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Abstract

Aprataxin (APTX) is a DNA-adenylate hydrolase that removes 5" -AMP blocking groups from
abortive ligation repair intermediates. XRCC1, a multi-domain protein without catalytic activity,
interacts with a number of known repair proteins including APTX, modulating and coordinating
the various steps of DNA repair. CK2-phosphorylation of XRCC1 is thought to be crucial for

its interaction with the FHA domain of APTX. In light of conflicting reports, the importance

of XRCC1 phosphorylation and APTX function is not clear. In this study, a phosphorylation
mutant of XRCC1 designed to eliminate APTX binding was stably expressed in Xrcc1™" cells.
Analysis of APTX-GFP accumulation at micro-irradiation damage confirmed that phosphorylated
XRCC1 is required for APTX recruitment. APTX-mediated DNA deadenylation activity (/.e.,
5-AMP removal) was measured in extracts of cells expressing wild-type XRCC1 or the XRCC1
phosphorylation mutant, and compared with activity in APTX-deficient and APTX-complemented
human cells. APTX activity was lower in extracts from XrccZ™~and XRCC1 phosphorylation
mutant cells compared to the robust activity in extract from wild-type XRCC1 expressing cells.
Taken together, results verify that interaction with phosphorylated XRCC1 is a requirement for
significant APTX recruitment to cellular DNA damage and enzymatic activity in cell extracts.
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Introduction

XRCC1 is a multi-domain protein without catalytic activity, but it interacts with a number
of known repair proteins modulating and coordinating the various steps of base excision
repair (BER) and single strand break repair (SSBR) [1]. Casein kinase 2 (CK2) is a
constitutively active kinase that can phosphorylate numerous substrates associated with
cellular stress responses. CK2 phosphorylates XRCC1 /n vivo at as many as eleven
consensus sites in the linker region between the BRCT | and BRCT Il domains of the
protein. Phosphorylated XRCC1 is a crucial scaffold protein interacting with aprataxin
(APTX), as well as polynucleotide kinase 3"-phosphatase (PNKP) and aprataxin/PNK-like
factor (APLF) [2-6], thus coordinating recruitment of these SSBR proteins. The fork-head
associated (FHA) domain of APTX shares homology with the N-terminal FHA domain of
PNKP [2] and is responsible for interaction with XRCC1. CK2-mediated phosphorylation of
human XRCC1 serine/threonines at S518, T519, and T523 plays a crucial role in binding to
APTX [5]. Mutation of these sites to alanine blocks phosphorylation by CK2 and decreases
the binding affinity of APTX with XRCC1 [5]. Deficiency of XRCC1 leads to a reduction

in APTX accumulation at sites of DNA damage and an impairment of SSBR [7]. APTX also
binds XRCC4 in a phosphorylation-dependent manner [4, 8]. Phosphorylation of additional
sites in the linker region between the BRCT | and BRCT Il domains of human XRCC1
(S475, S485 and T488) is required to greatly stimulate the XRCC1-PNKP interaction [9].
Thus, the phosphorylation status of XRCCL1 can strongly influence cellular repair.

Ataxia oculomotor apraxia-1 (AOAL) is a recessive human neurodegenerative disorder
linked to more than 20 distinct mutations in the gene encoding APTX [4, 10].

Although reminiscent of ataxia-telangiectasia, primary AOAL fibroblasts exhibit only mild
hypersensitivity to ionizing radiation [4]. Mammalian DNA ligases interact with ATP
forming a ligase-ATP complex; the activated ATP is then transferred to the 5 -phosphate of
the nick in the form of AMP, eventually resulting in formation of a new phosphodiester bond
and release of AMP. Abortive ligation intermediates with an adenylate (AMP) group at the 5
“-phosphate end of the nicked DNA intermediate (5"-AMP) arise when DNA ligases attempt
to ligate “dirty” ends, including BER intermediates or 3"-modified or oxidized nucleotides
produced during repair of damaged DNA [11, 12]. Where the 5"-deoxyribose phosphate
(5”-dRP) intermediate of BER is 5" -adenylated to form the blocking 5"-AMP-dRP, APTX
can remove the 5"-AMP leaving 5 -dRP and enabling resumption of BER [13]. In general,
5-AMP intermediates are thought to be rare [14]. Nevertheless, cells express APTX to
resolve abortive ligation products by removing the 5"-AMP blocking group in duplex DNA
[4, 15-17]. APTX comprises three domains; the N-terminal FHA domain mentioned above
binds to XRCC1 and PAR, whereas a central histidine triad (HIT) domain and a Cterminal
zinc finger domain mediate catalytic activity and DNA interactions, respectively [14, 17].

PARP-1 recognizes and binds to DNA strand breaks stimulating vast synthesis of PAR
polymers onto itself and other repair proteins [18]. The ADP-ribose of PAR polymers
mediate recruitment of XRCC1 via binding at its BRCT 1 domain [19]. Mutations in this
domain can prevent XRCC1 interaction with PAR, and inhibitors of PARP activity delays
XRCC1 recruitment to sites of laser-induced DNA damage [20]. The FHA domain of
APTX is reported to interact with the BRCT domain of PARP-1 [21], and also to PAR

DNA Repair (Amst). Author manuscript; available in PMC 2022 July 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Horton et al.

Page 3

but unlike XRCC1, the interaction is not with ADP-ribose group, but instead with the iso-
ADPribose linkage between each PAR ADP-ribose [20]. FHA domain mutations of APTX
can prevent the PAR interaction. It is suggested that the interaction with PAR mediates
early recruitment of APTX to damaged sites. Since PAR is degraded rapidly following DNA
damage, retention of APTX may result from its binding with other binding partners such as
XRCC1. However, the relative contributions of the XRCC1 and PAR mediated interactions
are unknown.

There are discrepancies in the literature regarding the role of the XRCC1/APTX interaction
in BER/SSBR, and protection against DNA damaging agents. For example, one group
proposed that interaction between XRCC1 and APTX is not required for survival after MMS
[5], whereas another study documented MMS and hydrogen peroxide hypersensitivity in
primary AOAL1 fibroblasts and lymphoblastoid cell lines having no detectable APTX [4, 21].

Aiming to directly re-evaluate the consequence of elimination of the affinity of APTX

for XRCC1, stably transfected mouse XrccZ™~ cell lines were isolated expressing mouse
XRCC1 mutated at S517A, T518A, T522A, and S524A (equivalent to human S518A,
T519A, T523A and S525A) and designed to block phosphorylation by CK2 [5]. The MMS
and CPT hypersensitivity of XRCC1-deficient mouse fibroblasts was first confirmed. Then,
cells expressing the APTX phosphorylation mutant of XRCC1 or wild-type XRCC1 were
evaluated for hypersensitivity to these two agents. In addition, recruitment of APTX-GFP
to micro-irradiation damage was analyzed in these XRCC1-tranfected cells. Finally, APTX-
mediated DNA deadenylation activity was measured in cell extracts of the XRCC1 variants,
and compared with activity in patient AOA1 human fibroblasts and APTX-complemented
cells. Taken together, results reveal that interaction with phosphorylated XRCC1 is a
requirement for APTX recruitment and enzymatic activity, though not for cell survival
following MMS- or camptothecin (CPT)-induced DNA damage.

2. Materials and methods

2.1

Isolation of phosphorylation-mutant and wild-type complemented XRCC1 cells

Xrce1?*”* and Xrcel™~ p53-deficient mouse embryonic fibroblasts were obtained from
Dr. Robert Tebbs [22]. These cells were maintained in low glucose DMEM (Invitrogen)
supplemented with 10% FBS at 37 °C. A pEF-DEST51 vector containing mouse XRCC1
(pXR1) was created as described previously [23]. Mutations at S517A, T518A, T522A,
and S524A (equivalent to human S518A, T519A, T523A and S525A) were introduced

by site-directed mutagenesis of the pXR1 wild-type vector to produce pXPK. Additional
mutations at mouse S474A, S484A, and T487A (equivalent to S475A, S485A and T488A
in human) were introduced by site-directed mutagenesis of the pXPK vector to produce
pXCKD. The mammalian cell expression vectors were sequence verified.

One day before transfection, 2 x 105 XrccZ ™~ cells were seeded in six-well dishes in

2 ml of growth medium without antibiotics so that cells would be 95% confluent at the
time of transfection. Complexes were prepared as follows: 5 g of DNA was diluted in
250 pul of DMEM without serum and mixed gently. Lipofectamine™ 2000 (Invitrogen)
was mixed gently prior to use then diluted by adding 10 pl to 250 pl of DMEM and
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incubated for 5 min at room temperature. The diluted DNA was combined with diluted
Lipofectamine™ 2000. After transfection, cells were split into growth medium containing
10% FBS. Selection with blasticidin (10 mg/ml; Invitrogen) was initiated the following day
and XPK single cell clones were isolated and screened for XRCC1 expression by western
blotting. One clone (XPK4) was selected based on similar level of XRCC1 expression as
Xrce1*”* cells. A single XCKD clone (XCKD16), unable to interact with PNKP, has been
described previously [24].

Complementing wild-type XRCC1 was expressed in Xrcc2 ™~ cells using lentivirus as
described previously [25]. Lentiviral plasmid constructs for stable expression of mouse
XRCC1 were created by PCR amplification of the XRCC1 gene from the pPDONR221 vector
[26] with primers that introduced Nhel and Notl sites. The amplified XRCC1 was cloned
into the pCDH-EF1-MCS-IRES-Puro (System Biosciences, Mountain View, CA) to produce
pCDH532-XRCC1, which was sequenced verified. Lentivirus particles were produced by
the NIEHS Viral Vector Core and packaged in HEK293T/17 cells (ATCC # CRL-11268)
according to published Current Protocols in Neuroscience by P. Salmon and D. Trono.
Xrce1™ cells were transduced with lentiviral particles at multiplicity of infection (MOI) of
20 per 50,000 cells, and stable cell lines were recovered after puromycin selection (6 pg/ml,
Life Technologies). After characterization by western blot analysis (as described below),
single cell clones were isolated from those demonstrating significant XRCC1 expression.
One XRCC1 WT clone (XC5) was used in this study.

Human fibroblasts were a kind gift from Dr. Keith Caldecott. FD105 M20 (AOAL) is an
uncorrected vector control hTERT immortalized AOAL1 cell line derived from the primary
cell line FD105. APTXFD105 M21 (APTX-comp) is an hTERT immortalized AOAL patient
fibroblast cell line corrected with full-length APTX cDNA under a constitutive expression
promoter [16]. Western blotting of the AOAL cell line confirmed the absence of APTX and
the presence in the corrected cells [16]. Both cell lines were grown at 37 °C in Minimal
Essential Medium (Invitrogen) supplemented with 5% FBS, puromycin (0.3 pg/ml) and
G418 (300 pg/ml). Mycoplasma testing was performed routinely on all cell lines using a
MycoAlert® Mycoplasma detection kit (Lonza, Rockland, ME).

2.2. Western blot analysis

Whole cell extracts were prepared as described previously [26, 27]. The protein
concentration of the extracts was determined by the Bio-Rad assay. Extract samples (60

ug) were loaded onto 4-12% Bis-Tris NUPAGE gels (Invitrogen) and electrophoresed in
NUPAGE MES running buffer at 4°C. Proteins were transferred to nitrocellulose filters in
the cold for 4 h at 25 V and filters were blocked overnight at 4°C in 5% nonfat dry milk in
Tris-buffered saline (TBS) with 0.1% Tween 20 (TBST). Transfer blots were first incubated
for 2 h at room temperature or overnight at 4°C with mouse monoclonal anti-XRCC1
primary antibody (Thermo Fisher Scientific, 33—-2-5). After washing, filters were incubated
with goat anti-mouse IgG-horseradish peroxidase (HRP) conjugated secondary antibody
(1:2,000-1:20,000 dilution, Bio-Rad) and visualized using Super Signal (Thermo Scientific).
Blots were stripped in Restore Western Blot Stripping Buffer (Thermo Scientific), washed
three times in TBST, and blocked in 5% nonfat dry milk/TBST overnight before probing
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similarly with other primary antibodies. These included 18S anti-pol p [28], anti-ligase
I11-1F3 (GeneTex MS-LIG31-PX1) and mouse anti-human PARP-1 (BD Pharmingen 51—
6639GR). Polyclonal anti-aprataxin antibody (Abcam ab66861), antiphospho (S518/T519/
T523) XRCC1 (Bethyl Laboratories A300-059A) and anti-phospho (S485/T488) XRCC1
(Bethyl Laboratories A300-231A) were probed with goat anti-rabbit HRP conjugate.
Probing with mouse monoclonal anti a-tubulin, clone DM 1A (Sigma T-9026) was used
as a loading control.

2.3. Co-immunoprecipitation and immunoblotting

To examine XRCC1 interaction with APTX, equal amounts (200 pg protein) of cell lysate
from XRCC1 WT and XPK4 cells were mixed with 0.5 ug of polyclonal 1gG antibody
specific to XRCC1 or 5 pl rabbit nonimmune serum. The mixture was incubated on ice for
2 h. Then, the immunocomplex was adsorbed onto a mixture (20 pl) of protein A-sepharose
and protein G-sepharose beads by incubating the mixture overnight at 4 °C. The sepharose
beads were washed 3 times with IP buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 25
mM NaF, 0.1 mM sodium orthovanadate, 0.2 % Triton X-100, 0.3 % NP-40, and protease
inhibitor cocktail). Finally, the beads were mixed in 25 pl SDS-PAGE sample buffer and
heated for 5 min at 95 °C. Soluble proteins were separated by Nu-PAGE 4-12% Bis-Tris
mini-gel electrophoresis and transferred onto a nitrocellulose membrane. The membrane was
cut into two strips; strip A (representing proteins higher than 52 KDa molecular weight)
and strip B (representing proteins lower than 52 KDa molecular weight). Both membrane
strips were incubated in 5% nonfat dry milk in TBS-T. Strip A was probed with mouse
monoclonal antibody to XRCC1 (1:1000 dilution, Ab 33-25, Abcam) and strip B was
probed with monoclonal antibody to APTX (1:100 dilution, ab 192598, Abcam). Goat anti-
mouse IgG conjugated to horseradish peroxidase (1:10,000 dilution) was used as secondary
antibody, and the immobilized horseradish peroxidase activity was detected by enhanced
chemiluminescence (ECL).

2.4. Cytotoxicity studies by growth inhibition assay

2.5.

Cells were seeded (5-10,000 cells per well in six-well dishes) in medium without selection
antibiotic. The next day, cells were treated for 1 h with a range of concentrations of MMS, or
for 24 h with the Top1 inhibitor CPT. In other studies, cells were dosed with a combination
of MMS plus 4-AN (5 uM for 24 h). After washing as appropriate, growth medium was
added. Triplicate wells for each drug concentration were counted by a cell lysis procedure
[26, 29] when untreated cells were 80% confluent, and results expressed as % control
growth. Fold hypersensitivity was determined at 1Cqq concentrations, the dose required for
90% decrease in cell growth. For experiments with mouse fibroblasts, we find this growth
inhibition assay to be more reliable and consistent than clongenic or short-term cytotoxicity
assays. Results obtained are in agreement with alternate assay methods [26].

Immunofluorescence and micro-irradiation

For immunofluorescence (IF) studies, XRCC1 WT and XPK4 cells were seeded on 35 mm
glass bottomed petri dishes containing an etched grid (MatTek, Ashland, MA) at 2 x 10°
cells per dish and incubated for 24 h in growth medium supplemented with 10 uM BrdU.
DNA single strand breaks (SSBs) and oxidized DNA base lesions, but not double strand
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breaks (DSBs), were specifically introduced by micro-irradiation with a fiber-coupled 355
nm Coherent laser (maximum power 60 mW) via objective 40x C-Apochromat NA 1.2 Korr
FCS M27 at an intensity equivalent to 0.165 uJ calculated as previously [30]. The irradiation
strip size, region of interest (ROI), was manually drawn 0.45 um across the nucleus for 200
us (100 scanning iterations).

Previous studies had established that peak XRCCL1 recruitment occurs 60 s after micro-
irradiation in MEFs [30, 31]. Cells were fixed in 4% paraformaldehyde at times 30, 60,

120 and 180 s after irradiation and stained for IF. After fixation, cells were permeabilized
with 0.25% Triton X-100 in PBS for 10 min, washed three times with PBS, then further
permeabilized in 1% SDS for 5 min at 37 °C, washed six times with PBS, then blocked
with 3% BSA in PBS for 60 min. Cells were then incubated with anti-XRCCL1 antibody
(1:50; Abcam ab1838) for 1 h. Cells were washed three times with PBS, then incubated
with Alexa 488 conjugated anti-mouse secondary antibody (1:2,000; Life Technologies) for
1 h and cells were again washed three times with PBS. Fluorescence images were acquired
with 512 x 512 pixels, bidirectional mode averaging of 2 lines, zoom 1.0 and pixel dwell
time 3.5 ps with the same 40x water immersion objective on the Zeiss LSM780 microscope
controlled by Zen 2012 SP2 software. Recruitment of XRCC1 at the site of DNA damage
was analyzed using IMAGEJ and SigmaPlot (Systat Software Inc.) as described previously
[30]. Each experiment was repeated, and images presented are representative.

For initial APTX recruitment studies, XRCC1 WT cells seeded in 35 mm glass bottomed
petri dishes (MatTek, Ashland, MA) at 1 x 10° cells per dish were transiently transfected 24
h after plating using Lipofectamine™ 2000 and mouse C-terminal TurboGFP-APTX (MG
218020) purchased from Origene (Rockville, MD). Transfection medium was supplemented
with 10 uM BrdU (Sigma-Aldrich). 24 h after transfection, medium was changed to fresh
room temperature growth medium without BrdU. Only cells with similar low to moderate
fluorescence intensities were analyzed.

DNA single strand breaks (SSBs) and oxidized DNA base lesions, but not double strand
breaks (DSBs) [24], were specifically introduced by micro-irradiation with a fiber-coupled
355 nm Coherent laser (maximum power 60 mW) via objective 40x C-Apochromat NA

1.2 Korr FCS M27 at an intensity equivalent to 0.165 uJ calculated as previously [30].

The irradiation strip size, region of interest (ROI), was manually drawn 0.45 um across the
nucleus for 200 ps (100 scanning iterations) as described above. For GFP image acquisition
in live-cell experiments, a 488 nm laser was used at 1% intensity to minimalize photo
bleaching. Fluorescence emission of GFP was detected in the range of 491-580 nm using a
pinhole of 40 um. Fluorescent protein recruitment was recorded by a highly sensitive, new
generation Gallium arsenide phosphide (GaAsP) detector in photon counting mode, giving
an order of magnitude more sensitivity than other photomultipliers in integral mode. This set
up was necessary since fluorescent protein recruitment was not observed in cells with very
high intensity expression. Samples were imaged using a 40x C-Apochromat NA 1.2 Korr
FCS M27 water immersion objective coupled to a Zeiss LSM780 confocal microscope (Carl
Zeiss Microlmaging).
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Three pre-bleach images were acquired to establish a base line prior to damage induction.
Images were then acquired at room temperature every 3 s after the bleaching event for

200 s. Relative recruitment of fluorescent reporter was determined by measuring the signal
intensity of GFP at the induced damage site in the ROI. Time-lapse recruitment curves were
corrected by subtracting the post bleach signal intensity of the entire nucleus excluding the
ROI. The experiment was repeated with fifteen cells and analyzed using SigmaPlot. After
intensity normalization and setting the amplitude of the curve in the range 0-100%, data
were plotted as mean relative recruitment £ SEM and fitted to a single exponential.

In other experiments APTX-GFP recruitment was compared in Xrcc1™~, XPK4 and
XCDKZ16 cell lines. Data from at least fifteen cells were presented as normalized
fluorescence intensity Inax/lo, mean £ SEM over the 200 s time course. The effect of
treatment with the PARPI, veliparib, on recruitment of APTX-GFP was also assessed.
APTX-GFP transfected XRCC1 WT cells were either pre-treated or not (fifteen cells in each
set) for 1 h with veliparib (10 uM), then irradiated in stripes. Recruitment of APTX-GFP
was followed for 200 s still in the absence or presence of inhibitor. For PNKP recruitment
studies, XRCC1 WT and XPK4 cells were transiently transfected 24 h after plating using
Lipofectamine™ 2000 and human C-terminal TurboGFP-PNKP (RG207551) purchased
from Origene (Rockville, MD). Data was acquired and analyzed as described above for
APTX-GFP.

2.6. DNA deadenylation assay in cell extracts

Cell extracts were prepared from XRCC1 WT, Xrccl™~ and XPK4 as described

previously [26, 27]. Extracts were similarly prepared form vector control AOA1
immortalized human fibroblasts (AOA1) and AOA1 immortalized fibroblasts complemented
with full length APTX cDNA (APTX-comp) [16]. Template DNA strand, upstream
oligodeoxyribonucleotides and downstream primer with a 3’—6-carboxyfluorescein (FAM)-
label were from Integrated DNA Technologies, Inc. Sequences of these oligonucleotides
were reported previously [11]. The 5’-DNA adenylation kit was puchased from New
England BioLabs (Ipswich, MA). The nicked double-stranded DNA substrate with
adenosine monophosphate (AMP) at the 5’-end of the 3’-end FAM-labeled oligonucleotide
was prepared as reported previously [11]. Recombinant human APTX enzyme used

for control reactions was purchased from Fitzgerald (North Acton, MA). For the DNA
deadenylation assays, the reaction mixture contained 50 mM Hepes, pH 7.5, 20 mM KCl,
0.5 mM EDTA, 2 mM DTT, and 100 nM DNA substrate (50 ul total volume). Positive
control reactions were initiated by addition of 100 nM purified APTX with incubation

for 15 min at 37°C. The assay was initiated by addition of cell extract (50 g) and the
reaction mixture was incubated at 37°C for the indicated time points before adding an equal
volume of gel loading buffer (95% formamide, 20 mM EDTA, 0.02% bromphenol blue, and
0.02% xylene cyanol). The reaction products were separated in a 15% polyacrylamide gel
containing 8 M urea in 89 mM Tris-HCI, 89 mM boric acid, and 2 mM EDTA, pH 8.8. The
gels were scanned on a Typhoon Phosphorimager, and data were analyzed as previously [11,
13].
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3. Results

3.1. Characterization of XRCC1 phosphorylation mutant-expressing cells

Stably transfected XrccZ™~ cell lines were isolated expressing XRCC1 mutated at S517A,
T518A, T522A, and S524A (equivalent to human S518A, T519A, T523A and S525A).
One of the clones selected (XPK4) expressed a level of mutant protein similar to that

of endogenous XRCC1 protein in XrccI** cells (Fig. 1A, compare lanes 1 and 3),
whereas, as expected, XrccZ ™~ cells did not express XRCC1 protein (lane 2). XRCC1

WT complemented cells isolated for comparison, expressed approximately 2-fold higher
level of XRCC1 than the endogenous protein in XrccZ** cells (Fig. 1A, compare lanes 1
and 4). Western blotting with phospho-specific (human S518/T519/T523) XRCC1 antibody
revealed XRCC1 phosphorylation in XrccI*/* and XRCC1 WT-complemented cells (lanes
1 and 4), but not in XPK4 cells (lane 3). As expected, probing with an alternate phospho-
specific (human S485/T488) XRCC1 antibody at a site generally associated with PNKP
binding [9, 24] was positive in all three XRCC1-expressing cell lines (Fig. 1A). The level
of APTX was slightly lower in XPK4 cells than in XrccZ™~and XRCC1 WT cells (Fig.
1B). Immunoprecipitation with anti-XRCC1 antibody and immunoblotting for XRCC1 and
APTX confirmed an interaction between wild-type XRCC1 and APTX proteins (Fig. 1C,
lane 1). Importantly, this interaction was not present in XPK4 cells expressing the XRCC1
phosphorylation mutant (Fig, 1C, lane 3). APTX was not immunoprecipitated from either
cell line with preimmune serum (Fig. 1C, lanes 2 and 4).

3.2. Effect of the XRCC1 phosphorylation mutant on MMS sensitivity and sensitization by
PARP inhibition

Xreel™~ cells complemented with wild-type XRCC1 (XRCC1 WT) cells showed complete
reversal of MMS and CPT hypersensitivity (Fig. S1). Significant complementation of both
MMS and CPT sensitivity was also seen in XPK4 cells (Fig. S1). It had been reported that
phosphorylation at these CK2 sites of XRCC1 expressed in CHO cells, and interaction with
APTX were not required for survival after MMS [5]. Alternatively, there are APTX backup
pathways that can complement deficiency in APTX activity in cells, such as short-patch
BER involving pol B dRP lyase activity (for removal of entire 5" -adenylated-dRP) and long-
patch BER involving FEN1 nucleotide excision activity (for removal of 5 -adenylated-dRP
or 5"-AMP) [11, 13]. Other as yet undefined backup pathways may also be present.

Previous studies had indicated that maximal sensitization by PARP inhibition occurs
following methylation damage and formation of a 5"-dRP-containing intermediate of DNA
repair [32]. The PARPI, 4-AN, sensitized XPK4 cells to MMS-induced cytotoxicity (7-fold)
(Fig. S1A), though to a lesser extent to that observed in Xrcc1*/* cells (22-fold) [33]. The
MMS sensitivity of XPK4 in the presence of 4-AN was similar to the MMS sensitivity in
Xrce1™~ without PARPI (Fig. S1A).

The persisting low hypersensitivity of XPK4 cells to CPT (Fig. S1B), suggests that the
APTX/XRCCL interaction may play an unexpected minor role in repair of CPT-induced
DNA damage in this cell background. Sensitivity to a clinical Topl inhibitor, irinotecan, had
been correlated with APTX expression level [34]. Repair of a CPT-trapped Topl cleavage
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complex does not produce a 5" -blocked intermediate and there was only low level 4-AN
sensitization (approximately 2-fold) in XPK4 cells (data not shown) and as noted previously
in Xrcc1?”* cells, no sensitization was observed in Xrcc1™" cells [24].

3.3. Recruitment of APTX-GFP in XRCC1 mutant cells after micro-irradiation

The recruitment of APTX-GFP in XRCC1 WT, XPK4 and Xrcc1 ™~ cell lines was measured
following laser micro-irradiation. Cells were transiently transfected with APTX-GFP and
incubated with the sensitizer BrdU, then laser irradiated the following day. Cells with low
to moderate intensities were chosen since fluorescent protein recruitment could not be
observed in cells with high intensity expression. With the micro-irradiation protocol used,
DNA SSBs and oxidatively generated base lesions, but not DSBs, are produced [24].

Typical images representing accumulation of APTX-GFP at damaged sites 2 min after
irradiation are shown in Figure 2A for each cell type. Note, fluorescence intensity increased
only in the ROI surrounding the induced damaged (Fig. 2A), and no recruitment was
observed using a vector expressing only enhanced GFP [24]. The combined data from

15 cells of each type are represented graphically (Fig. 2B). In comparison to the rapid
recruitment of APTX-GFP to sites of damage in XRCC1 WT cells, no recruitment

was observed in cells expressing the XRCC1 phosphorylation mutant (XPK4) or in
XrceI™~ MEFs where XRCC1 is absent (Fig. 2B). Additional IF experiments demonstrated
equivalent recruitment of XRCC1 in XRCC1 WT and in XPK4 cells over the first 3 min
following laser irradiation (Fig. S2). A representative image in both cell lines after 1 min

is shown in Fig. S2A. Taken together, the data confirm that interaction with phosphorylated
XRCCl1 is a requirement for APTX recruitment to laser-induced DNA damage in MEFs.

Interestingly, the observed XPK4 cell hypersensitivity to CPT in this study (Fig. S1B), was
similar to that shown previously in XCDK16 cells expressing XRCC1 with seven CK2
phosphorylation site mutants designed to block interaction with PNKP [24]. Interaction

of phosphorylated XRCC1 with PNKP enhances PNKP activity and enhances repair of
CPT-mediated DNA damage [2]. Perhaps the four phosphorylation site mutations in XPK4
are sufficient to prevent interaction with PNKP despite previous suggestions that additional
mutations are required [5, 9]. To investigate this possibility, further recruitment experiments
were conducted. First as anticipated, it was shown that APTX-GFP was not recruited in
XPKZ16 cells containing three additional (seven total) CK2 phosphorylation mutation sites
(Fig. S3A). In XPK4 cells (Fig. S3B), similar to results obtained previously in XCDK16
cells [24], there was only minimal recruitment of PNKP-GFP. These experiments confirm
the hypothesis that the four point mutations in XPK4 cells are able to prevent PNKP/XRCC1
binding and PNKP recruitment and may result in the observed CPT hypersensitivity (Fig.
S1B).

3.4. APTX-GFP recruitment in XRCC1 WT cells after micro-irradiation and effect of PARP

inhibition

XRCC1 WT cells were transiently transfected with APTX-GFP, incubated with the
sensitizer BrdU, then laser irradiated the following day as outlined above. The time-lapse
recruitment curve (% normalized fluorescence intensity against time) represent data from 15
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cells. Recruitment kinetics for APTX-GFP were fit to a single exponential, with a half-time
of 15.6 £ 0.3 s (Fig. 3A). Over the 200 s time course monitored, the clinically utilized
PARPI, veliparib, inhibited recruitment of APTX-GFP to micro-irradiation DNA damage in
the XRCC1 WT cells (Fig. 3B).

3.5. APTX-mediated DNA deadenylation activity

Deadenylation assays were first conducted with extracts prepared from APTX-deficient
AOA1 human fibroblasts (FD105 M21) and APTX-comp AOAL1 cells (FD105 M20) [16].
The nicked double-stranded DNA substrate with a 5"-AMP group and the reaction product
after 5"-AMP removal by APTX are illustrated in Fig. 4A. APTX-deficient AOAL cells were
completely devoid of DNA deadenylation activity suggesting that APTX is the only enzyme
capable of 5"-AMP removal in this cell type under these reaction conditions. As expected,
APTX complementation restored 5 -AMP removal activity (Fig. 4B, Fig. 6A). XRCC1 WT
MEFs had high levels of DNA deadenylation activity (Fig. 5A, Fig. 6B), similar to the level
in the APTX-comp cells. XrccZ™~ and XPK4 had similar and low, but detectable, activity
(Fig. 5A and B, Fig. 6B), confirming the requirement for phosphorylated XRCC1 to achieve
a significant level of APTX-mediated 5"-AMP removal. Yet, the observable activity in these
cells compared to APTX-deficient AOAL cells suggests that APTX has minimal activity in
cell extracts even in the absence of XRCC1 interaction. This result correlates well with the
observation that APTX interaction with phosphorylated XRCC1 is a requirement for APTX
recruitment to laser-induced DNA damage (Fig. 2B).

4. Discussion

Phosphorylated XRCC1 is a crucial scaffold protein that interacts with the FHA domain

of APTX [3, 4]. It had been reported that phosphorylation at the APTX binding sites of
XRCC1 expressed in CHO cells, and the interaction with APTX, were not required for
survival after MMS [5]. The same authors suggested that an observed sensitivity to MMS

in the absence of APTX was due to destabilization of XRCC1 [5]. Yet, in other reports,
XRCC1 levels were not affected by APTX expression levels [7, 21]. Another study reported
low level MMS and hydrogen peroxide hypersensitivity in primary AOAL fibroblasts and
lymphoblastoid cell lines having no detectable APTX [4, 21].

To address discrepancies in the literature on the role of the XRCC1 and APTX interaction in
BER and SSBR, isogenic mouse cells were isolated that are XRCC1 wild-type or deficient
in the XRCC1/APTX interaction, and then tested for protection against DNA damaging
agents. Almost complete complementation of MMS sensitivity was seen in XPK4 cells
(Fig. S1A), confirming an earlier observation that an XRCC1 and APTX interaction is not
essential for protection against MMS. This result was not surprising, since in cells with
functioning BER and SSBR, DNA ligation failure is a rare event.

In a panel of cancer cell lines, sensitivity to a clinical Topl inhibitor, irinotecan, could be
correlated with APTX expression level [34]. In the same publication, inactivation of APTX
in DTA40 cells sensitized cells to CPT leading to the suggestion that APTX levels could
predict patient response [34]. Additionally, a Comet assay revealed accumulation of CPT-
induced damage in AOA1 compared with wild-type cells, indicating involvement of APTX
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in repair [35]. The low level and minor CPT hypersensitivities reported previously in APTX-
deficient and mutant cells [4, 21] suggest that the requirement for DNA deadenylation by
APTX at abortive ligation intermediates is a rare event in cells.

The remaining slight hypersensitivity to CPT found here in XPK4 cells (Fig. S1B)

was comparable to that observed previously in XCKD16 cells containing seven CK2
phosphorylation mutation sites in XRCC1, and unable to recruit PNKP to laser-induced
damage [24]. The bifunctional enzyme, PNKP, is known to be required for end cleaning
during repair of CPT-induced DNA damage [36]. PNKP-GFP was similarly not recruited in
XPK4 cells (Fig. S3B) and may explain the CPT hypersensitivity observed.

Recruitment kinetics for APTX-GFP could be fitted to a single exponential with a calculated
half-time 15.6 £ 0.3 s (Fig. 3A). This half-time is slightly slower than reported previously
for GFP-tagged XRCC1, PNKP, Tdpl and pol B in the same XRCC1 WT cell line [24].

The PAR requirement for efficient recruitment of both XRCC1 and APTX to laser micro-
irradiation damage (Fig. 3B) has been described previously [7, 20]. Following damage of
HelLa cells by heavy ion irradiation, inhibition of PARP activity did not prevent recruitment
of GFP-tagged APTX, but accumulation was delayed [16]. The heavy ion irradiation
produced y-H2AX positive breaks (possibly DSBs) in contrast to the SSBs and oxidized
DNA base lesions delivered by micro-irradiation used here [16, 24]. Since PAR-modified
PARP mediates recruitment of XRCC1 [19, 20] and APTX recruitment in wild-type cells is
largely dependent on binding to XRCC1 (Fig. 2B); the APTX recruitment effect may result
from inhibition of XRCC1 recruitment by PARP inhibition. However, the interaction of

the FHA domain of APTX with PAR provides an alternate mechanism for the observed
PARP inhibitor effect [20]. APTX-GFP recruitment data confirm that interaction with
phosphorylated XRCC1 is a requirement for APTX recruitment to micro-irradiation damage
(Fig. 2B). No APTX-GFP accumulation was observed in Xrcc1™~ cells where XRCC1

is absent or in phosphorylation mutant XPK4 cells where APTX cannot bind. However,
there are conflicting results from previous studies where APTX recruitment to laser micro-
irradiation damage was shown to be both XRCC1-independent [20] and XRCC1-dependent

[71.

DNA deadenylation assays conducted on a 5"-AMP containing double-stranded
oligonucleotide substrate with cell extracts prepared from AOAL1 APTX-deficient human
fibroblasts revealed no measurable products of 5"-AMP removal (Fig. 6A). Cells
complemented with APTX had significant activity, indicating that APTX alone is
responsible for deadenylation in these cells under these assay conditions (Fig. 6B).
Similarly, in a previous publication utilizing nuclear extracts from AOA1 and wildtype
lymphoblasts, no deadenylation was observed in the absence of APTX [16]. In a more recent
publication using whole cell extracts from AOAL lymphoblasts or aptx gene-deleted DT40
cells, low amounts of DNA deadenylation activity, able to partially complement APTX
deficiency, were observed [13]. It is not known why these products could not be seen here
under the same conditions, but in alternate cell lines. XrccI™~and XPK4 cells had minimal
activity compared with Xrcc1?/* cells (Fig. 6B) indicating that phosphorylated XRCC1 is
required for significant deadenylation, but is not absolutely required for APTX activity. The
low APTX activity in these MEF cells was greater than the activity observed in AOA1
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APTX-deficient patient fibroblasts. Using a very different circular 5-AMP DNA substrate,
and nuclear extracts from XRCC1-proficient and -deficient CHO cell lines, XRCC1 did not
enhance repair [37].

Taken together, our current results demonstrate that interaction with phosphorylated XRCC1
is a requirement for APTX recruitment to micro-irradiation damage sites and enzymatic
activity in cell extracts. The absence of a consistent hypersensitivity (MMS and CPT)
phenotype under conditions of APTX deficiency suggest that a requirement for APTX-
mediated DNA deadenylation with these agents is a rare event in cultured cells, or there
exists efficient back-up pathways for removal of 5 -adenylated repair intermediates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. Phosphorylation of XRCC1 critical for its interaction with the FHA domain
of APTX

. Expression of XRCC1 phosphorylation mutant designed to eliminate APTX
binding

. Phosphorylated XRCC1 required for APTX-GFP recruitment at micro-
irradiation damage

. Phosphorylation of XRCC1 greatly enhanced APTX-mediated DNA
deadenylation activity
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3 4

Characterization of XPK4 cells expressing the XRCC1 phosphorylation mutant. (A) Western
blotting analysis of XRCC1 and phospho XRCC1 in XPK4 MEFs compared with XrccI**,
XreeI™~ and XRCC1 WT cells. (B) Expression of APTX in the same cell lines. Tubulin was
used as a loading control. (C) Immunoprecipitation with XRCC1 antibody or preimmune
serum from XRCC1 WT and XPK4 cell extracts, and immunoblot detection of XRCC1 and

APTX. Full methods are given in Materials and Methods.
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Rgcruitment of transiently expressed APTX-GFP to micro-irradiation damage sites. (A)
Typical accumulation of APTX-GFP at damaged sites 2 min after irradiation in XRCC1
WT, XrceI™~ and XPK4 cells. (B) Graphical representation of 200 s time course of
recruitment. Fluorescence data were normalized using the intensity at the beginning of
recruitment (o) and maximal intensity values (Imax), 15 cells of each type were analyzed,
error bars represent SEM. Transfection and recruitment methods, are provided in Materials
and Methods.

DNA Repair (Amst). Author manuscript; available in PMC 2022 July 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Horton et al.

%)

Normalized Fluorescence Intensity (

100

Page 18

o

APTX-GFP APTX-GFP XRCC1WT
g,
Lo g pargpTe, Y S o i *
XRCC1 WT i ped
é & Control
® 3 R
T . / + Veliparib
Half-time 156 + 0.3 s g
50 100 150 200 0 50 100 150 200
Time (s} Time (s)
Fig. 3—.

Time course of recruitment of transiently expressed APTX-GFP. (A) XRCC1 WT cells were
subjected to micro-irradiation damage and recruitment of APTX-GFP was followed for 200
s (n = 15). Methods for transfection and recruitment, and data analysis are provided in
Materials and Methods. Fluorescence data were normalized and recruitment kinetics were
fitted to a single exponential. Error bars represent SEM. (B) Effect of PARP inhibition

on recruitment of APTX-GFP. Transfected XRCC1 WT cells were pre-treated for 1 h

with PARPI (veliparib), then irradiated in stripes. Recruitment was followed for 200 s in

the absence or presence of veliparib (10 pM). 15 cells of each transfection and treatment
condition were analyzed, error bars represent SEM. Experiments and data analysis are
described in Materials and Methods.
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Cgmparison of APTX-mediated DNA deadenylation activity in human cell extracts. (A)
Schematic representation of the nicked DNA substrate with 5"-AMP group (18+AMP) and
expected reaction product (18-mer) after 5"-AMP removal. (B) Representative gel image
of time course (0 — 10 min) showing 5"-AMP removal in human APTX-comp AOA1
fibroblasts (lanes 3—12) and vector control AOAL cells (lanes 13-22). Lane 1 is a minus
enzyme control, and lane 2 is a reference reaction using purified APTX. The quantification
of the data is presented in Fig. 6A.
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Cgmparison of DNA deadenylation activity in mouse XRCC1 cell extracts. (A)
Representative gel image of time course (0 — 10 min) showing 5"-AMP removal in XRCC1
WT (lanes 3-12) and XrccI™~ mouse fibroblasts (lanes 13-22). (B) Similar time course in
XPK4 cells (lanes 3-12). The quantification of the data is presented in Fig. 6B. Lane 1 is a
minus enzyme control, and lane 2 is a reference reaction using purified APTX. Substrate and
expected reaction product are as illustrated in Fig. 4A.
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course of 5"-AMP removal in APTX-deficient human AOAL1 fibroblasts and cells
complemented with APTX. (B) Time course of activity in XRCC1 WT, XrccZ™~ and XPK4
cells. DNA deadenylation assays are described in Materials and Methods. Plotted are mean +
SEM values obtained from at least 3 independent experiments.
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