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Abstract: Autoradiography of 32P-radiolabeled oligonucleotides is one of the most precise detection
methods of DNA repair processes. In this study, autoradiography allowed assessing the activity of
proteins in the cytoplasm involved in DNA repair. The cytoplasm is the site of protein biosynthesis
but is also a target cellular compartment of synthetic therapeutic oligonucleotide (STO) delivery. The
DNA-based drugs may be impaired by radiation-induced lesions, such as clustered DNA lesions
(CDL) and/or 5′,8-cyclo-2′-deoxypurines (cdPu). CDL and cdPu may appear in the sequence of STO
after irradiation and subsequently impair DNA repair, as shown in previous studies. Hence, the
interesting questions are (1) is it safe to combine STO treatment with radiotherapy; (2) are repair
proteins active in the cytoplasm; and (3) is their activity different in the cytoplasm than in the
nucleus? This unique study examined whether the proteins involved in the DNA repair are affected
by the CDL while they are still present in the cytoplasm of xrs5, BJ, and XPC cells. Double-stranded
oligonucleotides with bi-stranded CDL were used (containing AP site in one strand and a (5′S) or
(5′R) 5′,8-cyclo-2′-deoxyadenosine (cdA) in the other strand located 1 or 4 bp in both directions). The
results have shown that the proteins involved in the repair were active in the cytoplasm, but less than
in the nucleus. The general trends aligned for cytoplasm and nucleus—lesions located in the 5′-end
direction inhibited the course of DNA repair. The combination of STO with radiotherapy should be
applied carefully, as unrepaired lesions within STO may impair their therapeutic efficiency.

Keywords: 5′,8-cyclo-2′-deoxyadenosine (cdA); 5′,8-cyclo-2′-deoxypurine (cdPu); nucleic acids;
DNA repair; DNA damage; clustered DNA lesions; cytoplasm; therapeutic oligonucleotides; gene
therapy; autoradiography

1. Introduction

Autoradiography of 32P-radiolabeled material is one of the most precise detection
methods of DNA repair processes. The technique has been known for over 70 years in
the context of biological applications, such as single-cell analysis [1]. Although it requires
specially trained personnel, specialized instruments, and meeting special requirements
(which comprise the major limitations of the technique), it remains a low-cost, simple, and
highly sensitive detection technique. Thanks to its efficiency, it is commonly used in nucleic
acid studies [2–10]. In this study, the autoradiography of 32P-radiolabeled oligonucleotides
allowed the detection of changes within oligonucleotides after treatment with cytoplasmic
extracts (CE). Samples were radiolabeled (Figure 1A), treated with CE (Figure 1B), and
subsequently separated by polyacrylamide gel electrophoresis (PAGE). The results were
visualized on the autoradiography film (Figure 1C). Ionizing radiation (IR) emitted during
the decay of 32P isotope (here, located on the 5′-end of double-stranded oligonucleotides)
interacts with the silver halide grains of the emulsion on the autoradiography film. The
visible image with blackened spots is obtained after photographic development [11]. The
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spatial distribution and the amount of the radioactivity corresponding to each reaction
product were assessed by densitometric analysis (Figure 1C) [12]. This way, the quantitative
changes of 32P-5′-end-labeled oligonucleotides after reactions with CE have been detected.
Subsequently, the activity of proteins involved in the DNA repair was evaluated based on
the quantity of each reaction product (Figure 1C).

IR is one of the most dangerous factors acting upon the DNA molecule. As the base
of radiotherapy, it induces complex DNA damage that leads to the death of cancer cells
(including clusters containing double-strand breaks (DSB) and non-DSB lesions) [13]. The
dose of 4 Gy (considered lethal to humans) generates approximately 5000 base lesions,
5000 single-strand breaks (SSB), 600 cross-links, or 160 DSB per cell per day [14]. The
IR may lead, among others, to the 5′,8-cyclo-2′-deoxypurines (cdPus) formation. CdPus,
represented in this article by a 5′,8-cyclo-2′-deoxyadenosine (cdA), are bulky structures
(Figure 2A) assigned to the group of tandem lesions [15].

CdPus result from the formation of the covalent bond between C5′ and C8. This extra
bond stiffens the lesion structure. Subsequently, the rigidity of the neighboring part of the
DNA increases, leading to distortion of the double-stranded DNA helix [16]. CdA may
appear within clusters with non-DSB lesions resulting from IR action [17]. CdA occurs
in two diastereomeric forms—5′S and 5′R (Figure 2A), which show different biological
impacts, as previously described [10,18–24]. The levels of cdA are estimated as 0.01 (5′R
isomer) and 0.1 (5′S isomer) per every 106 DNA nucleosides [25].

Moreover, cdPus being part of the clustered DNA lesions (CDL, two or more lesions
within 1-2 DNA helical turns) impacts the helix structure and subsequently may impair the
repair of accompanying lesions [8,10,16,19,26]. The higher the number of individual lesions
accumulated on a small fragment of DNA, the more difficult the DNA repair. Such DNA
damage accumulation may lead to mutagenesis, subsequent cell death, or pathological
states such as carcinogenesis [27]. To prevent it, DNA repair systems coordinate lesion
recognition and removal followed by “rebuilding” DNA fragments to regain the correctness
of the genetic information [8,10,18]. The DNA repair proteins are synthesized in the
cytoplasm and, under certain conditions, are translocated into the nucleus to repair the
DNA in the case of lesion occurrence. The individual non-DSB lesions present within
the CDL are usually recognized and removed by base excision repair (BER) or the more
complicated nucleotide excision repair (NER) in a certain order to avoid the formation of
DSB. For example, AP sites are usually cleaved before base damage when located 5 bp
from each other, and the resulting SSB is repaired first [28]. Furthermore, studies have
shown that the presence of cdA impacts the action of repair proteins and/or the DNA
repair efficiency of the second lesion within the cluster [7,8,10,19,29–33].

CdPus, represented in this study by the cdA, are usually removed from the genome by
the NER system (with low efficiency) because no specific glycosylases are known (capable of
removing a single lesion via BER) [34]. The “problem” with cdA removal occurs when NER
machinery is defective/inactive [21,35–37]. In Xeroderma Pigmentosum (XP) patients, the
defect in the NER system may lead to DNA damage accumulation (mainly lesions caused
by IR), subsequent mutations, cells malfunctioning, and enhanced carcinogenesis [36,38].
New therapeutic approaches to increase radiotherapy efficacy are still needed [13,39].
New-generation drugs are represented by synthetic therapeutic oligonucleotides (STO)
such as antisense oligonucleotides (ASO), AsiDNA (Poly(ADP-Ribose) Polymerase (PARP)
inhibitor), mRNA, or siRNA, which are designed to play a role in regulating the expression
of genes, e.g., related to radioresistance [39–44]. The STO delivery to their biological
targets (nuclear or cytoplasmic compartments containing DNA and mRNA, respectively)
faces many challenges [42,45]. However, when successfully introduced to the cell, all
STO are present in the cytoplasm at some point during their trafficking. All molecules
present in the cytoplasm are susceptible to the damaging action of IR. It may subsequently
lead to dysfunctions in proteins’ biosynthesis and further impact the biological pathways
(e.g., DNA repair in the nucleus and/or mitochondria, the action of therapeutics such as
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STO) [46,47]. Therefore, it is worth investigating if damaged STO (e.g., by radiation) have a
chance to be repaired and act according to its therapeutic purpose.
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Figure 1. The schematic representation of an experimental procedure used in this study. (A) The sub-
strate oligonucleotides’ preparation (see Section 2.1). U represents the position of a 2′-deoxyuridine
(dU), which served as a precursor of an apurinic/apyrimidinic site (AP site); AP represents the
position of an AP site within the strand that was obtained from dU after treatment with uracil
DNA-glycosylase (UDG); green color represents a radiolabeled strand of ds-oligonucleotide (40 bp).
(B) The repair assay experiment (see Section 2.4). Reactions were conducted in 37 ◦C for 0, 1, 5, 15,
30, 60, 90, and 120 min. The 50 µg of cytoplasmic extracts (CE) was used (see Section 2.3). (C) The
visualization of obtained results by PAGE, autoradiography, and data analysis. SSB—single-strand
break, reaction product obtained after AP site cleavage resulting from the endonucleolytic activity of
CE; SSB+1, . . . —reaction products obtained after adding 1 or more nucleotides to the cleaved strand
resulting from polymerase activity of CE; SSB−1, . . . —reaction products obtained after removal of 1
or more nucleotides from the cleaved strand resulting from the exonucleolytic activity of CE; and
rejoined strand—reaction products obtained after reaching full repair of DNA strand.
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Figure 2. (A) The chemical structure of 5′,8-cyclo-2′-deoxyadenosine (cdA) with its 5′S and 5′R
diastereomers. (B) The list of investigated double-stranded oligonucleotides. U—the position of
an AP site within the strand which was obtained from 2′-deoxyuridine (dU) after treatment with
uracil DNA-glycosylase (UDG); X—the position of the cdA within the strand; 32P marks the 5′-end of
the strand radiolabeled with [γ-32P]ATP; green color—a radiolabeled strand of ds-oligonucleotides
(40 bp) and corresponding cleavage product (observed on autoradiograms; its length depends on the
AP site location); negative numbers—ds-oligonucleotides with clustered DNA lesions placed on two
strands where AP site is located 1–4 bp in 3′-end direction; positive numbers—ds-oligonucleotides
with clustered DNA lesions placed on two strands where AP site is located 1–4 bp in 5′-end direction.

This study mainly considered the safety of combining radiation treatment with ther-
apeutic oligonucleotides applied as a part of gene/anticancer therapy. If the proteins
involved in processing/repair of clustered, complex DNA lesions were to be determined
as not active in the cytoplasm, the use of STO before cancer cells’ irradiation should be
carefully considered in the context of other therapeutic schemes. In this scenario, irradi-
ation might damage the STO sequence, which when left unrepaired could give adverse
therapeutic effects. This issue has been investigated by (1) testing whether the proteins
involved in DNA damage processing/repair were already active in the cytoplasm and
(2) assessing the difference between protein activities involved in the DNA damage process-
ing in the cytoplasm and the nucleus. The article describes the complex case of CDL (con-
taining cdA and an AP site), which may be formed as a result of irradiation [26,29,48–50].
This study showed how (5′S) and (5′R) 5′,8-cyclo-2′-deoxyadenosine affect the repair of
clustered DNA damage in the cytoplasm of three cell lines (xrs5, BJ, and XPC). The set of
double-stranded 40-mer oligonucleotides containing cdA in one strand and an AP site in
the complementary strand at different positions (Figure 2B) was used as an experimental
model, and autoradiography was used as a detection technique (Figure 1).
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The efficiency of proteins involved in nuclear and mitochondrial DNA repair processes
of CDL containing cdPu has been widely studied [6–10,19,30,32,51–55]. Nonetheless, the
activity of these proteins was not yet assessed in the cytoplasm. As new therapies arise,
specially designed to combine with radiation (such as STO), a detailed understanding of
the nature, mechanisms, and implications of the cdA and CDL is especially important.

2. Materials and Methods
2.1. Substrate Oligonucleotides-Containing AP Site

The substrate single-stranded oligonucleotides were synthesized as previously de-
scribed [56]. The sequences of dsDNA containing cdA in one strand and an AP site in the
opposite strand (distanced up to 4 bp in both directions) are presented in Figure 2B and
Table S1. Positive numbers (+) were used for dU located in the 5′-end direction and negative
numbers (−) were used for dU located in the 3′-end direction from cdA. Substrate oligos
were stable in the experimental conditions, as shown previously [8,19]. Moreover, ds-oligos
with cdA in their sequence (Control 2) were treated with CE to confirm no additional
interactions (Figure S1). Mass spectra of oligonucleotides are presented in Supplementary
Materials (Figure S2, Table S2).

The substrate ds-oligonucleotides containing AP sites were prepared as described
previously [6–8,10,19,30]. Briefly, ss-oligos were 5′-32P-end-labeled using 2 µCi [γ-32P]ATP
(3000 Ci/mmol, 10 mCi/mL, Hartmann Analytic GmbH, Braunschweig, Germany), hy-
bridized with 1.5-fold excess of the complementary strand and treated with 5U of UDG
(New England BioLabs, Ipswich, MA, USA). To confirm AP site formation, samples were
treated with 5U human apurinic/apyrimidinic endonuclease (hAPE1) (New England Bio-
Labs Ipswich, MA, USA). Each step of the process was verified on 15% native or denaturing
polyacrylamide gel (Figure S3). The experimental procedure is shown in Figure 1A.

2.2. Cell Cultures

Three cell lines were investigated: xrs5 (X-ray sensitive Chinese hamster ovarian
mutant cell line; used as an established model for in vitro studies on CDL repair), BJ
(normal human fibroblasts; used as a reference cell line with unimpaired repair systems),
and XPC (fibroblasts obtained from Xeroderma Pigmentosum patient complementation group
C; used as a model of NER-deficient cells). The xrs5 cell line (CRL-2348, ATCC, VA, USA)
was cultured in MEM Alpha (Corning Inc., Corning, NY, USA) supplemented with 10% FBS
(Biowest, MO, USA), the BJ cell line (CRL-2522, ATCC, Manassas, VA, USA) was cultured
in MEM with Earle’s salts and non-essential amino acids supplemented (Gibco, Shanghai,
China) with 10% FBS (Biowest LLC, Riverside, MO, USA), and the XPC cell line (GM17420
skin fibroblasts, purchased from the Coriell Institute for Medical Research (Camden, NJ,
USA)) was cultured in MEM with Earle’s salts and non-essential amino acids (Gibco) and
supplemented with 15% FBS (Biowest LLC, Riverside, MO, USA).

2.3. Preparation of Cytoplasmic Extracts

Cells were harvested in the exponential phase, and the CE was obtained using a NE-
PER™ Nuclear and Cytoplasmic Extraction Reagents kit (ThermoFisher Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions. The protein concentration in
CE aliquots was tested using colorimetric Pierce™ 660 nm Protein Assay (ThermoFisher
Scientific, Waltham, MA, USA) and found between 7.4 and 17.3 mg/mL (xrs5), 7.8 and
21.7 mg/mL (BJ), and 7.4 and 13.6 mg/mL (XPC). Aliquots were stored no longer than
6 months at −80 ◦C.

2.4. Repair Assays

The substrate ds-oligos (200 CPS) were incubated with 50 µg of CE in the repair buffer
(70 mM Tris-HCl (pH 7.5), 5 mM MgCl2, 10 mM DTT, 4 mM ATP, 40 mM PCr, 1.6 µg/mL
CK (EC 2.7.3.2), and 0.1 mM of each: dATP, dCTP, dGTP, and dTTP) for 0, 1, 5, 15, 30,
60, 90, and 120 min at 37 ◦C (Figure 1B). After the required time, a denaturing loading
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buffer was added, and samples were examined on a 15% denaturing polyacrylamide gel.
Results were visualized by autoradiography (Figure 1C). For consistency, experiments were
performed three times. Quantity One software (Bio-Rad, Hercules, CA, USA) was used for
data quantification: the processing of AP sites in time was observed on radiograms and
expressed as the % of individual bands’ intensity (compared to the total intensity of bands
for each lane), as described previously [8].

3. Results

The study examined the changes in the activity of proteins involved in DNA damage
processing/repair in the cytoplasm of three cell lines (xrs5, BJ, and XPC). The influence
of the distance between lesions (cdA and AP site) within CDL was assessed. Moreover,
stereoisomers of cdA and their different impacts on protein activity toward the AP site
were evaluated.

The synthetic ds-oligonucleotides with AP sites in various positions in one strand and
cdA in an opposite strand (ScdA and RcdA) were used as an experimental model (Figure 2,
Table S1). Each step of the substrates’ preparation was verified: 5′-32P-end-labeling of
ss-oligos and hybridization (Figure S3), formation of AP sites (derived from dU after UDG
digestion), and subsequent formation of SSBs (derived from AP sites after hAPE1 digestion)
(Figure S3). The substrate ds-oligos containing cdA were stable during treatment with
cellular extracts and pure glycosylases, as shown previously [7,8,10,18,30]. An additional
test was performed to determine the influence of CE; the stability of substrate oligos in
experimental conditions was confirmed up to 120 min (Figure S1).

The activity of CE (containing proteins involved in DNA damage processing and repair
mechanisms) was verified. The enzymes’ activities towards ds-oligonucleotide containing a
single AP site (Control 1, Figure 2, Table S1) are presented in Table 1 (endonuclease activity
(strand incision, i.e., formation of SSB), polymerase activity (strand elongation, i.e., SSB+1,
SSB+2, etc.), and exonuclease activity (strand degradation, i.e., SSB-1, SSB−2, etc.)). The
presented values served as a reference activity of CE for further experiments.

Table 1. The enzymatic activities of cytoplasmic extracts for Control 1 oligonucleotide (containing a
single AP site). Raw numerical data are presented in Supplementary Materials in Tables S3–S5.

xrs5 [%] BJ [%] XPC [%]

Endonucleolytic activity (1 min) 71.0 78.73 64.01
Polymerase activity (30 min) 39.19 31.98 35.82

Exonucleolytic activity (120 min) 2.38 4.69 8.89

Double-stranded DNA (40 bp, Figure 2, Table S1) containing a single cdA lesion in one
DNA strand and a single AP site in the opposite DNA strand located up to four nucleobases
in both 3′-end and 5′-end directions was incubated with CE (50 µg). The relative positions
of lesions were chosen for this study as the most problematic ones based on the previous
data [5,7,8,10,30]. This work has focused on the observation of the AP site processing
(as a lesion accompanying cdA within CDL). The exemplary autoradiogram is shown in
Figure 3.

The evaluation included AP site incision efficiency (endonucleolytic activity), sub-
sequent DNA synthesis (polymerase activity), and strand degradation (exonucleolytic
activity) by cytoplasmic proteins involved in DNA damage processing/repair and their
comparison between cytoplasmic and nuclear extracts of three cell lines: xrs5, BJ, and
XPC (numerical data, graphs with SD, and autoradiograms of individual repeats of each
experiment are presented in Supplementary Materials).
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Figure 3. The exemplary autoradiogram of denaturing PAGE (cytoplasmic extract of xrs5 cells). The
following protein activities can be observed: the endonucleolytic activity (bands denoted as SSB;
dsDNA with single-strand break formed after strand incision by endonucleases), the polymerase
activity (bands denoted as SSB+1, SSB+2, etc.; dsDNA with a single-strand break after incorporation of
1 or more undamaged nucleotides by polymerases), and exonucleolytic activity (SSB−1, SSB−2, etc.;
dsDNA with a single-strand break after removal of 1 or more nucleotides by exonucleases). In some
cases, strand rejoining is also observed, but it is not the focus of this article. Each lane corresponds to
a different assay time: lane 1—0 min; lane 2—1 min; lane 3—5 min; lane 4—15 min; lane 5—30 min;
lane 6—60 min; lane 7—90 min; and lane 8—120 min. Each experiment was performed three times for
results consistency (individual replications, numerical data, and graphical representation of results
with SD are available in Supplementary Materials).
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3.1. The DNA Strand Incision—Endonucleolytic Activity of Cytoplasmic Extracts

The incision rate at which dsDNA with an AP site in one strand and cdA in the
complementary strand was examined. Endonucleases present in CE produce SSB (ob-
served as bands corresponding to 16-mer for −4 position up to 24-mer for +4 position)
(Figures 2, 3 and S4–S9).

SSBs were formed for all investigated substrates in all three cell lines after 1 min of
incubation with CE (at a minimum rate of ~53%), showing that proteins with endonucle-
olytic function are active and quite efficient in all tested CE. Exceptions were noted for
xrs5 ScdA/dU+4 and RcdA/dU+4, in the cases of which it took 5 min to reach 65.8% and
51.01%, respectively (Tables S6 and S7); also, RcdA/dU+4 in XPC cells increased from
38.54% after 1 min to 86.58% after 5 min (Table S11). Rates for Control 1 ranged from ~64%
(XPC) to ~79% (BJ). Incision yields differed depending on the lesion distribution and were
increasing in the order presented in Table 2.

Table 2. The general trends of endonucleolytic activity observed after 1 min of reaction time for
oligonucleotides containing ds-CDL (shown in Figure 2 and Table S1) treated with cytoplasmic
extracts (CE) obtained from three cell lines (raw numerical data is presented in Supplementary
Materials in Tables S6–S11) and with nuclear extracts (NE) obtained from three cell lines in previous
studies [8,32]. Frames indicate substrates with incision efficiency higher than for corresponding
Control 1 (Table 1 and [8,30]).

Strand Incision xrs5 BJ XPC

CE +4 < −1 < +1 < −4 < 0 (ScdA)
+4 < −1 < −4 < +1 < 0 (RcdA)

+4 < −1 < 0 < +1 < −4 (ScdA)
+4 ~ −1 < +1 < 0 < −4 (RcdA)

−1 < +4 < +1 < 0 < −4 (ScdA)
+4 < −1 ~ 0 < +1 < −4 (RcdA)

NE +4 < −1 < 0 < +1 < −4 (ScdA)
+4 < −4 < −1 < +1 < 0 (RcdA)

+4 < −1 < +1 < 0 < −4 (ScdA)
+4 < −1 < −4 < +1 < 0 (RcdA)

+4 < −1 < −4 < 0 < +1 (ScdA)
+4 < −1 < −4 < +1 < 0 (RcdA)

The lowest endonucleolytic activity was observed for dU+4 in the case of all three
cell lines for both diastereomers, which corresponded with the activity noted in previ-
ous studies concerning NE (Table 2, Figure 4) [8,30]. In the cytoplasm, the lowest enzy-
matic efficiency for dU+4 ranged from 39.87% for ScdA in xrs5 to 67.57% for RcdA in BJ
(Tables S6–S11).

As described previously, RcdA inhibited endonucleolytic activity in NE more than
ScdA [8,30]. This phenomenon seems to align with endonucleolytic activity in CE only
for xrs5 and, to some extent, for XPC. Xrs5 cells showed approximately 7–19% lower rates
for oligos with RcdA than ScdA (Tables S6 and S7, Figure 4). At the same time, the XPC
showed an incision efficiency 11–28% lower for RcdA in the cases of dU0, dU-4, and dU+4,
while for dU+1 and dU−1, levels were comparable between isomers (ScdA/dU−1: 58.17%,
RcdA/dU−1: 60.64%, ScdA/dU+1: 69.91%, and RcdA/dU+1: 70.52%) (Tables S10 and S11).
Interestingly, BJ cells presented the opposite trend. RcdA did not inhibit strand incision
but enhanced it by approximately 2–14% (except for dU+1, which showed similar levels of
~77–78% for 5′S and 5′R) (Tables S8 and S9).

Moreover, only some substrates have shown efficiency rates higher than their cor-
responding Control 1 level (Tables 1 and 2, Figure 4); for xrs5: ScdA/dU0, RcdA/dU0,
and ScdA/dU−4 with a maximum of 79.41%, for BJ: ScdA/dU−4, RcdA/dU−4, and
RcdA/dU0 with a maximum of 85.61%; and for XPC: ScdA/dU0, ScdA/dU−4, RcdA/dU−4,
ScdA/dU+1, RcdA/dU+1, and ScdA/dU+4 with a maximum of 85.89% (Tables S6–S11).
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Figure 4. The endonucleolytic activity (observed after 1 min of reaction time) for oligonucleotides
containing ds-CDL (shown in Figure 2 and Table S1) treated with cytoplasmic extracts (CE) obtained
from three cell lines—xrs5, BJ, and XPC (raw numerical data is presented in Supplementary Materials
in Tables S6–S11) and with nuclear extracts (NE) obtained from the same cell lines in previous
studies [8,30].

3.2. The DNA Strand Elongation—Polymerase Activity of Cytoplasmic Extracts

The polymerase activity of CE towards oligonucleotides with CDL has also been
considered. In all investigated cases, for lesions denoted as dU0 and dU+1, no incorporation
of new nucleotides (no SSB+1 bands) was observed, which is consistent with previous
studies [7,8,19,30]. Interestingly, the efficiency of DNA strand elongation after 30 min was
the lowest (all cell lines, both diastereomers) for dU+4 (13–33%) (Figure 5, Figures S4–S9,
S12 and S13, and Tables S6–S11). It was lower than for Control 1 (32–39%) (Table 1). The
polymerase activities for the other oligos differed depending on the examined cell line and
diastereomeric form of cdA, which is shown in Table 3.
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Figure 5. The polymerase activity (observed after 30 min of reaction time) for oligonucleotides
containing ds-CDL (shown in Figure 2 and Table S1) treated with cytoplasmic extracts (CE) obtained
from three cell lines—xrs5, BJ, and XPC (raw numerical data is presented in Supplementary Materials
in Tables S6–S11) and with nuclear extracts (NE) obtained from the same cell lines in previous
studies [8,30].

Table 3. The general trends of polymerase activity observed after 30 min of reaction time for
oligonucleotides containing ds-CDL (shown in Figure 2 and Table S1) treated with cytoplasmic
extracts (CE) obtained from three cell lines (raw numerical data is presented in Supplementary
Materials in Tables S6–S11) and with nuclear extracts (NE) obtained from three cell lines in previous
studies [8,32]. Frames indicate substrates with elongation efficiency higher than for corresponding
Control 1 (Table 1 and [8,30]).

Strand Elongation xrs5 BJ XPC

CE +4 < −4 < −1 (ScdA)
+4 < −4 < −1 (RcdA)

+4 < −1 < −4 (ScdA)
+4 < −1 < −4 (RcdA)

+4 < −1 < −4 (ScdA)
+4 < −4 < −1 (RcdA)

NE +4 < −4 < −1 (ScdA)
−4 < +4 < −1 (RcdA)

+4 < −1 < −4 (ScdA)
+4 < −1 < −4 (RcdA)

The highest activities of polymerases in CE were noted for ScdA/dU−1 (58.63%) and
RcdA/dU−1 (45.68%) in xrs5, ScdA/dU−4 (54.53%) and RcdA/dU−4 (58.47%) in BJ, and
ScdA/dU−4 (71.65%) and RcdA/dU−1 (44.0%) in XPC (Figure 5, Tables S6–S11). Interest-
ingly, CE presented a common point with previously studied NE. New 2′-deoxynucleotide
units (dNUs) were incorporated the most efficiently for 5′S and 5′R dU−1 in xrs5, for 5′S
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and 5′R dU−4 in BJ, and for 5′S and 5′R dU−4 in XPC (except for RcdA in CE, where dU−1
showed the highest polymerase activity) (Table 3).

Furthermore, in the NE of xrs5 cells, polymerase activity was 8–20% lower for RcdA
than for ScdA, which agreed with the results obtained for the cytoplasm of xrs5: for
RcdA/dU−4 and RcdA/dU−1 enzymes were 9% and 13% less active than for 5′S, respec-
tively [8]. On the contrary, RcdA/dU+4 showed an approximately 10% higher yield than
a corresponding oligo with a 5′S isomer (Tables S6 and S7). Experiments involving BJ
cells showed different trends in polymerase activity between diastereomers: ScdA/dU+4
was approximately 11% lower than RcdA/dU+4, and ScdA/dU−4 was approximately
4% lower than RcdA/dU−4. Oligo denoted as dU−1 showed a similar yield of strand
elongation after 30 min for both isomers (~50–51%) (Tables S8 and S9). Polymerases present
in the cytoplasm of the XPC cell line showed the same trends of enzymatic activity as xrs5.
Namely, in the case of dU−4 and dU−1, polymerases were 30% and 8% less efficient for
RcdA than ScdA, respectively. Moreover, ScdA/dU+4 was elongated with approximately a
12% lower yield than RcdA/dU+4 (Tables S10–S11).

Importantly, the incorporation of more than one dNU was observed for both 5′S
and 5′R isomers; 4 dNUs were added to the DNA strand in positions dU−4 and dU+4
(Figures S4–S9) in all three cell lines. This fact indicates that the LP-BER mechanism may
have been involved in these lesion processing in the cytoplasm [55]. It was not observed
in past studies for NE or ME obtained from xrs5, nor for NE obtained from BJ and XPC
cells [7,8,30]. Interestingly, the polymerase activity of the proteins in CE was similar to or
even higher than in the NE (Figure 5), which should be further studied.

3.3. The DNA Strand Degradation—Exonucleolytic Activity of Cytoplasmic Extracts

As expected, exonucleolytic activity was observed in the cytoplasm of all cell lines.
Speculations about the trace activity of exonucleases in NE were described in previous
studies. These studies concerned the band’s intensity loss, which might have resulted from
some cross-contamination with cytoplasmic proteins [8]. Here, the strand degradation
was evident due to the presence of bands corresponding to SSB−1, SSB−2, etc., on the
autoradiograms (Figure 3, Figures S4–S9). Strand degradation was observed for oligos
denoted as dU0, dU−1, dU+1, and dU+4 (Figure 3, Figures S4–S9 and S14–S15). Some
level of exonucleolytic activity was also noted for Control 1 (less than 10%; Table 1, Figures
S4–S9, Tables S3–S5); nonetheless, it was much lower than for investigated oligos in CE
from all three cell lines (Tables S6–S11). The efficiency of strand degradation increased in
the following order (data compared for 120 min of reaction time) for 5′S and 5′R isomers of
all three cell lines: −1 < 0 < +4 < +1 (Tables S6–S11).

The strand degradation rate in the cytoplasm differed between oligos containing the
5′S and 5′R form of cdA. In xrs5, substrates with ScdA showed approximately 3% lower
exonucleolytic activity than RcdA for dU+1 and dU+4 and approximately 7% lower for
ScdA/dU−1 and ScdA/dU0 than for corresponding oligos with RcdA (Tables S6–S7). In
the case of BJ cells, degradation rate was 4% and 6% lower for RcdA/dU0 and RcdA/dU+4
than for ScdA, respectively. Oligo denoted as dU−1 showed comparable, low degradation
rates (~5%), while for dU+1, degradation was approximately 11% higher for 5′R than 5′S
(Tables S8–S10). The CE from XPC cells presented exonucleolytic activity of the 5′R isomer
higher than 5′S for dU0 (53.46% for RcdA/dU0 vs. 37.59% ScdA/dU0) and dU−1 (18.05%
for RcdA/dU−1 vs. 9.38% ScdA/dU−1) and lower for dU+1 (88.76% for RcdA/dU+1
vs. 94.95% ScdA/dU+1) and dU+4 (61.05% for RcdA/dU+4 vs. 74.41% ScdA/dU+4)
(Tables S10–S11).

What is more, the number of “cut off” dNUs differed depending on the relative
position of cdA and a gap/SSB (formed after the AP site’s digestion). For xrs5, 2 dNUs
were “cut off” in dU0, 1-3 dNUs in dU−1, 4-6 dNUs in dU+4, and 3 dNUs in dU+1
(Figures S4 and S5). For BJ, 2-4 dNUs were released from dU0, 2 or 3 dNUs from dU−1, 6-8
dNUs from dU+4, and 4 dNUs from dU+1 (Figures S6 and S7). For XPC, 3 or 4 dNUs were
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removed from dU0, 1-3 dNUs from dU−1, 6 dNUs from dU+4, and 3-5 dNUs from dU+1
(Figures S8 and S9). Control 1 showed a loss of 1 or 2 dNUs in all tested CE (Figures S4–S9).

4. Discussion

Every day, numerous DNA lesions are formed in the human genome because of
endogenous (e.g., replication errors, nucleobase modifications, AP site formation) and
exogenous (e.g., radiation, chemical agents, environmental stressors) factors [57]. Every
hour, approximately 3 × 1017 lesions occur, including the daily formation of 104 mutagenic
AP sites in each human cell [19,57]. The chemical structures of lesions are the same,
irrespectively of their source (endogenous or exogenous). The most endogenously abundant
lesions include SSB and AP sites (~600 cell/hour), 8-oxo-dG (~200 cell/hour), thymine
glycol (~100 cell/hour) and cytidine deamination products, i.e., dU (192 cell/hour) [58,59].
The situation becomes different when external radiation or chemical factors are introduced
(e.g., in the form of chemotherapeutics, radiotherapy, or multimodality treatment [60]).
The formation of clustered DNA lesions (DSB and non-DSB) is a characteristic feature of
IR’s impact on the genetic material. Therefore, proper functioning and survival of the cell
depend to a great extent on effective DNA damage processing and repair mechanisms.

The observations presented in this study may find their future application in the
fast-growing field of oligonucleotide-based therapies [61–63]. Oligonucleotide-based ther-
apeutics are susceptible to the damaging action of factors such as ROS and IR and may
become ineffective after the development of complex lesions in their structures (for example,
cdA located within a cluster). Hence, it is worth knowing the consequences of those lesions’
occurrence and the mechanisms of their cellular processing. On the other hand, cdPus may
be intentionally implemented as a part of oligonucleotide-based drugs/therapies (e.g., to
inhibit proteins’ action). Therefore, a detailed understanding of cdPus’ impact on DNA,
DNA damage processing, and DNA repair is highly demanded. Further investigation
should take into consideration future therapeutical contexts such as gene therapy, antisense
strategies, etc. [43,62].

In this study, for the first time, the cytoplasmic processing of dsDNA with CDL
containing cdA has been shown. CdA has two diastereomeric forms (5′S and 5′R), which
may have a different biological impact and occur in DNA in different amounts [10,18–24].
The lesion distribution and diastereomeric form of cdA affect the interaction of enzymes
with the other lesion within the cluster (AP site used as a precursor of SSB). The general
trends previously denoted for nuclear extracts align with those observed for cytoplasmic
extracts derived from the xrs5, BJ, and XPC cell lines [8,30]. Xrs5 was used, as it is an
established model for in vitro studies on CDL repair via the BER system; XPC was used as
a human model of NER-deficient cells; and BJ was used as a human reference cell line with
unimpaired DNA repair systems.

The endonucleases present in the cytoplasmic extracts of examined cell lines effectively
incised the AP site in the DNA with bi-stranded CDL containing two lesions (cdA and AP
site) located up to four bases in the 5′-end and 3′-end directions from cdA. Interestingly,
the strand incision was inhibited for dsDNA with RcdA compared to ScdA for xrs5 and
XPC, while in BJ the trend was reversed (Table 2, Figure 4). The overall incision efficiency
was similar in the cytoplasmic and nuclear extracts (Table 2, Figure 4) [8,30].

Polymerases are one of the most important elements of complex repair systems in the
cell. Nevertheless, the high-fidelity polymerases are not able to bypass the bulk structure
of cdPus, which may result in replication blockage [18,64]. In this study of short oligonu-
cleotides with bi-stranded CDL, for gaps located opposite to cdA (position dU0) and in
position dU+1, no dNU incorporation was observed (Figures 3 and 4, Figures S4–S9). Hence,
polymerases present in the cytoplasm were not able to bypass such clusters. This observa-
tion agreed with previous ones concerning nuclear and mitochondrial extracts [7,8,10,32].
The rate of new nucleotide incorporation was higher for dsDNA containing gaps located in
the 3′-end direction from cdA (i.e., dU−1 and dU−4). Up to four dNUs have been inserted
for oligonucleotides denoted as dU−4 and dU+4 with both isomers of cdA in all investi-
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gated cell lines. It may indicate the predominant action of a long-patch repair mechanism,
e.g., long-patch BER (LP-BER), during which a fragment of 2–12 nucleotides is excised
and replaced with correct nucleobases [65]. Interestingly, in previous studies with nuclear
extracts, LP-BER was also observed for xrs5 and XPC cell lines [8,30]. However, it occurred
randomly and only two dNUs were incorporated. It may indicate the presence of proteins
in the cytoplasm that were not translocated to the nucleus, or it may point to a higher
activity of proteins necessary for LP-BER in the cytoplasm, prior to their translocation to
the nucleus. This issue would need further and detailed investigation to conclude.

The exonucleolytic activity towards ds-oligonucleotides containing bi-stranded CDL
(i.e., cdA and a gap) located up to four bases in 5′-end and 3′-end directions was noted for
all investigated CE. It confirms the presence of exonucleolytic proteins in the cytoplasm
which are responsible, among others, for the degradation of foreign DNA, and therefore,
protection of the cell if such DNA appears (e.g., in case of viral infection). Noteworthy is
that the higher the level of degradation, the lower the level of lesion processing or strand
reconstitution. For example, the highest level of exonucleolytic activity was noted for
substrate oligos denoted as dU+1 (up to five removed bases). This study and past studies
have shown that the lesion placed +1 to cdPu was not processed by nuclear or mitochondrial
polymerases, so the strand could not be rejoined [7,8,30]. Possibly, in this situation, it was
redirected onto the degradation path. On the other hand, oligonucleotides denoted as
dU−4 have shown no strand degradation in all tested cytoplasmic extracts, but at the same
time, the high activity of polymerases was observed (including the incorporation of more
than one dNU). The high efficiency of polymerases was also observed for dU−4 treated
with nuclear extracts of xrs5, BJ, and XPC cells [8,30]. Moreover, in nuclear extracts of the
xrs5 strand, rejoining took place with high efficiency for oligos containing a lesion placed
−4 bp from cdA and 5′,8-cyclo-2′-deoxyguanosine (cdG), regardless of their diastereomeric
form [8]. Therefore, the competitive action of proteins responsible for DNA reconstitution
and DNA degradation may be assumed. From the practical point of view, in the case of
STO containing complex damage resulting from irradiation, the oligonucleotides might
be directed for degradation instead of repair if the AP site were in the most problematic
positions (i.e., dU+1, dU+4) in relation to cdPu; hence, the therapeutic effect of the STO
would be obstructed.

5. Conclusions

In conclusion, the presented study showed that the first steps of effective lesion
processing (strand incision and strand elongation) of dsDNA containing bi-stranded CDL
(with two lesions: AP site vs. (5′S)/(5′R)cdA) in the cytoplasm depend on the position and
distance between both lesions. The overall activity of proteins involved in DNA damage
processing/repair in cytoplasmic extracts from xrs5, BJ, and XPC cells differed between 5′S
and 5′R diastereomers. These observations aligned with the previous studies concerning
repair mechanisms in the nucleus [8,30].

This article has shown that proteins involved in DNA damage processing (demonstrat-
ing endonucleolytic, exonucleolytic, and polymerase activities) were active in cytoplasmic
extracts shortly after their biosynthesis and before translocation into the nucleus. Moreover,
5′S and 5′R diastereomeric forms of cdA have influenced differently the proteins’ enzy-
matic action. Despite the lower activity of proteins in the cytoplasm than in the nucleus,
the general trends aligned with the observations from past studies concerning nuclear
and mitochondrial extracts [7,8,10,30]. Moreover, enhanced DNA strand degradation was
observed when lesions were located +1 nucleobase from cdA within a cluster. These
oligonucleotides were not repaired in CE nor in NE from all tested cell lines, which may
indicate the competitive action of repair and degradation machinery (when lesions were
too complex for repairing, the cytoplasmic degradation rate increased).

Taking into consideration the presented results, the use of synthetic therapeutic
oligonucleotides (STO) as a part of anticancer therapy should be carefully considered.
The timing of its administration (before, during, or after radiotherapy) seems to be crucial.
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STO with complex and clustered DNA lesions in its structure (such as cdA resulting from
radiation) might not be effective (e.g., degraded by the cytoplasmic proteins) or even cause
adverse effects (due to the possibility of mutations following impaired repair pathway).
The results of this study may shed new light on the activity of proteins involved in the
DNA damage processing/repair of complex lesions such as CDL and cdPu. Moreover, this
article raises some issues to be considered about therapeutic oligonucleotides as a part of
anticancer treatment.
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//www.mdpi.com/article/10.3390/chemosensors10060204/s1, Figure S1: The stability of “matrix”
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Verification of radiolabeling of single-stranded (ssDNA) and efficient annealing of double-stranded
(dsDNA) oligonucleotides (B) Verification of AP sites’ stability/purity and SSBs formation, Figure S4:
The autoradiograms presenting results—ScdA by xrs5 Cytoplasmic Extract, S5: The autoradiograms
presenting results—RcdA by xrs5 Cytoplasmic Extract, Figure S6: The autoradiograms presenting
results—ScdA by BJ Cytoplasmic Extract, S7: The autoradiograms presenting results—RcdA by
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