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Abstract—Base excision repair (BER) is aimed at repair of damaged bases, which are the largest group of
DNA lesions. The main steps of BER are recognition and removal of the aberrant base, cutting of the DNA
sugar-phosphate backbone, gap processing (including dNMP insertion), and DNA ligation. The precise
function of BER depends on the regulation of each step by regulatory/accessory proteins, the most important
of which is poly(ADP-ribose) (PAR) polymerase 1 (PARP1). PARP1 plays an important role in DNA repair,
maintenance of genome integrity, and regulation of mRNA stability and decay. PARP1 can therefore affect
BER both at the level of BER proteins and at the level of their mRNAs. There is no systematic data on how
the PARP1 content affects the activities of key BER proteins and the levels of their mRNAs in human cells.
Whole-cell extracts and RNA preparations obtained from the parental HEK293T cell line and its derivative
HEK293T/P1-KD cell line with reduced PARP1 expression (shPARP1-expressing cells, a PARP1 knock-
down) were used to assess the levels of mRNAs coding for BER proteins: PARP1, PARP2, uracil DNA gly-
cosylase (UNG2), AP endonuclease 1 (APE1), DNA polymerase β (POLβ), DNA ligase III (LIG3), and
XRCC1. Catalytic activities of the enzymes were evaluated in parallel. No significant effect of the PARP1
content was observed for the mRNA levels of UNG2, APE1, POLβ, LIG3, and XRCC1. The amount of the
PARP2 mRNA proved to be reduced two times in HEK293T/P1-KD cells. Activities of these enzymes in
whole-cell extracts did not differ significantly between HEK293T and HEK293T/P1-KD cells. No signifi-
cant change was observed in the efficiencies of the reactions catalyzed by UNG2, APE1, POLβ, and LIG3 in
conditions of PAR synthesis. A DNA PARylation pattern did not dramatically change in a HEK293T/P1-KD
cell extract with a reduced PARP1 content as compared with an extract of the parental HEK293T cell line.
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INTRODUCTION

Base excision repair (BER) is aimed at repair of
damaged bases, which are the largest group of DNA
lesions. Single-strand breaks and spontaneous apu-
rinic/apyrimidinic (AP) sites can also be repaired via
the BER mechanism [1–5]. BER proceeds through
the following main steps: an aberrant base is recog-
nized and excised, the sugar-phosphate backbone is
cleaved, the gap is processed (including dNMP inser-

tion), and DNA is ligated. Two pathways are known
for BER: a short-patch BER (SP-BER) pathway
replaces only one nucleotide, while long-patch BER
(LP-BER) is responsible for replacing 2–13 nucleo-
tides [4, 5].

The same event starts both SP-BER and LP-BER;
i.e., a damaged nitrogenous base is recognized by a
proper DNA glycosylase, which hydrolyze the N-glyco-
sidic bond between deoxyribose and an incorrect base.
DNA glycosylases that recognize uracil and alkylated
bases are monofunctional enzymes; i.e., they excise
the base without affecting the sugar-phosphate back-
bone. Then AP endonuclease 1 (APE1) cleaves the
sugar-phosphate backbone 5' of the AP site to produce
3'-OH and 5'-dRP. Oxidized bases are excised mostly
by bifunctional DNA glycosylases, which additionally
possess lyase activity. These enzymes excise the base

Abbreviations: AP, apurinic/apyrimidinic (site); APE1, apu-
rinic/apyrimidinic endonuclease 1; BER, base excision repair;
dRP, deoxyribose phosphate; LIG3, DNA ligase III; PARP1,
PARP2, and PARP3, poly(ADP-ribose) polymerases 1, 2, and 3;
PAR, poly(ADP-ribose); PARylation, poly(ADP-ribosyl)ation;
POLβ, DNA polymerase β; UNG, uracil-DNA glycosylase;
UDG, Escherichia coli uracil-DNA glycosylase; XRCC1, X-ray
repair cross-complementing protein 1.
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and cleave the sugar-phosphate backbone via a β- or
β,δ-elimination mechanism. The former yields a
break f lanked with 5'-phosphate and 3'-unsaturated
aldehyde; the latter mechanism produces a single-
nucleotide gap with 5'-phosphate and 3'-phosphate.
These blocked 3' ends should be processed prior to
DNA synthesis. The APE1 role is reduced to removing
the 3'-unsaturated aldehyde in the case of β-elimina-
tion, and polynucleotide kinase mostly removes the
3'-phosphate produced as a result of β,δ-elimination.
In SP-BER, DNA polymerase β (POLβ) inserts a sin-
gle dNMP and removes the 5'-dRP residue. Then the
break is ligated by DNA ligase III (LIG3), which acts
in complex with its cofactor X-ray repair cross-com-
plementing protein 1 (XRCC1) [1–3]. LP-BER is
triggered when POLβ is incapable of removing the
5'-dRP group. POLβ adds the first nucleotide and dis-
sociates from DNA. Then POLδ or POLε carries out
strand displacement synthesis to produce a flap structure
(a DNA duplex in which one of the strands has a single-
stranded overhang). Flap endonuclease 1 (FEN1)
removes the single-stranded overhang, and DNA
ligase I (LIG1) ligates the break ends [1–5].

The precise function of BER depends on the regu-
lation of each step by regulatory/accessory proteins,
the most important of which is poly(ADP-ribose)
(PAR) polymerase 1 (PARP1) [6–8]. PARP1 belongs
to a protein family whose three members (PARP1,
PARP2, and PARP3) bind to DNA lesions and cata-
lyze the (ADP-ribosyl)lation reaction utilizing NAD+

as a substrate [6–10]. PARPs add single ADP-ribose
residues to their targets or synthesize PAR on a target.
The targets include PARPs themselves (autoPARyla-
tion) and several other proteins or DNA (PARylation)
[6–10]. PARP1 and PARP2 have been shown to play
important roles in DNA repair and maintenance of
genome integrity [6–10].

The interactions of PARP1 with key proteins and
DNA intermediates at various BER steps have been
studied using various methods [9–13]. In particular,
PARP1 and PARP2 have been found to specifically
interact with the AP site, which is an early BER inter-
mediate, before a break is introduced [13, 14]. PAR-
ylation has been studied in terms of its effect on activ-
ities of POLβ and other BER enzymes in SP and LP
pathways [12, 15, 16].

Recently, PARP1 has been identified as a factor in
regulating the mRNA stability and decay [17]. PARP1
can therefore affect BER both at the level of proteins
involved in the process and at the level of expression of
their mRNAs.

It should be noted that discrepant data on PARP1
functions have accumulated because PARP1 can act
simultaneously as both catalytic and acceptor protein.
The role of PARP1 in regulating BER has been studied
using various experimental models, including purified
proteins, cell extracts, cells, and organisms. However,
a systematic study has not been performed to under-
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stand how various PARP1 amounts affect the activities
of key BER proteins and the levels of their mRNAs in
human cells.

We used whole-cell extracts and RNA preparations
from the HEK293T parental cell line and its derivative
HEK293T/P1-KD with lower PARP1 expression
(shPARP1-expressing cells, a PARP1 knockdown) to
assess the levels of mRNAs coding for several BER
proteins, including PARP1, PARP2, uracil-DNA gly-
cosylase (UNG2), APE1, POLβ, LIG3, and XRCC1.
Catalytic activities of the enzymes were assayed in par-
allel in these experiments. The PARP1 amount did not
significantly affect the UNG2, APE1, POLβ, LIG3,
and XRCC1 mRNA levels. At the same time, the
PARP2 mRNA level proved to be reduced two times in
HEK293T/P1-KD cells. Activities of the above
enzymes in whole-cell extracts did not significantly
differ between HEK293T and HEK293T/P1-KD
cells. No significant change was observed in the effi-
ciencies of the reactions catalyzed by UNG2, APE1,
POLβ, and LIG3 in conditions of PAR synthesis. The
pattern of DNA PARylation, which has recently been
discovered [18–23], did not dramatically change in a
HEK293T/P1-KD cell extract with a reduced PARP1
amount as compared with an extract of the parental
HEK293T cell line.

EXPERIMENTAL

Materials. Oligonucleotides, including PCR prim-
ers, were synthesized in the Laboratory of Biomedici-
nal Chemistry (Institute of Chemical Biology and
Fundamental Medicine). We used [γ-32P]ATP and
[α-32P]dATP (>3000 Ci/mol) (Laboratory of Biotech-
nology, Institute of Chemical Biology and Funda-
mental Medicine), Escherichia coli uracil-DNA glyco-
sylase (UDG), T4 polynucleotide kinase (Biosan,
Russia), horseradish peroxidase-conjugated second-
ary antibodies (Laboratory of Biotechnology, Institute
of Chemical Biology and Fundamental Medicine),
and BioMaster RT–PCR SYBR Blue (×2) (Biolab-
mix, Russia).

Plasmids carrying human APE1 and mouse
POLβ cDNAs were kindly provided by Dr. S.H. Wil-
son (NIEHS, NIH, United States). Recombinant
POLβ and APE1 were purified as in [24, 25]. Vectors
coding for PARP1 and PARP2 were kindly provided
by Dr. V. Schreiber (ESBS, Ilkirch, France). PARP1
and PARP2 were isolated according to a published
protocol [26]. A plasmid carrying a PARP3 cDNA was
kindly provided by Dr. G. Zarkovich (Gustave Roussy,
Université Paris-Saclay, France). PARP3 was purified
as in [21].

The cell lines HEK293T and HEK293T/P1-KD
(with a lower PARP1 content) were kindly provided by
researchers of the Laboratory of Nucleoproteins
headed by O.A. Dontsova (Moscow State University,
Moscow). Whole-cell extracts were prepared as in [27].
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Table 1. Sequences of the DNAs used in this work

DNAs Nucleotide sequence Schematic 
presentation

DNA-1 5'-pGGGAGGCCCTGGCGTTUCCCGGCTTAGTCGCC-3'

DNA-2 5'-pGGCGACTAAGCCGGG-3'

DNA-3 5'-pCGGTATCCAGGTCTG-3'

DNA-4 5'-pGGGAGGCCCTGGCGTTUCCCGGCTTAGTCGCC-3'
3'-CCCTCCGGGACCGCAAGGGGCCGAATCAGCGG-5'

DNA-5 5'-pGGCGACTAAGCCGGG pUCCCGGCTTAGTCGCC-3'
3'-CCGCTGATTCGGCCCGTTGCGGTCCCGGGCGG-5'

DNA-6 5'-pGGCGACTAAGCCGGG pCAACGCCAGGGCCTCCC-3'
3'-CCGCTGATTCGGCCCGTTGCGGTCCCGGAGGG-5'

DNA-7 5'-pCGGTATCCAGGTCTG pGACAACGATGAAGCC-3'
3'-GCCATAGGTCCAGACTCTGTTGCTACTTCGG-5'

32p U 3'

32p
OH

32p

32p
5'

U 3'

32p pU
OH

3'
5'

32p pC
OH

3'
5'

32p
5'

p 3'
RNA was isolated using an Invitrogen kit (Thermo
Fisher Scientific, United States) according to the
manufacturer’s protocol [28]. The purity was checked
by the absorption ratio at 260 and 230 nm (A260/230),
which varies in a range of 1.8−2.2 in pure preparations.
RNA preparations were digested with DNase prior to
use in reverse transcription–quantitative polymerase
chain reaction (RT–qPCR). Protein concentrations
were measured by the Bradford assay [29], using
bovine serum albumin (BSA) as a standard.

Oligonucleotide 5'-end labeling with [32P] and pro-
duction of substrate DNAs. DNA-1, DNA-2, and
DNA-3 (Table 1) were 5'-end labeled with [32P] using
T4 polynucleotide kinase and [γ-32P]ATP, and the
labeled oligonucleotides were isolated as in [30].

The 32P-labeled oligonucleotides were used to
obtain DNA duplexes; their structures and designa-
tions are summarized in Table 1. The oligonucleotides
were combined in an equimolar proportion, and
hybridization was performed by heating the mixture at
95°C for 5 min and cooling slowly at room tempera-
ture.

Quantitative analysis of autoradiography results.
Gel was exposed with a radiosensitive screen to visual-
ize the radioactive products. The radioactive products
were visualized using a Typhoon FLA 9000 scanner
(GE Healthcare, United States). Band intensities were
evaluated using Quantity One software (Bio-Rad,
United States).

RT–qPCR was used to estimate the relative gene
expression levels in HEK293T and HEK293T/P1-KD
cells and was carried out using BioMaster RT–PCR
SYBR Blue (×2). The reaction mixture (20 μL) con-
tained 10 ng of total RNA, 0.5 μM primers, and a mix-
ture of reverse transcriptase (75 units/ μL) and DNA
polymerase (4 units/ μL) in an RT–qPCR buffer (2 μL
of the mixture per 25 μL of RT–PCR SYBR Blue (×2)).
The reaction was run on a LigthCycler96 thermal
cycler (Roche, Switzerland) and included reverse
transcription at 45°C for 1800 s; preincubation at 95°C
for 300 s; and 40 cycles of denaturation at 95°C for
10 s, primer annealing at 60°C for 10 s, and elongation
at 72°C for 10 s. The signal was detected at 84°C for
5 s. Experiments were performed in triplicate at each
point; the GAPDH, B2M, and TUBβ housekeeping
genes were used as calibrators. Primer sequences are
summarized in Table 2. All primers were designed
using Primer-BLAST (NCBI, United States); the
amplification efficiency was determined for each
primer pair.

The amplification efficiencies of the primer pairs,
expression levels normalized to the calibrator levels
(ΔΔCt), and standard errors were calculated using
LigthCycler96 software (Roche). Results were repre-
sented as means and standard deviations. Relative lev-
els of gene expression were compared between the
HEK293T and HEK293T/P1-KD cell lines by calculat-
ing the p-value and using the Mann–Whitney test; results
were considered significant at p ≤ 0.05 ((*) p ≤ 0.05). Cal-
culations were performed using the PRISM program
(GraphPad Software, United States).

Comparisons of PARP1 amounts in cell extracts by
Western blotting. Western blotting was carried out
according to a published protocol [31]. Briefly, 2.5 μg
of total protein of a cell extract or 0.05 μg of individual
PARP1 was resolved electrophoretically according to
Laemmli [32]. Proteins were transferred onto a nitro-
cellulose membrane using a Trans-Blot Turbo kit as
recommended by the manufacturer. The nitrocellu-
lose membrane was incubated consecutively with pri-
mary antibodies (anti-PARP1 rabbit antibodies
diluted 1 : 1000), horseradish peroxidase-conjugated
anti-rabbit Ig secondary antibodies, and the commer-
cial Super Signal West Pico PLUS substrate (Thermo
Scientific). Chemiluminescence was detected using an
MOLECULAR BIOLOGY  Vol. 57  No. 2  2023
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Table 2. Forward (F) and reverse (R) primers

Gene Nucleotide sequence

GAPDH F: 5'-AGATCATCAGCAATGCCTCCT-3'
R: 5'-TGGTCATGAGTCCTTCCACG-3'

B2M F: 5'-CGCTCCGTGGCCTTAGCTGT-3'
R: 5'-AAAGACAAGTCTGAATGCTC-3′

TUBβ F: 5'- TGGTGGATCTAGAACCTGGGA-3'
R: 5'- CTGCCCCAGACTGACCAAAT-3'

PARP1 F: 5'-TGCCTATTACTGCACTGGGG-3'
R: 5'-TCTCGGAATTCCTTTGGGGTT-3'

PARP2 F: 5'-TCCTAAGGCCGAAGGATTGC-3'
R: 5'-CCCATTCAGGGTGACGAAGT-3'

UNG2 F: 5'-AAGCAAGGTGTTCTCCTTCTCA-3'
R: 5'-GCCAGGACACAACTGCATC-3'

APE1 F: 5'- GATCTCGCGAGTAGGGCAAC-3'
R: 5'- TTCGGCATTCCCGTTACGAA-3'

POLβ F: 5'-GAACACTCTGGGGTTCTCGG-3'
R: 5'-TGCGAGTTCTGTGAGCATGT-3'

LIG3 F: 5'-GAACACTCTGGGGTTCTCGG-3'
R: 5'-TGCGAGTTCTGTGAGCATGT-3'

XRCC1 F: 5'-TACAGCAAGGACTCCCCCTT-3'
R: 5'-CACTGTCACCTTCTGGGACG-3'
Amersham Imager 600 instrument (GE Healthcare,
United States).

Generation of DNA structures containing an AP site
or a cleaved AP site with 5'-dRP. The structures were
produced from uracil-containing DNAs with the use of
UDG immediately before an experiment. U-DNA was
used at a ratio of 1 μM U-DNA : 0.1 units/μL UDG.
The reaction was carried out in a TE buffer (10 mM
Tris-HCl, pH 7.8, 1 mM EDTA) at 37°C for 30 min.

Estimation of the PARylation level in cell extracts.
The reaction mixture (10 μL) contained 0.6 A260/mL
activated DNA, 20 μM radiolabeled [32P]NAD+

([32P]NAD+ : NAD+= 1 : 9), 0.5 mg/mL extract or
30 nM PARP1, 5 mM MgCl2, and buffer components
(50 mM Tris-HCl, pH 8.0, 40 mM NaCl, 0.1 mg/mL
BSA, 1 mM DTT). The mixture was incubated at
37°C for 1 min. An aliquot (4 μL) was taken and put
onto a paper target soaked with trichloroacetic acid
(TCA) to stop the reaction. Targets were washed three
times with 5% TCA and two times with ethanol, dried,
and autoradiographed.

UDG assays of cell extracts. The reaction mixture
(10 μL) contained 0.1 μM labeled [32P]U-DNA
(DNA-1 or DNA-4, Table 1), 0.05 mg/mL extract or
0.1 units/μL UDG, 10 mM EDTA, 400 μM NAD+

(where specified), and buffer components (50 mM
Tris-HCl pH 8.0, 40 mM NaCl, 5% glycerol,
0.1% Nonidet P-40, 1 mM DTT). The reaction was
MOLECULAR BIOLOGY  Vol. 57  No. 2  2023
carried out at 37°C. Aliquots (2 μL) were taken after 2,
5, and 10 min of incubation; combined with an equal
volume of 100 mM NaOH; and incubated at 60°C for
10 min. The reaction products were resolved by PAGE
in 20% gel in the presence of 7 M urea and 10% forma-
mide [33].

AP site processing by cell extract proteins. The reac-
tion mixture (10 μL) contained 0.1 μM [32P]-labeled
AP-DNA duplex (DNA-4 pretreated with UDG,
Table 1), 0.01 mg/mL extract or 1 nM APE1, 5 mM
MgCl2, 400 μM NAD+ (where specified), and buffer
components (50 mM Tris-HCl, pH 8.0, 50 mM NaCl,
1 mM DTT, 5% glycerol, 0.1% Nonidet P-40,
0.1 mg/mL BSA). The reaction was carried out at
37°C. Aliquots (2 μL) were taken after 2, 4, and 8 min
of incubation; combined with an equal volume of a
mixture of methoxyamine (100 mM) and EDTA
(50 mM); and incubated at 0°C for 30 min. The reac-
tion products were resolved by PAGE in 20% gel in the
presence of 7 M urea and 10% formamide; gels were
autoradiographed [33]. The efficiency of AP site cleav-
age by the lyase mechanism was assayed similarly,
except that the reaction mixture contained 20 mM
EDTA in place of magnesium ions and was incubated
for 10, 15, and 30 min.

DNA polymerase activity assays of cell extracts. The
reaction mixture contained 0.1 μM [32P]-labeled DNA
duplex (DNA-5 pretreated with UDG, Table 1),
0.05 mg/mL extract or 50 nM POLβ, 5 mM MgCl2,
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0.1 μM each dNTP, 400 μM NAD+ (where specified),
and buffer components (50 mM Tris-HCl, pH 8.0,
50 mM NaCl, 1 mM DTT, 5% glycerol, 0.1% Nonidet
P-40, 0.1 mg/mL BSA). The mixture was incubated at
37°C. Aliquots (2 μL) were collected after 5, 10, and
15 min of incubation and combined with 1 μL of
25 mM EDTA to stop the reaction. The reaction prod-
ucts were resolved by PAGE in 20% gel in the presence
of 7 M urea and 10% formamide; gels were autoradio-
graphed [33].

DNA ligase activity assays of cell extracts. The reac-
tion mixture contained 0.1 μM [32P]-labeled DNA
duplex (DNA-6, Table 1), 0.05 mg/mL extract or
0.1 units/μL T4 DNA ligase, 5 mM MgCl2, 1 mM
ATP, 400 μM NAD+ (where specified), and buffer
components (50 mM Tris-HCl, pH 8.0, 50 mM NaCl,
1 mM DTT, 5% glycerol, 0.1% Nonidet P-40,
0.1 mg/mL BSA). The mixture was incubated at 37°C.
Aliquots (2 μL) were taken after 5, 15, and 30 min of
incubation and combined with 1 μL of 25 mM EDTA to
stop the reaction. The reaction products were resolved
by PAGE in 20% gel in the presence of 7 M urea and
10% formamide; gels were autoradiographed [33].

DNA PARylation. The standard reaction mixture
(10 μL) contained 50 mM Tris-HCl (pH 8.0), 50 mM
NaCl, 1 mM DTT, 0.1 mg/mL BSA, 2 mM spermine,
0.15 mM NAD+, 10 mM EDTA, 20 nM [5'-32P]-
labeled substrate DNA (DNA-7, Table 1), and 200 nM
PARP3. The reaction mixture was incubated at 37°C for
15 min, supplemented with a cell extract (to 1.25 mg/mL
by protein) and/or PARP1 (200 nM) or PARP2
(200 nM), and incubated again at 37°C for 15 min.
The reaction was terminated by adding an equal volume
of formamide. The reaction products were resolved by
PAGE in 20% gel in the presence of 7 M urea and 10%
formamide; gels were autoradiographed [33].

Synthesis of [32P]NAD+. Radiolabeled NAD+ was
synthesized from [α-32P]ATP as described in [19]. The
reaction mixture contained 1 mM ATP, 10 MBq of [α-
32P]ATP, 20 mM MgCl2, 2 mM β-nicotinamide mono-
nucleotide, and 5 mg/mL nicotinamide-nucleotide
adenylyltransferase in 25 mM Tris-HCl (pH 7.5). The
mixture was incubated at 37°C for 60 min and then
heated at 90°C for 3 min to stop the reaction. Dena-
tured protein was removed by centrifugation, and the
supernatant was used as a source of NAD+ without
purification.

RESULTS AND DISCUSSION
PARP1 is a high-copy-number protein and per-

forms pleiotropic functions in the cell. The role of
PARP1 in various DNA repair mechanisms has been
studied with various experimental models, which each
have their advantages and drawbacks. At a particular
stage, in vitro reconstruction of a repair system from
whole-cell extracts and DNA intermediates that con-
tain DNA lesions characteristic of a particular repair
step provides a convenient and productive means to
analyze activities of DNA repair enzymes, including
BER. Cells with a lower PARP1 level open new
opportunities to study how PARP1 inf luences the
BER efficiency both at the level of proteins or their
activities and at the level of their mRNAs. We used
the HEK293T/P1-KD cell line, in which the PARP1
level was decreased by introducing a construct (the
LeGO Cer lentivirus vector) that inhibits PARP1
expression via the RNA interference mechanism.

First, the PARP1 levels were assessed in HEK293T
and HEK293T/P1-KD cells. RT–qPCR showed that
the PARP1 mRNA level in the HEK293T/P1-KD cell
line is reduced almost two times as compared with the
parental HEK293T cell line (Fig. 1a).

The results of Western blotting (Fig. 1b) agreed
with the RT–qPCR results and showed a substantial,
but incomplete decrease in PARP1 content. It should
be noted that a moderate decrease in PARP1 in
HEK293T/P1-KD cells has been noted by the
researchers who provided the cell line [34].

The efficiency of PAR synthesis catalyzed by
endogenous PARPs of whole-cell extracts was esti-
mated to further characterize the cell lines. Radiola-
beled [32P]NAD+ and activated DNA as a cofactor
were used for the purpose (Fig. 1c). Based on the
kinetics of PAR synthesis by endogenous PARPs of
extracts, a time point of 1 min was chosen in the linear
part of the kinetic curve. To ensure adequate compar-
isons, the PAR amount synthesized in extracts was
normalized to the PAR amount synthesized using
30 nM recombinant PARP1. The PAR synthesis levels
correlated well with the PARP1 mRNA levels and the
PARP1 amounts estimated by Western blotting.
A comparison with the PAR levels synthesized in
extracts is correct because PARP1 synthesizes more
than 90% of PAR in the cell according to published
data [6–10]. Thus, a decrease in the PAR amount syn-
thesized in cell extracts corresponded to the extent of
inhibition of PARP1 expression.

Comparisons of Relative Levels of PARP2, UNG, APE1, 
POLβ, LIG3, and XRCC1 mRNAs between HEK293T 

and HEK293T/P1-KD Cells

Total RNAs isolated from HEK293T and HEK-
293T/P1-KD cells were used to estimate how the
change in PARP1 content affects the levels of mRNAs
coding for SP-BER proteins. Figure 2 shows the rela-
tive levels estimated for several key SP-BER proteins,
including PARP2, UNG, APE1, POLβ, LIG3, and
XRCC1, as estimated by RT–qPCR. The PARP2
mRNA level in PARP1 knockdown cells was reduced
approximately two times as compared with cells of the
parental line. Expression of UNG2, APE1, POLβ, and
LIG3 decreased to a lower extent in knockdown cells,
while XRCC1 expression was moderately increased.
MOLECULAR BIOLOGY  Vol. 57  No. 2  2023
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Fig. 2. Comparison of the PARP2, UNG2, APE1, POLβ, LIG3, and XRCC1 mRNA levels between HEK293T and
HEK293T/P1-KD cells. The mRNA levels were measured in three independent experiments. The p-value was calculated
using the Mann–Whitney test. Differences were considered significant at *p ≤ 0.05.
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Efficiencies of BER Steps in Extracts of HEK293T
and HEK293T/P1-KD Cells

Functional tests with [32P]-labeled DNA structures
mimicking the intermediates of respective BER steps
and whole-cell extracts were used to study the effect of
PARP1 on activities of SP-BER proteins at various
MOLECULAR BIOLOGY  Vol. 57  No. 2  2023
repair steps, including uracil excision, AP site process-
ing, DNA synthesis, and end ligation. Additional tests
were carried out in the presence of NAD+ to estimate
the possible effect of PAR synthesis on the BER steps.

Uracil excision from DNA. In a general case, BER
starts with excision of a damaged nitrogenous base by
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Fig. 3. Efficiency of uracil excision from DNA. The reaction mixture (10 μL) contained 0.1 μM [32P]-labeled uracil-containing
DNA, a whole-cell extract (final concentration 0.05 mg/mL) or UDG, and buffer components. 
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DNA glycosylases. Uracil is one of the base lesions
repaired via BER. Uracil is occasionally added in place
of thymine during DNA synthesis or arises as a result of
spontaneous and enzymatic cytosine deamination. It is
thought that 70–200 spontaneous cytosine deamina-
tion events occur in a single cell daily [35].

Three types of uracil-DNA glycosylases are found
in higher eukaryotic cells [36]: single strand-selective
monofunctional uracil glycosylase (SMUG), mito-
chondrial UNG1, and nuclear UNG2. UNG2 and
SMUG1 initiate BER in the majority of DNA con-
texts [36].

To detect uracil excision from DNA, we used alka-
line treatment, which cleaves the sugar-phosphate
backbone at AP sites, which result from uracil exci-
sion. The uracil excision efficiency was compared
between double- and single-stranded DNAs (DNA-1
and DNA-4, Table 1).

No significant difference in uracil excision effi-
ciency was observed between single- and double-
stranded substrates in extracts of the two cell lines
(Fig. 3). In addition, NAD+ did not significantly affect
the uracil excision efficiency.

It should be noted that a DNA substrate mimicking
the intermediate of a certain BER step served as a
cofactor necessary for activating PARP1 when we
studied how PAR synthesis affects the activities of
endogenous enzymes in cell extracts. Preliminary
experiments with recombinant PARP1 were per-
formed to compare the cofactor characteristics of acti-
vated DNA conventionally used in PARP1 activity
assays and BER DNA substrates used at 0.1 μM. This
concentration of BER DNA substrates was used to
measure the activities of BER enzymes in extracts.
The PAR synthesis rate in the presence of BER DNA
substrates was approximately half as high as in a stan-
dard mixture with activated DNA (0.6 A260/mL). Ura-
cil excision from a strand yields an AP site, which is
processed then.

AP site processing. Hydrolysis or cleavage via a β-or
β,δ-elimination mechanism mediates the breakage of
the sugar-phosphate backbone at the AP site. Hydroly-
sis makes the major contribution to AP site processing
in mammalian cells, producing a break with 3'-hydroxyl
and 5'-deoxyribose phosphate groups [37]. APE1
hydrolyzes 95% of AP sites in mammalian cells [38].

Discrepant data have been reported on how PARP1
and APE1 affect each other during BER. Both stimu-
latory and inhibitory effects have been observed upon
cooperation of the two enzymes [12, 13, 39–41]. The
efficiency of AP site cleavage in our experiments is
shown in Fig. 4. The extent of AP site hydrolysis in a
HEK293T/P1-KD cell extract was somewhat lower
than in a cell extract of the parental line. Thus, PARP1
exerted a weak stimulatory effect in the conditions
used. NAD+ as a PARylation substrate did not consid-
erably affect the process.

To estimate the contribution of Mg2+-independent
AP site cleavage, EDTA was added to the reaction
mixture to inhibit the binding of metal ions with
APE1. In these conditions, AP sites can be cleaved via
a lyase mechanism by bifunctional DNA glycosylases
and other enzymes that possess AP lyase activity [1, 2,
6, 13, 14]. In particular, PARP1 and PARP2 possess
lyase activity according to our data [6, 13, 14].
A hydrolytic mechanism that does not require magne-
sium ions for catalysis is also possible for enzymatic
cleavage of AP sites. Tyrosyl-DNA phosphodiesterase
is one of the enzymes that utilize this mechanism [42].
The contribution of magnesium-independent AP site
processing was low in our conditions, amounting to
4–6%. These variants of AP site cleavage are capable
of providing for APE1-independent AP site process-
MOLECULAR BIOLOGY  Vol. 57  No. 2  2023
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Fig. 4. Efficiency of AP site hydrolysis. The reaction mixture (10 μL) contained 0.1 μM [32P]-labeled AP-DNA, a whole-cell
extract (final concentration 0.01 mg/mL) or 1 nM АРE1, 5 mM MgCl2, 400 μM NAD+ (where specified), and buffer compo-
nents. The results are shown as mean ± standard deviation as obtained in three independent experiments. 
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ing, but are far less efficient and may help to sustain
cell viability when APE1 is lost.

DNA synthesis in the gap resulting from AP site
processing is the next step of BER. POLβ makes the
greatest contribution to filling in the gap in a SP-BER
substrate [43].

Experiments with recombinant proteins and sev-
eral cell extracts in our lab have shown that PARP1 can
decrease DNA-polymerase activity of POLβ, espe-
cially in strand displacement synthesis [40, 41, 44].
Automodification decreases the inhibitory effect of
PARP1. Dana on DNA synthesis are shown in Fig. 5.
The primer extension efficiency in a HEK293T/P1-KD
cell extract with a lower PARP1 content was somewhat
higher than in an extract of the parental cell line. This
was observed for both addition of a single nucleotide in
the case of SP-BER and addition of several nucleo-
tides in the case of LP-BER. Primer extension by a
higher number of nucleotides was disregarded in our
quantitative analysis. In conditions of PAR synthesis
(in the presence of NAD+), the DNA synthesis effi-
ciency was slightly higher in both of the extracts. The
results can be explained in full by competition for sub-
strate binding between POLβ and PARP1 and, possi-
bly, PARP2. PARP1 and PARP2 have high affinities
for DNAs with gaps [44–46]. Automodified PARP1
shows lower affinity for DNA as compared with
unmodified PARP1 because of electrostatic repulsion
between DNA and PAR. This decreases the enzyme–
DNA complexation and consequently leads to less
efficient primer extension.

DNA ligation. Restoration of the integrity of the
sugar-phosphate backbone is the last step of SP-BER
and is carried out by ATP-dependent LIG3. LIG3
MOLECULAR BIOLOGY  Vol. 57  No. 2  2023
forms a stable complex with the XRCC1 architectural
protein, and the complex acts in BER [46]. XRCC1
lacks catalytic activity, but forms binary and ternary
complexes with several BER enzymes (proteins) to
ensure their concerted action, which is due, to a great
extent, to the XRCC1 capabilities of binding with BER
proteins, undergoing PARylation, and binding with
PAR [46, 47].

A DNA substrate with a break in one of the strands
(DNA-6, Table 1) was used to assay DNA ligase activ-
ity in extracts of the two cell lines. Figure 6 shows the
efficiency of nick ligation in the extracts within 5, 15,
and 30 min. The incubation duration was increased as
compared with the other BER reactions because the
ligation efficiency is lower, and partly hydrolyzed oli-
gonucleotides were detected in the samples as a result.
A significant difference in ligation efficiency was not
observed between the extracts with a normal or modi-
fied PARP1 content. PAR synthesis did not affect the
ligation efficiency.

DNA PARylation is another process recently found
to involve PARPs [18–23]. PARylation of DNA ends
by PARP1 and PARP2 activities and mono(ADP-ribo-
syl)ation by PARP3 have been demonstrated in our and
other studies [18–23]. Moreover, 5′-mono(ADP-ribo-
syl)ated DNAs are more efficient substrates of PAR
chain extension by PARP1 and PARP2 as compared
with unmodified DNAs. DNA PARylation by endog-
enous PARPs has been observed in several mamma-
lian cell extracts with different PARP1 contents. The
DNA PARylation pattern has been found to depend on
the PARP1 content [18, 19, 21–23]. DNA PARylation
is possible to consider as a mechanism that protects
the double-stranded ends from degradation by cell
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Fig. 5. Efficiency of DNA synthesis. The reaction mixture (10 μL) contained 0.05 mg/mL extract protein or 50 nM POLβ, 5 mM
MgCl2, 0.1 mM each dNTP, 0.1 μM [32P]-labeled DNA, 400 μM NAD+ (where specified), and buffer components. The results
are shown as mean ± standard deviation as obtained in three independent experiments. 
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Fig. 6. Efficiency of DNA ligation. The reaction mixture (10 μL) contained 0.1 μM [32P]-labeled DNA duplex, 0.05 mg/mL
extract protein or 0.1 units/μL T4 DNA ligase, 5 mM MgCl2, 1 mM ATP, 400 μM NAD+ (where specified), and buffer compo-
nents. The results are shown as mean ± standard deviation as obtained in three independent experiments. 
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nucleases. Given the specific requirements of PARPs
to the DNA structure in the DNA (ADP-ribosyl)ation
reaction, the protective effect is possible to occur when
double-stranded ends and breaks or gaps are within one
or two helix turns to ensure the time interval necessary
for single-strand break repair [20, 21, 23]. The differ-
ence in PARP1 and, probably, PARP2 contents
between extracts of the two cell lines made it possible
to expect a difference in DNA modification pattern.
DNA PARylation in extracts was studied with DNA-7,
which contained a single-strand gap (Fig. 7). DNA-7
is a model BER substrate and has been used in our
previous experiments [21, 23]. DNA PARylation by
endogenous PARPs took place in both of the extracts
(Fig. 7; 11, 12), but its low yield complicated the analy-
sis. Much the same results have been obtained with
structurally similar DNA duplexes and mammalian cell
extracts, and the yield of PARylation products has been
found to substantially increase when DNA is prelimi-
narily modified with a single ADP-ribose residue [19].
MOLECULAR BIOLOGY  Vol. 57  No. 2  2023
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Fig. 7. DNA PARylation. The standard reaction mixture (10 μL) contained 50 mM Tris-HCl, pH 8.0, 50 mM NaCl, 1 mM DТТ,
0.1 mg/mL BSA, 2 mM spermine, 0.15 mM NAD+, 10 mM EDТА, 20 nM [5'-32P]-labeled DNA substrate (DNA-7, Table 1),
and cell extract protein (1.25 mg/mL). Mixtures were incubated at 37°C for 15 min (11 and 12). In some cases, mixtures were
supplemented with 200 nM PARP3, incubated at 37°C for 15 min, combined with cell extract protein (to 1.25 mg/mL) and/or
PARP1 (200 nM) and PARP2 (200 nM), and further incubated at 37°C for 15 min. 
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PARP3 is the most convenient to use to introduce this
modification (Fig. 7, 1) [18]. Subsequent incubation
with extract protein alone or in combination with
recombinant PARP3 and/or recombinant PARP1 and
PARP2 (Fig. 7, 4–8) yielded PARylated DNA, which
contained products of step-by-step primer extension
with ADP-ribose residues and high-molecular-weight
products, which were not resolved by electrophoresis
(shown with a bracket on the left).

Primer PARylation in a HEK293T/P1-KD cell
extract was less efficient than in a HEK293T extract;
the product yields were 71 and 84%, respectively (Fig. 7;
6, 7). Recombinant PARP1 and PARP2 produced dif-
ferent oligonucleotide PARylation patterns. Products
of step-by-step primer extension with ADP-ribose
residues and a minor amount of high-molecular-
weight products were observed in the case of PARP1,
whereas PARP2 produced mostly high-molecular-
weight products, which remained unresolved upon
electrophoresis, while primer molecules with rela-
tively few ADP-ribose residues were almost undetect-
able (Fig. 7; 8, 9). When both PARP1 and PARP2
were present in the reaction mixture, the primer
PARylation pattern was characteristic of PARP2, indi-
cating that PARP2 efficiently functions in the process.
When PARP1 and PARP2 were added to cell extracts,
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the product distribution pattern changed insignificantly
as compared with the patterns obtained using the
extracts alone (Fig. 7; compare lanes 2 + 3 and 4 + 5
with 6 + 7). However, note that the amount of the
unmodified mono(ADP-ribosyl)ated primer decreased
when PARP2 was added to the extracts (from 16 to 5%
in the case of HEK293T and from 29 to 6% in the case
of HEK293T/P1-KD). PARP1 and PARP2 added to
the extracts each shifted the product distribution to
their characteristic patterns. The effect was more dis-
tinct in the case of PARP2. However, the effect of
PARP2 added to the extracts was far lower than in a
system reconstructed from purified proteins, where
the product distribution pattern obtained with equim-
olar amounts of PARP1 and PARP2 was virtually
undistinguishable from the pattern obtained with
PARP2 alone. This was most likely explained by com-
petition with other cell DNA-binding proteins. In
total, a lower PARP1 content in the extract did not
principally change the DNA PARylation pattern. The
results clearly demonstrate that the three PARPs acti-
vated upon interaction with DNA cooperate in DNA
PARylation.

To summarize, the PARP1 content in extracts did not
significantly affect the activities of the main SP-BER
enzymes and DNA PARylation. The mRNA levels of
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the BER enzymes were also not affected significantly
by the PARP1 content. It seems that relatively low
effects of PARP1 can contribute to the fine tuning of
the activities of BER enzymes in the absence of severe
cell stress. Our finding that a weak effect is exerted by
PARP1 on activity of the BER system agree with the
current views that the throughput capacity of the BER
system is redundant and that extra amounts of non-
demanded proteins are processed, for example, by the
ubiquitin-dependent proteolysis system [48–50].
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