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Abstract

Free radical attack on C1” of deoxyribose forms the oxidized abasic (AP) site 2-
deoxyribonolactone (dL). /n7 vitro, dL traps the major base excision DNA repair enzyme DNA
polymerase beta (Polp) in covalent DNA-protein crosslinks (DPC) via the enzyme’s N-terminal
lyase activity acting on 5’ -deoxyribose-5-phosphate residues. We previously demonstrated
formation of PolB-DPC in cells challenged with oxidants generating significant levels of dL.
Proteasome inhibition under 1,10-copper-ortho-phenanthroline (CuOP) treatment significantly
increased Polp-DPC accumulation and trapped ubiquitin in the DPC, with Polp accounting for
60-70% of the total ubiquitin signal. However, the identity of the remaining oxidative ubiquityl-
DPC remained unknown. In this report, we surveyed whether additional AP lyases are trapped in
oxidative DPC in mammalian cells in culture. Poly(ADP-ribose) polymerase 1 (PARP1), Ku
proteins, DNA polymerase A (Pol\.), and the bifunctional 8-oxoguanine DNA glycosylase 1
(OGG1), were all trapped in oxidative DPC in mammalian cells. We also observed significant
trapping of PolA, PARP1, and OGGL in cells treated with the alkylating agent methylmethane
sulfonate (MMS), in addition to dL-inducing agents. Ku proteins, in contrast, followed a pattern of
trapping similar to that for Polp: MMS failed to produce Ku-DPC, while treatment with CuOP or
(less effectively) HoO- gave rise to significant Ku-DPC. Unexpectedly, NEIL1 and NEIL3 were
trapped following H,0, treatment, but not detectably in cells exposed to CuOP. The half-life of all
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the AP lyase-DPC ranged from 15-60 min, consistent with their active repair. Accordingly, CuOP
treatment under proteasome inhibition significantly increased the observed levels of DPC in
cultured mammalian cells containing PARP1, Ku protein, PolA, and OGG1 proteins. As seen for
Polp, blocking the proteasome led to the accumulation of DPC containing ubiquitin. Thus, the
ubiquitin-dependent proteolytic mechanisms that control Polp-DPC removal may also apply to a
broad array of oxidative AP lyase-DPC, preventing their toxic accumulation in cells.

Keywords

1,10-copper-ortho-phenanthroline; methylmethane sulfonate; hydrogen peroxide; 2-
deoxyribonolactone; AP lyase; DNA-protein crosslinks

1. Introduction

Abasic (AP) sites are a common type of DNA lesion, formed at an estimated rate of 10,000
or more lesions per day in mammalian cells (1-4). AP sites arise from a variety of chemical
and biochemical processes including the loss of unstable modified nucleobases (5, 6),
intermediates generated by DNA N-glycosylases during base excision DNA repair (BER) (5,
6), and through base elimination following free radical attack of deoxyribose (7, 8). If left
unrepaired, AP sites can block key DNA transactions such as replication and transcription,
which can contribute to mutagenesis and carcinogenesis (9). The selective pressure to repair
AP sites is highlighted by the presence of AP endonuclease genes in the genomes of
virtually all living organisms (10). The predominant such enzyme in mammalian cells is
Apel protein (also called APEX1), which hydrolyzes the 5* phosphodiester of the AP site
itself (5, 6).

To date, >20 DNA repair enzymes, especially in BER, have been reported to have an
associated lyase activity that incises AP sites or removes 5 -deoxyribose-5-phospate (5'-
dRp) termini (11, 12). AP sites are generated by DNA glycosylases during BER by the
hydrolysis or lyase-mediated cleavage of the A-glycosylic linkage between the nitrogenous
bases and the deoxyribose moiety. DNA glycosylases exist as two general types:
monofunctional glycosylases that only remove the damaged base by hydrolysis, and
bifunctional enzymes that both eliminate a base lesion and can subsequently incise the
phosphodiester bond immediately 3” to the AP site. The latter reaction generates 3" termini
that must be further processed to enable gap-filling DNA repair synthesis (13, 14). Apel and
other enzymes are thought to carry out this trimming step to generate a usable primer
terminus; Apel cleavage of an AP site generates such active primers directly. For 5°-
processing after Apel incision, the BER protein DNA polymerase beta (PolB) and the
“backup” BER enzyme DNA polymerase lambda (PolA) harbor a 5'-dRp excision activity
(5, 15, 16, 71). Excision of 5”-dRp residues by these enzymes occurs via B-elimination,
which generates a normal 5’-nucleotide end (17). Bifunctional glycosylases and 5’-dRp
lyases that catalyze B-, 6- or B-/6-elimination reactions proceed via the formation of a
covalent enzyme-DNA intermediate, a Schiff base, that is resolved by hydrolysis, often as
the rate-limiting step (11, 12). These transient enzyme-DNA intermediates can be frozen
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mid-cycle /in vitro upon addition of strong reducing agents such as sodium borohydride
(NaBHj) to the reaction (12, 18).

With the reductive trapping approach, several DNA repair enzymes have been shown to form
DPC in vitro via their respective 5'-dRp lyase or AP lyase activities. These include Ku
antigen (19-22), poly(ADP-ribose) polymerases 1 and 2 (PARP1, PARP2) (23-25), and
DNA polymerase lambda (Pol\) (15). In stark contrast to the transient intermediates formed
by lyases acting on hydrolysis-generated AP sites, the oxidized abasic site 2-
deoxyribonolactone (dL) poses a formidable obstacle to the lyase reaction (26). The major
BER protein, Polp, was the first mammalian enzyme shown to be trapped in stable DNA-
protein complexes (DPC) by interaction with dL residues /n vitro (27-30). Other AP lyases
can also be trapped by dL or its p-elimination product butenolide /in vitro, including the
eukaryotic OGGL1 and NEIL DNA glycosylases, and bacterial Nth1, which generated the
highest yield of DPC compared to a panel of other lyases tested (31, 32) (see Fig. S1 for
schematic of the NaBH, trapping reaction and formation of AP lyase-dL-DPC).

Our preliminary experiments indicated that both Ku antigen and PolA can form dL-DPC in
vitro, and PARP1-DPC were recently reported in cells treated with MMS or with clinically
used PARP inhibitors (24, 33, 34). However, the possible oxidative trapping of these AP
lyases in DPC in mammalian cells had not been addressed. We have detailed the formation
and processing of oxidative Polp-DPC in mouse and human cells exposed to various dL-
generating agents. That work (35) showed that Polp-DPC are rapidly processed by the
proteasome; when the proteasome is inhibited, ubiquitin is contained in the Polp-DPC. Most
of the ubiquitin in the oxidative DPC is lost in POLB~~ mouse embryonic fibroblasts (MEF)
or in human cells with the lyase-inactive K72A form of Polp, but 30-40% remains and may
be associated with other lyases trapped in DPC and undergoing ubiquitylation prior to
digestion by the proteasome. We have recently identified ubiquitylation sites on Polf
required for its proteolytic processing (Quinones et al., submitted). Biochemical analysis of
whole-cell extracts (WCE) also indicates that a variety of other proteins can form DPC at dL
sites, although Polp appears to be the most reactive on a molar basis (27).

In the work presented here, we probed for the formation of DPC with specific AP lyase
proteins in cells treated with the dL-inducing agent 1,10-copper-ortho-phenanthroline
(CuOP). We found that, in addition to Polp, Ku antigen, Pol\, PARP1, and OGGL1 are also
trapped in oxidative DPC, and rapidly processed by the proteasome in conjunction with
ubiquitylation. These results suggest a general mechanism for cells to cope with the burden
of oxidative DPC containing abasic lyases.

2. Materials and Methods

2.1 Mammalian Cell Culture Conditions

Human MDA-MB-231 mammary tumor cells expressing flag-tagged Pol were maintained
in a humidified incubator at 37°C under 5% CO» in RPMI 1640 (Lonza) supplemented with
1% penicillin-streptomycin (Life Technologies), 10% heat-inactivated fetal bovine serum
(FBS) (Life Technologies), (0.5 pg/ml) puromycin (Sigma-Aldrich), (700 pg/ml) G418
(Sigma-Aldrich) and (10 pg/ml) gentamycin (Sigma-Aldrich) as previously described . The
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human glioma LN-428 cell lines expressing WT and mutant versions of Polf or shRNA
against Trip 12 were maintained and grown in a-MEM (Life Technologies) supplemented
with 10% heat-inactivated FBS (Life Technologies), (5 pg/ml) gentamycin (Sigma-Aldrich),
80 u penicillin/80 g Streptomycin/0.32 ug amphotericin/ml (Life Technologies), and (2
mM) L-glutamine (Sigma-Aldrich) as previously described (37). MEF cells WT or carrying
a homozygous deletion in the POLL gene were cultured in a humidified incubator at 37°C
under 5% CO, in DMEM containing GlutaMAX (Thermo Fisher Scientific), 10% FBS (Life
Technologies) and 1% penicillin-streptomycin (Life Technologies) as previously described
(38). The Apel-deleted murine B-cell line, CH12F3, was cultured in RPMI 1640 medium
(Lonza), at 37°C under 5% CO, supplemented with 10% fetal bovine serum and 50 pM -
mercaptoethanol (Sigma-Aldrich) as previously described (39).

2.2 Detection of DPC in Mammalian Cells by the RADAR Assay

DPC were generated, isolated, and analyzed as previously described (35). Typically, 5.0 x
10 cells were treated with CUOP (CuSO4 and 1,10 phenanthroline mixed in a 1:2 molar
ratio immediately before use), MMS, or H,O5 at the concentrations indicated in the figures.
Where indicated, these treatments were combined with treatment with the proteasome
inhibitor MG132. Following treatment, the cells were immediately lysed in DPC lysis buffer
containing [4 M guanidinium thiocyanate (Sigma-Aldrich), 1% Sarkosyl, 2% Triton X-100
(Sigma-Aldrich), 1% dithiothreitol (DTT); (Roche), 0.1 M sodium acetate, pH 5.0 (G-
Biosciences), 20 mM Tris-HCI, pH 8.0 (G-Biosciences), 20 mM EDTA, pH 8.0 (G-
Biosciences), adjusted to pH 6.5 using 2 M NaOH], After lysis, genomic DNA was
precipitated with ice-cold 100% ethanol, pelleted, then washed three times with 70%
ethanol. The washed DNA pellets were resuspended in 8 mM NaOH by passing the DNA
through a 21G syringe ten times. The resulting DPC-containing solution was quantified by
PicoGreen (Life Technologies) fluorescence, then equivalent amounts of DNA were blotted
onto nitrocellulose membranes using a slot blot vacuum manifold (Bio-Rad).

Membranes were probed for 1-2 h with primary antibodies specific for the protein target of
interest using the following dilutions: rabbit polyclonal anti-Polp (Novus Biologicals;
cat.#NB100-91734), 1:1,000; rabbit polyclonal anti-Apel (Novus Biologicals’
cat.#NB100-101), 1:10,000; mouse monoclonal anti-ubiquitin (BioLegend; cat/#838704),
1:1,000; rabbit polyclonal anti-PolA. (S.H. Wilson laboratory), 1:2,000; rabbit polyclonal
anti-Ku antigen (D.A. Ramsden laboratory), 1:5,000; rabbit polyclonal anti-PARP1
(Proteintech Group, Inc; cat.#229999-1-AP), 1:1,000; rabbit polyclonal anti-OGG1,
(Abcam; cat.# ab135940) 1:1,000; rabbit polyclonal anti-NEIL1, (Proteintech Group, Inc;
cat.#12145-1-AP) 1:1,000; rabbit polyclonal anti-NEIL3, (Proteintech Group, Inc;
cat.#11621-1-AP) 1:1,000. Blots were then incubated with secondary IR dye-conjugated
goat anti-mouse IR680 (LI-COR Biosciences; cat.# 925-68070), or with goat anti-rabbit
IRB00 dye (LI-COR Biosciences; cat.#926-32211) at a dilution of 1:10,000 for 1 h at room
temperature. Slot blots were imaged using an Odyssey laser scanner in grey-scale mode, and
the bands were quantified using NIH ImageJ software.
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2.3 Immunoblot analysis

Whole cell extracts were prepared by lysing cells in 10 mM Tris-HCI (Roche), pH 7.4, 150
mM NaCl, 20 mM EDTA, pH 8.0, 10% Triton X-100 supplemented with protease cocktail
inhibitor (Roche) as recommended. Total protein was quantified with the Bradford assay,
using bovine serum albumin (BSA; Sigma-Aldrich) as the standard. For immunoblot
analysis of Polp, PolA, Ku antigen, PARP1, OGG1, NEIL1, and NEIL3 in MDA-MB-231
cells and for analysis of PolA in MEF cells, the samples were electrophoresed on on either
12% or 4-12% pre-cast NUPAGE protein gels (Life Technologies) in 1X 3-(N-morpholino)
propanesulfonic acid) (MOPS) (Life Technologies) running buffer. Proteins were
electroblotted onto polyvinylidene difluoride membranes using 1X NuPAGE transfer buffer
(Life Technologies) supplemented with 20% methanol and 0.1% sodium dodecyl sulfate.
Protein binding was confirmed by staining with Ponceau S, and the membranes were washed
three times with Tris-buffered saline (TBS) containing 0.1% Tween-20 for 10 min each
cycle, then blocked in 3% BSA dissolved in phosphate-buffered saline (PBS) containing
0.1% Tween 20 for 1 h. Next, the membranes were probed for 1 h with the primary antisera
diluted in blocking buffer at the dilutions indicated above. For testing olaparib activity, the
membranes were probed with monoclonal rabbit anti-PAR antibody (Santa Cruz
Biotechnology, SCBT) at a 1:500 dilution for 1 h at room temperature. As loading controls,
the membranes were probed with rabbit polyclonal anti-GAPDH (Rockland
Immunochemicals, Inc.) at a 1:1,000 dilution, or with mouse monoclonal anti-a tubulin, (LI-
COR Biosciences) at a 1:2,000 dilution. Finally, secondary goat anti-mouse conjugated to IR
dye 680 (LI-COR Biosciences), or goat anti-rabbit conjugated to IR dye 800 (LI-COR
Biosciences) were incubated with the membranes at a dilution of 1:10,000 for 1 h at room
temperature in blocking buffer.

3. Results

3.1 Oxidative AP Lyase-DPC Formation in Mammalian Cells

To test whether AP lyase enzymes beyond Polf form oxidative DPC in cultured mammalian
cells, the human breast cancer cell line MDA-MB-231 (35) was exposed to the dL-inducing
oxidant CuOP. Immunoblot analysis of WCE prepared from oxidant-treated MDA-MB-231
cells was used to confirm the specific detection of each type of DPC using antisera directed
against each of the proteins under study (specificities verified in Fig. S2). Using the DNA
isolation and blotting “RADAR” assay as in our studies of Polp (35), we observed a CuOP
dose-dependent increase in DPC containing Ku antigen (Fig. 1A), PARP1 (Fig. 1B), and
Pol\ (Fig. 1C) . The formation of oxidative PolA-DPC was also observed in wild-type (WT)
mouse embryonic fibroblasts (MEF) treated with CuOP (Fig. 1D), which was reduced to
background level in genomic DNA isolated from POL L™~ MEF and not increased by CuOP
treatment (Fig. 1D).

Previous data showed that PolB-DPC formation requires Apel in CH12F3 cells (35). We
hypothesized that, in the absence of Apel, more dL would be available to trap bifunctional
DNA glycosylases such as OGG1. The formation of OGG1-DPC formation in CuOP-treated
CH12F3 cells did not require the presence of Apel, in contrast to the Apel requirement for
Polp-DPC formation (35), and the observed OGG1-DPC level was ~2-fold higher in Apel-
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deficient than in Apel-containing cells (Fig. 2). This result suggests that more DPC-forming
substrate was available in the absence of Apel, allowing other AP lyases such as OGGL1 to
become trapped in oxidative DPC. Because Apel does not form DPC with dL in vitro (28),
nor were Apel-DPC detectable in CuOP-treated cells (35), the blots were also probed with
anti-Apel antiserum to control for adventitious trapping by the various agents. Apel protein
was not detected in these samples under the experimental conditions that detected other DPC
in the same samples (Fig. LA-C, 2). Collectively, these data indicate that Ku antigen, PolA.,
PARP1, and OGGL1 can be trapped in DPC by oxidative lesions in cultured mammalian cells.

3.2 Chemical Specificity for Trapping AP Lyases in DPC in Mammalian Cells

Recent data showing PARP1-DPC formation in cells treated with MMS suggest that agents
that generate AP sites or BER intermediates could trap other enzymes with AP lyase activity
(41-43). To determine whether different agents that generate BER substrates can trap AP
lyases in mammalian cells in culture, we assayed for DPC formation in cells treated for 1 h
with MMS, H,0,, or CuOP. The results (Fig. 3A) revealed that significant Ku-DPC were
detected only in the oxidant-treated cells, similar to Polp-DPC in this study and our
published work (35). In contrast, DPC were detected for PARP1 (Fig. 3B), PolA (Fig. 3C),
and OGG1 (Fig. 3D) in cells exposed to any of the three agents tested.

We also assayed whether two of the NEIL-family glycosylases could form DPC in
mammalian cells. Significant amounts of both NEIL1-DPC and NEIL3-DPC were detected
in cells exposed to H,O», but not for CuOP or MMS treatment (Fig. 3E, F). That result
indicates that these enzymes do not interact significantly with dL or AP sites in
chromosomal DNA, or that the linkages they may form with these lesions are somehow
readily reversed. The effectiveness of H,O5 in forming the NEIL-DPC is, however,
consistent with a role for these enzymes in processing oxidized base lesions, as the enzyme
intermediates are relatively long-lived in vitro(44-46).

3.3 PARP Inhibition and the Formation of PARP1-DPC in CuOP-Treated Cells

Combining alkylating agent treatment with clinical PARP inhibitors enhances the trapping of
PARP1 in DPC (34, 42). We hypothesized that PARP inhibition would likewise enhance the
trapping of PARP1 at oxidative DNA damage. We confirmed the activity of olaparib by
performing immunoblot analysis for poly(ADP-ribosyl)ated proteins in WCE from MDA.-
MB-231 cells treated with olaparib (Fig. S3). In cells treated with CuOP, a strong poly(ADP-
ribosyl)ation signal was detected, which was significantly diminished in the presence of
olaparib (Fig. S3). In analysis of PARP1-DPC formation in MDA-MB-231 cells, exposure to
olaparib or CuOP alone generated easily detectable PARP1-DPC. When cells were treated
simultaneously with both CuOP and olaparib, trapping of PARP1 in DPC was significantly
enhanced compared to CuOP or olaparib treatment alone (Fig. 4), demonstrating an additive
effect. This finding is consistent with the ability for both agents to produce significant
PARP1-DPC in mammalian cells in culture, though likely through different mechanisms.
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3.4 Clearance of Oxidative AP Lyase-DPC in Mammalian Cells Dependent on the

Proteasome

We previously showed that the Polp in oxidative DPC is rapidly processed by proteasome-
dependent digestion in mammalian cells [with a half-life 15-30 min in both human and
mouse cells (35)]. We therefore tested whether the oxidative DPC containing Ku antigen,
PARP1, PolA., and OGGL1 are also processed rapidly. Indeed, the signals for Ku-, PolA-, or
OGG1-DPC all displayed half-lives of 15-20 min following a 1-h CuOP treatment (Fig.
5A,C,D). The processing of PARP1-DPC was significantly slower, with a half-life =60 min
(Fig. 5B). Thus, the various AP lyase-DPC are actively removed in cells, with some
variation in the rate of removal for different DPC.

In light of the active removal of Ku-, PARP1-, PolA-, and OGG1-DPC, we tested whether
their processing depended on the activity of the proteasome, as do PolB-DPC (35).
Compared to CuOP treatment alone, a combined treatment with CuOP and MG 132 resulted
in ~2-fold increase in the levels of all the AP lyase-DPC assayed (Fig. 6A-D). Importantly,
treatment with MG132 also generated a significant ubiquitin immunosignal in each case
(Fig. 6A-D). These data are also consistent with the finding that additional oxidative
ubiquityl-DPC are formed along with Polp-DPC under CuOP treatment (35), and that, once
the DPC are ubiquitylated, the proteasome acts quickly to digest them.

4. Discussion

Oxidative DNA damage is a significant by-product of aerobic metabolism and has been
implicated in the etiology of aging and neurodegenerative disorders (47, 48). Additionally,
oxidative base and sugar lesions are commonly generated by a variety of antitumor agents
that are of clinical importance (47, 49). Although many of the lesions generated by ROS can
be efficiently processed by BER, certain lesions can pose an obstacle to some of the core
components of the BER pathway (50).

A significant oxidative lesion that cannot be processed via single-nucleotide BER is the
oxidized AP site, dL. This lesion can irreversibly trap DNA repair lyases in covalent DPC /n
vitro (26, 51). We recently showed that the core BER enzyme, Polp, forms DPC via its 5~
dRp lyase activity, specifically in cells exposed to dL-inducing oxidants (35) [(recently
reviewed here (52-55)]. Although PolB-DPC account for the bulk of ubiquityl-DPC in cells
treated with CuOP, the nature of the remaining 30-40% of ubiquitin-DPC remained
unknown (35).

Based on their roles in DNA repair, we analyzed Ku antigen, PolA, PARP1, OGG1, NEIL1
and NEIL3 as possible targets to form oxidative DPC in mammalian cells. In this report, we
show that all the AP lyase proteins tested can form oxidative DPC in mammalian cells in
culture, albeit to varying extents and with different selectivity for the type of agent. CuUOP
was an effective trapping agent for Ku protein, PARP1, Pol\, and OGG1 in DPC. However,
in contrast to Polp (35), the increasedtrapping of OGGL1 in APEI-knockout cells compared
to Apel-proficient cells indicates that the glycosylase can be trapped at the uncleaved dL
residues that are expected to accumulate in the absence of Apel. Alternatively, the increased
OGG1-DPC could reflect the accumulation of the dL breakdown product butenolide at DNA
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3’ ends (31), which would also be considerably diminished when Apel acts first to cleave
dL efficiently (31, 56).

Similar to what has been shown for PARP1 (24), MMS induced significant DPC with both
PolX and OGG1. In contrast, Ku antigen followed the same pattern as Polp in forming DPC
with the dL-inducing oxidants H,O, and (more effectively) CuOP, but not with MMS-
induced lesions. The similar pattern for Polp and Ku protein forming DPC was somewhat
unexpected, in that Polp shows the strongest affinity for lesions at nicks or small gaps in
double-stranded DNA (57, 58), while Ku has a strong preference for 5”-dRp residues located
at or near the 5” ends of double-strand breaks (19, 22). This observation suggests that the
lesion chemistry is a key factor in the DPC formation we have observed, with both Polf and
Ku being trapped at dL sites generated by H,O, or CuOP, but not at ordinary AP sites,
unlike PARP1 and PARP2 (23, 24). At the same time, it may be that the Polp-DPC and Ku-
DPC generated in CuOP- or H,O,-treated cells are in different structural contexts (single-
vs. double-strand breaks, respectively).

DPC formation by PARP1, OGG1 and PolX in MMS-treated cells indicates that these
proteins can be trapped at normal AP sites. This result is consistent with the slow turnover of
the lyase activity of PARP1 for both incised and intact AP sites /n vitro and in MMS-treated
cells (24). In contrast, PolA does not possess a detectable AP lyase activity, but the enzyme
has a 5”-dRp lyase activity that is ~5-fold lower than that of Pol (15). Thus, the detected
PolA-DPC may simply reflect the slow catalytic turnover of the 5’-dRp lyase, such that a
detectable amount of the Schiff base intermediate has accumulated in MMS-treated cells at
the time of their lysis.

The finding that OGG1 forms DPC in MMS-treated cells is also somewhat unexpected.
OGGl1 is a bifunctional glycosylase acting on oxidative base lesions such as 8-oxoguanine
and the ring-opened formamidopyrimidine (59). However, overexpression of 0GG1
provides some resistance both to MMS and to more complex alkylating agents (60, 61). It
may be that the reported weak 5’-dRp lyase activity of OGGL1 or its AP incision activity (11,
62) account for this role via the accumulation of the Schiff base intermediate during the
treatment time, as we proposed for PolA.

The bifunctional glycosylases NEIL1 and NEIL3 gave still another trapping pattern: DPC
were found only for H,O»-treated cells, but not upon treatment with MMS or CuOP. Both of
these enzymes have roles in processing oxidative base lesions (45, 63), notably the
formamidopyrimidine derivatives of adenine and guanine (47). Thus, the DPC observed for
NEIL1 and NEIL3 could represent slowly-resolving intermediates of the excision reactions,
as we have argued for PARP1 and PolA.. Free radical attack also generates the thymine-
derived lesion 5-hydroxy-5-methylhydantoin, which traps bifunctional DNA glycosylases
such as Fpg and NEIL1 /n vitro (64). Therefore, the observed trapping could also arise from
suicidal crosslinking of these enzymes to 5-hydroxy-5-methylhydantoin sites formed in
H,0,-treated cells. Because NEIL1 and NEIL3 were not significantly trapped by the more
selective dL-inducing oxidant CuOP, the data suggest that dL is not a significant lesion for
trapping these AP lyases in mammalian cells.
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The disappearance of oxidative AP lyase-DPC was rapid, with half-lives ranging from 15-60
min. These rates are similar to that observed for PolB-DPC (35), consistent with an active
repair process. Two aspects of this processing point to an essential role for the proteasome:
the increased DPC levels observed when cells are co-treated with both CuOP and MG132
compared to CuOP alone; and the accumulation of ubiquitylated DPC when the inhibitor is
present. These aspects are the same as for the initial processing steps found for Polp-DPC.

The main nucleophilic residues responsible for 5”-dRp/AP lyase activity in Ku antigen (20,
22), PARP1 (24), Pol\ (15), and OGGL1 (65, 66) have been predicted through mutational and
biochemical analyses. While beyond the scope of this paper, we anticipate that future work
using cell lines expressing mutated lyase proteins will shed light on the mechanistic basis for
AP lyase-DPC formation and their effects on cell survival. Along these lines, we realize that
one limitation of this study is the specificity of the antibody-based approach, in that the
antisera used could have limited sensitivity for detecting some DPC, and possible cross-
reaction with other proteins must be considered. For the latter possibility, such cross-
reactivity was not detected by immunoblotting (Fig. S2). To address these issues more
deeply, future studies investigating the mechanisms of oxidative AP lyase-DPC formation
should also include, if possible, cell lines harboring homozygous deletions of the AP lyase
under study, or cells expressing epitope-tagged versions of the proteins under study, and
where possible, mutant proteins lacking the lyase activity.

With respect to disease, mutations in various AP lyases involved in BER have been
associated with cancer in humans (9, 67). For example, polymorphic variants of OGG1 that
are associated with a higher risk of disease have been identified in prostate, lung, and renal
carcinomas (67), suggesting these polymorphisms could be exploited (assuming they
significantly affect the lyase activities) by challenging them with oxidative agents. The
development of small molecule inhibitors that target the lyase domain of DNA glycosylases
is currently underway (68, 69), and may be useful in combating neoplasms that aberrantly
express these proteins.

Lastly, our data also suggest a possible combination therapy using clinical PARP inhibitors
and oxidative agents that trap PARP1 in order to target certain human cancers (e.g., BRCA-
negative breast cancer). Cells that express low levels of Ku antigen are hypersensitive to
chemotherapy and radiation therapy (70), suggesting that oxidative agents that trap this
enzyme may further potentiate the cell killing effect of these antitumor strategies.
Collectively, these studies imply that the development of novel copper-based complexes
could be used to enhance treatment of human neoplasms that express mutant or imbalanced
levels of these 5”-dRp/AP lyases.
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Highlights

. In vivo DPC formation with oxidative lesions is a common feature of 5"-dRp
lyases involved in DNA repair

. The efficiency of DPC formation varies according to the oxidant treatment
. Some lyases can be trapped at non-oxidative lesions formed by MMS
. These differences appear to reflect the in vivo functions of the enzymes

. The lyase-DPC are rapidly ubiquitylated and targeted for digestion by the
proteasome
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Figure 1. Oxidative Trapping of AP Lyases in DPC in vivo.
MDA-MB-231 cells were treated with increasing concentrations of CuOP for 1 h (under

conditions described in section 2.1), genomic DNA (gDNA) immediately isolated, and 1-ug
aliquots assayed for DPC using the appropriate antisera. A, Ku antigen; B, PARP1; C, PolA.
For panel D, WT or POLL ™~ MEF were treated and assayed for Ku-DPC. For each set of
experiments, a representative blot is shown, with quantification for 7= 3independent
experiments, normalized to untreated cells. Error bars show +/- S.D. * indicates p<0.05
(two-tailed Student’s t-test) compared to untreated cells.

DNA Repair (Amst). Author manuscript; available in PMC 2021 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Quifiones et al. Page 17

CH12F3
CuOP, [uM]

0 2

Apel”/
a-0GG1

Apel*/*/
Apel”/

a-Apel
Apel*/*/

=1 2.1+/-0.2

Figure 2. APE1-Dependence of oxidative OGG1-DPC formation.
CH12F3 cells were treated where indicated with 5 uM CuOP for 1 h (under conditions

described in section 2.1), and gDNA was immediately isolated. Samples (1 ug) were assayed
for OGG1-DPC. For each set of experiments, a representative slot blot is shown, with
quantification for n= 3independent experiments, comparing DPC signals between CH12F3
Apel-expressing (APEI*~I~ and Apel-knockout (APEI~~") cells. Error bars show +/-
S.D. * indicates p<0.05 (two-tailed Student’s t-test) compared to CH12F3 APEZ~/ cells.
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Figure 3. Chemical specificity of AP Lyase-DPC formation.
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MDA-MB-231 cells were exposed for 30 min to 5 mM MMS or 5 mM H,05, or to 10 uM
CuORP for 1 h (under conditions described in section 2.1), and gDNA was immediately
isolated. Samples (1 pg) were assayed for DPC containing: A, Ku antigen; B, PARP1; C,
PolA; D, OGG1,; E, NEIL1; F, NEIL3. For each set of experiments, a representative blot is
shown, with quantification for 7= Zindependent experiments, normalized to untreated cells.
Error bars show +/-S.D. * indicates p<0.05 (two-tailed Student’s t-test) compared to
untreated control.
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Figure 4. Effect of PARP inhibitor on oxidative PARP1-DPC formation.
MDA-MB-231 cells were exposed for 1.5 h to olaparib or CuOP, or to both sequentially

(under conditions described in section 2.1). For the combination treatment, the cells were
first exposed to 10 pM CuOP for 1 h, followed by addition of 10 uM olaparib for 30 min.
Immediately after the treatments, gDNA was isolated. Aliquots of gDNA (1 ug) were
assayed for PARP1-DPC; blots were also probed for Apel as a negative control.
Representative blots are shown, with quantification for 7= 3independent experiments,
normalized to untreated cells. Error bars show +/-S.D. for n= 3independent experiments. *
indicates p<0.05 or p<0.01 (two-tailed Student’s t-test) compared to the indicated treated
controls.

DNA Repair (Amst). Author manuscript; available in PMC 2021 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Quifiones et al.

Page 21

A B
Time After CuOP, Removal N Time After CuOP, Removal
& (min) %’C& (min)
& 0 15 60 N 0 15 60
1 o-Ku antigen . a-PARP1
100 +< *
__100 { = x
&2 Q£
c £ . Q3
&g 10 1 B E 10
c g2 &
< a =
s ® p
¥ C -T:]
s 1 a
“© 1
0 20 40 60 0 20 40 60
Time After CuOP, Removal Time After CuOP, Removal
c D
Time After CuOP, I_!emoval Time After CuOP, Removal
é@' (min) GQ}’ (min)
& 0 15 60 ¥ 0 15 60

PolA-DPC Signal

(% remaining)

100 +

10 -

OGG1-DPC Signal
Remaining (%)

0 20 40 60
Time After CuOP, Removal

Figure 5. Processing of oxidative AP Lyase-DPC.
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MDA-MB-231 cells were treated with 10 uM CuOP for 1 h (under conditions described in
section 2.1), then transferred to fresh medium. gDNA was isolated either immediately after
the treatment, or at the indicated times of the subsequent incubation. Samples (1jg) were
assayed for: A, Ku antigen; B, PARP1; C, PolA; and D, OGG. Quantification for each set of
experiments is shown for each blot. Representative blots are shown, with quantification for
n= 3independent experiments, normalized to untreated cells. Error bars show +/-S.D. for n=
Zindependent experiments. * indicates p<0.05 (two-tailed Student’s t-test) compared to the

‘0 min’ time point (defined as 100%).
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Figure 6. Oxidative AP Lyase-DPC increased by proteasome inhibition.

MDA-MB-231 cells were treated with 10 pM CuOP for 1.5 h, with or without MG132
present (under conditions described in section 2.1), and gDNA isolated immediately.

| __I a-Ub
1 19+/-0.4
CuOP (10 um) - +
MG-132 (10 pM) + +
R w— | 1-0GG1

rmm— | a-Ub

1.8+/-0.2

Aliguots of gDNA (1ug) were assayed for: A, Ku antigen; B, PARP1; C, PolA\; or D, OGGL.

Separate blots of the same samples were also probed for ubiquitin in each experiment.

Representative blots are shown, with quantification for n= 3independent experiments. Error

bars show +/-S.D. for n= 3independent experiments. * indicates p<0.05 (two-tailed

Student’s t-test) comparison for CuOP versus CuOP + MG132.
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