance NER
activities in response to exogenous damage in stem-like cells. It will
also be important to examine whether breast stem cells are more
prone to apoptosis in response to DNA damage.
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Direct measurements of catalytic activities of specific DNA repair
enzymes in cell lysates have been used to identify repair defi-
cient phenotypes****. These in vitro biochemical assays require
the isolation of cell-free extracts that contains NER activities, for
example, nucleotide excision for measuring the efficiency of strand
incision of a DNA substrate by gel electrophoresis. In vivo methods
such as the Comet assay***', Unscheduled DNA Synthesis (UDS)'>*
and Host Cell Reactivation assay (HCR)**~** have been established
for monitoring NER. Much effort has been made to simplify these
assays. For example, several systematic methods have been used to

modify the Comet assay’**” and UDS has also been updated to a high
throughput analysis by using an in-cell-analyzer to monitor repair
DNA synthesis through fluorescent signals, based on the principle of
coupling fluorescent agents to the incorporated nucleotides such as
5-ethynyl-2'-deoxyuridine (EdU)****. Other methods also com-

monly used include the immuno-slot-blotting assay”’ and the
40,41

gene-specific gPCR assay

Because of the large amount of oligonucleotide that can be intro-
duced into a single cell, as well as the stability of the oligonucleotide
once inside the cells, we were able to monitor DNA repair for as long
as 96 hours using a small number of cells (Fig. 5B). ORA can also be
performed with or without UV-induction, providing data of both
basal and UV-induced NER activities. Unlike the Comet or UDS
assay that requires microscopy, immuno-slot-blotting that requires
adduct-specific antibodies or HCR that needs bacterial transforma-
tion, ORA analysis of DNA repair can be quantified simply by gPCR
(the 2724 method). Furthermore, ORA can be tailored to perform
multiplex qPCR repair assays. One can use a variety of oligonucleo-
tide constructs to simultaneously determine the repair efficiencies of
different DNA damaged products in the same cell by assigning a
unique identifier sequence to each oligonucleotide. For example,
DNA photoproduct 6-4 PPs can be synthesized in an oligonucleo-
tide** similar to the CPD one used here and both oligonucleotides can
be co-transfected into cells for monitoring the repair of the two DNA
lesions simultaneously.

Methods

Oligonucleotides. The 30-nt oligonucleotide containing a CPD was a generous gift
from Dr. S. Iwai (Osaka University, Osaka, Japan). PCR primers and other
oligodeoxynucleotides used to construct the CPD-containing DNA substrate were
purchased from IDT. The sequence of the 30-nt CPD-containing oligonucleotide is:
5'-CTCGTCAGCATCTTCATCATACAGTCAGTG-3', where CPD is marked as
TT in bold and underlined. The other two oligonucleotides used to construct the
CPD-containing DNA are: JS140, 5'-P-GTCCGCTCGAGACACCGAAAACGGTG-
TCTCGAGCGGACCACTGACTGTATGATGAAGATGCTGACGAGGTCTGG-
ATCCGGCCTTGCCGCAGCTGGTAC-ddC-3" and JS141, 5'-biotin-GCACGTCA-
GGCACGGCGTCGGTACCAGCTGCGGCAAGGCCGGATCCAGAC-3'. The
PCR primers used to quantify the unrepaired and repaired CPD-containing construct
are:JS012, 5'-GCACGTCAGGCACGGCGTC-3';JS004, 5'-GTCTGGATCCGGCC-
TTGCC-3' and JS012; JS144, 5'-TTCGGTGTCTCGAGCGGAC-3', respectively.

Construction of oligonucleotide containing a CPD adduct. The DNA construct
containing a CPD was created by ligation of three synthetic oligonucleotides: a 5'-
biotinylated oligomer (JS141), a 30 nt ssDNA containing a CPD dimer in the center
of the sequence, and a fold-back oligonucleotide (JS140) which forms a hairpin and
also serves as a complementary strand for the other two oligomers to form a complete
dsDNA construct (Fig. 1). The 5'-termini of the hairpin oligonucleotides were
chemically phosphorylated to facilitate ligation and the 3'-termini were blocked by
addition of a dideoxycytosine (ddC) residue to prevent the DNA from exonuclease
degradation. Since the CPD oligomers do not contain a 5'-phosphate, 5'-
phosphorylation of the oligonucleotides was carried out by T4 polynucleotide kinase
in the presence of ATP. The three oligonucleotides (the 5’-phosphorylated 30-nt
CPD oligomer, JS140 and JS141) were hybridized together at equivalent molarities by
boiling and re-annealing in a water bath. T4 DNA ligase was used to seal the nicks
between the oligomers and complete the hairpin-like dsDNA construct.

Cell lines and cell culture. Cell lines used here include human embryonic kidney cell
HEK293T, human colon cancer cell SW480, SV40-transformed normal human
fibroblasts GM00637, SV40-transformed human XPA fibroblasts GM04429
(courtesy of Dr. Junko Oshima, University of Washington), normal human primary
fibroblasts AG01440 and human XPA primary fibroblasts AG06971 (Coriell
Institute). HEK293T, SW480, GM00637 and GM04429 were propagated in
Dulbecco’s Modification of Eagle’s Medium (DMEM, Mediatech) supplemented with
10% fetal bovine serum (FBS), 100 U/ml penicillin G, 0.1 mg/ml streptomycin and
2 mM L-glutamine. AG01440 and AG06971 were grown in the same medium except
supplemented with 15% FBS. Cultures were maintained in a humidified incubator at
37°C with 95% air and 5% CO,.

Breast tissues of healthy women were obtained during reduction mammoplasty in
accordance with institutional guidelines at a hospital in Lansing, Michigan. The
establishment and culturing of epithelial stem cells (stem-like cells) and epithelial
cells without stem cell characteristics (non-stem cells) from the breast tissues have
been described previously”’. This primary cell model of human breast epithelial cells
was a generous gift from Dr. C. C. Chang (Michigan State University).
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Transfection. All transfections were performed with calcium phosphate.
Oligonucleotides were first prepared in 250 pl of H,O containing 200 mM CaCly; the
solution was then added drop-by-drop with gentle mixing to 250 pl of 2X HBS buffer
(50 mM Hepes, pH 7.04, 10 mM KCl, 12 mM Dextrose, 280 mM NaCl and 1.5 mM
Na,HPO,). The mixed solution (500 pl) was incubated at room temperature (23°C)
for 20 min, allowing formation of DNA-calcium phosphate precipitates.
Transfection was carried out by adding the DNA-calcium phosphate solution

(500 pl) to designated cell cultures in 60 mm dishes containing 3 ml of medium. The
transfected cell culture was maintained in a humidified incubator at 37°C with 95%
air and 5% CO,. The transfection apparently does not affect cell viability, as all cells
used in this report continue proliferating after transfection.

Isolation of nuclei. Cell nuclei were isolated by treating the cells with hypotonic
buffer; followed by gentle homogenization and subcellular separation by
centrifugation. Cells were harvested in pellets and resuspended in hypotonic buffer
(10 mM Hepes, pH 7.5, 2 mM MgCl,, 25 mM KCl, 1 mM DTT, 1 mM PMSF and
1:200 (v/v) Protease Inhibitor cocktail ITI, CalBiochem). Depending on cell types, the
cellular suspension was incubated on ice for different periods of time, prior to
homogenization using a Dounce Homogenizer with pestle B. Immediately after
homogenization, 200 mM sucrose was added to the cell lysates and mixed, and
centrifugation was carried out to spin down the nuclei from other cellular debris. The
isolated nuclei were immediately processed or stored in —80°C for later use.

Oligonucleotide retrieval. To retrieve oligonucleotides from the transfected cells, we
used the DNA extraction kit from Stratagene to isolate total DNA from the cells or
from the isolated nuclei. With a biotin molecule at the 5'-end of the oligonucleotide
construct, we were able to purify and enrich the constructs by streptavidin bead
binding (Invitrogen). After several washes following the manufacturer’s protocol, the
oligonucleotides were released from the beads by incubation at 80°C in deionized
water.

Real-time quantitative PCR analysis. DNA Engine Opticon 2 (M] Research) was
used to carry out real-time quantitative PCR (qPCR) reactions. DNA and primers
were mixed with Brilliant III Ultra-Fast SYBR Green qPCR Master Mix (Agilent)
following manufacturer’s instruction and PCR cycling was typically run with the
following protocol: hot-start, 95°C, 3 min; cycling, 95°C, 5 sec and 60°C, 15 sec, 50
cycles; completion, 72°C, 1 min; melting curve, 60°C to 95°C, recording 0.2°C/sec.

Calibration of nucleotide excision repair. The hairpin-like construct of dsDNA,
containing a CPD, was used as an oligonucleotide substrate for assaying the efficiency
of NER in cells. This construct contains a CPD lesion in the middle of the dsDNA
stretch, allowing the cellular NER protein complex to excise and remove a long patch
of nucleotides flanking the lesion, synthesize a new patch of DNA to fill in the gap, and
rejoin the strands together by ligation (Fig. 2A). If not repaired, CPD will prevent the
polymerase from copying DNA past the lesion in PCR reactions (Fig. 2C). Using
primers flanking the CPD site, the number of repaired oligonucleotides can be
quantified based on amplification across the restored sequence. A single-stranded
region 5’ of the oligonucleotide was utilized as a unique forward primer sequence,
labeled (a) in Fig. 2A, to specify the CPD bearing strand for PCR amplification with
the reverse primer sequence located before (b) or after (c) the CPD. The amplification
from the forward primer (a) with the reverse primer (b), located 5’ of the lesion, serves
as a control for the total number of the retrieved oligonucleotides (Ctcontror), Whereas
amplification using the same forward primer (a) but with the reverse primer (c),
which anneals 3’ to the CPD site, represents the number of the repaired DNA (Ctyeg)-
To obtain the number of oligonucleotides retrieved per cell, a control sequence on
chromosome 17p13 is amplified (Ct.y,,) and the numbers of the total and the repaired
oligonucleotides per cell (for example, in diploid cells) are calculated by equations:
total oligonucleotides per cell = (24<) X % ligation X 2, where ACt = Ctyp,, —
Cteontrol> and repaired oligonucleotides per cell = (2") X 2, where ACt = Ctgy, —
Ctyest> respectively. Thus, the repair efficiency, defined as % repaired, can be calculated
from the ratio of the number of the repaired DNA over the number of total
oligonucleotides retrieved. To perform this assay therefore, cells were transfected with
the 5'-biotinylated CPD construct. After a designated time of incubation, which
permits the construct to enter the cells and get repaired, the oligonucleotides were
retrieved by streptavidin bead capture from either the whole cell extract or the nuclei
and the repair efficiency in the cells quantified by gPCR.

Measuring nucleotide excision repair activities in cell-free extracts. The cell-free
lysates were extracted from HEK293T cells by incubating 2 X 107 cells on ice in 500 pl
lysis buffer (20 mM Hepes-KOH, pH 7.4, 155 mM KCl, 1.5 mM MgCl,, 0.5% Triton
X-100, 2 mM DTT, and 10 ug/ml each of pepstatin, leupeptin, aprotinin, and

0.1 mM PMSF) for 10 min. After incubation, the lysis solutions were centrifuged at
2,000X g for 10 min at 4°C and the supernatants were saved as cell lysates. To
measure NER activities, 0.075 nM of the CPD-containing oligonucleotides was
incubated in 30 pl of the reaction buffer (40 mM Hepes-KOH, pH 7.5, 70 mM KCl,
8 mM MgCl,, 2 mM ATP, 20 u dNTP, 1.2 mM DTT, 0.3 mM EDTA, 10% glycerol
and 100 pg/ml BSA) with 80 pg of cell lysates at 30°C for 2 h. Mouse monoclonal
antibody against human XPA (5 pl) (Clone 12F5, Thermo Scientific) was used in
reactions to inhibit NER activities. The reaction was terminated by inactivating the
enzymes at 75°C for 20 min, and the oligonucleotides were isolated for calibration of
NER activities from 20 pl of the reaction solution by streptavidin beads binding

(Invitrogen). The streptavidin-bound oligonucleotides were eluted in 30 pl H,O at
80°C and 5 pl of the eluted solution was used for qPCR analyses.

ELISA and colony-forming assay. The ELISA CPD-removal (Cell Biolabs) and the
colony-forming assay were performed following the manufacturer’s protocol or using
standard protocols described elsewhere®, respectively.
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