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Abstract

The interchange between different repair mechanisms in human cells has long been a subject of
interest. Here, we provide a direct demonstration that the oxidatively generated guanine lesions
spiroiminodihydantoin (Sp) and 5-guanidinohydantoin (Gh) embedded in double-stranded DNA,
are substrates of both BER and NER mechanisms in intact human cells. Site-specifically modified,
32p_internally labeled double-stranded DNA substrates were transfected into fibroblasts or HeLa
cells and the BER and/or NER mono- and dual incision products were quantitatively recovered
after 2-8 hour incubation periods and lysis of the cells. DNA duplexes bearing single
benzo[4]pyrene-derived guanine adduct were employed as positive controls of NER. The NER
activities, but not the BER activities, were abolished in XPA ™~ cells, while the BER yields were
strongly reduced in NEIL1 " cells. Co-transfecting different concentrations of analogous DNA
sequences bearing the BER substrates 5-hydroxyuracil, diminish the BER yields of Sp lesions and
enhanced the yields of NER products. These results are consistent with a model based on the local
availability of BER and NER factors in human cells and their competitive binding to the same Sp
or Gh BER/NER substrates.
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INTRODUCTION

Existing paradigms suggest that non-bulky oxidatively generated DNA lesions are removed
by base excision repair (BER) mechanisms, while bulky DNA double helix-distorting
lesions are excised by the nucleotide excision repair (NER) pathway.1~4 For example, DNA
lesions such as oxidatively generated 8-0xo-7,8-dihydroguanine (8-0xoG) are known to be
substrates of BER only.>~7 The 8-0xo0G lesions are more easily oxidized than the parent base
guanine,® and their oxidation can lead to the formation of stereoisomeric
spiroiminodihydantoin (Sp) and 5-guanidinohydantoin (Gh) lesions.®-! The accumulation
of Sp lesions was detected in Nei-deficient £. coli cells treated with chromate,12 and were
also detected in both the liver and colon tissues of Rag2 ~ mice at levels ~100 times lower
than those of 8-0x0G.13 The low levels of the hydantoin lesions in cellular environment can
be associated with the competitive formation of other oxidation products,1# including
crosslinks between 8-0x0G and histones in nucleosomes in relatively high yields.1®
Although the cellular levels of hydantoin lesions are low, they can contribute to the
malignant transformation of cells because they are at least one order of magnitude more
mutagenic than 8-0x0G.16

Recent observations suggest that the hydantoin lesions are not only excellent BER
substrates,17=21 but are also excised by the NER pathway in human cell-free extract.2? It
remained unclear how these two repair pathways can cooperate to excise the same DNA
lesions and whether they compete with one another in the biologically more relevant
environment of intact human cells.

In cell extracts, the BER proteins and the DNA damage-sensing NER factor XPC-RAD23B
locate their target substrates by a free diffusion mechanism.23 The yields of BER and NER
incision products depend on the relative concentrations of these proteins in cell extracts, thus
suggesting that these two repair pathways indeed can compete with one another.22 These
observations are consistent with the notion that the NER mechanism serves as a backup for
the BER pathway. However, it is not known whether similar phenomena can occur within
the confines of intact cells where the protein concentrations and diffusion characteristics of
proteins are different than in cell extracts. To answer this question, we used 32P-internally
labeled DNA hairpin double-stranded DNA substrates?4 25 containing single, site
specifically inserted Gh or Sp lesions. The 5’- and 3’-ends of these hairpins were capped
with biotin and dideoxycytidine (ddC) to protect these templates from non-specific
degradation by exonucleases, as described by Shen et al.24 As a positive control of NER,
bulky benzo[&]pyrene-derived DNA lesions were substituted at the same sites in the DNA
substrates (Figure 1). Experiments using varying concentrations of 5-hydroxyuracil lesions
(5-OHU), which are classical substrates of BER proteins,26: 27 were employed to test the
BER vs. NER competition hypothesis.

In this work, we demonstrate the feasibility of quantitatvely recovering 32P-labeled DNA
repair products that arise from the removal of single, structurally defined lesions embedded
in DNA constructs transfected into human cells. In the case of the bulky (+)-cis- or (+)-
trans-B[&]P-dG adducts that are known to be substrates of NER, but not BER mechanisms,
only the characteristic ladders of dual incision NER products are recovered after transfection
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and incubation. However, in the case of single Gh or Sp lesions positioned in the same DNA
sequences, both single incision BER products and NER dual incision products are observed.
The interplay of BER and NER mechanisms in the repair of Gh and Sp hydantoin lesions
was confirmed using human fibroblasts with a deficient NER pathway lacking the protein
XPA (XPA™7),3: 24 or lacking the DNA glycosylase NEIL1 (NEIL177).2 The XPA protein
is one of the critical NER factors,3 while the base excision repair of hydantoin lesions is
known to be suppressed in NEIL1 ™~ cells!® because these lesions are classical substrates of
the DNA glycosylase NEIL1.17-21 Control experiments in these genetically modified, NER
inactive XPA ™~ cells, or BER deficient NEIL1 ™~ cells, confirm the cooperation of these
two repair systems in excising Gh and Sp lesions. It is shown that the BER and NER
pathways compete with one another in intact human cells and can incise the same Gh and Sp
DNA lesions with efficiencies that depend on the relative concentrations of BER and NER
proteins.

EXPERIMENTAL PROCEDURES

Construction of Hairpin Duplexes.

The 2’-oligodeoxynucleotides were purchased from Integrated DNA Technologies
(Coralville, 1A, USA) and were purified by denaturing polyacrylamide gel electrophoresis
(PAGE). The 5’-CCATC[5-OHU]CTACC sequence was purchased from Trilink
Biotechnologies (San Diego, CA, USA). The 11-mer oligonucleotide adducts containing the
S-Sp or R-Sp diastereomers were generated by the site-selective oxidation of guanine in the
5’-CCATCGCTACC sequence using photochemically generated carbonate radical anions at
pH 7.5 — 8.0 to oxidize the guanine residue as described earlier;28-30 the modified
oligonucleotides were isolated by anion-exchange HPLC methods using DNAPac PA-100
columns (Dionex, Sunnyvale, CA, USA).3% 32 The Gh-modified oligonucleotides were
prepared by the oxidation of 5’-CCATC[8-0xoG]CTACC sequences with (NHy4),IrClg
complex at pH 6.0.31: 33 The 11-mer bulky adducts with 107 (+)-cis-anti-B[4]PDE-A2-dG
and 10R (+)-trans-anti-B[ 4]PDE-M2-dG adducts were generated by reacting the racemic (£)-
anti-1,8-dihydroxy-9,10-epoxy-7,8,9,10-tetrahydrobenzo[ g]pyrene diol epoxide with the 5’-
CCTACGCTACC sequence. The (+)-cfs- and (+)-trans-products were separated from one
another and from the other sterecisomeric products and purified by reversed-phase HPLC as
described earlier3* and by denaturing gel electrophoresis.

The DNA hairpin constructs containing single site-specifically inserted lesions were
designed as described by Shen et al.2* The hairpins contained guanine lesions positioned at
the 66t nucleotide from the 5’-end were generated by ligating the 5’-32P-endlabeled 11-mer
5'-CCATCXCTACC (X = S-Sp, Gh or B[4]P-dG) to 5’-and 3’-flanking 60- and 108-mer
sequences.?? The flanking sequences were capped with biotin in the 60-mer 5’-biotin-
GCACGTCAGGCACGGCGTCGGTACCAGCTGCGGCAAGGCCGGATCCAGACCTCG
TCACCA sequence, and with dideoxycytidine (ddC) in the 108-mer strand 5°-
ACCTCAGTGGTCCGCTCGAGACAC CGAAAACGGTGTCTCGAGC
GGACCACTGAGGTGGTAGCGATGGTGGTGACGAGGTCTGGATCCGGCCTTGCCG
CAGCTGGT-AC[ddC]. The end-capping was introduced in order to reduce degradation of
these strands by cellular non-specific exonucleases.2* The hairpin strands obtained by this
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approach were purified by denaturing PAGE and annealed by heating at 90 °C for 5 min,
followed by a slow cooling to room temperature overnight to form the hairpin duplexes used
in the subsequent experiments.

DNA Repair Assays in Cultured Human Cells.

The SV40-transformed human fibroblast cell lines (GM00637) and fibroblasts from a
xeroderma pigmentosum (XP) patients with mutant XPA alleles (GM04429) were purchased
from the Coriell Institute for Medical Research (Camden, NJ, USA). The HeLa S3 cells
were purchased from American Type Culture Collection (Manassas, VA, USA). The NEIL1
knockout human embryonic kidney 293T cell line (NEIL1 ") created by CRISPR
technology was purchased from EdiGene (Cambridge, MA, USA). All cells were
maintained according to the manufacturer’s protocols.

Human fibroblasts and HeLa S3 cells were transfected with the hairpin duplexes employing
a classical calcium-phosphate (CaP) method.24: 35 The 32P-internally labeled hairpins (~ 0.1
pmol) in 250 pL H,O containing 200 mM CaCl, were added drop-by-drop (with gentle
mixing) to 250 pL 2x HBS buffer (1.5 mM NayHPO4, 50 mM HEPES, 10 mM KClI, 280
mM NacCl, 12 mM Dextrose, pH 7.04). The reaction mix was incubated at room temperature
for 1 min to form the DNA-CaP precipitate,3 the latter was added to the cells to initiate
transfection. In these experiments, ~4x106 cells in the exponential growth phase36 were
seeded into 75 cm? flasks the day before the transfection. One hour before the DNA-CaP
precipitate solution (500 pL) was added to the cells, the medium was replaced with fresh
medium (3 mL). The cells in the medium (3.5 mL) containing ~ 30 pM hairpins were then
incubated for 2 — 8 h at 37 °C in a 5% CO, humidified incubator.

After incubation for fixed periods of time, the cells were washed twice with cold phosphate
buffer saline (PBS) and harvested as pellets. The latter were re-suspended in a 10x packed
cell volume (PCV) of lysis buffer (50 mM Tris-HCI, pH 8.0, 10 mM EDTA, 1.2% SDS and
100 pg/mL RNase A) and incubated for 15 min at room temperature.3” After addition of
one-fourth volume of 5 M NaCl with gentle mixing, the samples were incubated on ice
overnight. Insoluble material containing genomic DNA was removed by centrifugation at
14,000 x gat 4 °C for 1 h. The supernatant was transferred to a new tube, treated with
proteinase K (0.1 mg/mL) for 30 min at 37 °C, and extracted with phenol/chloroform. The
low molecular weight DNA was ethanol-precipitated and subjected to denaturing 12%
PAGE. The dry gels were analysed using Molecular Dynamics Storage Phosphor Screens
scanned with a Typhoon FLA 9000 laser scanner, and analysed using the ImageQuant
software.

The relative efficiencies of recovery of the BER incision and NER excision products leading
to longer (65 nt) and shorter (24 — 30 nt) oligonucleotide products, respectively, were
assessed. In these experiments, human cells were transfected with mixtures of 32P-labeled
oligonucleotides 65 nt and 28 nt in length. Following a typical incubation period of 2 h, the
oligonucleotides were recovered as described in the above paragraph and the relative
proportions of 65 and 28 nt sequences were assessed by denaturing 12% PAGE and analysis
of the autoradiographs (representative results obtained with HeL a cells are summarized in
Figure S1 in Supporting Information). These control experiments indicate that the recovery
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method used for isolation of low molecular weight DNA37 provides a reasonable estimate of
the yields of BER and NER products because the above difference is close to the
experimental reproducibility of such experiments (Figure 7).

The complete repair of the hairpins by the full BER mechanism associated with polymerase
B and ligase activities?* would lead to an underestimation of the initial BER-induced
incision yields based on the quantitation of the 65 nt-long intermediate products (Figures 4
and 5). We therefore tested the hypothesis that the intact hairpin duplexes represented by the
upper bands in Figure 5 are a result of a limited BER DNA repair capacity of the cells. To
assess this possibility, the concentration of the hairpin substrates transfected into the cells
was reduced from ~ 30 pM (as in the experiment shown in Figure 5), to ~10 pM. These
experiments showed that after a 2 — 4 h incubation period, all of the initially transfected
hairpins were completely cleaved by BER and NER mechanisms (Figure S2 in Supporting
Information). Thus, under our experimental conditions, the subsequent BER-mediated repair
steps that follow the initial incision appear to be slow, and the limited DNA repair capacity
of the cells can account for the residual intact hairpins that are observed when the initial
hairpin concentration is ~30 pM.

Excision Repair of DNA Lesions in Intact Human Cells and Recovery of the Products.

A hallmark of successful NER activity is the appearance of the oligonucleotide dual incision
products ~24 — 30 nucleotides in lengths.38: 39 In order to detect repair activities in intact
cells by monitoring NER excision products, we adopted the simple hairpin design described
earlier?4 that contains a single site-specifically inserted lesion X (Figure 1). Briefly, the
hairpin was 179 nucleotides (nt) in length and was capped with biotin and dideoxycytidine
(ddC) to protect these templates from potential non-specific degradation by exonucleases.
The DNA sequences containing the lesions were synthesized separately as described.
22,28,32,34 The 11-mer sequences 5°...CCATCXCTACC... that contained the guanine
lesions X = Gh, Sp (S absolute configuration), X =5 -OHU, (+)-c¢is-B[&]P-dG, or (+)-trans-
B[&]P-dG], were inserted into the 77 base pair-long double stranded part of the hairpin
construct. The lesions were embedded at the 66-th nucleotide counted from the 5’-side of the
hairpin.

The feasibility of recovering the NER dual incision 32P-labeled oligonucleotide products 24
— 30 nucleotides in length after incubation of the hairpins in intact cells, was tested with a
known NER substrate derived from a metabolite of the environmental carcinogen
benzo[4]pyrene.*? The metabolic activation of polycyclic aromatic hydrocarbons like
benzo[4]pyrene (B[4]P) by cytochrome P450 in mammalian cells gives rise to a number of
oxygenated metabolites including the highly reactive (+)-7 R,8 S-dihydrodiol, 95,10 R-epoxy-
tetrahydrobenzo[g]pyrene enantiomer (B[4]PDE). This diol epoxide derivative reacts with
the exocyclic amino groups of guanine in DNA by cis- or trans-addition to form the
stereoisomeric DNA adducts abbreviated as (+)-c¢/s-B[4]P-dG, or (+)-trans-B[4]P-dG,
respectively*! (Figure 1). In human cell extracts, the (+)-cis-adducts are better substrates of
NER than the (+)-trans adducts*2 by a factor of ~ 5 in a double-stranded DNA ,,..CG*C...
sequence with G* designating the B[a]P-dG adducts.*3 Therefore, these stereoisomeric

Chem Res Toxicol. Author manuscript; available in PMC 2020 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shafirovich et al.

Page 6

bulky adducts are ideal not only for testing the feasibility of recovering the NER excision
products from cells, but also to test whether the difference in NER incision efficiencies
observed in human cell extracts*2 43 are maintained in intact cells.

Typical results of the DNA repair assays in HeLa cells transfected with the 32P-internally
labeled hairpins harboring (+)-c¢/s-B[&]P-dG, and (+)-#rans-B[4]P-dG] bulky lesions are
depicted in the autoradiograph of a denaturing polyacrylamide gel shown in Figure 2. It has
been shown earlier that the (+)-c/s-B[4]P-dG lesion is as good a substrate of NER as the 6-4
UV photoproduct (6,4 pyrimidine-pyrimidone) in human cell extracts.** After incubation of
HeLa cells transfected with hairpins harboring the two sterecisomeric B[4]P-dG adducts for
2 — 8 h, the characteristic ladders of NER dual incision products of the 32P-labeled
oligonucleotide fragments ~ 26 — 32 nt in lengths are clearly visible (Figure 2, lanes 5 -8
and 9 — 12). However, analogous bands are not observed in the case of unmodified hairpins
used as negative controls (Figure 2, lanes 1 — 4). These observations demonstrate that HelL a
cells transfected with hairpins harboring bulky adducts are NER-active in the intact human
cells selected for this study.

Examples of the NER kinetics in HeLa cells transfected with hairpins containing (+)-c/s-
B[4]P-dG or (+)-trans-B[4]P-dG] lesions are depicted in Figure 3. In this figure, the yields of
dual incision products calculated from the gel autoradiographs (Figure 2) are plotted as a
function of incubation time (Figure 3). These yields increase as a function of time and reach
a maximum level of about 6 % of the original hairpin DNA substrates present in the cells
within ~ 4 — 5 hours after the start of the transfection. However, the dual incision kinetics are
significantly slower than in human cell extracts. As in HeLa cell extracts,*3 the yield of NER
products associated with the (+)-c/s-B[4]P-dG adducts is larger by a factor 3.7 £ 1 than the
yield derived from the sterecisomeric (+)-frans-B[&]P-dG adducts (Figure 3). This value is
close to the ratio of ~ 5 observed in HeLa cell extracts*3. In the case of the two
stereoisomeric B[4]P-dG adducts studied, similar differences in NER efficiencies are found
in HeLa cell extracts and in intact HeLa cells.

These results demonstrate that the recovery of NER excision products and the quantitative
analysis of relative repair yields are feasible.

BER and NER of Oxidatively Generated Guanine Lesions in Human Cells.

The Sp and Gh lesions are excellent substrates of BER in vitro.17-21 Incisions of these
lesions by BER proteins are expected to generate the 32P-labeled 65-mer oligonucleotide
fragments, while successful NER dual incisions should generate the usual ladder of shorter
oligonucleotides in the range of 24 — 30 nucleotides in lengths.

Typical results of DNA repair assays in NER-competent human fibroblasts (XPA*/*) and
HelLa cells with hairpins harboring (+)-c¢/s-B[4]P-dG or Gh are shown in Figure 4. Hairpins
with B[4]P-dG adducts were included as positive controls of NER activity, and negative
control of BER activity. The same hairpin samples were also transfected into NER-inactive
XPA ™~ fibroblasts. Incisions at the sites of the lesions and the appearance of 32P-labeled 65-
mer oligonucleotide fragments are evident in the case of the Gh hairpin DNA substrates and
are attributed to the BER mechanism (Figure 4, lanes 7 — 12). There is no evidence of any
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BER activity at the site of (+)-cis-B[4]P-dG adducts (Figure 4, lanes 1 — 6). The ladders of
the 32P-labeled dual incision products (Figure 4, lanes 1-4) demonstrate that the Gh lesions
are substrates of not only BER, but also of NER in human fibroblasts (XPA*/*) and HeLa
cells that are both NER-competent (Figure 2).

When (+)-cis-B[4]P-dG or Gh hairpins are incubated into NER-deficient XPA ™~ fibroblasts,
the typical ladder of NER excision products is strongly suppressed (Figure 4, lanes 5,6 and
11,12, respectively). These results are consistent with those published by Shen et al.2* who
showed that the NER activities in XPA-deficient fibroblasts transfected with DNA hairpins
are reduced by factor of ~ 4 relative to normal fibroblasts. However, the Gh BER incision
products are clearly visible (Figure 4, lanes 11 and 12). Analogous results of DNA repair
assays in human cells transfected with 32P-internally labelled DNA hairpins harboring Sp
lesions are depicted in Figure 5. In addition to the BER incision products, the ladder of 32p-
labeled NER dual incision products is also visible in intact HeLa cells (Figure 5, lanes 1 —
4).

DNA Repair Assays in Intact BER-Deficient (NEIL17/") or NER-Deficient (XPA™") Cells.

The hydantoin lesions (Sp and Gh) are well-known substrates of the bifunctional DNA
glycosylase NEIL1.17-21 In order to verify that the single incision bands are indeed the
result of BER activity in HeLa cells, the same DNA sequences with Sp lesions were
transfected into genetically altered NEIL1 7~ cells. Typical results of DNA repair assays in
these cells with hairpins harboring Sp lesions are shown in Figure 5. The intensities of the
single incision bands of 65 nt products in lanes 5 and 6 are significantly weaker than they are
in the BER-competent HelL a cells (lanes 7 and 8, Figure 5), while NER ladders of dual
incision products are still evident (lanes 5,6 vs. lanes 7,8, Figure 5).

To summarize, the existence of parallel NER and BER activities that have been documented
in HeLa cell extracts,?2 also manifest themselves at the level of intact HeLa cells and NER-
competent fibroblasts.

Kinetics of Single BER Incisions and NER Dual Incisions.

Examples of the repair kinetics in HeLa cells transfected with the hairpins containing S-Sp
and Gh lesions are depicted in Figure 6.

The yields of BER and NER incision products are plotted as a function of incubation time
after transfection of the DNA hairpins into intact HeLa cells. The average BER and NER
yields increase as a function of incubation time and approach relatively constant values after
a 4 h incubation period (Figure 6A). However, the BER and NER kinetics are significantly
slower than in human cell extracts.22 The repair of the transfected hairpins occurs in parallel
with transfection initiated by addition of the DNA-CaP precipitate, which is also time-
dependent.3> Thus, the DNA repair kinetics shown in Figures 3 and 6 reflect a superposition
of the transfection and repair processes, and are suitable for monitoring the relative
efficiencies of the BER and NER mechanisms.

The maximum average yields of NER products for hairpins containing Sp and Gh lesions are
close to one another, while the BER yields for Sp modified hairpins are greater by a factor of
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~2 than in the case of the Gh-modified hairpins (Figure 6B). The ratios of BER/NER
activities in these examples for Sp and Gh lesions are 9.5 + 3.1 and 5.0+1.9, respectively. In
HelL a cell extract experiments the BER/NER ratios were in the range of 1 — 2, and thus
significantly smaller than in intact cells; furthermore, the levels of NER dual incision yields
in HeLa cell extracts varied from preparation to preparation with NER yields in the range of
5 — 25% after 30 min incubation periods,22 depending on the particular cell extract. In the
intact cell examples shown, the NER yields for the same lesions are at level of 4 £ 1% after a
4 h incubation time period (Figure 6). The BER and NER yields in intact cells tend to level
off after a ~ 2 hour incubation period after transfection, indicating that ~ 50% or more of the
lesions remain unrepaired in these particular experiments.

Experiments shown in Supporting Information (Figure S1) indicate that the recovery of BER
and NER excision products of different lengths is quantitative. In these experiments, HeLa
cells were transfected with mixtures of 32P-labeled 65 and 28 nt oligonucleotides without
lesions, and incubated for 2 h. After recovery of the oligonucleotides, the relative
proportions of 65 and 28 nt sequences were assessed by denaturing 12% PAGE (Figure S1).
We found that the ratio of the 65 and 28 nt bands recovered in these control experiments
were within 10 + 7% of the correct initial value before transfection, which is within the
experimental error bars observed in typical experiments (Figure 6). These control
experiments thus demonstrate that the recovery method used provides a reasonable estimate
of the relative yields of BER and NER products.

The Incisions of DNA Hairpins with Sp Lesions in Human Cells Occur by Competitive BER
and NER Pathways.

In these experiments, the 32P-internally labeled Sp hairpins were transfected into HeLa cells
together with varying quantities of the same, but unlabelled hairpins containing the well-
known BER substrates 5-OHU (Figure 7A, lanes 1 — 4).

The co-transfection of unlabelled DNA hairpins containing single 5-OHU lesions
significantly suppressed the yields of the 32P-labeled BER products excised from the
radioactively labelled hairpins with single Sp lesions. For instance, increasing the hairpin
molar ratio (5-OHU/Sp) from 0 to 100 results in a significant reduction of BER yields from
Sp hairpins from 75+3% to 3+2% (Figure 7C). By contrast, the yields of the 32P-labeled
NER dual incision products (the ladder of bands ~ 24 — 30 nucleotides in lengths) are
enhanced by factor of ~2, from 4.5+1.5% in the absence of, to 9.5+2.5% in the presence of
the 5-OHU-containing hairpins (Figure 7D). Control experiments with the 32P-internally
labeled 5-OHU hairpins clearly demonstrate that these lesions are repaired exclusively by
the BER pathways, while NER dual incision products are entirely absent (Figure 7B, lane 1).

In summary, these experiments clearly demonstrate that the NER machinery (most likely the
initial DNA damage-sensing NER factor XPC-RAD23B) competes with BER proteins for
the Sp lesions, which are substrates of both DNA repair pathways, BER and NER, in intact
human cells as well as in cell extracts.
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DISCUSSION

Employing 32P-internally labelled DNA sequences harboring site-specifically positioned
guanine lesions, we have shown that Sp and Gh are substrates of two different repair
pathways, BER and NER, in intact human cells. Interestingly, Sp, Gh and other hydantoin
lesions are also substrates of the prokaryotic UvrABC NER system 7 vitro.*> The approach
described here, is based on the direct recovery of the 32P-internally labeled BER and NER
incision products that does not require lesion-specific antibodies as in immunoprecipitation
approaches,38 or biotin- or 32P-postlabeling of the dual incision products.3” The transfection
of DNA hairpins, in which the ends are protected from non-specific degradation by
exonucleases, have been successfully used for monitoring full repair processes in human
cells (from the detection and removal of the lesion to the complete restoration of damaged
DNA by polymerase and ligase activities) by NER24 and BERZ® pathways. This so-called
Oligonucleotide Retrieval Assay (ORA) involves the PCR amplification of the hairpin
products recovered by biotin binding to streptavidin. Our approach does not require these
two additional steps and allows for the simultaneous monitoring of the primary events
initiated by BER and NER mechanisms. We note that in both NER and BER processes only
the primary steps (from recognition of lesions to their excision) depend on the structure of
the DNA lesion that is crucial for achieving a better understanding of the structure-function
relationships of the excision stages of DNA lesions. The further processing required for the
completion of the repair and restoration of the undamaged DNA by polymerase and ligase
activities do not depend on the structural features of the DNA lesions.

The hypothesis was tested that in intact human cells the relative yields of NER and BER
products depends on the competitive binding of BER and NER DNA damage-sensing
proteins (DNA glycosylases and XPC-RAD23B, respectively) to the same DNA lesions. In
cell-free extracts, the concentrations of BER and NER proteins are of the order of ~0.1 nM
and the binding to their NER substrates depends on free diffusion mechanisms. In intact
cells however, the concentrations of repair proteins are of the order of ~0.1 pM,23. 46 three
orders of magnitude higher than in cell-free extracts. Once the glycosylases bind to their
substrate, the removal of the DNA lesion occurs within seconds /n vitro, although
dissociation of BER enzymes from the product complexes can take tens of minutes.2% 47 In
turn, the binding of the dimeric NER factor XPC-RAD23B to its substrate is followed within
minutes by the recruitment of the other, subsequent NER factors?? that lead to the dual
incisions and excision of the 24 — 32 nucleotide-long NER products. The irreversibility of
these initial binding events supports the hypothesis that the ultimate yields of BER and NER
products depend on the competition between DNA glycosylases and XPC-RAD23B to form
the initial complexes with Sp and Gh.22 Experiments conducted with NEIL 7~ cells
demonstrate that the DNA glycosylase NEIL1 plays an important role in excising the Gh and
Sp lesions (Figure 5). Thus, the BER vs. NER competition is likely to depend on the ratios
of the local concentrations of NEIL1 and XPC in intact human cells, as well as the relative
binding affinities of these proteins to their DNA substrates.

The repair of oxidatively generated DNA lesions is a crucial factor for maintaining genomic
stability during oxidative stress. Small DNA lesions such as the hydantoin lesions Gh and Sp
generated by reactive oxygen species are generally efficiently recognized and excised by
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DNA glycosylases. Using radioactively labeled DNA sequences harboring Gh and Sp
lesions, it is shown that these lesions are substrates of both BER and NER mechanisms. The
relative contribution of either process in intact cells depends on the local availability of the
primary NER and BER factors that recognize and bind to the same lesions in a competitive
fashion. While BER yields of Sp up to 80% have been observed, the maximum NER yields
were less than ~ 10% even when BER was suppressed by unlabeled BER (but not NER)
substrates, or when the excision of bulky benzo[a]pyrene-derived guanine adducts that are
substrates of NER only, was examined. These results suggest that the NER yields are limited
by the local cellular concentrations of at least one of the NER factors that are critical for
successful NER dual incisions, while the BER proteins are ~ 8 times more abundant (Figure
7). The experimental approaches described are useful for assessing the DNA repair
capacities intact human cells up to the incision stages of repair.
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Figure 1.
Structures of Sp (S absolute configuration), Gh, 5-OHU, (+)-¢/s-B[4]P-dG, and (+)-trans-

B[4]P-dG lesions (X) site-specifically positioned in the DNA hairpin double-stranded
substrates.
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Figure2.

The appearance of dual incision NER products in HeLa cells transfected with 32P-internally

labeled DNA hairpins harboring (+)-cis-B[4]P-dG or (+)-trans-B[4]P-dG] lesions as a

function of incubation time. The (+)-c¢/s-B[a]P-dG or (+)-trans-B[&]P-dG] lesions are NER
substrates in intact human cells. The unmodified hairpins with guanine instead of the lesion

were used as negative controls of NER activity. Lanes M: oligonucleotide size markers.
Lanes C: Control experiments; the DNA hairpins were not transfected into the cells, but

were otherwise subjected to the same post-incubation treatment. The panel shown is a

composite of the autoradiographs of three gels.

Chem Res Toxicol. Author manuscript; available in PMC 2020 April 15.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Shafirovich et al.

8

Page 16

® (+)cis-BP-dG
® (+H)trans-BP-dG

—_—

time, h

Figure 3.
Kinetics of appearance of NER dual incision products in HeLa cells transfected with the

32p_internally labelled DNA hairpins harboring (+)-cis-B[4]P-dG, or (+)-trans-B[4]P-dG]
lesions. The NER yields were calculated by integration of the histograms derived from the
denaturing gel autoradiographs at each particular incubation time (2, 4, 6 or 8 h). The results
of three independent experiments and their standard deviations are shown. Other details are
described in Methods.
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Figure4.
The 5-guanidinohydantoin lesions are substrates of both NER and BER pathways in intact

human cells. The 32P-internally labelled DNA hairpins harboring Gh or (+)-cis-B[4]P-dG
lesions were transfected either into HeLa cells, fully NER-competent (XPA*/*) or NER-
deficient (XPA ") human fibroblasts and incubated for the time intervals indicated. Lanes
M: oligonucleotide size markers. Lanes C: Control experiments; the hairpins are not
transfected into the cells, but are otherwise subjected to the same post-incubation treatments.
The panel shown is a composite of the autoradiographs of two gels
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Figure5.
The spiroiminodihydantoin lesions are substrates of BER and NER in intact cells. The 32P-

internally labeled DNA hairpins harbouring Sp lesions were transfected either into fully
BER/NER-competent HeL a cells (lanes 1-4), or into NEIL1 ™~ cells that lack the
glycosylase NEIIL1 (lanes 5-8) that is known to excise Sp lesions in double-stranded DNA.
19,20 The incubation times (4 varied between 2 and 8 hours. Lanes M: oligonucleotide size
markers (We note that the intensity of the synthetic maker Lane M only, was diminished
separately from the rest of the gel because it was oversaturated). Lanes C: Control
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experiments; the hairpins were not transfected into the cells, but were subjected to the same
treatment otherwise. The panel shown is a composite of autoradiographs of two gels.
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Figure®6.
Kinetics (A) and (B) maximum averaged yields of BER and NER incision products in HeLa

cells transfected with DNA hairpins that contain the single $-Sp and Gh lesions. The BER
and NER vyields were calculated by integration of the histograms derived from the
denaturing gel autoradiographs at each particular incubation time (2, 4, 6 or 8 h). The results
of four independent experiments and their standard deviations are shown.
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(A) Competitive repair of the spiroiminodihydantoin and 5-hydroxyuridine lesions by the
BER and NER mechanisms in intact HeLa cells. The mixtures containing the 32P-internally
labeled S-Sp hairpins (0.1 pM) and increasing quantities (0, 0.3, 1, 3 and 10 pM) of non-
radioactive 5-OHU hairpins that correspond to 5-OHU/Sp molar ratios of 0, 3, 10, 30, or
100, were transfected into BER/NER-fully competent HeLa cells. (B) The 5-hydroxyuracil
lesions are excellent substrates of BER only in intact cells. The 32P-internally labeled DNA
hairpins harboring 5-OHU lesions were transfected into intact HeLa cells. The incubation
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times in all experiments were 2 h. Lane M: oligonucleotide size markers. Lane C: Control
experiment; the 179 nucleotide-long hairpin in buffer solution (not transfected into the cells,
but subjected to the same treatment otherwise). Lane 1: the full hairpin with 5-OHU lesions
after transfection into intact HeLa cells and full digestion to the 66-nucleotide-long single-
incision BER product. (C, D) The BER and NER yields were calculated by integration of the
histograms derived from the denaturing gel autoradiographs at each particular molecular
ratio of the 5-OHU and S-Sp hairpins used for transfection and incubation time of 2 h. The
results of three independent experiments and their standard deviations are shown.
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