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Abstract

Polynucleotide kinase/phosphatase (PNKP) has been implicated in non-homologous end joining
(NHEJ) of DNA double-strand breaks (DSBs). To assess the consequences of PNKP deficiency for
NHEJ of 3’-phosphate-ended DSBs, PNKP-deficient derivatives of HCT116 and of HeLa cells
were generated using CRISPR/CASS9. For both cell lines, PNKP deficiency conferred sensitivity to
ionizing radiation as well as to neocarzinostatin (NCS), which specifically induces DSBs bearing
protruding 3’ -phosphate termini. Moreover, NCS-induced DSBs, detected as 53BP1 foci, were
more persistent in PNKP~/~ HCT116 cells compared to their wild-type (WT) counterparts.
Surprisingly, PNKP-deficient whole-cell and nuclear extracts were biochemically competent in
removing both protruding and recessed 3’-phosphates from synthetic DSB substrates, albeit much
less efficiently than WT extracts, suggesting an alternative 3”-phosphatase. Measurements by
ligation-mediated PCR showed that PNKP-deficient HeLa cells contained significantly more 3’-
phosphate-terminated and fewer 3’-hydroxyl-terminated DSBs than parental cells 5-15 min after
NCS treatment, but this difference disappeared by 1 hour. These results suggest that, despite
presence of an alternative 3”-phosphatase, loss of PNKP significantly sensitizes cells to 3'-
phosphate-terminated DSBs, due to a 3’-dephosphorylation defect.

1. Introduction

Free radical-mediated DNA double-strand breaks (DSBs) are formed by fragmentation of
deoxyribose, and typically bear 3’-phosphate or, less frequently, 3"-phosphoglycolate
termini [1-3]. The bifunctional enzyme polynucleotide kinase/phosphatase (PNKP)
specifically removes phosphate from 3" ends of DSBs [4]. Diverse evidence indicates that
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this phosphatase activity is important for repair of radiation-induced DSBs by the
nonhomologous end joining (NHEJ) pathway. PNKP is recruited to the NHEJ complex by
interaction with XRCC4 [5], and its presence is essential for rejoining of DSBs bearing 5'-
hydroxyl termini in human cell extracts [6]. Furthermore, knockdown of PNKP confers
radiosensitivity in A549 lung cancer cells [7]. Consequently, PNKP has been proposed as a
therapeutic target for radiosensitization in cancer therapy [8]. In order to determine the
importance of PNKP in NHEJ, and to determine whether and how 3’-phosphate DSB
termini are resolved when PNKP is absent, PNKP was disrupted in HeLa and HCT116 cells.
DSB 3’-phosphate processing was examined in cells and cell extracts, and the response of
PNKP-deficient cells to NCS, a radiomimetic antibiotic that specifically induces 3’-
phosphate DSBs, was also assessed. The results indicate that loss of PNKP confers a severe
deficiency in resolution of 3’-phosphate DSBs and increases their cytotoxicity, despite
presence of an alternative but less efficient 3"-phosphatase.

2. Methods
2.1 Cell lines and CRISPR knockout of PNKP

HCT116 and HeLa cells were purchased from the American Type Culture Collection
through Cedarlane Corporation (Burlington, ON). XRCC4~~ HCT116 cells [9], constructed
by homologous recombination, were obtained from Dr. Eric A. Hendrickson, University of
Minnesota.

The constructs for CRISPR knockout of PNKP in HCT116 cells were generated by
incorporating the short guide sequences targeting exon three (all oligonucleotide sequences
written 5"—3"), GCGGGTCTCTTCCCAGCGCA (guide sequence A) and
TCCCAGCCAGATACTCCGCC (guide sequence B) in the pSpCas9n(BB)-2A-Puro
(pX462) vector (Addgene, Cambridge, MA). For HelLa cells the construct was prepared by
incorporating the guide sequence C targeting exon 3, GACTTCCGCATACGCTTCTT, in the
pSpCas9(BB)-2A-GFP (pX458) vector (Addgene). The new constructs were confirmed by
DNA sequencing.

HCT116 cells were co-transfected with 2.5 pg DNA (pX462 plasmid containing guide
sequence A) and 2.5 ug DNA (pX462 plasmid containing guide sequence B) and the HelLa
cells were transfected with 5 pg DNA (pX458 plasmid containing guide sequence C) using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. Puromycin,
according to kill curve data, was added to the dishes the next day, and cells were cultured in
puromycin-containing medium for another 48 h.

To ensure that the short guide RNAs have CRISPR activity, 72 h after transfection, aliquots
of the cells were harvested and genomic DNA isolated using the KAPA Express Extract Kit
(Kapa Biosystems, Roche, Laval, PQ) according to the manufacturer’s instructions. The
primers used to amplify the genomic region of PNKP exon three were: forward,
CTCCCTCTCTTTCTGCAGCT and reverse, TGAGAGCACGCAACAAACG. Surveyor
nuclease mutation detection assay was performed using a Surveyor Mutation Detection Kit
(IDT, Coralville, lowa) according to manufacturer’s protocol.
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For single clone selection and expansion, cells were sorted into 96-well plates 72 h after
transfection by flow cytometry and single cells expanded to provide sufficient material for
Western blot analysis and DNA sequencing confirmation. For DNA sequencing, cells were
harvested and genomic DNA isolated. The primers used to amplify genomic region of PNKP
exon three were: forward, GGAATTCCTCCCTCTCTTTCTGCAGCT and reverse,
GGGGTACCTGAGAGCACGCAACAAACG. PCR products were subcloned into pEGFP-
C2 vector (Clontech, Mountain View, CA) and extracted plasmid DNA from individual
clones were subsequently sequenced.

2.2 Western blots

Subconfluent cells growing in a 10-cm dish were detached by scraping, pelleted, and
suspended in 50 pL RIPA Lysis and Extraction Buffer (Thermo Fisher) containing fresh
protease inhibitor cocktail (Biomake, Houston, TX). The cell lysates were incubated on ice
for 30 min (vortexing every 10 min) and then centrifuged at 14000 xg for 15 min. The
supernatants were transferred to a new tube and the total protein was determined by
Bradford assay (Bio-Rad). The cell lysates were aliquoted and stored at —80°C. For western
blotting, Laemmli buffer (2X: 4% SDS, 20% glycerol, 5% p-mercaptoethanol and 120 mM
Tris pH 6.8) was added to 50 pg of each lysate and they were heated for 10 min at 90°C.
Proteins were resolved on either a BioRad 10% or Any-KD (gradient) SDS-Polyacrylamide
gel. Pure human recombinant PNKP protein [10] was used as a positive control. Antibodies
used for PNKP detection included a mouse monoclonal antibody (H101, Millipore) against
an epitope in the aa 1-140 region, diluted 1:5000; a second mouse monoclonal antibody (B5,
Santa Cruz) against an epitope in the aa 379-411 region, diluted 1:500; or an in-house rabbit
polyclonal antibody (#122), raised against full-length protein and diluted 1:10,000. Other
mouse monoclonal antibodies included anti-Ku80 from Abcam (#ab3107), anti-B-actin from
Santa Cruz (#SC47778) and anti-XPF from ThermoFisher (#MA5-12060). Primary
antibodies were diluted in 1% casein in PBS, added to the membranes and incubated for 16
hr at 4°C, with rocking. After washing the blots with 3 changes of Tris-buffered saline, 10
minutes each, the membranes were incubated in 10 ml of respective peroxidase conjugated
(chemiluminiscent) secondary antibodies, recombinant anti-mouse antibody (Santa Cruz) at
a concentration of 1:1000 or goat anti-rabbit (Cell Signaling) at a concentration of 1:3000, in
1% casein in PBS, for one hour at room temperature. After washing the membranes with 3
more changes of Tris-buffered saline, 10 ml of ECL substrate (ThermoFischer) was added to
develop an image with detection either with X-ray film or a BioRad ChemiDoc imager.
ThermoFischer Supersignaling western blot enhancer kit was used for the B5 antibody from
Santa Cruz, to increase the sensitivity of detection. Image J was used for the quantification
of the bands. For the blots in Fig. 1B, F and G, PBS containing 5% milk powder (Carnation)
and 0.1% Tween 20 was used instead of casein for antibody adsorption and washing, with a
final wash in PBS, and blots were developed with Super signal West Pico chemiluminescent
substrate (Thermo Fisher).

2.3 Clonogenic survival assay

Cells were seeded at densities ranging from 300 to 10,000 in 6 cm dishes and incubated for
12 hr to allow attachment. Cells were then treated with NCS (stock concentration 37 uM
diluted to 2 uM in 20 mM sodium citrate buffer, pH 4.0) at concentrations ranging from 0.25
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nM to 2 nM for HCT116 cells and 2 nM to 6 nM for HeLa cells for 6 hr. Following
treatment, cells were incubated in fresh medium for 8-9 days to form colonies. Colonies
were fixed with 100% methanol for 10 min, stained with 0.5% crystal violet in 20%
methanol for 10 min, washed under tap water, air dried and counted manually. Plating
efficiency (PE) was calculated as the number of colonies formed/number of cells seeded
*100 for each dose. Surviving fraction (SF) was calculated as PE of treated/PE of control
*100. Dose-modifying factor (DMF) was calculated as 1C90 of control/IC90 of the mutant
cell line. For experiments using ionizing radiation, cells were irradiated using a MDS
Nordion Gammacell 40 research irradiator (ON, Canada), with a 137Cs source. For
experiments with KU-60019, NU-7441, olaparib (AZD-2287) and veliparib (ABT-888), the
respective inhibitor was added 1 hr prior to NCS treatment and left in the medium during
and 24 hr after NCS treatment. Inhibitors were from Selleck Chemicals (Houston, TX).

2.4 Immunofluorescence

Twenty-five thousand cells were seeded in 4-well chamber slides (Nunc Lab Tek) and
incubated overnight. Cells were then serum-starved by incubating in 0.5% FBS/RPMI for 72
hr. Cells were treated with 4 nM NCS for 1 hr and fixed at different time points using ice-
cold 4% paraformaldehyde (PFA) in 1X PBS for 10 min. Cells were permeabilized in 0.5%
Triton X-100/PBS for 10 min and blocked in 1X PBS 1% Casein blocker (Bio-Rad,
1610783) for 1 hr at 22°C. Primary mouse monoclonal anti 53BP1 antibody at 1:1000 (BD
Pharmingen) was added and incubated overnight at 4°C. Slides were washed 4 times with
PBS for 15 min each and incubated with secondary goat anti-mouse CFL594 antibody at
1:1000 (sc-362277) for 2 hr at 22°C. Slides were washed 4 times with PBS for 15 min each
and post-fixed using ice-cold 4% PFA for 10 min. Nuclei were counterstained with
Vectashield mounting medium containing 1.5 ug/mL 4" -6-diamidino-2-phenylindole
(DAPI) (Vector Laboratories, H-1200). Confocal images were obtained with the Zeiss
LSM700 Confocal Laser Scanning Microscope equipped with a 63X, 1.4 NA oil immersion
objective, located in the Virginia Commonwealth University Microscopy Core Facility using
a 405 nm laser (DAPI) and a 555 nm laser (CFL594).

2.5 Substrates

Linear plasmid substrates bearing 3"-phosphate termini with an internal radiolabel near one
end were generated by ligation of appropriate 3”-phosphate oligonucleotides into 5
overhangs of plasmid pRZ56, as described [11,12]. The oligonucleotides were purchased
from IDT and in some cases 5'-32P labeled using a 3’-phosphatase-free polynucleotide
kinase (NEB). To construct an internally labeled substrate bearing a recessed 5 -hydroxyl
terminus, plasmid pUC19 was digested with Xmal, dephosphorylated with calf intestinal
phosphatase (CIP), and 5’-32P-labeled with T4 polynucleotide kinase and [y-32P]ATP. A 6-
fold excess of an annealed oligomeric duplex with an Xma-compatible 5’ -phosphorylated
pCCGG-5" overhang at one end and a 3-base-recessed 5’-hydroxyl terminus at the other
end was ligated to the plasmid using T4 ligase, and unit-length plasmid ligation products
were isolated from an agarose gel. The resulting substrate has an internal label 15 bases
from the recessed 5’-hydroxyl end (see Fig.6), that can be released as a labeled
oligonucleotide by cleavage with Smal, to assess 5’-phosphorylation.
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HCT116 and HeLa cells were grown to ~70% confluence and then serum-starved in medium
containing 0.5% fetal bovine serum for 3 days. Whole-cell extracts were prepared by
Dounce homogenization followed by high-salt extraction and ultracentrifugation, as
described [13,14]. Nuclear and cytoplasmic extracts were prepared using a BioVision cell
fractionation kit. The protein concentration in the extracts was determined by BCA
(BioRad).

2.7 DNA end processing in extracts

Reactions contained 50 mM triethanolammonium acetate pH 7.5, 1 mM ATP, 1 mM
dithiothreitol, 50 ug/ml BSA, 1.3 mM magnesium acetate and dNTPs (or ddNTPs) at 100
UM each. Typically, a 16-L reaction contained 10 pl of extract, resulting in a final
concentration of 8 mg/ml protein (4 mg/ml for nuclear extracts), 66 mM potassium acetate
and 16% glycerol, and an effective Mg** concentration of 1 mM (taking into account ~0.3
mM EDTA from the extract). Buffer components were first mixed with cell extract at 22°C.
In some cases, recombinant proteins and/or inhibitors (in 0.2 uL DMSO) were then added,
and the solution mixed by pipetting. Finally, substrate (10 ng) was added 10 min after
inhibitors, and the reaction again mixed by pipetting. Samples were incubated in a 37°C
water bath for various times, and deproteinized as described (13). pRZ56-based substrates
were then cut with BstXI and either Tagal or Aval, while the pUC19-based substrate was
cut with Smal, and fragments were analyzed on 20% polyacrylamide DNA sequencing gels.
Storage phosphor screens were exposed to frozen polyacrylamide gels, and were
quantitatively analyzed on a GE Typhoon imager using ImageQuant 5.1 software. All
enzymes were from New England Biolabs (NEB). Recombinant XRCC4@DNA ligase IV
(X4L4) complex was a gift from Dr. Dale Ramsden (University of North Carolina, Chapel
Hill).

2.8 Analysis of DSB termini in intact cells

NCS-induced DSBs are formed preferentially at AGT@ACT hotspots, and bear at one end a
5’-aldehyde and either a 3’-phosphate or a 3’-phosphoglycolate on a one-base 3" overhang;
the opposite end bears a 5" phosphate and a 3”-phosphate on a 2-base 3" overhang [15,16].
To detect 3"-phosphates and the removal thereof at the latter end of DNA in NCS-treated
cells, a ligation-mediated PCR (LMPCR) method used previously to detect 3'-
phosphoglycolate ends [17] was modified. Cells were grown to ~50% confluence, serum-
starved (0.5%) for 3 days, trypsinized, suspended in PBS at a concentration of 2x10%/mL,
and then treated with the isolated nonprotein chromophore of NCS (NCS-C), prepared as
described [18]. NCS-C, typically 5.5 pL of an 80 uM solution in 20 mM sodium citrate pH 4
and 80% methanol, was placed in a 0.5 mL microfuge tube on ice. Cells in ice-cold PBS,
typically 75 pL, were added and quickly mixed by pipetting, yielding a final NCS-C
concentration of 5 UM. The cells were kept on ice for 5 min and then incubated for an
additional 5-180 min at either 22°C or 37°C as indicated. Aliquots of 17 ul were removed,
frozen in liquid nitrogen and stored at —80°C for no more than 24 hr. For 37°C incubations
longer than 5 min, 17 uL of treated cells were diluted into 1.3 ml complete medium in 12-
well culture dishes, incubated, harvested by centrifugation at 15000 x g, frozen and stored as
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pellets at —=80°C. DNA was isolated using Qiagen DNeasy spin columns as prescribed by the
manufacturer, except that for all incubations at 22°C and for 5-min incubations at 37°C,
PBS, lysis solution and proteinase K were premixed before addition to the cell suspension.
Eluted DNA was ethanol-precipitated, treated with NaBHj to stabilize abasic sites and
reduce 5’-aldehydes to 5”-hydroxyls, then treated with putrescine to hydrolyze any
remaining abasic sites, as described previously [17]. Following ethanol precipitation, DNA
was dissolved in 27 pL of 10 mM Tris pH8/0.1 mM EDTA (TE) for 1 hr at 37°C. A 5.5-uL
aliquot was removed and diluted to 20 pL, and the remainder was treated with terminal
transferase (TdT) in the presence of dTTP/ddTTP (40:1) as described to cap any 3’ -hydroxyl
ends. Finally, one-half of each sample was dephosphorylated with CIP [17], phenol/
chloroform extracted, again precipitated, and dissolved in 20 uL TE. The concentration of
each untreated, TdT-treated or TdT/CIP-treated DNA sample was determined by Alu PCR
[17], and then 20 ng of the DNA in 12 uL was ligated to a 3’-dideoxy-terminated anchor
(1.5 uM), i.e., pPAGATCGCGATTTGACGCAGAGTTGCATGATTCGGCATCA(InVT)
annealed to TGATGCCGAATCATGCAACTCTGCGTCAAATCGCGATCTGdT with 180
units T4 DNA ligase (NEB) in the buffer provided (50 mM Tris-HCI pH 7.5, 10 mM MgCl,,
10 mM dithiothreitol, 1 mM ATP). The 5’-phosphorylated end of this anchor has a 2-base 3’
overhang complementary to the 2-base (-AC) overhang of many NCS-induced DSBs and so
will in principle be ligated to any such DSBs that have been 3’-dephosphorylated, while its
3’-dideoxy terminus prevents ligation of the opposite strand. The inverted T (InvT) was
attached to prevent ligation of the other end of the anchor. Each ligated sample was
subjected to Tagman PCR using a probe (6-FAM-CCAGCACAGATCG-MGBNFQ, Applied
Biosystems; MGBNFQ = minor-groove-binding non-fluorescent quencher) that spans the
joint formed by ligation of the anchor to NCS-induced DSBs at bp 38 of the human
consensus Alu sequence. The Alu primer for PCR was GGTGGCTCACGCCTGTAATC
(bases 11-30 of the consensus Alu sequence [19]); the anchor primer was CCTATC-
CCCTGTGTGC-CTTGGCAGTC-TCAGTGCAAC-TCTGCGTCAAATCG.

3.1 Disruption of the PNKP gene with CRISPR/CAS9

To generate PNKP-deficient derivatives of HCT116 and HeLa cells, PNKP mutations were
induced by CRISPR/CASS. For HCT116, the forkhead-associated (FHA) domain was
targeted (Fig. 1A). A clone, henceforth designated PNKP~/~, with no detectable PNKP
expression as judged by western blotting with a polyclonal antibody raised against full-
length PNKP, was selected (Fig. 1B). Sequencing showed that one allele had tandem 24- and
32-bp deletions separated by 10 bp, and was predicted to encode a 103-aa protein with
phosphatase and kinase domains completely eliminated. The other allele had an 87-bp
insertion predicted to encode an extended protein with a 29-aa insertion in the FHA domain
(Supplemental Fig. 1). However, no such larger PNKP protein was detectable with any
PNKP antibody. Blots probed with a monoclonal antibody (H101, Millipore) to the N-
terminus showed complete elimination of the normal PNKP band, with no detectable new
bands of any size (Fig. 1C). An antibody to the C-terminal kinase domain (aa 379-411)
detected a very weak doublet band with an estimated size 4 kD smaller than PNKP (Fig.
1D). Comparison of its intensity with that of titrated extracts of WT cells indicated that it is
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present at ~1/13 the WT concentration (Fig 1E). Presumably it represents some form of
alternatively spliced and/or proteolyzed PNKP expressed from one of the mutant PNKP
alleles. It would necessarily have a disrupted FHA domain and therefore is unlikely to be
efficiently recruited to single-strand break (SSB) or DSB repair complexes by XRCC1 or
XRCC4, respectively, but the possibility that it harbors residual phosphatase and/or kinase
activity cannot be discounted.

Mutagenesis in HeLa cells (which have three copies of the PNKP gene) was targeted to the
N-terminal portion of the PNKP phosphatase domain (Fig. 1A), and clones were screened
with the same full-length PNKP antibody. A HeLa clone with no detectable PNKP was
isolated that harbored insertions of 1 bp, 171 bp and 205 bp at the target site (Supplemental
Fig. 2). The 1-bp and 205-bp insertions are predicted to encode the same truncated protein of
137 aa, with both the phosphatase and kinase domains completely eliminated, while the 171-
bp insertion would encode a protein ~7 kD larger than PNKP with a disrupted phosphatase
domain. However, no PNKP protein of either normal or modified size could be detected on
western blots with the rabbit polyclonal antibody (122), or either an N-terminal or a C-
terminal mouse monoclonal antibody, under conditions where a band representing as little as
2% of the WT level of PNKP would have been visible Fig. 1F-H). Hence, this clone appears
to lack expression of any form of PNKP and is referred to as PNKP~/~/~.

3.2 PNKP-deficient cells are sensitive to radiation and NCS

Previous work showed that shRNA-mediated knockdown of PNKP in A549 lung carcinoma
cells conferred significant sensitivity to radiation as well as NCS, with a DMF of ~1.5
[7,20]. Similarly, the PNKP-deficient derivatives of HCT116 and HelLa cells showed
enhanced sensitivity to both radiation and NCS, as determined by clonogenic survival assays
(Fig. 2A-D). The PNKP™~ HCT116 cells were considerably more sensitive to NCS, which
specifically induces DSBs bearing protruding 3’-phosphate-terminated DSBs [15,16] (DMF
= 2.5) than to radiation (DMF = 1.5), suggesting that PNKP deficiency confers a specific
sensitivity to 3’-phosphate-terminated DSBs, consistent with a possible deficiency in
processing and repair of such lesions (Fig. 2A and 2B). However, PNKP~/~"HeLa cells
were equally as sensitive to NCS as to radiation (DMF = 1.37), suggesting the presence of
more robust alternative PNKP-independent DSB repair pathway(s) in HeLa cells than in
HCT116 (Fig. 2C and 2D).

PNKUP is phosphorylated at S114 and S126 by ATM and DNA-PK in response to DSB
production and S114A/S126A phosphomutant PNKP proteins show decreased 3’ -
phosphatase activity [20].

To examine the interplay between PNKP and the DNA damage response to NCS, survival of
HCT116 WT and PNKP~'~ cells was assessed following treatment with NCS in the presence
of an inhibitor of DNA-PK, ATM kinase, or both (Fig. 2E). DNA-PK is a critical factor in
NHEJ [21], while ATM is important for DSB repair by homologous recombination [22,23]
as well as for repair of a subset of DSBs by NHEJ [24]. NU7441 (DNA-PKi) and KU60019
(ATMi) equally sensitized WT HCT116 cells, although at the highest NCS concentration,
ATMi was more potent. Intriguingly, at low NCS concentrations, each inhibitor was more
deleterious to survival than was PNKP deficiency, but at the highest concentration, PNKP
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deficiency was more deleterious than the inhibitors, either alone or in combination.
Furthermore, at high levels of damage, DNA-PKi had almost no effect on survival of PNKP
I~ cells. These results are consistent with the presence of some alternative process or
enzyme that can substitute for PNKP in NHEJ, but that saturates at very low levels of
damage. Thus, in severely damaged cells, repair of NCS-induced DSBs by NHEJ becomes
almost completely dependent on PNKP, so that DNA-PKi has little effect on PNKP~/~
survival. In the presence of low-level damage, DSBs would be repaired by NHEJ despite
PNKP deficiency, so that DNA-PKi markedly reduces survival of PNKP~'~ cells. The
additive effects of ATMi and PNKP deficiency on survival are likely to result from ATM’s
role in DSB repair by homologous recombination, which does not require PNKP [25].

Poly(ADP-ribose) polymerase (PARP) adds poly(ADP-ribose) chains to a variety of nuclear
proteins when DNA is damaged [26], and is essential for efficient SSB repair, as well as for
an alternative Ku-independent end joining pathway involving XRCC1, DNA ligase 11l and
DNA polymerase 8 [27-29]. In most genetic backgrounds, PARP inhibitors confer a
replication-dependent radiosensitivity by inhibiting SSB repair and by inappropriately
channeling the resulting single-ended DSBs into NHEJ [30,31]. However, radiosensitivity
can be replication-independent when Ku-dependent NHEJ is compromised [32]. Previous
work showed that HCT116 cells were radiosensitized by the PARP inhibitor olaparib
[33,34]. However, olaparib did not sensitize HCT116 WT cells to NCS (Fig. 2F), suggesting
that the relatively small number of NCS-induced SSBs do not contribute significantly to
cytotoxicity even when PARP is inhibited. Furthermore, neither olaparib nor veliparib
further sensitized PNKP~/~ cells. This result is consistent with reports that PNKP is involved
in end joining by both Ku-dependent NHEJ [25] and PARP-dependent Alt-NHEJ [35]. Thus,
both repair systems are already compromised in PNKP~/~ cells, so that blocking Alt-NHEJ
with a PARP inhibitor would be expected to have little if any effect.

To directly investigate whether the hypersensitivity shown by the mutants to NCS was
attributable to a defect in repairing 3’ -phosphate-ended DSBs, measurements of NCS-
induced DSBs in cells, detected as 53BP1 foci, were performed. Serum-starved G1/GO0 cells
were used to specifically analyze DSB repair by NHEJ while avoiding spontaneous focus
formation at stalled replication forks. As shown in Fig. 2G, there were about twice as many
residual DSBs in PNKP-deficient as in WT HCT116 cells at 4 and 8 hr after NCS treatment.
This result is consistent with a model wherein increased persistence of 3’-phosphate termini
due to lack of PNKP interferes with efficient DSB rejoining.

3.3 Extracts of PNKP-deficient cells have residual but greatly reduced 3’-phosphatase
activity toward DSB ends

To more directly assess the effect of PNKP deficiency on 3”-phosphate removal during
NHEJ, internally labeled DSB substrates bearing either recessed or protruding 3’-
phosphates were constructed (Figs. 3A and 4A, respectively) and incubated in whole-cell
extracts of WT parental and PNKP-deficient cells. Previous work has shown that end joining
of such substrates in these extracts is strictly dependent on DNA-PK and XLF [12,14],
suggesting that it is carried out exclusively by classical NHEJ. The recessed-end substrate
has complementary 5° overhangs and so following dephosphorylation can be joined by
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simple ligation (Fig. 3A), while the 3" overhang is partially complementary and requires
fill-in of one nucleotide in each strand prior to ligation (Fig 4A). Following incubation of
these plasmid-length substrates in extracts, 3’-dephosphorylation and end joining can be
assessed by cutting off both ends of the substrate with restriction enzymes to yield labeled
oligomers, which are analyzed on denaturing sequencing gels.

As shown in Fig. 3B and 3C, dephosphorylation of a recessed 3’-phosphate terminus in
extracts of HCT116 cells was nearly complete within 2 hr, while in PNKP~/~ extracts, most
3’-phosphate termini remained intact and unprocessed even after 6 hr. This reduced
dephosphorylation was reflected in a marked decrease in head-to-head products that result
from joining of two ends each bearing 3’-phosphate termini (18-base fragment in Fig. 3B).
Similar deficiencies in both dephosphorylation and head-to-head end joining were seen in
PNKP~/~/= HeLa cells (Fig. 3D and Supplemental Fig. 3). As might be expected, there was
in each case less effect on head-to-tail products, which derive from joining of one 3’-
phosphate and one 3’-hydroxyl DSB end. Overall, the results indicate that PNKP is the main
3’ -phosphatase for DSB ends during NHEJ, and that recessed 3’ -phosphates can be quite
persistent when PNKP is absent. Nevertheless, extracts of PNKP-deficient cells still retain
some 3’-phosphatase activity. Although PNKP~/~ HCT116 cells appear to express a trace of
a truncated PNKP that could account for residual 3’-dephosphorylation (Fig. 1D), PNKP
~/~I"HeL a cells have no detectable PNKP, implying that they must contain some less
efficient alternative 3’ -phosphatase.

In extracts of both HeLa and HCT116 WT cells, 3"-phosphate DSB termini on a 3-base 3'-
overhang were dephosphorylated much faster than 3’ -recessed ends, and much faster than
the subsequent gap filling and ligation that continued for several hours (Fig. 4 and
Supplemental Fig. 4). PNKP deficiency decreased the initial rate of dephosphorylation by
approximately tenfold, and in HCT116 PNKP~/~ extracts (although not HeLa extracts), the
decreased 3’-dephosphorylation was reflected in reduced production of ligated repair
products. Nevertheless, by 6 hr the majority of 3’ DSB termini were dephosphorylated in
extracts of both PNKP-deficient cell lines. Essentially identical results were obtained for a
3’-phosphate on a 1-base 3" overhang; moreover, addition of recombinant PNKP to PNKP
~/~ HCT116 and PNKP~/~/~ Hela extracts restored 3’-dephosphorylation to the level seen in
parental cells (Supplemental Fig. 5), confirming that loss of PNKP was responsible for the
deficiency in 3’-dephosphorylation. Again, however, the residual 3"-dephosphorylation seen
in PNKP~/~/~ extracts suggests that there must be an alternative 3’-phosphatase that acts on
protruding 3’ -phosphate termini.

Tyrosyl-DNA phosphodiesterase 1 (TDP1) catalyzes resolution of 3”-phosphotyrosyl ends
left by abortive topoisomerase 1 reactions, leaving a 3’-phosphate that is subsequently
removed by PNKP [36]. When a DSB substrate with a 3”-phosphotyrosine terminus on a 3-
base overhang was incubated in parental HCT116 extracts, 3" -hydroxyl ends were rapidly
formed, but no 3’-phosphate intermediates could be detected, presumably because
dephosphorylation by PNKP was very efficient (Fig. 5). However, in PNKP-deficient cells a
band with mobility of the 3’-phosphate intermediate was readily detected, again suggesting
less efficient 3"-dephosphorylation.
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3.4 Dephosphorylation occurs in context of NHEJ in both WT and PNKP-deficient extracts

During NHEJ, PNKP is recruited to DSB ends by the XRCC4@DNA ligase 1V (X4L4)
complex [5]. To assess the X4L4 dependence of PNKP-mediated end processing, 3’-
dephosphorylation of the 3" overhang substrate, as well as 5" -phosphorylation of a substrate
with a recessed 5’-hydroxyl terminus (Fig. 6A), were examined in extracts of XRCC4
knockout cells. As shown in Fig. 6B, there was greatly reduced 3’-dephosphorylation and
almost no 5”-phosphorylation of DSB ends in XRCC4~/~ extracts (compare lanes 2 and 4),
emphasizing the importance of X4L4 in recruiting PNKP for both these functions. Addition
of recombinant X4L4 restored efficient 3’-dephosphorylation and promoted 5’-
phosphorylation to an extent even greater than that seen in WT extracts (lane 5), suggesting
that the level of X4L4 in WT extracts was a limiting factor. As expected, both PNKP~/~
HCT116 cells and PNKP~/~/~ HeLa cells showed greatly reduced DSB 5”-phosphorylation.
Nevertheless, there was still detectable 5’ -kinase activity in extracts of both PNKP-deficient
cell lines (Fig. 6C).

To determine whether the residual 3"-dephosphorylation in PNKP-deficient cells occurred in
the context of NHEJ, incubations were performed in the presence of NU7441 (DNA-PKi), a
specific DNA-PK inhibitor [37]. As expected, DNA-PK:i eliminated end joining completely
(Supplemental Figs. 3B and 4B). In addition, DNA-PKi blocked most but not all
dephosphorylation of both 3’-recessed and 3” overhang substrates by endogenous 3’-
phosphatases in whole-cell extracts of HCT116 and HeLa cells as well as their PNKP-
deficient derivatives (Fig. 7A-F and Supplemental Figs. 3B and 4B). These results suggest
that both PNKP and the residual 3’- in PNKP-deficient extracts function in the context of
NHEJ through interactions with NHEJ proteins.

Because whole-cell extracts were used for 3”-dephosphorylation and end-joining
experiments, residual 3’-dephosphorylation in PNKP-deficient extracts could reflect action
of cytoplasmic phosphatase(s) not normally involved in DNA metabolism. However, similar
to whole-cell extracts, nuclear extracts of both of the PNKP-deficient cell lines harbored
substantial 3"-phosphatase activity, although less than did WT extracts (Fig. 7G-1). Absence
of vinculin in these nuclear extracts (Supplemental Fig. 6) indicates that they were not
contaminated with cytoplasmic proteins. Thus, the putative alternate 3’ -phosphatase in
PNKP-deficient HCT116 and HeLa cells is a nuclear enzyme, as would be required for
participation in NHEJ.

3.5 Terminal 3’-phosphates of DSBs are removed more slowly in PNKP-deficient cells

Because reactions in cell extracts may not accurately reflect those in intact cells, 3”-
dephosphorylation of DSBs was also examined in cells. Previous work showed that
sequence-specific DSBs induced by treatment of cells with the nonprotein chromophore of
NCS (NCS-C), which is its active component, can be detected by LMPCR, and that various
enzymatic manipulations can be used to specifically detect DSBs bearing 3’-hydroxyl, 3'-
phosphate or 3’-phosphoglycolate termini [17]. Treatment with NCS-C, without the
protective NCS carrier protein, facilitates very rapid production of extensive damage to
cellular DNA [38]. NCS-induced DSBs are formed preferentially at AGT@ACT sequences
[39], with one end of the break having a mixture of 3"-phosphate, 3 -phosphoglycolate and
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possibly, cleaved abasic sites [15,16]. The opposite end has almost exclusively 3" -phosphate
termini on 2-base overhangs, formed by free radical attack on the 5° carbon of the adjacent
nucleotide (Fig. 8A). Removal of the terminal phosphate would yield a ligatable 3
terminus, and an anchor was designed to link to these DSB ends, thus allowing their
amplification and detection by LMPCR. The anchor has a 2-base unligatable (-GddT) 3’
overhang and a recessed ligatable 5’ -phosphate terminus that can be directly ligated to the
3’ terminus of any NCS-induced DSBs in cellular DNA formed at AGT@ACT hotspots and
3’-dephosphorylated in the cell. A Tagman probe was designed to specifically detect NCS-
induced DSBs at the AGT@ACT hotspot at bp 38-40 of the highly repetitive human Alu
sequence [19]. This probe spans the ligation joint between cellular Alu sequences and the
anchor, and thus permits quantitation of 3’ -hydroxyl DSBs formed at this site, by Tagman
PCR (Fig. 8B). DSBs that retain 3’-phosphates can also be detected, by first capping the
existing 3-hydroxyl ends with terminal transferase and dTTP/ddTTP, then
dephosphorylating the remaining 3’-phosphate DSB ends with CIP [17]. The resulting 3'-
hydroxyl DSB ends can then be similarly quantitated by LMPCR.

When either parental or PNKP-deficient HeLa cells were treated with NCS-C, both 3”-
hydroxyl- and 3’-phosphate-terminated DSBs were readily detected in cellular DNA using
the LMPCR method (Fig. 8C and 8D). As expected, capping the existing 3’-hydroxyl ends
with terminal transferase reduced the LMPCR signal, while subsequent treatment with CIP
increased it. Further, since no 3’-hydroxyl-terminated DSBs were detected when isolated
human DNA was treated with NCS-C in vitro (Supplemental Fig. 7), the 3"-hydroxyl
termini must have been formed by enzymatic processing of NCS-C-induced DSBs in the
cell. For both parental and PNKP-deficient cells, both 3"-hydroxyl- and 3’-phosphate-
terminated DSBs were formed within 5 min, reached a maximum within 15 min, and then
decreased slowly upon extended incubation (Fig. 8D). However, at 5 and 15 minutes after
treatment, there were about 3 times more 3’-phosphate-terminated DSBs in PNKP-deficient
cells than in parental cells, as indicated by a difference of 1.5 PCR cycles in the
amplification profiles (p<0.001 at both 5 and 15 min). It is unlikely that this difference
reflects greater initial NCS-C-induced damage in PNKP-deficient cells, because PNKP~/~/~
cells contained about twofold fewer 3’-hydroxyl-terminated DSBs than WT cells (p<0.05).
The difference between the two cell lines was most striking at 15 min, by which time WT
cells had 5 times more 3’-hydroxyl termini than 3’-phosphate termini, while PNKP~/~/~
cells had equal numbers of the two species. Even at 22°C, 3”-hydroxyl termini were rapidly
generated following NCS-C treatment, emphasizing the efficiency of 3’-phosphate removal
from DSBs in the cell, but again, PNKP-deficient cells accumulated more 3’-phosphate and
fewer 3’-hydroxyl termini than did WT cells (Supplemental Fig. 8). These results indicate
that 3”-phosphate termini of at least some NCS-C-induced DSBs were more persistent in
PNKP-deficient than in WT HeLa cells.

In HCT116 cells, 3’-phosphate and 3’-hydroxyl ends were likewise formed very rapidly
upon NCS-C treatment. However, at 37°C, PNKP deficiency did not result in a measurable
difference in the abundance of either 3’-phosphate or 3”-hydroxyl DSB ends, as nearly all
3’-phosphate DSB ends appeared to be dephosphorylated within 5 min of treatment even in
PNKP~ cells (data not shown). Nevertheless, when the incubation temperature was reduced
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to 22°C, there was a consistent delay in generation of 3’-hydroxyl termini in PNKP~/~ cells,
suggesting a deficiency in 3"-phosphate removal (Fig. 9).

4. Discussion

Since PNKP is capable of dephosphorylating a variety of single- and double-strand
substrates including DSB ends [4], and is recruited to DSB ends by the core NHEJ protein
XRCC4 [5,6], a role for PNKP in resolving 3’-phosphate termini of free radical-mediated
DSBs is highly likely, but has never been explicitly demonstrated. In order to assess the
importance of this function for DSB repair by NHEJ and to examine the fate of 3-
phosphate-terminated DSBs in the absence of PNKP, the PNKP gene was disrupted in
HCT116 and in HeLa cells using CRISPR/CAS9. As expected from PNKP’s putative role in
removing 3’-phosphates from DSB ends, PNKP-deficient HCT116 and HelLa cells were
hypersensitive to both NCS and radiation. However, PNKP deficiency conferred much
greater hypersensitivity to HCT116 cells than to HeL a cells. Since HCT116 cells have
reduced expression of Mrell [40], these results could potentially be explained by the
existence of two parallel pathways for repair of NCS-induced DSBS, one requiring PNKP
and another requiring Mrel1, as has been proposed for repair of topoisomerase I-mediated
strand breaks [36,41]. Thus, PNKP™~ HCT116 cells, being deficient in both pathways,
would be highly NCS-sensitive.

Extracts from both HCT116 and HeLa cells with disrupted PNKP showed a dramatic
reduction in 3’-phosphatase as well as 5’-kinase activity at DNA ends, suggesting that
PNKEP is largely responsible for such dephosphorylation and phosphorylation. Nevertheless,
extracts of PNKP-deficient cells still contained substantial 3’-phosphatase activity, despite
the absence of detectable PNKP protein in PNKP~~/~ HeLa cells. This residual 3’-
dephosphorylation was largely blocked by a DNA-PK inhibitor, suggesting that it occurs in
the context of classical NHEJ. Moreover, DNA-PK inhibition in PNKP~/~ HCT116 cells
caused increased cytotoxicity to NCS at low concentrations, suggesting a DNA-PK-
dependent alternative enzyme capable of resolving the 3’-phosphate DSB termini in the
absence of PNKP. All these results suggest that loss of PNKP confers a significant, but only
partial, deficiency in resolution of 3"-phosphate DSB ends for NHEJ.

Similarly, analysis of termini of NCS-induced DSBs in cellular Alu DNA by LMPCR
confirms a significant but only partial deficit in 3’-dephosphorylation in PNKP-deficient
cells. Particularly in HeLa cells, PNKP disruption results in increased 3’-phosphate termini
and decreased 3’-hydroxyl termini at 5-15 min after treatment with NCS-C. Nevertheless,
substantial numbers of 3"-hydroxyl DSBs are rapidly formed in NCS-C-treated PNKP-
deficient cells, indicating residual 3’-dephosphorylation. Such dephosphorylation must
occur via an alternative 3’ -phosphatase rather than a nuclease, as removal of even a single
nucleotide from the 3" terminus would alter the sequence of the ligation joint with the
anchor and thus prevent detection by Tagman LMPCR. After 1 hr of incubation, no
difference between PNKP-deficient and parental cells is seen, and there appears to be a
surprisingly large number of persistent unrepaired 3’-hydroxyl DSBs 3 hr after treatment.
This may be a consequence of the high level of damage induced by NCS-C, which is
necessary to allow direct detection of these lesions in cells by LMPCR. Nevertheless, even a
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short delay in 3-dephosphorylation of DSBs could enhance their lethality, for example by
increasing the probability that the two DSB ends become physically separated and then
either remain unrejoined or are misjoined to a DSB on another chromosome.

In HCT116 cells, the effect of PNKP disruption was more subtle, a brief delay in generation
of 3”-hydroxyl ends only, and only at 22°C. The reason for this difference between cell

lines, and whether it is related to the apparent presence of residual modified PNKP protein in
HCT116 cells, is not known.

Despite the quantitative differences between cell lines, overall the data suggest an
association between PNKP deficiency, delayed DSB 3’-dephosphorylation, and increased
cytotoxicity of 3’ -phosphate-terminated DSBs. Although involvement of PNKP in NHEJ
[6,25], as well as radiosensitivity of PNKP knockdown cells [7], had been demonstrated
previously, the heterogeneous nature of radiation damage, the high ratio of SSBs to DSBs,
and the involvement of PNKP in multiple repair pathways including SSB repair, complicates
interpretation of radiosensitivity data. Because NCS induces a much higher proportion of
DSBs (SSB/DSB ratio of approximately 5 [42,43]), and all NCS-induced DSBs have at least
one 3’-phosphate end, the finding that PNKP-deficient HCT116 cells are more sensitive to
NCS than to radiation strengthens the implication of PNKP, and its 3”-dephosphorylation
activity, in DSB repair by NHEJ. It is unlikely that NCS sensitivity is due to loss of PNKP-
mediated 5’-phosphorylation, as NCS does not produce 5’-hydroxyl DSBs [15,16].

The identity of the apparent alternative 3’-phosphatase activity in PNKP-deficient cells is
not known. Although one disrupted PNKP allele in both HCT116 and Hela cells is a large
in-frame insertion, no PNKP protein of increased size is detectable in either cell line, and no
PNKP protein at all can be detected in the HeLa cell derivative by antibodies to either the N-
or C-terminal portions of the protein. Hence, it is unlikely that this activity is some
alternatively spliced or otherwise altered form of PNKP. Although APE1 has weak 3’-
phosphatase activity [44], it requires a base-paired 3’-terminal nucleotide and does not act
on 3" overhangs [45]. Another possibility is aprataxin, as purified recombinant aprataxin has
been reported to remove both 3’-phosphates and 3”-phosphoglycolates from DNA ends.
However, a similar study [46] as well as our own efforts (unpublished) failed to detect any
3’-phosphatase or 3’-phosphodiesterase activity in aprataxin. On the other hand, it seems
unlikely that the residual 3"-dephosphorylation is the result of general broad-specificity
phosphatases, since it is regulated by DNA-PK. Furthermore, it appears to act specifically on
3’- and not 5”-phosphates, as indicated by the retention of 5"-32P label on DSB substrates
even after incubation in whole-cell extracts for many hours [14,47]. Rather, overall the data
suggest an enzyme that acts specifically in NHEJ, in a manner similar to PNKP but less
efficiently. In principle, it should be possible to purify this activity from PNKP-deficient
cells and identify it.
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Figure 1.

Ar?alysis of PNKP knockout cell lines by western blot. A. Domain structure of PNKP
showing location of epitopes recognized by the H101 and B5 anti-PNKP antibodies, and the
locations of CRISPR/CAS9-mediated gene knockout. B. Lack of detectable PNKP in whole-
cell lysates of PNKP~~ HCT116 cells, as probed with a polyclonal antibody (122) raised
against full-length PNKP. Ku80 is a loading control. C. Lack of detectable PNKP in nuclear
extracts of same cell line, using the N-terminal H101 antibody. A nonspecific band at ~90
kD serves as a loading control. rPNKP =50 ng His-tagged recombinant human PNKP. D.
Detection of a trace of an apparent truncated PNKP in PNKP™~ HCT116 nuclear extract,
using the C-terminal B5 antibody. GAPDH is the loading control. E. Estimation of the level
of truncated PNKP in PNKP™~ HCT116 nuclear extract, by comparison with serial dilutions
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of WT extract. F-H. Lack of detectable PNKP in whole-cell lysates (F, G) or nuclear extract
(H) of PNKP~/~HeLa cells by any of the three antibodies, with XPF, Actin and GAPDH as
loading controls. Nuclear and cytoplasmic fractions were separated using a fractionation Kit
(BioVision).
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Sensitivity of PNKP-deficient cells to radiation and NCS. HCT116 WT or PNKP™~ cells
(A, B, E, F), or HeLa WT or PNKP~/=/~ cells (C, D) were seeded at low density, treated with
NCS for 4 hr (A, C, E, F) or irradiated (B, D), and colonies were counted 7-9 days later. In
(E) and (F), ATMi, DNA-PK:i or olaparib were added 1 hr before NCS and were present for
24 hr after. Error bars show mean + SEM from 3 independent experiments. In (G), serum-
starved cells were treated with 4 nM NCS for 1 hr and then incubated for up to 8 hr., and
then 53BP1 foci were assessed by confocal microscopy.
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End processing and end joining of a DSB bearing a recessed 3”-phosphate. Following
incubation in cell extract and digestion with Tagal and BstXI cleavage, unprocessed
substrate is detected as a 3”-phosphate 9-mer; 3”-dephosphorylation and ligation yields
labeled 18-base head-to-head and 36-base head-to-tail end joining products. A. Recessed 3’-
phosphate substrate with complementary ends. All substrates are drawn 5°—3” in the top
strand and 3’ —5" in the bottom strand. B. Representative gel from an experiment with
extracts of HCT116 cells. C. Quantitation of results in HCT116 cells. D. Quantitation of
results from HeLa cells. Error bars show mean + SEM from 3 independent experiments.

DNA Repair (Amst). Author manuscript; available in PMC 2019 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chalasani et al.

A. Substrate

B. HCT116

|
|

F-dephosphorylation
Alignment

Gap filling (T)
Ligation

3 £ 12
- 100

] g 1.0
i = | g os
§ e f’—’/ 2 os
2 0] g —— WT o 0.4
B o / —0— PNKP4- 3 o
ol g
g o B 00
E 0 100 200 300 400 g °

Time (min) T
C. HelLa

o 100 200 300 400

Time (min)

-
o @ o
o o o

]
o o

o = N W A&

Phosphate removal (%)
E-
o

Time (min)

Figure 4.

0 100 200 300 400

Head-Head products (%)
o o

100 200 300 400

Time (min)

oMb moMmbho®

Head-Tail products (%)
oooooasaaa

Head-Tail products (%)

Page 21
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End processing and end joining of a DSB bearing a 3"-phosphate on a 3" overhang. A.
Overhang 3’ -phosphate substrate with partially complementary ends. Following incubation
in cell extract for the indicated times and digestion with Taga.l and BstXI, unprocessed
substrate is detected as a 3’-phosphate 14-mer; 3 -dephosphorylation, single-base gap filling
(T) and ligation yields labeled 24-base head-to-head and 42-base head-to-tail end joining
products. B. Quantitation of results from HCT116 cells. C. Quantitation of results from
HeLa cells. Error bars show mean £ SEM from 3 independent experiments. Representative

gels are shown in Supple

mental Fig. 4.
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Processing and end joining of a 3’-pTyr DSB substrate. The substrate shown, with a 3"-pTyr
terminus on a 3-base 3" overhang is otherwise identical to the 3”-phosphate substrate in Fig.
4A, and was incubated in HCT116 or PNKP~/~ extracts and products analyzed as in Fig. 3.
The 3’-pTyr 14-mer represents unprocessed substrate. Removal of 3"-pTyr yields a 3'-
hydroxyl (140H). A 3’-phosphate intermediate (14p) is apparent in PNKP~/~ but not WT
extracts. The substrate yields the same 24-base head-head and 42-base head-tail end joining
products as the 3”-phosphate substrate (see Fig. 4A). Graphs show the fraction of each type
of terminus as a function of time, derived from quantitation of gels from 3 experiments

(mean £ SEM).
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Figure6.
Dependence of 3’-phosphatase and 5’-kinase activities on XRCC4. A. Plasmid-length 5’-

hydroxyl DSB substrate for 5”-phosphorylation. Bold lettering indicates oligomeric duplex
that was ligated to pUC19. Smal releases a labeled 16-base oligonucleotide. B. Upper gel:
The 3" overhang 3’-phosphate substrate (Fig. 4A) was incubated in HCT116 WT,
XRCC47/~ or PNKP~/~ extracts for 1 hr, cut with Tagal and BstXI and 3’-
dephosphorylation was assessed as in Fig. 3. Lower gel: The 5’-hydroxyl substrate shown in
(A.) was incubated in the same extracts for 4 hr, cut with Smal, and analyzed by gel
electrophoresis to assess 5’ -phosphorylation. C. The same substrate was incubated for 6 hr
in whole-cell extracts of HCT116 and HeLa cells or their PNKP-deficient derivatives, and
5’-phosphorylation was similarly determined. Error bars show mean + SEM for 3
experiments.
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Figure 7.
Effect of DNA-PK inhibitor NU7441 (DNA-PKi) on dephosphorylation in whole-cell

extracts and detection of 3’-phosphatase in nuclear extracts. A. Gel showing 3’-
dephosphorylation of the 3’-recessed DSB substrate in HCT116 WT and PNKP~/~ extracts.
No-inhibitor control reactions were performed both without (“C”) and with (“D”) DMSO,
which is the solvent for DNA-PKi. B. and C. Quantitation of 3’-dephosphorylation for
recessed and overhang substrates in HCT116 WT and PNKP~/~ extracts. D. Gel showing 3'-
dephosphorylation of the 3" overhang substrate in HeLa WT and PNKP~/~/~ extracts. E.
and F. Quantitation of 3”-dephosphorylation for recessed and overhang substrates in HeLa
WT and PNKP =/~ extracts. G. Gel showing 3’-dephosphorylation of the 3" overhang
substrate in nuclear extracts of HCT116 WT and PNKP~/~ cells. H. Quantitation of 3’-
dephosphorylation in nuclear extracts of HCT116 WT and PNKP™~ cells. |. Quantitation of
3’-dephosphorylation in nuclear extracts of HeLa WT and PNKP~/~/~ cells. Shorter labeled
products resulting from subsequent 3°—5" exonucleolytic resection were included in
calculation of dephosphorylation. Error bars = mean + SEM for 3 experiments, except H.
and I., 2 experiments.

DNA Repair (Amst). Author manuscript; available in PMC 2019 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chalasani et al.

Alu DNA (bp 35-39
A. (bp )

CACTT
GTGRA
| NCS-C
v 5'-aldehyde
CACp , O
Gp JGRA
h
\ 3'-phosphoglycolate
PNKP (in cell)
CAC
Gp
JTaT+ dTTPa’ddTTP¢
CACP CACTTTTddT
Gp G
cip
: !
CAC CACTTTTddT
G G

Ligase + Anchor X
pA—
e S |

Y
CACA:
GTGT
dd
&F’CR
CACA o
GTGT O
dd - -
@
[%]
=
o
o
B. Primer Probe =]
LA FAM /' Q G
L
Alu joint Anchor =
Taq:, Probe
. . FAM / a
FAM
. . Q
Figure8.

28

AFluorescence

AFluorescence

0.1-

sy

=
B

Page 25

3'-OH at 5 min:
PNKP-/-/-

PNKP-/-/-

/> NoNCS-C:
// ¥ “Hela WT
1/ PNKP-/-/-
3-PO, at 5 min:

30 4

32 4

34

36 4

38 4

40 -

42

Hela:

—o— WT TdT

Q- PNKP-/- TdT
—w— WT 3-PO,
et PNPK--- 3-PO,
—a— WT 3-0H

O+ PNKP-/-- 3-OH

t

0

Untreated

T
50 100
Time (min)

150

Deficiency in 3’-dephosphorylation of NCS-C-induced DSBs in PNKP™~/~ HeLa cells as
determined by LMPCR. Cells were treated with 5 uM NCS-C and incubated at 37°C for
5-180 min. DNA was isolated and 3" termini of DSBs were assessed by ligation-mediated
PCR. A. Experimental scheme. NCS-C induces DSBs preferentially at AGT@ACT
sequences, including at bp 36-38 of the human Alu repeat. The left-hand DSB end has an
overhanging 3’-phosphate. To quantify these phosphate ends, any existing 3’-hydroxyl ends
are first blocked by tailing with TdT and dTTP/ddTTP. The 3’-phosphates are then removed
with CIP and the resulting 3’-hydroxyl DSB ends are ligated to an anchor and quantitated by
ligation-mediated real-time PCR. To quantitate 3-hydroxyl DBSs formed in the cell by
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PNKP, DNA from NCS-C-treated cells is subjected to LMPCR without any prior enzyme
treatments, B. Principle of Tagman PCR. As PCR product accumulates, the fluorescent
probe binds to the Alu/anchor junction after each denaturation cycle and the fluorophore is
released by the 5" —3" exonuclease of Taq polymerase as it replicates the product, resulting
in an exponential increase in fluorescence as a function of cycle number. C. LMPCR
amplification profiles from a representative experiment, showing more 3’-phosphate DSBs
and fewer 3’-hydroxyl DSBs in PNKP~~/~ than in WT HeLa cells. Amplification profiles
from duplicate PCR reactions are shown for each condition. D. Time course for formation
and disappearance of 3"-phosphate and 3’-hydroxyl NCS-induced DSBs, as determined by
LMPCR of cell DNA treated with TdT plus CIP or neither enzyme, respectively. Ct values
for DNA treated with TdT only are also shown. Error bars show the mean + SEM from 4
independent experiments.
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Figure9.
Delay in 3’-dephosphorylation of NCS-C-induced DSBs in PNKP™~ HCT116 cells. Cells

were treated with NCS-C, incubated, and 3’-termini were quantitated as in Fig. 8, except
incubation was at 22°C for the indicated times. Error bars show the mean £ SEM from 3
independent experiments.
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